
 

 

 

Halide perovskite nanocrystal-based light 

emitting diodes 

 

Fang Chen 

PhD Thesis in Sciences and Technologies of 

Chemistry and Materials  

March 2021 

 
 

Tutors: 
Dr. Mirko Prato (Istituto Italiano di Tecnologia) 

Prof. Davide Comoretto (Università degli Studi di Genova) 

 

Advisor: 
Dr. Marco Salerno (Istituto Italiano di Tecnologia)  

  



 
2 

  



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

3 
 
  

 

Declaration 

 

I hereby declare that this thesis represents my own work which has been done after registration 

for the degree of PhD at Università degli Studi di Genova, and has not been previously included 

in a thesis or dissertation submitted to this or any other institution for a degree, diploma or other 

qualifications.  

 

  



 
4 

Contents 
Abstract ........................................................................................................ 8 

Chapter 1: Introduction ............................................................................... 10 

1.1 Chemistry of lead halide perovskites ................................................... 10 

1.1.1 Composition ........................................................................................................................ 10 

1.1.2 Synthesis of lead halide perovskite nanocrystals ............................................................... 12 

1.1.3 Surface capping ligands ....................................................................................................... 14 

1.1.4 Post-synthesis treatments .................................................................................................. 18 

1.2 Physics of lead halide perovskite NCs .................................................. 21 

1.2.1 Optical properties ............................................................................................................... 21 

1.2.2 Electrical properties ............................................................................................................ 23 

1.3 Applications of lead halide perovskite NCs in optoelectronic devices .. 25 

1.3.1 Working mechanism of LED ................................................................................................ 25 

1.3.2 Key parameters for LED ...................................................................................................... 28 

1.3.3 Green LEDs based on CsPbBr3 NCs ...................................................................................... 33 

1.3.4 Blue LEDs based on lead halide perovskite NCs.................................................................. 35 

1.4 Goals of the thesis project ..................................................................... 37 

Chapter 2: Experimental techniques ........................................................... 39 

2.1 Materials ............................................................................................... 39 

2.2 Synthesis of perovskite nanocrystals ..................................................... 40 

2.2.1 Hot injection method ............................................................................................................. 40 

2.2.2 Co-precipitation method ........................................................................................................ 41 

2.3 Preparation of perovskite nanocrystal films .......................................... 41 

2.3.1 Films based on NCs synthesized by HI method ...................................................................... 41 

2.3.2 Films based on NCs synthesized by co-precipitation method ............................................... 42 

2.4 Fabrication of perovskite-nanocrystal-based LEDs ................................. 42 

2.4.1 Fabrication and characterization of green LEDs .................................................................... 42 

2.4.2 Fabrication and characterization of blue LED fabrication ...................................................... 42 

2.5 Measurement techniques ...................................................................... 43 



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

5 
 
  

Chapter 3: Perovskite nanocrystal films based on treated NCs .................... 46 

3.1 Choice of the reagents ........................................................................... 46 

3.2 Treatment Method ................................................................................ 47 

3.2.1 Treatment of perovskite NC films .......................................................................................... 47 

3.2.2 Post-synthesis treatment of perovskite NCs in solution ........................................................ 47 

3.2.3 Annealing of perovskite NC films ........................................................................................... 48 

3.3 Improving conductivity of perovskite NC films ...................................... 48 

3.3.1 Conductivity of in-situ treated films ...................................................................................... 48 

3.3.2 Conductivity of films based on treated perovskite NCs ......................................................... 51 

3.3.3 Conductivity of annealed films............................................................................................... 52 

3.4 Stability of films based on treated perovskite NCs ................................. 53 

3.4.1 Stability of optical property of the films ................................................................................ 55 

3.4.2 Stability of the morphology of the films ................................................................................ 58 

3.4.3 Discussion on mechanism of high stability ............................................................................ 60 

3.5 Effect of solvent on film formation ........................................................ 65 

3.6 Alternative way to improve optical performance .................................. 75 

3.7 Summary ............................................................................................... 78 

Chapter 4: Lead bromide perovskite nanocrystal-based green LEDs ............ 80 

4.1 Green LED based on perovskite nanocrystals treated with thiocyanate 

and benzoyl bromide ........................................................................................ 80 

4.2 Green LED based on perovskite nanocrystals treated with thiocyanate . 84 

4.2.1 CsPbBr3 NCs used for the device fabrication ......................................................................... 84 

4.2.2 Performance of fresh LED ...................................................................................................... 85 

4.2.3 Mechanism of efficiency roll-off in NC LED ............................................................................ 89 

4.2.4 Stability of LED ....................................................................................................................... 95 

4.3 Green LED based on perovskite nanocrystals treated with potassium 

salts 98 

4.3.1 Effect of potassium salts on NC solution ............................................................................... 99 

4.3.2 LEDs based on NCs treated with KX ..................................................................................... 103 

4.4 Green LED with ZnO NCs as electron transporting layer ....................... 105 

4.4.1 LED with ZnO NCs beneath LHP NCs layer ........................................................................... 105 



 
6 

4.4.2 LED with ZnO NCs atop LHP NCs layer ................................................................................. 109 

4.5 Summary ............................................................................................. 112 

Chapter 5: Lead bromide perovskite nanocrystal-based blue LEDs ............ 114 

5.1 Towards LHP NCs with blue emission .................................................. 114 

5.1.1 Pristine NC solution .............................................................................................................. 114 

5.1.2 Effect of metal chloride treatment ...................................................................................... 115 

5.1.3 Treatment methods of CuCl2 ................................................................................................ 117 

5.1.4 Effect of reaction time ......................................................................................................... 118 

5.1.5 Effect of CuCl2 concentration ............................................................................................... 119 

5.1.6 Effect of ligands .................................................................................................................... 120 

5.1.7 Effect of washing times ........................................................................................................ 121 

5.1.8 Effect of ageing .................................................................................................................... 122 

5.1.9 Effect of solvent ................................................................................................................... 123 

5.1.10 Discussion on the role of CuCl2 .......................................................................................... 125 

5.2 Towards blue LEDs .............................................................................. 129 

5.2.1 Effect of dispersing solvent for NCs on LED performance ................................................... 129 

5.2.2 Effect of ageing of NCs on LED performance ....................................................................... 134 

5.2.3 Effect of CuCl2 concentration on LED performance ............................................................. 135 

5.2.4 Effect of ligands for NCs on LED performance ..................................................................... 136 

5.2.5 Effect of CuBr2 on LED performance .................................................................................... 138 

5.3 Summary ............................................................................................. 140 

Chapter 6: Conclusions and prospects ....................................................... 141 

6.1 Conclusions ......................................................................................... 141 

6.2 Prospects............................................................................................. 143 

List of papers ............................................................................................ 145 

Acknowledgements ................................................................................... 146 

References ................................................................................................ 148 

 





Abstract 
Lead halide perovskite (LHP)-based optoelectronic device has been a hot research topic in the 

last years, owing to the versatile optoelectronic properties of this class of materials, such as large 

light absorption coefficient, long-range charge carrier mobility, high defect tolerance, direct 

bandgap, and to the facile synthesis process. Since their synthesis by Kovalenko group in 2015, 

LHP nanocrystals (NCs) gained increasing attention also for application in light-emitting diodes 

(LEDs), owing to the possibility to easily tune their emission wavelength across the whole range 

of visible light and their high color purity. A detailed introduction on the chemistry and physics of 

LHP NCs, some basic knowledge about LEDs and the development of LEDs based on the LHP 

NCs are provided in Chapter 1. 

In Chapter 2, the chemicals, the basic experiments and the characterization techniques adopted 

in the thesis are introduced. 

In Chapter 3, I identified four issues that need to be solved before the colloidal LHP NCs 

could be efficiently applied into the fabrication of high efficient and stable LEDs. Given that long-

chain and insulating ligands are used during the NC synthesis to ensure their good solubility and 

stability in solution, conductivity of LHP NCs films is too low to transport carriers efficiently. 

Secondly, post-treatments on the LHP NCs, often aimed at improving the aforementioned transport 

properties, are easy to introduce new defects and compromise the optical properties of the LHP 

NCs. Thirdly, since LHP NCs are ionic crystals and sensitive to humid air as well as to post-

treatments, their long-term stability is still a big issue. Finally, it is difficult to obtain smooth and 

compact LHP NCs films, which are necessary for low current leakage and high-efficient devices. 

I addressed the above four issues step-by-step and obtained highly stable LHP NCs films. A 

combination of benzoyl bromide, ammonium thiocyanate and ethyl acetate was used to treat the 

pristine LHP NC solution. The method demonstrated to be able to improve the conductivity of the 

LHP NCs films and well retain the optical properties and morphology even after ten months. 

Based on the proposed treatment method in Chapter 3, I employed the obtained NCs as 

emissive layer in green LEDs in Chapter 4. The champion device showed high efficiency of 1.2% 

at 518 nm with a maximum brightness near 3000 cd/m2 and high stability during operation with a 

half-lifetime of 27 min at a constant bias of 5 V as well as during storage (23 days in air). 

Furthermore, I conducted a mechanism study on the efficiency roll-off of the NCs-based LEDs 
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using conductive atomic force microscopy (c-AFM). Morphology and current distribution of the 

NCs films under increasing bias were collected and a new insight about the efficiency roll-off was 

proposed. 

In Chapter 5, I further focused on the improvement of the efficiency of blue LEDs based on 

LHP NCs, which is still lower than that of green and red ones. In this context, I studied the effect 

of addition of various metal halides during the synthesis of LHP NCs on their optical properties. I 

found that the post-synthesis addition of CuCl2 leads to the formation of NCs with sky-blue 

emission and high stability in air. I applied the obtained NCs in the fabrication of sky-blue LEDs. 

The champion device, based on NCs with further optimized ligands, produces the up-to-date 

highest external quantum efficiency (EQE) of 5.02% and the highest luminance of 130 cd/m2 at 

the maximum EQE. 

In summary, this thesis firstly provides a promising route and proposes a possible mechanism 

to achieve high stable LHP NCs film. Secondly, efficient green LHP LEDs were obtained. Thirdly, 

a possible mechanism of the efficiency roll-off in LHP NC LED was proposed and may give 

guidance for the design of NC LEDs with suppressed efficiency roll-off in the future. Last but not 

least, high efficient and stable sky-blue LED was fabricated based on CuCl2-treated LHP NCs, 

paving a promising way towards the fabrication of highly efficient LHP NC-based blue LEDs. 



 

Chapter 1: Introduction 

Research on halide perovskites has been a hot topic in recent few years owing to the all-round 

performance of this class of materials. Its excellent physical and chemical properties make it 

promising to be widely applied in optoelectronic devices [1]. The high absorption coefficient of 

visible light and the high carrier mobility entail halide perovskite competitive candidates for solar 

cell. Several reports have shown power conversion efficiency (PCE) above 20% with increasingly 

high stability for commercial application, which is on par with the current silicon-based solar cells 

but with a much lower cost [2-6]. The high carrier mobility and facile fabrication of the materials 

make it potential as photodetectors and field effect transistors [7, 8]. The wide color gamut and 

high color purity propel widespread studies of the halide perovskite materials in application of 

displays [9]. The low threshold for amplified spontaneous emission (ASE) boosts research of 

halide perovskite as lasers [1, 10]. The benign defect tolerance property and the high color purity 

make it potential to fabricate light emitting diodes (LEDs), among which in-situ prepared thin film 

perovskite LEDs with green or near-infrared emission have achieved EQE higher than 20% [11, 

12]. Comparing with thin film perovskite, perovskite nanocrystals (NCs) have higher color purity, 

which is favorable for obtaining LEDs with narrow emission wavelength [13]. Application of 

perovskite NCs in LEDs has also made continuous progress in recent years [10, 14].  

In this chapter, the chemical and physical background of perovskite NCs are introduced. A short 

review of the application of perovskite NCs in LEDs is presented. Eventually, the aim of the work 

of the project is introduced. 

1.1 Chemistry of lead halide perovskites 

1.1.1 Composition 

A large family of compounds could be identified with the term “perovskite”, spanning from 

oxides, to fluorides, chlorides, hydroxides, arsenides, and intermetallic compounds [15]. Synthetic 

perovskites span across the whole periodic table in terms of elemental composition, and they can 

exist in many complex formulas[15]. Halide perovskites share a formula ABX3 in a strict sense 

[15, 16]. Here, A represents a monovalent cation, including methylammonium ion (MA+), 
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formamidinium ion (FA+), Cs+, or any of their combinations. B usually represents a bivalent cation, 

including Pb2+, Sn2+. X represents a halide ion, including Cl-, Br-, I-, or any of their combinations. 

In this thesis, I will focus on the lead halide perovskite NCs (abbreviated as LHP NCs). 

 

 

Figure 1.1. Chemical and structural compositions of LHP NCs. (a) Standard depiction of the aristotype cubic perovskite. Shown in 
display styles evidencing either all the atoms (left) or only the BX6 octahedral network and A atoms (right); (c) Common 
orthorhombic and (c) tetragonal disordered perovskites, arising from the tilting of the octahedral; Reprinted with permission from 
[15]. Copyright (2020) American Chemical Society. (e) Formability of 3D lead (red) and tin (blue) halide perovskites as a function 
of A-site cation and halide anion radii. Solid and dashed lines mark the bounds of the tolerance and octahedral factors, respectively. 
The ionic radii of six-coordinate Pb(II) and Sn(II) are taken as 119 and 110 pm, respectively [16]. Reprinted with permission from 
American Chemical Society.  

From the crystallographic point of view, LHPs are networks of corner-sharing octahedra, in 

which Pb is coordinated to six halides to form [PbX6]
4- units (Figure 1.1a). Monovalent cations fill 

the dodecahedral space among the [PbX6]
4- octahedral arrays [16]. The crystal phase of the LHP 

includes cubic, tetragonal and orthorhombic phases, as displayed in Figure 1.1b-d.The 

orthorhombic and the tetragonal phases originate from the tilted octahedron in the cubic structure, 

and are more common than cubic phase for LHP due to the size difference between A, B and X 

[15].  

LHPs with proper chemical compositions and stable crystal structures satisfy the so-called  

Goldschmidt tolerance factor, t, and octahedral factor, μ [17, 18]:  
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𝑡 =
𝑅𝐴+𝑅𝑋

√2(𝑅𝐵+𝑅𝑋)
 (1) 

𝜇 =
𝑅𝐵

𝑅𝑋
 (2) 

Here, RA, RB, and RX are the ionic radii of A, B, and X components, respectively. For a typical 

stable LHP, t ranges from 0.81 to 1.0, and μ ranges from 0.44 to 0.90 (Figure 1.1e). 

1.1.2 Synthesis of lead halide perovskite nanocrystals 

 

Figure 1.2. Synthesis of CsPbX3 NC solutions. Schematic diagrams of (a) hot injection (HI) and (b) ligand-assisted re-precipitation 
(LARP) methods [13]. https://pubs.acs.org/doi/10.1021/acs.chemrev.8b00644 Reprinted with permission from American 
Chemical Society. (c) TEM image and (f) photos as well as PL spectra of CsPbX3 NC solutions synthesized with PbBr2 [19]. 
https://pubs.acs.org/doi/10.1021/nl5048779 Reprinted with permission from American Chemical Society. (d) TEM image and (g) 
statistics of PL QY of CsPbBr3 NC solutions synthesized with PbO and NH4Br. Reprinted with permission from [20]. Copyright (2016) 
American Chemical Society. (e) Schematic synthesis diagram, (h) TEM image and (i) optical characterization results of CsPbBr3 NC 
solutions synthesized with benzoyl bromide (BBr) [21]. https://pubs.acs.org/doi/10.1021/nl5048779 Reprinted with permission 
from American Chemical Society.  

Several methods have been developed to synthesize LHP NCs. These include wet-chemical 

routes such as hot-injection (HI) and ligand-assisted re-precipitation (LARP), and wet ball-milling 
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route [13]. The difficulty lies in the solubility of the different element sources in the reaction 

solvent. 

The HI method is usually performed at high temperature and in vacuum (Figure 1.2a). The 

precursors for the different components are usually separated at the beginning. When the 

precursors for lead and cesium, originally in solid state, are fully dissolved in non-polar solvents, 

such as octadecene (ODE) and trioctylphosphine oxide (TOPO), with assistance of ligands such 

as oleic acid (OA) and oleylamine (OLAM), and when the chosen reaction temperature is reached, 

the halide precursor is swiftly injected into the reactive solution. After a short time, e.g., less than 

1 minute, the reaction system is quickly cooled down with ice bath to obtain monodisperse LHP 

NCs. In the following, the synthesis of CsPbBr3 is taken as reference, and the different HI 

approaches are discussed.  

Protesescu et al. [19] synthesized for the first time CsPbBr3 NCs via the HI route. They used 

lead bromide as source of lead and bromine, cesium carbonate as source of cesium and OA as well 

as OLAM as ligands dissolved in ODE solvent. Monodisperse colloidal nano-cubes of  8 nm in 

size (Figure 1.2c) were obtained at a reaction temperature of 120 °C. They were able to obtain 

CsPbCl3 and CsPbI3 NCs as well, by replacing lead bromide with lead chloride or lead iodide, 

respectively (Figure 1.2f); also, by tuning the reaction temperature, they were able to control the 

size of CsPbBr3 NCs through quantum confinement. One of the features of this procedure is that 

the ratio of lead and bromine in the precursors is fixed because of the choice of the precursors 

themselves and cannot be adjusted. 

The possibility of playing with the ratio between the different components may exert a 

significant effect on the final obtained NCs. Thus, alternative sources for bromine and lead were 

explored by researchers. Liu et al. [20] replaced lead halide with lead oxide and ammonium halide 

(Figure 1.2g) and realized controllable adjustment of the ratio between lead and halide. Through 

controlling the amount of ammonium bromide relative to the lead oxide, they were able to obtain 

either bromide-poor or bromide-rich CsPbBr3 NCs via a three-precursor HI approach at 180 °C 

(Figure 1.2d). Later, Imran et al. [21] further updated the source of bromine. They used lead acetate 

trihydrate as source of lead and cesium carbonate as source of cesium, and injected benzoyl 

bromide (BBr) into the reaction system at 180 °C, obtaining CsPbBr3 NCs with near-unity PL QY 

(Figures 1.2e, h, i). 
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The LARP method is usually performed at room temperature (RT) with a simple apparatus 

(Figure 1.2b). First, metal halide salts, such as cesium bromide and lead bromide, are fully 

dissolved in a “good” solvent which has high polarity and could dissolve the salts, such as 

dimethylformamide (DMF) and dimethylsulfoxide (DMSO) [22, 23]. Subsequently, the dissolved 

solution is poured into a “bad” solvent which has low polarity and low solubility for salts, such as 

toluene and hexane, in the presence of a proper amount of ligands [13, 24]. Based on the difference 

in solubility of the LHP NCs in the good and in the bad solvent, LHP NCs are formed in the bad 

solvent [25, 26]. Since it is reported that much more ligands are needed in the LARP case than in 

the HI case, the work done in the present project was not focused on LHP NCs prepared by the 

LARP method, because too much ligand in NC solution is unfavorable for optoelectronic devices. 

High-energy ball milling also received attention in synthesis of LHP NCs in recent two years. 

Mechanical energy is provided to the system to realize mechanical friction between the grinding 

medium, such as grinding balls with the same or various sizes, and the source materials. This 

method includes dry milling [27, 28] and wet milling[29]. For example, Kovalenko and co-workers 

report successful synthesis of FAPbBr3 and CsPbBr3 NCs by wet ball milling. The as-synthesized 

NCs show as good optical performance as that of NCs synthesized by the HI method [29]. Palazon 

et al synthesized phase-pure CsPbBr3 via a fast dry ball milling.  

1.1.3 Surface capping ligands  

Surfactants or surface capping ligands play a significant role in the synthesis as well as in the 

application of LHP NCs [30]. Ligands are usually divided, according to covalent bond 

classification (Figure 1.3c), into L-type, X-type and Z-type ligands, depending on the number of 

electrons shared with the NC by the ligand, if 0, 1 or 2 electrons, respectively [31]. In this thesis, 

I divide the ligands for the LHP NCs into organic ligands and inorganic ligands.  

The class of the “organic ligands” include both small molecules (with various carbon chain 

lengths and functional groups) and polymers, characterized by different steric effects. So far, small 

molecules having been explored as ligands of LHP NCs include OA [32], OLAM [19], secondary 

aliphatic amines (e.g., didodecylamine [33]), ammonium bromides (e.g., didodecyl ammonium 

bromide (DDAB) and tetraoctylammonium bromide (TOAB) [34]), conjugated alkyl-amine (e.g., 

3-phenyl-2-propen-1-amine (PPA) [35]), zwitterionic molecules (e.g., 

3-(N,N-dimethyloctadecylammonio)-propanesulfonate [36]), bidentate ligands (e.g., 
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2,2’-iminodibenzoic acid (IDA) [37]), octylphosphonic acid (OPA) [38], TOPO [24], crown ethers 

(e.g., dibenzo-21-crown-7 [22]), ammonium thiocyanate [39, 40], organoammonium iodides (e.g., 

4-fluorophenylmethylamine iodide), or combinations of the above. Polymers include e.g. 

poly(propylene carbonate) (PPC, [C4H6O3]n) [41], poly(2-hydroxyethyl methacrylate) (poly-

HEMA) [42].  

Inorganic ligands include halide ions (e.g., Br- [43] [44], Cl- [45]) and metal ions (e.g., 

Ag+ [46], Zn2+ [47]). 

 Ligands can be used for LHP NCs either during synthesis or during post-synthesis processing. 

During the synthesis, ligands are used to control the nucleation and growth of LHP NCs, and thus 

their resulting size and morphology. Length, quantity and/or functional groups of the ligands may 

all play a significant effect. For example, long-chain ligands at a relatively high amount are 

expected to facilitate the formation of the so-called 2D halide perovskites [48, 49]. The presence 

of specific functional groups in the ligands may induce bonding with certain reactive components 

and influence the reaction rate as well as the morphology of the final products[22].  

Ligands are added to ensure solubility and stability of the colloidal LHP NCs in solvents 

(Figure 1.3a) [50]. For example, OA and/or OLAM are usually used in NC synthesis to obtain 

stable LHP NC solutions [19]. Moreover, ligands are expected to bridge the LHP NCs and the 

external environment. For example, optoelectronic devices based on LHP NCs require ligands with 

proper spatial effect to avoid aggregation as well as avoid resonance energy transfer, and provide 

assistance in the conductivity to facilitate carrier transfer among NCs [51]. 
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Figure 1.3. Role of ligands in LHP NCs. (a) Colloidal LHP NCs with ligands around to be soluble and stable in solution[50, 52]; (b) 
interaction between ligands and surface of LHP NCs [53]; (c) motifs of binding between nanocrystal and ligand according to the 
covalent bond classification method [31]; typical molecular structures of (d) conventional long-chain and labile ligands; and (e) 
ligands with shorter chains and higher bonding with LHP NCs. Reproduced from the respective references, on permission by the 
Publishers. 

In addition, ligands are necessary for the passivation of surface defects on LHP NCs (Figure 

1.3b) [53], which are detrimental for their optical and electrical properties. Possible surface defects 

on the LHP NCs may include halide vacancies, under-coordinated lead ions, or free lead atoms 

[54]. Proper ligands are able to passivate the defects [55]. Firstly, organic ligands, which are able 

to form strong bonding with the surface of LHP NCs, are widely proved to be good passivating 

agents (Figure 1.3e). Quaternary ammonium bromides (R4NBr) are widely used to improve 

photoluminescence (PL) quantum yield (QY) of the LHP NCs. For example, Chen et al. [56] found 

that the PL QY increased from 78% to 85% in NC solution and from 8.2% to 23.6% in NC film 

after treating CsPbBr3 NCs with DDAB, suggesting strong bonding between NC surfaces and 

DDAB molecules. Also, Imran et al. [34] achieved near-unity PL QY using didodecyl 

dimethylammonium bromide (DDDMAB, C12), indicating excellent passivation effect of R4NBr 

(Figure 1.4a). 
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Figure 1.4. Passivation effect on LHP NCs. Passivation of LHP NC surface with organic ligands (a) R4NBr; Reprinted with permission 
from [34]. Copyright (2019) American Chemical Society. (b) OPA; Reprinted with permission from [38]. Copyright (2018) American 
Chemical Society. and (c) sulfobetaine [36]. https://pubs.acs.org/doi/10.1021/jacs.7b13477 Reprinted with permission from 
American Chemical Society. (d) Schematic mechanism of passivation of LHP NC surface with bromide ions[20]; passivation effect 
on LHP NCs with (e) PbBr2; Reprinted with permission from [43]. Copyright (2017) American Chemical Society. and (f) ZnBr2; 
Reprinted with permission from [57]. Copyright (2017) American Chemical Society. (g) Schematic mechanism of passivation of LHP 
NC surface with soft Lewis base Reprinted with permission from [31]. Copyright (2018) American Chemical Society. (e) passivation 
effect on LHP NCs with NH4SCN [39], and (f) schematic passivation effect on LHP NCs with SCN; Reprinted with permission from -

[58, 59]. Copyright (2017) American Chemical Society.  

Other organic molecules have been also used to passivate the LHP NCs. For example, Tan et 

al. [38] achieved a high PL QY of ~90% using OPA to cap the CsPbBr3 NCs (Figure 1.4b). Pan et 

al. [37] increased the PL QY of CsPbI3 NCs from 80% to 95% after treating the NCs with bidentate 

IDA. Thanks to its two carboxylic functional groups, IDA has a binding energy of 1.4 eV with the 

NC surface, which is higher than 1.14 eV for OA-treated NCs, thus improving the stability of the 

NCs. Krieg et al. [36] obtained highly passivated CsPbBr3 NCs with zwitterionic ligands as 

capping agent, achieving PL QY as high as 90%; the treatment proved to effectively retain up to 

60% of the initial PL QY in films stored for more than 10 months under ambient conditions. 

Moreover, the PL QY of the NCs could be well preserved even after purification by various polar 

solvents (Figure 1.4c). Hassan et al. [26] improved the PL QY of MAPbI2Br NC solutions from 

20-25% to 60-85% by treating the NCs with 1-adamantanecarboxylic acid (ADAC) and 3-

aminopropylphosphonic acid. 
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Metal bromides as inorganic ligands also show to be effective in improving optical 

performance of halide perovskites (Figure 1.4d). For example, Di Stasio et al. [43] treated CsPbBr3 

NC solution with PbBr2 and obtained a PL QY higher than 95% on the corresponding film (Figure 

1.4e). Woo et al. [57] treated CsPbBr3 NC film with ZnBr2 and enhanced the PL QY from 54% to 

78% (Figure 1.4f). Similarly, Zeng et al. [47] increased PL QY of CsPbBr3 NC film from 58% to 

79% by treating the NC solution with ZnBr2. Van der Stam et al. [60] also treated CsPbBr3 NC 

solutions with metal-bromide salts, such as ZnBr2, CdBr2 and SnBr2, in the post-synthesis and 

were able to preserve more than 60% of the initial PL QY in all cases, although the PL spectra 

blue-shifted. Li et al. [46] used a AgBr-TOP complex to do in-situ treatment on CsPbBr3 film and 

observed noticeable enhancement in the PL intensity. 

 X-type soft Lewis bases, including R4NBr, thiophene, pyridine, alkylphosphonates and thio- 

ion (S2-), have been demonstrated by Nenon et al. to be promising candidates to passivate halide 

vacancies or under-coordinated lead ions on the surface of CsPbBr3 NCs, helping to achieve near-

unity PL QY (Figure 1.4g) [31]. Thiocyanate, as a kind of soft Lewis Acid [31, 46], has been 

previously reported to be a good surface passivator in chalcogenide QDs [61] and LHP NCs. 

Koscher et al. [59] reported that thiocyanate salts could passivate CsPbBr3 NCs in post-synthetic 

treatment. They showed near-unity PL QY together with single-exponential PL lifetime decay in 

the case of fresh as well as aged thiocyanate-treated CsPbBr3 NCs (Figure 1.4i). Liu et al. [62] 

proposed that thiocyanate salts are helpful in stabilizing LHP NCs during purification with polar 

solvents. In their work, they demonstrated in fact that, with thiocyanate ammonium anchoring onto 

LHP NCs in advance, and then purifying the LHP NCs in ethyl acetate saturated with Pb(OAc)2, 

the prepared solar cell reached an efficiency of 14.4%. Lu et al. [39] added ammonium thiocyanate 

(NH4SCN) during the synthesis of CsPbI3 and obtained NCs with PL QY increasing from 65% to 

84% with increasing amount of NH4SCN, suggesting suppressed non-radiative recombination in 

the passivated NCs (Figure 1.4h). 

1.1.4 Post-synthesis treatments 

LHP NCs synthesized via the above routes are usually characterized by the presence of labile 

ligands and/or by an excess of ligands. While the ligands could ensure colloidal as well as optical 

stability, as discussed in the previous section, they can become obstacles for carrier transport [51, 

63, 64] in LHP NC-based optoelectronic devices [65-67]. Currently, two methods, namely ligand 

purification and post-synthesis ligand exchange, are mainly implemented to alleviate the negative 
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effect of organic ligands on the transport property of LHP NC-based films. Ligand purification of 

LHP NCs using solvents of different polarity [68] is widely adopted to reduce the amount of 

original long-chain organic ligands on the surface of LHP NCs[69, 70]. Post-synthesis ligand 

exchange [26, 34, 71-73] is used to replace the original long-chain and labile organic ligands, like 

OA and OLA, with short-chain organic ligands or conjugated ligands [35, 74]. These treatments 

could favor higher carrier mobility in LHP NC-based films, but are often accompanied by 

compromised structural and optical stability of LHP NCs. For example, LHP NCs may be 

decomposed, and/or PLQY of the LHP NCs may seriously decrease due to the introduction of a 

large amount of surface defects as non-radiative pathways[65]. Thus, post-synthesis treatments on 

the LHP NCs should be optimized to balance improved conductivity and high PLQY. In the 

following, the methods reported in literature are shortly summarized. 



Chapter 1: Introduction 
20 

 

Figure 1.5. Post-synthesis of CsPbBr3 NC solutions. (a) Effect of polar solvents on crude solutions of as-synthesized CsPbBr3 NCs. 
All mixtures of crude solution and polar solvents (with the volume ratio 1:1) in each vial were centrifuged at 8000 rpm for 30 min. 
The solvents appear in order of increasing dipole moment: (1) dimethyl sulfoxide, (2) dimethylformamide, (3) acetonitrile, (4) 
methanol (MeOH), (5) acetone, (6) ethyl acetate (EA), (7) tert-butanol, (8) 1-butanol, (9) tetrahydrofuran, (10) isopropyl alcohol 
(IPA), (11) ethanol, (12) chloroform, and (13) dichloromethane; Reprinted with permission from [68]. Copyright (2017) American 
Chemical Society.  (b) CsPbBr3 NCs in toluene and purified with various polar solvents; 2-ethoxyethanol (EtEtOH), MeOH, butanol 
(BuOH), IPA, acetonitrile (MeCN), EA, butyl acetate (AcOBu), and toluene; Reprinted with permission from [69]. Copyright (2017) 
American Chemical Society. (c) CsPbBr3 QD inks without (upper) and with (below) UV light excitation after one to ten cycles of 
treatments; Reprinted by permission John Wiley and Sons: [65] COPYRIGHT (2017), doi: 10.1002/adma.201603885. Adv. Mater. 
Ligand exchange with (d) DDAB; Reprinted by permission John Wiley and Sons: [73] COPYRIGHT (2016), doi: 
10.1002/adma.201600784. Adv. Mater.; and (e) conjugated PEABr molecules; Reprinted by permission from Spring Nature:[74] 
COPYRIGHT (2018), doi: 10.1007/s12274-018-2187-5. Nano Research. (f) diagram of anion exchange in CsPbBr3 NC solutions [75]; 
https://pubs.acs.org/doi/10.1021/jacs.5b05602 Reprinted with permission from American Chemical Society. And (g) of anion-
exchange of synthesized pristine CsPbBr3 NCs using long alkyl ammonium and aryl ammonium; Reprinted by permission from 
Spring Nature: [76] COPYRIGHT (2020), doi: 10.1038/s41566-018-0260-y. Nature Photonics.  

Concerning ligand purification, researchers initially used acetone (with high polarity) to purify 

the NCs [32, 77]. However, Kim et al. showed that high polar solvents can easily damage or 

optically-deactivate the LHP NCs (Figure 1.5a) [68], given that the LHP NCs are ionic crystals 



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

21 
 
  

and sensitive to polar solvent. Milder polar solvents such as butyl acetate (Figure 1.5b) [69], ethyl 

acetate (Figure 1.5c) [65], methyl acetate[67, 78] and diglyme [70] were demonstrated to be able 

to balance ligand purification and structural integrity or optical performance of the LHP NCs.  

Ligand exchange is carried out to replace pristine ligands with “ideal” ligands. DDAB has 

been widely used to replace conventional ligands such as OA and OLAM during post-synthesis, 

due to its beneficial effect on the passivation of the LHP NC surface and on the enhancement of 

conductivity in LHP NC films or devices [34, 56, 73, 79]. For example, Pan et al. [73] added 50 𝜇𝐿 

OA and 100 𝜇𝐿 DDAB into 1 mL pristine CsPbBr3 NC solution to do partial ligand exchange 

(Figure 1.5d). Other ligands such as phenylethylammonium bromide (PEABr) (Figure 1.5e) [74] 

and ADAC [26] were also used to do ligand exchange with or without assistance of OA. 

Anion exchange is also a hot topic in the post-processing of LHP NCs. Halides in LHP NCs 

can experience fast anion exchange owing to their low defect formation energy and fast ion/defect 

motion (Figure 1.5f) [13]. For example, mixed halide perovskite NCs could be achieved simply 

by mixing two LHP NC solutions containing different halides[75]. The composition-tailored LHP 

NCs show photoluminescence tunable over the whole visible spectrum, while the size and shape 

of the parent LHP NCs are well preserved [13]. However, if the goal is to control the ratio of 

different halides in the final NCs, it is better to do the anion exchange using a specific halide source, 

such as trimethylsilyl halides (TMSX) [76], OLAM-X [75] and PbX2 (X= Cl, Br, I). For example, 

Creutz et al. [80] realized nearly stoichiometric anion exchange with TMSX, and converted 

polycrystalline CsPbBr3 into CsPbI3 with TMSI. Chiba et al. [76] used stoichiometric alkyl-based 

oleylammonium iodide (OAM-I) and aryl-based aniline hydroiodide (An-HI) to carry out anion 

exchange on pristine CsPbBr3 NCs, and obtained high-quality red-emitting LHP NCs with PL QY 

of 80% and 69%, respectively (Figure 1.5g). It is worth to note that the anion exchange in the LHP 

NCs is completely reversible.  

1.2 Physics of lead halide perovskite NCs 

1.2.1 Optical properties 

The optical properties of LHP NCs depend on the crystal structure and the electronic states of 

the NCs. The octahedron structure comprised of [PbX6]
4- determines the distribution of the 

electronic states or the band structure of the LHP NCs. On one side, the np orbitals from the 

halogens (Cl: n=3, Br: n=4, I: n=5) provide dominating contribution to the valence band maximum 



Chapter 1: Introduction 
22 

(VBM), while the antibonding orbital σ* formed between the halogen np and the Pb(6s) orbitals 

only make minor contribution to the VBM (Figure 1.6a) [18, 58]. This leads to high sensitivity of 

the VBM to the compositions of the halogens. For example, the VBM and the bandgaps of 

MAPbX3 with different compositions of halogen vary obviously (Figure 1.6b) [81]. On the other 

side, the empty Pb(6p) orbitals determine the conduction band minimum (CBM), with minor 

contributions from the σ* orbitals formed by the np orbitals from the halogens and the 6p orbitals 

from the lead (Figure 1.6a) [82]. In addition, the σ* that raises the VBM energy, and the relativistic 

effects of Pb that lowers the CBM energy, make the LHP NCs tolerant to deep-trap defects, which 

are either shallow energy or resonant within the bands [83]. Apart from direct electron transition 

between the VBM and the CBM (called B channel), other transition channels are also possible, 

including trap-mediated (called T channel) recombination, exciton generation and recombination 

(X channel), and hole-trapping channels [16]. 

Moreover, the unique electronic structure of the LHP NCs forms direct bandgaps, which are 

favorable for radiative emission. The band structure affects the optical spectral properties of light 

absorbance and PL. The absorption and PL spectra of CsPbX3 NC solutions are tunable along the 

entire visible light region, through varying the halide compositions (Figure 1.6d) [58]. Additionally, 

the bandgap or the absorption/emission wavelengths can also be tuned by controlling the size of 

or by applying high pressure onto the NCs [58]. There, decreasing the size of the NCs could 

enhance the overlapping of the states and widen the bandgap of the NCs (Figure 1.6e). Increasing 

the pressure on the NCs above a given threshold, could cause gradual distortion of the octahedrons 

and lead to variation of the electronic states of the components, leading to a shift of the PL spectra 

(Figure 1.6f). 
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Figure 1.6. Electronic structure and optical property of LHP NCs. (a) Schematic representation of electronic band structure of typical 
LHPs. Reprinted by permission from Spring Nature: [18] COPYRIGHT (2018), doi: 10.1038/s41563-018-0018-4. Nature Photonics. 
(b) energy level diagrams of MAPbX3. Reprinted by permission from John Wiley and Sons:[81] COPYRIGHT (2020), doi: 
10.1002/admi.201600694. Adv. Mater. Interfaces. (c) blueprint of the various charge generation and recombination pathways in 
a bulk semiconductor. The ground state of the crystal is indicated by |0⟩ [16]; Reprinted with permission from American Chemical 
Society. (d) composition-dependent absorption and emission spectra of CsPbX3 NCs; (e) size-dependent absorption and emission 
spectra of CsPbBr3 NCs [19]; https://pubs.acs.org/doi/10.1021/nl5048779 and (f) pressure-dependent PL spectra of CsPbBr3 NCs; 
the inset presents a schematic illustration of the diamond anvil cell in the measurements and the right panel displays micro-images 
of the sample under pressures of 1 atm, 0.49, 0.78, and 1.21 GPa [58, 84].  

1.2.2 Electrical properties 

When the LHP NCs are applied into optoelectronic devices like LEDs, they are required to be 

able to transfer electrons and holes among them and with the neighboring device layers. However, 

as discussed in a previous section, films based on the LHP NCs surrounded by conventional 

ligands exhibit poor conductivity.  
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Figure 1.7.  Strategies to improve conductivity of LHP NCs. (a) Synthesis of CsPbBr3 NCs with short-chain OPA as ligands to increase 
conductivity; Reprinted with permission from [38]. Copyright (2018) American Chemical Society.; (b) synthesis of CsPbBr3 NCs with 
conjugated PPA molecules as ligands to increase NC conductivity and device performance; Reprinted by permission from John 
Wiley and Sons: [35] COPYRIGHT (2018), doi: 10.1002/anie.201801780. Angew. Chem. Int. Ed..; (c) Schematic illustration of the 
control of ligand density on CsPbBr3 QD surfaces and the corresponding changes of ink stability, PL QY, and carrier injection; 
Reprinted by permission John Wiley and Sons: [65] COPYRIGHT (2017), doi: 10.1002/adma.201603885. Adv. Mater. d) relative 
content of carbon and nitrogen (from ligands) to Cs in CsPbBr3 QDs with different treating cycles plotted from XPS data; and f) 
energy levels and current density–voltage (J–V) characteristics of QLED devices with different purifying cycles, indicating enhanced 
conductivity of the NCs after controlling ligand density.  

There have been several studies on using unconventional ligands to synthesize the LHP NCs. 

Akkerman et al. [85] used short-chain butylamine and propionic acid as ligands of CsPbBr3 NCs 

to ensure conductivity of the NCs and applied the as-synthesized NCs into fabrication of solar cell 

with a high open-circuit voltage. Tan et al. [38] used octylphosphonic acid, with a short chain and 

a strong binding with the LHP NCs, as ligands in the synthesis of CsPbBr3 NCs. A higher 

conductivity in the OPA-treated CsPbBr3 film was achieved, and the leak current density of the 

corresponding LED is about one magnitude lower than that of the LED based on NCs with 

OA/OLAM as ligands (Figure 1.7a). Dai et al. [35] applied a conjugated molecule, 3-phenyl-2-

propen-1-amine (PPA), as the ligand in the synthesis of CsPbBr3 NCs, and remarkably enhanced 

the hole mobility of the NC film, which was 20 times more than that of NC film with conventional 

ligands (Figure 1.7b). Krieg et al. [36] synthesized CsPbBr3 NCs with zwitterionic molecule 3-

(N,N-dimethyloctadecylammonio)-propanesulfonate, which can bond onto the surface of the NCs 

strongly. The obtained LED shows a high current density of 21.7 mA/cm2 at 3.5 V even with a 

long-chain zwitterionic molecule. 
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Replacing conventional ligands with ideal ones after synthesis to improve conductivity is 

more common than engineering better ligands to be used during the synthesis. Li et al. [74] 

performed ligand exchange with PEABr (having a π-conjugation benzene ring) on pristine 

CsPbBr3 NCs, and remarkably improved the conductivity of the NC layer in green LED. Wheeler 

et al. [72] replaced long-chain OA and OLAM with short-chain acetic acid and formamidinium, 

and demonstrated high efficiency of the treated LHP NCs in perovskite solar cell.  

Comparing with replacing ligands, reducing the amount of pristine ligands in the LHP NC 

solutions is an alternative way to improve conductivity [65, 67]. For example, Li et al. [65] used 

hexane/acetate mixed solvent to wash OA/OLAM in CsPbBr3 NC solution for a few times to 

control the surface ligand density and remarkably improved the current density in the green LEDs 

(Figure 1.7c, d, e).  

Alternatively, other groups mixed conductive polymers with LHP NC solutions to enhance 

the conductivity of the LHP NC film. For example, Shan et al. [86] mixed methylammonium lead 

tribromide with a certain ratio of poly(ethylene oxide) (PEO, average Mw≈5,000,000) and 

poly(vinylpyrrolidone) (PVP, average Mw≈1,300,000), and the composite film proved to have 

better carrier injection properties.  

1.3 Applications of lead halide perovskite NCs in optoelectronic 

devices 

1.3.1 Working mechanism of LED 

The term LED in this thesis refers to electrically-driven light emitting diodes, which convert 

electrical energy into light emission. In terms of basic components, a LED device requires only an 

electron source (negative electrode), a hole source (positive electrode) and an emissive material in 

which the electrons and holes, injected from the electrodes, recombine radiatively. However, 

ineffective carrier injections due to improper band alignment between the electrodes and the 

emissive material strongly limits the efficiency of the electrical energy-to-light conversion process. 

To overcome these issues, electron transporting materials/layers (ETM/ETL) and hole-

transporting materials/layers (HTM/HTL) are introduced into practical LED device.  

Without transporting layers, there are large potential differences between the electrodes and 

the emissive layer, which could lead to a serious loss of carriers at the interfaces. Transporting 

layers with proper CBs and VBs could make the carrier injection smoother and more efficient. For 
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example, a HTL is expected to have a VB higher than that of the positive electrode and lower than 

that of the emissive layer to facilitate injection of holes into the ETL, while the CB of the HTL is 

expected to be higher than that of the emissive layer to block transport of electrons from the 

emissive layer. Moreover, the electrons and holes are expected to be transported and injected into 

the emissive layer in a fast and balanced way. Thus, the hole mobility of the HTL and the electron 

mobility of the ETL are expected to be similar to each other and as high as possible to ensure 

charge balance in the device [87]. 

Common ETMs (Figure 1.8a) include small organic molecules, such as 1,3,5-Tris(1-phenyl-

1H-benzimidazol-2-yl)benzene (TPBi), 4,7-diphenyl-1, 10-PhenanthrolineSynonym (Bphen), 4,6-

Bis(3,5-di(pyridin-3-yl)phenyl)-2-methylpyrimidineSynonym (B3PYMPM), 3,3'-[5'-[3-(3-

Pyridinyl)phenyl][1,1':3',1''-terphenyl]-3,3''-diyl]bispyridine (TmPyPB), 4,4'-Bis(9-carbazolyl)-

1,1'-biphenyl (CBP) and (6,6)-Phenyl C61 Butyric Acid Methyl Ester (PCBM), and inorganic 

materials such as ZnO, TiO2 and MO3 [88]. Common HTMs (Figure 1.8b) include polymers, such 

as poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), poly[N,N'-bis(4-

butylphenyl)-N,N'-bis(phenyl)-benzidine] (Poly-TPD), 2,2',7,7'-Tetrakis[N,N-di(4-

Methoxyphenyl)aMino]-9,9'-spirobifluorene (Spiro-OMeTAD), poly(N-vinylcarbazole) (PVK), 

smaller organic molecules such as CBP, and inorganic materials such as NiO [88].  
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Figure 1.8. LED structure and work mechanism. (a) Selected hole-transporting layers; (b) electron-transporting layers in perovskite 
LEDs for bandgap-tunable materials; Reprinted by permission from John Wiley and Sons: [88] COPYRIGHT (2018), doi: 
10.1002/adma.201801996. Adv. Mater. And (c) mobility levels for the electron and hole derived from a field-effect transistor using 
MAPbBr3 NCs film as the active layer; Reprinted with permission from [23, 89]. Copyright (2019) American Chemical Society. Cell 
configuration diagram of (d) the inverted LED structure of ETL/EML/HTL (n-i-p); (e) normal LED structure of HTL/EML/ETL (p-i-n); 
and (f) operation mechanism diagram of the both structures Reprinted with permission from [87]. Copyright (2019) American 
Chemical Society.  

There are two basic LED structures [87]: one, so-called “normal”, is comprised of 

HTL/EML/ETL (p-i-n) from the bottom substrate to the top electrode of the device (Figure 1.8d); 

the other one is “inverted”, comprising ETL/EML/HTL (n-i-p) (Figure 1.8e). The choice of the 

LED structure depends on the preparation method of the EML [87]. Generally, fabrication of the 

normal p-i-n LHP NC LED structure consists of the following steps. Firstly, the chosen HTM is 

spin-coated onto a conductive substrate such as indium tin oxide (ITO) or fluorine doped tin oxide 

(FTO). Secondly, EML is spin-coated onto the HTL. Then, ETM is deposited on the EML. Finally, 

the cathode electrode is deposited on the top. Here, since most of the processes involve the 

deposition of the chosen materials form a liquid phase/solution, particular care should be given to 

the solubility difference in the used solvents of the materials in neighboring layers ; this is even 

more true for LHP, since they are extremely sensitive to polar solvents. For example, HTM are 

usually based on polymers soluble in polar solvents, to avoid being washed away while spin-

coating the LHP NCs, that instead are usually dispersed in non-polar solvents. ETM are usually 

small molecules and are deposited via thermal evaporation. ETM can also be spin-coated on the 
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EML as long as a proper orthogonal solvent is used to prevent the deposited LHP NCs to be washed 

away. The fabrication of the inverted LED structure is similar to that of the normal one shown 

above. Particular care should be given here to the choice of the ETM and its solvent, to avoid its 

solubilization when depositing the NC layer. 

Based on the above LED structures and materials, emission at various wavelengths can be 

obtained, depending on the bandgaps of the EML. The ETL is designed to inject electrons into the 

EML, and the HTL is used to inject holes into the EML. Within the EML, the injected electrons 

and holes are expected to recombine radiatively and release photons (Figure 1.8f). The light 

emission efficiency of the injected carriers highly depends on the internal optical properties of the 

LHP NCs, as previously introduced. On the one hand, to achieve effective injection of carriers into 

the EML, band alignment engineering is necessary [87]. To be specific, the CBM of the EML 

should be close to the LUMO of the ETL to facilitate injection of electrons from the ETL to the 

EML, and should be far lower than the LUMO of the HTL to block further transport of the injected 

electrons from the EML to the HTL. The VBM of the EML should be close to the HOMO of the 

HTL to facilitate injection of holes from the HTL to the EML, and should be far higher than the 

HOMO of the ETL to block further transport of the injected holes from the EML to the ETL. 

Improper band alignment will block effective injection of the carriers into the EML, and cause 

great loss at the interface. On the other hand, mobility of the ETL and the HTL matters [87]. Given 

that the hole mobility is usually lower than the electron mobility in the LHP NCs (Figure 8c), it is 

easy for electrons to accumulate at the interface of ETL/EML [89]. If the hole mobility in the HTL 

and the electron mobility in the ETL cannot be matched properly, charge imbalance will occur at 

the interfaces. The accumulated charges at one of the interfaces could change the dielectric field 

in the device and damage the materials [90-92]. Well-matched hole mobility in the HTL and 

electron mobility in the ETL are beneficial for charge balance and stable operation of the LED. In 

addition, the quality of the ETL/EML and EML/HTL interfaces could also make a difference. 

Formation of defects at interface is unfortunately common. Chemical passivation of the defects 

can help to suppress the non-radiative recombination and the loss of the injected carriers at the 

interface [93].  

1.3.2 Key parameters for LED 

A few key parameters are generally used to measure the LED performance, including EQE, 

brightness, color and its purity, turn-on voltage and operation time.  
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The EQE is the most important index for the performance of a LED. It is proportional to the 

ratio of the number Ng of photons generated per second and the number Ni of electrons injected 

per second into the EML [93]. The EQE could also be defined by the ratio of current injection 

efficiency ηI, which depends on the proportion of effectively injected current and leakage current, 

and the radiative efficiency ηR, which depends on the ratio of radiative recombination and non-

radiative loss in the EML [93]. Since the generated photons need to penetrate a few layers in the 

device before being accepted by the detector, they can be absorbed and/or reflected by the other 

layers. Accordingly, an out-coupling efficiency ηo can be defined as the ratio of photons leaving 

the LED to those generated [94]. All the mentioned quantities enter the expression of EQE in the 

following formula:  

𝐸𝑄𝐸 = 𝜂𝑜 ∙
𝜂𝑅

𝜂𝐼
= 𝜂𝑜 ∙

𝑁𝑔

𝑁𝑖
 (3) 

The EQE could also be defined as the product of the injection efficiency, the internal quantum 

efficiency (IQE) and ηo [94]. The injection efficiency is the ratio of electrons being injected into 

the EML to those provided by the power source. The IQE is the ratio of photons generated to the 

number of electron–hole recombination. 

However, the physical parameters mentioned above cannot be collected directly in practical 

experiment. Therefore, the following equation [61, 95], based on the parameters of the detection 

system, is used instead to calculate the EQE:  

𝐸𝑄𝐸 =
𝜋∙𝑃𝑝𝑑∙𝑙2∙𝜆∙𝑒

𝑆𝑝𝑑∙ℎ𝑐∙𝐼
 (4) 

where Spd is the area of photodetector; Ppd is the optical power collected with the photodetector; 

l is the distance between the photodetector and the device; I is the current flowing through the 

device, measured between the two electrodes ; λ is the wavelength of the emission; and e is the 

elementary charge. 

 

Clearly, the EQE is proportional to the number of photons collected by the photodetector and 

is inversely proportional to the current flowing across the LED. Therefore, the EQE also relates to 

the current efficiency of the device, expressed in units of cd/A. On one side, the output emission 

relates to the optical properties of the EML. Therefore, in the case of NCs-based EMLs, 

improvement of PL QY of the NCs is beneficial for achieving high EQE [96]. On the other side, 

the current relates to the electrical properties of the device, which depend on several factors [14] 
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(Figure 1.9a). Firstly, the film quality of the EML matters: if there are pinholes in the LHP NC 

film, a serious leakage will occur and greatly increase the current, leading to poor emission 

efficiency [40, 97]. Secondly, the conductivity of the LHP NCs matters: on one hand, NCs with 

long-chain and labile organic ligands are unable to transport carriers, leading to ineffective 

injection of electrons and holes [65]; on the other hand, NCs with conductive ligands are favorable 

for increasing film conductivity but unfavorable for the confinement of the injected electrons and 

holes and the formation of excitons, leading to low emission efficiency [35]. A balance in 

conductivity of the NCs is thus important. Thirdly, the band alignment at the interfaces matters: 

improper band alignment can block the injection of electrons or holes into the EML, leading to 

low current, which in turn leads to insufficient injection of carriers into the EML and poor emission 

intensity [98]. Finally, the mobility of holes and electrons in HTL and ETL matters [99] by exerting 

an effect on the charge balance at the interfaces [100]. The electron mobility in ETL is usually 

higher than hole mobility in HTL, leading to accumulated electrons at the interface between the 

ETL and the EML [100]. Overall, a high EQE requires high-quality EML, proper conductivity of 

the NCs, rationally designed band alignment and well-matched carrier mobility in a running device.  

The brightness or the luminance of a LED depends on the emission intensity as well as on 

the emission wavelengths. For a single color, the higher the intensity of the electroluminescence 

(EL), the higher the brightness of the LED [101, 102]. In this sense, the brightness is associated 

with the emission efficiency or the EQE. For different colors, human eyes have different 

sensitivities, which is defined as luminous efficacy [103] and is represented by Figure 1.9 from 

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/bright.html. The intensity of the lumens in the y 

axis represents the intensity sensed by human eyes of a light with certain wavelength radiated by 

one Watt. For example, the highest sensitivity occurs for green light,  507 nm, while sensitivity 

is far lower for deep blue light as well as near-infrared emission 
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Figure 1.9. Representative diagram of Scotopic Efficacy curve and the Photonic curve. 

The color of a LED device is defined by a set of space coordinates according to the 

Commission Internationale de l’Eclairage (CIE), which has standardized the measurement of color 

by means of color-matching functions and the chromaticity diagram (CIE, 1931) (Figure 1.10 

[104]).  

 

Figure 1.10. CIE 1931 color space chromaticity diagram. 

The color purity is measured instead by the full width at half maximum (FWHM) of the EL 

peak. The lower the FWHM, the higher the color purity. The LHP NCs are known for their low 

FWHM, and outperform their contemporaries such as bulk perovskite and chalcogenide 

semiconductor NCs in color purity [89, 90]. It is important to obtain emission with high color 

http://hyperphysics.phy-astr.gsu.edu/hbase/vision/bright.html#c3
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purity for displays, which require a high color resolution [1]. Additionally, narrow emission 

wavelength is required in laser fabrication [90]. Therefore, the LHP NCs appear to be promising 

candidates for the application in optoelectronic devices.  

The FWHM of the EL is affected by the size distribution of the NCs [22, 105]. Moreover, the 

FWHM may also be increased due to emission from the transporting layers [100], when the 

running LED suffers damages.  

The turn-on voltage of a LED is another important performance index. Low turn-on voltage 

is expected in LEDs, meaning that luminance is able to occur at a low bias and with low power, 

which turns into energy saving and wide use of LED devices. The turn-on voltage depends on the 

charge transfer barriers between the interfaces, and thus low turn-on voltage requires a rational 

band alignment [98, 106].  

 

Figure 1.11. Stability of LHP LED. (a) Factors of instability in LHP LED devices; the main ones are: perovskite film quality, surface 
quality, and device structure; Reprinted by permission from Elsevier: [14] COPYRIGHT (2019), doi: 10.1016/j.mtnano.2019.100028. 
Mater. Today Nano. (b) Degradation pathways within perovskite LEDs: direct degradation of the active layer takes place via 
superoxide generation, leading to perovskite decomposition, moisture-induced decomposition, phase segregation and 
spontaneous decomposition; degradation at device level occurs through EIL/HIL (electron injection layer and hole-injection layer, 
equal to ETL/HTL) degradation, induced by electrochemical reactions with mobile ions; dopant migration as well as oxygen and 
moisture penetration into the perovskite active material represent a limiting operational factor for long-term stability, stressing 
the importance of robust inert encapsulation Reprinted by permission from John Wiley and Sons: [88] COPYRIGHT (2018), doi: 
10.1002/adma.201801996. Adv. Mater. 

 



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

33 
 
  

Stability of the LEDs during storage and during operation are both important items for 

commercial application of the devices. The working time of the LEDs under voltage represents the 

operation stability. From an operational point of view, the LED is set running at a fixed voltage, 

and the half-life period is measured, which is the time that the operating LED takes in undergoing 

a decrease in brightness from the initial one to one half of that. Several factors, among which the 

EML, the interface, and the transporting layers, may influence the stability of the LEDs (Figure 

1.11a) [14]. In terms of the EML, film morphology, trap states, thermal instability, ambient 

instability and ion migration of the LHP NC film are to be considered. For example, poor film 

morphology may cause leakage and enhance Joule heating effect with increasing bias [107]. Ion 

migration may increase halide vacancies and damage the optical properties like spectral stability 

of the LEDs [101, 108].  

In terms of surface quality, defects at the interface play a main role. In terms of the charge 

transport layers, imbalanced charge injection and ambient instability need to be minimized. In 

short, competition between the radiative channels and non-radiative channels makes a difference 

in the stability of the running LED.  

On the other hand, the stability during storage depends mainly on the stability of the 

components of the device itself. Additionally, oxygen together with water or humid atmosphere 

are known to be the main factors for the instability of the LED in air [88], especially when the 

device is not well encapsulated (Figure 1.11b).  

1.3.3 Green LEDs based on CsPbBr3 NCs 

By virtue of their narrow emission bandwidth, spectrally tunable direct bandgap, solution 

processability as well as quantum confinement effect, LHP NCs have been employed in light 

emitting devices including LEDs [11, 23, 73, 97, 109-112] and displays [113]. 

Green LEDs based on bulk perovskite film have achieved EQEs  20% [11, 114]. Green LEDs 

based on LHP NCs lag far behind. Nevertheless, continuous progresses have been made in 

applying LHP NCs into fabrication of LEDs with high color purity. In this project, I focused on 

LEDs based on CsPbBr3 NCs. In this section, I will introduce the evolution of the related studies 

based on the types of source of materials used in the CsPbBr3 NC synthesis.  

Based on the first synthesis route of CsPbBr3 NCs [19], CsPbBr3 NCs synthesized using PbBr2 

and Cs2CO3 have obtained a fast development in EQE of corresponding LEDs. For example, EQEs 

of 0.26% [98] and 5.7% [115] have been achieved by optimizing the transporting layers, starting 
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from an initial EQE of 0.026% [98]. Through optimizing ligand washing process, the EQE was 

increased to 1.7% [107]. Through ligand exchange in the post-synthesis phase, EQE of 3.0% 

(Figure 1.12b) [73] and 4.33% [74] were realized, respectively, with DDAB and conjugated 

molecules. Through combination of ligand exchange with DDAB and optimized ligand washing 

strategy, the EQE was further pushed to more than 8.0% [69, 70]. Application of the CsPbBr3 NCs 

into LEDs with inverted structure has developed from initial EQE of 0.19% [116] up to 4.63% 

(Figure 1.12f) [117], by optimizing band alignment of transporting layers and introducing 

localized surface plasma [117].  

 

Figure 1.12. Examples of device performance of CsPbBr3 NC-based green LEDs. Performance of LEDs based on NCs (a) with 
OA/OLAM as ligands; Reprinted by permission from John Wiley and Sons: [77] COPYRIGHT (2015), doi: 10.1002/adma.201502567. 
Adv. Mater. (b) with DDAB as ligands [73]; (c) with controlled OA/OLAM density; Reprinted by permission John Wiley and Sons: 
[65] COPYRIGHT (2017), doi: 10.1002/adma.201603885. Adv. Mater. (d) with OPA as ligands; Reprinted with permission from [38]. 
Copyright (2018) American Chemical Society. (e) with DDAB and OA as ligands and with treatment of ZnBr2; Reprinted by 
permission from John Wiley and Sons: [47] COPYRIGHT (2018), doi: 10.1002/adma.201805409. Adv. Mater.; and (f) with plasmonic 
Au as additive in device; Reprinted by permission from John Wiley and Sons: [117] COPYRIGHT (2018), doi: 
10.1002/adfm.201707031. Adv. Funct. Mater.  

Other groups worked with cesium stearate as the Cs source. Also in these cases, the 

performance of the corresponding LEDs have seen a steady enhancement with time. Indeed, 

starting from an initial EQE of 0.12% (Figure 1.12a) [77], further works have increased the EQE 

to 2.21% by forming composite with CsPb2Br5 [118], and 6.27% by rational washing procedure of 

the obtained CsPbBr3 NCs (Figure 1.12c) [65]. In addition, cesium acetate was also applied into 

synthesis of CsPbBr3 NCs. When used together with octylphosphonic acid as ligand, it allowed 
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achieving an EQE of 6.5% (Figure 1.12d) [38]. Moreover, CsBr was also used to fabricate CsPbBr3 

NCs with assistance of crown ethers via LARP, and the corresponding green LED has obtained an 

EQE of 2.64% [22].  

Work has also been carried out to apply new types of halide sources in the synthesis of the 

CsPbBr3 NCs, e.g., TOABr, NH4Br, trioctylphosphine-Br2 and BBr. LEDs based on CsPbBr3 NCs 

prepared with TOABr as halide source and OA as ligand, obtained a maximum EQE of 0.325% 

[32]. Through combining mixed cations, ligand exchange, rational washing and surface 

passivation in the treatment of CsPbBr3 NCs, LEDs based on the CsPbBr3 NCs, synthesized with 

PbBr2, Cs2CO3 and TOABr obtained a maximum EQE of 16.48% (Figure 1.12e) [47]. In other 

works, LEDs based on CsPbBr3 NCs using NH4Br [20] and trioctylphosphine-Br2 [36] in synthesis 

have also been reported, with maximum EQEs at 1.2% and 2.5%, respectively.  

1.3.4 Blue LEDs based on lead halide perovskite NCs 

The development of blue LEDs is relatively slower than that of green ones. However, it is 

recently following up the step of achieving green LEDs at an accelerating speed. There are 

generally two strategies to obtain LHP with blue emission. One strategy is to increase the bandgap 

by limiting the size of LHP and realizing quantum confinement effect [19]. Quantum 

confinement is defined as a reduction in the allowed free space of carriers due to a reduction in the 

degrees of freedom [119]. When grain size is comparable to the wavelength of the electron, 

quantum confinement effect could be observed [120]. Usually, the confinement of an electron and 

hole in NCs significantly depends on the material properties, namely, on the Bohr radius aB [120]. 

Protesescu et al estimated that the effective aB of CsPbBr3 to be 7 nm [19]. Quantum well, with 

quantum confinement effect along one dimension, has been widely used in traditional 

semiconductor LEDs [121]. 2D LHP, consisting of a few limited layers of lead halide octahedrons 

sandwiched between organic molecules, were also reported to form quantum wells with wide 

bandgap [122-125]. However, the FWHM of the corresponding EL spectra are usually wide and 

only moderate EQE is obtained [122, 126-130]. Quasi-2D or a mixture of 2D and 3D LHP were 

thus further developed to improve charge transfer efficiency and radiative recombination 

efficiency of the bulk LHP LEDs. As a result, the EQE of blue LEDs based on the in-situ 

synthesized quasi-2D LHP has increased from 0.015% up to 11% in only three years (Figure 1.13a-

g) [102, 124, 131-135]. 
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The other strategy is to fabricate chloride/bromide mixed-halide-based LHP, which have large 

bandgap and emit blue light. However, the mixed-halide-based LHP suffers anion migration under 

electric field, which leads to unstable EL spectra in running LEDs [130, 132, 136]. 

 

Figure 1.13. Examples of device performance of LHP blue LEDs. Blue LEDs based on quasi-2D LHP: (a) Bandgap of quasi-2D 
perovskite with n number of layers as determined by transient absorption (TA) measurements. The inset is the atomic model of 
the quasi-2D perovskite with n =1, 3, and 5; (b) EL spectra of the LED operating under different voltages [122]; (c) Device structure 
and (d) efficiency of the YCl3-treated sky-blue quasi-2D LHP LEDs [134]. (e) Steady-state PL spectra and PL QYs of perovskite 
PEACl:Rb0.6Cs0.4PbBr3, pristine, and RbBr-rich 〈n〉Rb0.6= 3 films; (f) EQE characteristics of pristine and RbBr-rich <n>Rb0.6=3 devices; 
and (g) diagram of the recombination mechanism of the LHP layer in the quasi-2D LHP LED [124]. Performance of blue LEDs based 
on LHP NCs: (i) PL spectra and a photo of the running blue LED based on mixed halide LHP NCs[77]; (j) EL spectra of LEDs based on 
NCs with R4NBr as ligands, with photo of NC solutions under UV light;. 
https://pubs.acs.org/doi/abs/10.1021/acsenergylett.9b01915 Reprinted with permission from American Chemical Society. (h) 
band alignment and (k) performance of LED based on Rb-doped CsPbBr3 NCs. Reprinted by permission from John Wiley and Sons: 
COPYRIGHT (2019), doi: 10.1002/adom.201901440. Adv. Opt. Mater.  

A further strategy to increase the bandgap of LHP NCs in an energy window compatible with 

blue emission is through doping [137]. This approach has been shown to improve also the emission 

efficiency [138, 139] and/or the stability of LHP [140-142]. Applications in blue LEDs based on 

doped LHPs have been advancing steadily. The EQE of blue LEDs based on doped LHP NCs has 

increased from 0.07% to 3.5% through mixed halide (Figure 1.13i) [77, 136, 143-147] or 

incorporation of metal elements (Figure 1.13h, k) [148] together with optimization of ligands 
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(Figure 1.13j) [146, 149]. However, there is obviously still a large room for further improvement 

of the efficiency of blue LHP LEDs.  

1.4 Goals of the thesis project 

With respect to the state of the art presented so far in the area of optoelectronic devices based 

on LHP NCs, the current work of thesis intended to address the points described by the following 

goals (Figure 1.14):  

 

Figure 1.14. A general scheme of the goals of the work. 

1) The long-chain insulating organic ligands on the LHP NCs and the requirement of a good 

carrier injection property in LEDs are conflicting. Chapter 3 aims to address the four issues induced 

by the ligands originally used in the synthesis, that is, poor conductivity, low optical performance 

after post-treatment for higher conductivity, poor film coverage and poor stability of the LHP NC 

films. The aim is to find a treatment method that could balance the conductivity and the optical 

performance, and improve the film coverage and the stability of the film in the meanwhile. 
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2) Application of LHP NCs in LEDs are highly expected. Chapter 4 aims to fabricate green 

LEDs with high efficiency and high stability based on treated NC solutions. It is also desired to 

reveal a general mechanism to improve the stability of LHP NCs-based films. In addition, the 

efficiency roll-off common to LEDs is desired to be explored by in-situ characterization method 

and explained with some new insight.  

3) Blue LEDs based on LHP NCs still lag far behind. Chapter 5 aims to fabricate sky-blue and 

blue LEDs with high efficiency and high stability based on LHP NCs solutions. Metal doping is 

selected as a promising route. It is desired to elucidate the effect of metal doping in the 

modification of the LHP NCs



Chapter 2: Experimental techniques 
This chapter introduces the used chemicals, synthesis methods and experimental 

characterization techniques, which are common to the following chapters. 

2.1 Materials 

Lead acetate trihydrate (Pb(CH3COO)2·3H2O, 99.99%), cesium carbonate (Cs2CO3, reagent 

Plus, 99%), benzoyl bromide (C6H5COBr, 97%, shortly BBr), toluene (anhydrous, 99.5%), 

octadecene (technical grade, 90%, ODE), oleylamine (70%, OLAM), oleic acid (90%, OA), 

butylamine (≥ 99%), ethyl acetate (99.8%, EA), ammonium thiocyanate (NH4SCN, 97.5%), 

octylphosphonic acid (OPA, 98%), 1-butanol (CH3(CH2)3OH, 99.8%), acetone (≥ 99.5%), 

isopropanol (anhydrous, 99.5%, IPA), diethyl ether (DE) (contains BHT as inhibitor, ≥99.8%), 

hexane (Hex) (anhydrous, 95%), cyclohexane (anhydrous, 99.5%), octane (anhydrous, ≥99%), 

1,2-dichlorobenzene (anhydrous, 99%), chloroform (≥99.5%), dimethyl sulfoxide (DMSO), 

polyvinyl pyrrolidone (PVP), ZnO NC solution (2% in methanol), and LiF were purchased from 

Sigma-Aldrich. Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS), Poly(9-

vinylcarbazole) (PVK), 2,2',2''-(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was 

purchased from Ossila. All chemicals were used without any further purification.  

Lead bromide (PbBr2, 99.99%), octanoic acid (OTAc, 99%), formamidine acetate (FA(Ac), 

99%), didodecyldimethylammonium bromide (DDAB, 98%), didodecyldimethylammonium 

chloride (DDAC, 98%), tetra-n-octylammonium bromide (TOAB, 98%) and copper chloride 

(CuCl2, 99%) were purchased from Macklin Inc. Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine 

(PTAA) and TPBi used in Chapter 5 were purchased from Xi'an Polymer Light Technology Corp. 

(PLT). Chemical structures of reagents, some of which are used to modify the ligands of the NCs 

and some of which are used as solvent for NCs dispersion, are shown in Figure 2.1. 



Chapter 2: Experimental techniques 
40 

 

Figure 2.1. Chemical structures of modifiers and solvents used in the thesis. 

2.2 Synthesis of perovskite nanocrystals 

2.2.1 Hot injection method 

The CsPbBr3 NCs used in Chapter 3, Chapter 4 were synthesized according to the HI method, 

as reported by Imran et al. [21], with the only change of 10-times scaling up the amount of used 

chemicals. In particular, 160 mg of cesium carbonate, 760 mg of lead acetate trihydrate, 3 mL of 

OA, 10 mL of OLAM and 50 mL of ODE were loaded into a 100 mL 3-neck round bottom flask 

and dried under vacuum for one hour at 130 °C. Subsequently, the temperature was increased to 

170 °C under nitrogen flow, and BBr (700 µL) precursor was swiftly injected into the reaction 

system. The reaction mixture was immediately cooled down in an ice-water bath. Finally, dry 
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toluene (10 mL) was added to the crude NC solutions, and the resulting mixture was centrifuged 

for 10 min at 4000 rpm. The supernatant was discarded, and the precipitate was re-dispersed in 

toluene (10 mL) for further use. The measured concentration [150] of the as-synthesized CsPbBr3 

NC is  180 g/L.  

2.2.2 Co-precipitation method 

The LHP NCs used in Chapter 5 are obtained through a procedure adapted from what is 

reported by Song et al [79]. In detail, cesium and formamidine precursors together with OA 

dispersed in toluene are injected into lead bromide precursor at RT to obtain CsxFA1-xPbBr3 NCs. 

Here, the lead precursor is prepared by dispersing PbBr2 and TOAB in toluene by sonication. The 

cesium and formamidinium precursors were prepared by dissolving Cs2CO3 or FA(Ac) in OTAc 

(0.1 mmol/mL), respectively.  

The procedure for ligand exchange and modification with CuCl2 on the as-synthesized NCs is 

shown below. CuCl2/DDAB precursor with different concentrations of CuCl2 is injected into the 

NC solution. Here, the CuCl2/DDAB precursor was prepared by dissolving different amount of 

CuCl2, which ranges from 0.1% to 70% molar ratio of PbBr2, in 3 mL DDAB precursor (10 g/L in 

toluene). After reacting for 2 min under magnetic stir in open air, EA is poured into the solution 

with a volume ratio of 2:1. After centrifugation at 8000 rpm/s for 1 min, the precipitates were 

collected and dispersed in toluene. The second purification follows the first one, except that OA 

and DDAB are supplemented before adding EA. The collected precipitates after the second 

centrifugation at 4000 rpm/s for 1 min are dispersed in octane or hexane to obtain Cu-treated NCs.  

2.3 Preparation of perovskite nanocrystal films 

2.3.1 Films based on NCs synthesized by HI method 

Clean substrates were prepared by rinsing soda-lime glass slides (Menzel-Gläser superfrost 

by Thermo Scientific, Braunschweig, Germany) – previously cut into 1.25 cm x 1.25 cm pieces - 

with acetone, IPA, and Milli-Q water for 10 min in sonication sink in sequence, followed by drying 

under nitrogen flow. Then, typically 50 µL NC solution was deposited onto the cleaned slides to 

cover the whole substrate and spin-coated at 2000 rpm for 60 s. Eventually, some prepared films 

were annealed at 65 °C for 100 min on hotplate to remove the remaining solvent. The others were 

not annealed. All films were stored on shelf in air.  
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2.3.2 Films based on NCs synthesized by co-precipitation method 

Glass substrates with size of 1.5 cm x 1.5 cm were cleaned with ethyl alcohol firstly. Then, 

80-100 µL NC solution was deposited onto the cleaned slides to cover the whole substrate and 

spin-coated at 2000 rpm for 45 s. All films were stored on shelf in air. 

2.4 Fabrication of perovskite-nanocrystal-based LEDs 

2.4.1 Fabrication and characterization of green LEDs 

Green LEDs were fabricated on patterned ITO glass substrates. The substrates were cleaned 

in an ultrasonic bath using detergent, deionized (DI) water, IPA and DI water again, sequentially. 

Prior to depositing hole-transporting layers, the ITO glass substrates were further treated with 

oxygen plasma for 300 s at 30 W. PEDOT:PSS layer was spin-casted onto the cleaned ITO glass 

substrates at 4000 rpm and annealed at 150 °C for 30 min in hood. Poly-TPD was spin-coated onto 

the PEDOT:PSS layer at 5000 rpm and annealed at 120 °C for 20 min in glovebox (GB). Here, the 

poly-TPD solution was prepared in chlorobenzene (CB) at 8 g/L in GB. As the film cool down, 

LHP NC solutions were spin-casted at 2000 rpm at a time and annealed at 70 °C for 15 min. Then, 

electron transporting layer TPBi and electrode LiF and Al were thermal evaporated at rate of 1.5 

nm/s, 0.2 nm/s, 2 nm/s, respectively. Finally, the devices were encapsulated with cover glasses 

and encapsulation oil. The devices were treated by UV light for 15 min to solidify the 

encapsulation oil in GB.  

The current−voltage−luminance measurement was performed using a Keithley 2410 source-

measure unit and an Agilent 34410A multi-meter coupled to a calibrated PDA 100A Si switchable 

gain detector from Thorlabs. The output of the Si detector was converted into power (photon flux) 

using a 50 Ω load resistance and the responsivity of the detector. The effective area of each device 

is 4.5 mm2. The EQE was calculated as the ratio of the photon flux and the driving current of the 

device. The EL spectra of the devices were collected by an Ocean Optics HR4000+ spectrometer.  

2.4.2 Fabrication and characterization of blue LED fabrication 

Cleaned ITO-coated glass substrates were treated by O3 for 15 min. Then, Poly(ethylene 

dioxythiophene):polystyrene sulphonate (PEDOT:PSS) solutions (Baytron P VPAl 4083, filtered 

by a 0.45 µm filter) and poly (bis(4-phenyl)(2,4,6-trimethylphenyl) amine) (PTAA) (5 g/L in CB, 

filtered by 0.22 µm filter) solution were spin-coated on ITO substrates at 3000 rpm for 60 s and 

annealed, respectively, at 140 °C for 15 min and 120 °C for 25 min. Subsequently, LHP NCs are 
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spin coated at 2000 rpm for 60 s and baked at 60 °C for 10 min. Later, under a vacuum of  2x10−4 

Pa, TOPO (1nm), TPBi (40 nm) and LiF/Al electrodes (1 nm/100 nm) were deposited sequentially 

in a thermal evaporator with shadow masks. The device active area was 4 mm2 as defined by the 

overlapping area of the ITO and Al electrodes.  

The I-V-L characteristics, EL spectra and other device performance were collected and 

calculated using a Keithley 2400 source in combination with a measurement system designed by 

Everfine corporation.  

2.5 Measurement techniques 

Light absorption. Absorption spectra were taken on a Varian Cary 5000 UV−vis−NIR 

spectrophotometer.  

Photoluminescence (PL). Steady-state PL, time resolved PL lifetime and PL quantum yield 

(PL QY) measurements were carried out directly on the films with an Edinburgh fluorescence 

spectrometer (FLS920). The instrument is equipped with a Xenon lamp and a monochromator for 

steady-state PL measurement, a calibrated integrating sphere for PL QY measurements, and a time-

correlated single-photon counting (TCSPC) unit coupled with a pulsed laser diode (λ = 405 nm, 

pulse width = 50 ps) for time-resolved PL studies. Both steady-state PL and PL QY were collected 

with an excitation wavelength of 350 nm. The PL QY measurement on the films were carried out 

using the procedure developed by J. C. De Mello et al. [151].  

Confocal PL microscopy. Confocal PL images and spectra were collected using a Nikon A1 

microscopy with a laser excitation. The excitation wavelength of the laser was 488 nm or 401 nm.  

Scanning electron microscopy (SEM). SEM images were recorded by a field emission SEM 

(Helios NanoLabTM 650), with an acceleration voltage of 2 kV and a filament current of 0.2 A. 

The films were directly used for SEM observation after coating the substrates edges with silver 

paint.  

Field-emission gun SEM (FEG-SEM). The films were characterized by HRSEM using a 

JEOL JSM-7500LA (JEOL, Tokyo, Japan) equipped with a cold field-emission gun (FEG), 

operating at 20 kV acceleration voltage. No coating was needed. Energy-dispersive spectroscopy 

(EDS, Oxford instrument, X-Max, 80 mm2) was used to distinguish the presence and the ratio of 

Cs, Pb and Br. The Line Type considered for obtaining the most reliable quantification were K 



Chapter 2: Experimental techniques 
44 

(Br) and L (Pb and Cs). All experiments were done at 8 mm working distance, 20 kV acceleration 

voltage and 15 sweep count for each sample.  

Transmission electron microscopy (TEM). Low-resolution TEM measurements were 

performed on a JEOL-1100 instrument operating at an acceleration voltage of 100 kV. The NC 

solutions were drop casted onto carbon-coated copper grids without dilution.  

Current-voltage plot (IV). The IV measurement were performed with a combination of a 

Suess Microtec probe station and a Keithley 2612 source meter in air and in dark. Au electrodes 

with a gap of 50 μm and thickness of 100 nm were fabricated on top of the LHP NCs film by 

thermal evaporation of Au and by using a metallic shadow mask.  

X-ray diffraction (XRD). XRD analysis was performed on a PANanalytical Empyrean X-

ray diffractometer, equipped with a 1.8 kW Cu Kα ceramic X-ray tube and a PIXcel3D 2×2 area 

detector, operating at 45 kV and 40 mA. Auto-focus alignment was adopted. The diffraction 

patterns were collected under ambient conditions using parallel beam geometry and symmetric 

reflection mode. XRD data analysis was conducted using the HighScore 4.1 software from 

PANanalytical.  

X-ray photoelectron spectroscopy (XPS). XPS characterization was performed using a 

Kratos Axis Ultra DLD spectrometer with a monochromatic Al Kα source (photon energy = 1486.6 

eV) operated at 15 kV with an emission current of 20 mA. Wide scans were acquired at an analyzer 

pass energy of 160 eV and steps of 1 eV. High resolution narrow scans were performed at a pass 

energy of 10 eV and steps of 0.1 eV. The photoelectrons were detected at a takeoff angle Φ = 0° 

with respect to the surface normal. The pressure in the analysis chamber was maintained below 5 

× 10-9 Torr for data acquisition. The data were converted to VAMAS format and processed using 

CasaXPS software. The binding energy scale was referenced to the C 1s peak at 248.8 eV.  

Conductive atomic force microscopy (C-AFM). An atomic force microscopy (AFM) 

system MFP-3D (Asylum Research, CA, US) was used in ORCA mode, with a probe RMN-

12PT400B (Bruker, MA, US), consisting of a bent wire of bulk platinum, tapered at the free end. 

The film substrates were scanned at a set point of 0.5 V static deflection level (in arbitrary units), 

relative to a reference level for the un-deflected cantilever (off-contact) of 0 V, with an integral 

gain of 10. The scan was performed within a 1x1 m2 area corresponding to 256x256 pixel at a 

line scan frequency of 0.3 Hz. The contact to the sample was made with a sequence of adhesive 

copper tape, steel puck substrate mounted on a glass slide with double-sided adhesive amorphous 
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carbon pad, with silver paint surrounding the sample edges. Different voltages of 3 V, 5 V and 7 

V were applied on the sample, whereas in this mode the tip is set to virtual ground.



Chapter 3: Perovskite nanocrystal films 
based on treated NCs 

Lead halide perovskite nanocrystals (LHP NCs) are promising in application of optoelectronic 

devices. However, there are a few issues of LHP NCs to be solved to realize efficient 

optoelectronic devices. Firstly, conductivity of LHP NCs in film has to be improved since, after 

synthesis, they are surrounded by insulating and labile organic ligands. Secondly, the stability of 

LHP NCs in film has to be ensured after post-synthesis treatments which usually introduces defects 

in the pristine LHP NCs. Thirdly, smooth and compact films from LHP NCs must be obtained, as 

this is expected to be favorable for high-efficient devices. Last but the least, the exceptional optical 

properties of LHP NCs in solution has to be well-retained (or possibly improved) in films. In a 

sentence, it is necessary to improve the above four points as well as to achieve a good balance 

among the four issues. In this chapter, work on solving each of the four problems as well as 

achieving a balance are presented in detail.  

3.1 Choice of the reagents 

Based on the literature reports, a few chemicals have been selected to treat as synthesized LHP 

NCs and overcome the said issues. In particular, I identified ethyl acetate (EA), methyl acetate 

(MeOAc), benzoyl bromide (BBr), ammonium thiocyanate (NH4SCN), and octylphosphonic acid 

as promising candidates. In fact, pure EA or pure MeOAc were used as purification solutions and 

were chosen because of their mild polarity, as they were proved to be able to purify perovskite 

NCs minimizing their damaging and without weakening their PL intensity.[65] Butylamine was 

chosen as a short-chain and highly volatile ligand.[85] BBr was chosen because of the presence of 

a benzene ring which may be able to improve conductivity; moreover BBr may supplement Br 

losses during the treatment and was reported to be beneficial for the PL QY of the NCs. [20] 

NH4SCN was chosen because the SCN- ion may be considered as a quasi-halide and may 

compensate halide losses during treatment; moreover it could act as short-chain ligand.[152, 153] 

OPA was chosen for the presence of the PO3
- group which may be able to bind the NCs strongly. 
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3.2 Treatment Method 

3.2.1 Treatment of perovskite NC films 

Nanocrystals’ films were prepared according to the procedures reported in Chapter 2. 

Specifically, 50 L pristine CsPbBr3 NCs solution was spin coated onto cleaned glass substrate. 

The proposed treatment methods consist of dropping a volume of the chosen “modification 

solution” onto the NC film in a N2-filled glove box (GB), followed by, after 30 s, another spin-

coating step, performed at 2000 rpm for 100 s.  

The “modification solutions” were prepared as here described:  

 The BBr solution was prepared by mixing BBr with hexane at a ratio of 1:80, labeled 

as BBr:Hex.  

 The SCN solution was prepared by mixing 4.5 mL toluene, 3 mL 1-butynol and 0.075 

g ammonium thiocyanate, labeled as TOL:BuOH:SCN.  

 Two kinds of octylphosphonic acid solutions were prepared. For one, 0.2 g OPA was 

dissolved in 10 mL IPA, labeled as OPA:IPA. For the other one, 0.2 g OPA was 

dissolved in a mixture of 5 mL IPA and 5 mL hexane, labeled as OPA:IPA:Hex. For 

treatment with butylamine, the spin-coated CsPbBr3 NCs film was exposed to a 5 mL 

vial half-filled with butylamine for 1 min; then the film was annealed on a hot plate at 

100 °C for 10 min. 

3.2.2 Post-synthesis treatment of perovskite NCs in solution 

As an alternative to the treatment of LHP NCs films, treatments in solution were also 

developed. Pristine CsPbBr3 NCs solution synthesized by HI method was mixed with different 

“modification solutions”, including BBr solution, SCN solution, mixture of BBr and SCN 

solutions, at a volume ratio of 1:3 to 1:5; after stirring the reaction system for 10 min in GB, the 

obtained solution was centrifuged at 4000 rpm for 10 min, and the precipitate was re-dissolved in 

degassed toluene. In this case, the BBr solution was prepared by mixing a certain amount of BBr 

with EA. The SCN solution was prepared as before. The mixed solution of BBr and SCN was 

prepared by mixing varying amount of SCN solution and EA with varying amount of BBr. The 

amount of BBr varied from 2 L to 36 L. The amount of SCN solution varies from 10 L to 200 

L.  
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In a typical treatment experiment with both BBr and SCN, 300 µL of the as-synthesized 

CsPbBr3 NC solution was added into a vial. Then, 50 µL of the SCN solution was dropped into 

the vial containing CsPbBr3 NC solution under stirring in GB. In the following, 9 L BBr in 1500 

µL EA was added into the vial and the mixture was stirred for further 10 min in GB. Then, the so 

treated CsPbBr3 NCs solution was centrifuged at 4000 rpm for 10 min. Finally, the supernatant 

was discarded, and the precipitate, labelled as SCNBBr in the following, was re-dispersed in 100 

L degassed toluene for further use. In this chapter, the precipitate was also re-dispersed in diethyl 

ether (DE), hexane (Hex), cyclohexane, octane and dichlorobenzene/chloroform for comparison 

in the section about effect on solvent. For comparison, the untreated NC solution underwent a 

similar stirring process, in which toluene was used as a replacement of EA and no SCN and BBr 

were added. These untreated sample was labelled as REF in the following.  

For NC treatment with PEA, 20 L PEA was dispersed in 900 L EA, and the solution is 

added into 300 L NCs solution or together with SCN solution and/or BBr.  

3.2.3 Annealing of perovskite NC films 

In the cases of treatment with SCN and/or BBr, NC films were annealed in an oven at 65 °C 

for 100 min. In the cases of treatment with PEA, NC films were annealed at 70 °C for 30 min on 

a hotplate in GB.  

3.3 Improving conductivity of perovskite NC films 

3.3.1 Conductivity of in-situ treated films 

Using the chemicals and protocols described in the previous section, treated CsPbBr3 NCs 

films were characterized for their transport and optical properties, and the different treatment 

approaches were compared. The optical performance of the treated films were characterized to 

ensure that the treatment methods did not weaken the optical properties of the films seriously.  
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Figure 3.1. Conductivity and optical properties of the in-situ treated films. (a) Conductivity; (b) absorption intensity; (c) 
photoluminescence intensity; (d) decay lifetime; and (e) photos under UV illumination of the CsPbBr3 NC films (from left to right) 
untreated and treated by different chemicals such as ethyl acetate, methyl acetate, butylamine, BBr:Hex, TOL:BuOH:SCN, and 
OPA:IPA:Hex. 

From Figure 3.1a, we can see that the film treated with BBr:Hex or OPA:IPA:Hex exhibits 

the highest conductivity, which was collected on samples with evaporated Au electrodes on the 

NC films as described in Chapter 2. The film treated with EA has higher conductivity than the film 

treated with MeOAc. TOL:BuOH:SCN also shows moderate improvement in increasing the 

conductivity of the pristine film. Butylamine almost has no effect on the improvement of film 

conductivity.  

From Figure 3.1b, it is clear that there are new absorption peaks introduced in the case of 

BBr:Hex near 430 nm and 460 nm as what the purple arrows indicate. Treatments with butylamine 

and OPA:IPA:Hex enhanced the excitonic absorption peak, while the absorption plot of the film 
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treated with TOL:BuOH:SCN becomes much weaker and non-featured. The normalized 

absorption spectra of films treated with EA or MeOAc appear to be the same. 

From Figure 3.1c, we can tell that the PL peaks of films treated with EA and MeOAc blue-

shift, while there is an obvious red-shift in the PL peaks after treating the pristine NCs film with 

butylamine or OPA:IPA:Hex. Instead, there is negligible PL shift for the films treated with 

BBr:Hex. As reported in Table 3.1, the PL QY of the film treated with BBr:Hex is the best. 

Additionally, the FWHM of PL peaks of all treated NCs films are narrower than that of the pristine 

NCs film. 

According to Table 3.1, the pristine NCs film holds the longest decay lifetime. It is clear from 

Figure 3.1d that the decay curve in the case of BBr:Hex is similar to that of the pristine NCs film 

in the fast decay region. Films treated with butylamine have moderately high decay lifetime. The 

decay lifetimes of films treated with EA and MeOAc are extremely similar, and are significantly 

lower than that of the pristine NCs film, suggesting that the treatment introduced defects/non-

radiative decay channels, in line with the seriously decreased PL QY.  

Table 3.1. Statistic results of the optical properties of the treated films. 

Treatment 
method 

Pristine NC Ethyl acetate 
Methyl 
acetate 

Butylamine BBr:Hex OPA:IPA:Hex 

PLQY 25.2% 10.7% 10.6% 7.5% 26.4% 7.80% 

Peak(nm) 515.9 514.4 513.9 521.1 516.1 518.7 

FWHM(nm) 23.7 21.0 21.0 19.5 21.1 20.4 

τave (ns) 40.9 7.3 6.5 31.0 30.3 15.4 

 

According to the photos of the films under UV light in Figure 3.1d, we see that all treated 

films look still bright and smooth except for the film treated with TOL:BuOH:SCN due to 

introduction of polar solution in a large amount.  

With a comprehensive consideration of the above data, we can say that BBr:Hex has the best 

performance in increasing the conductivity of the pristine NC film as well as in preserving the 

optical performance of the NCs film, in spite of introducing new optical absorption features into 

the system according to Figure 3.1b. In addition, although films treated with ethyl acetate and 
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methyl acetate have similar optical performance, films treated with EA have higher conductivity. 

Therefore, we conclude that EA is a better choice than MeOAc for the current NCs films. Finally, 

BBr, SCN solution and EA were further selected to treat CsPbBr3 NCs in solution. Incidentally, 

we could see that OPA:IPA:Hex is also a good choice to treat the pristine film, as demonstrated 

later by several reports that chemicals containing phosphonic-group could act as good ligands for 

perovskite NCs [38, 96, 154, 155].  

3.3.2 Conductivity of films based on treated perovskite NCs 

Considering the results of the different treatments, the combined effect of BBr, SCN and EA 

was tested on the conductivity of CsPbBr3 NCs films, with varying amounts of BBr and SCN. 

Although we observed that the SCN solution quenches the PL of the LHP, which may be due to 

SCN-induced chemical annealing among NCs [156], when it is applied directly onto the NC film 

(experiments discussed in the previous section), it was also reported to be conducive to suppressing 

surface defects when it is used in NC solution [59, 62]. So we continued using SCN solution of 

different concentrations in the treatment of NC solution. 

The obtained I-V (current vs. voltage) curves are plotted in figure 3.2. 

 
Figure 3.2. Effect of amount of BBr or SCN solution on conductivity of films based on treated NCs. Conductivity of films based on 
NCs treated with solutions containing various amount of (a) BBr; and (b) SCN solution. 

From Figure 3.2a, b, we can see that all the tested combinations of BBr and SCN on the 

pristine NC solutions are helpful in improving the conductivity of the NC films. In panel a, the I-

V curves are acquired on samples obtained with fixed amount of SCN solution (20 L for 300 L 

of CsPbBr3 NCs solution) and at increasing amount of BBr, from 0 to 20 L; the current shows a 

steady improvement with the amount of BBr and most of the profiles look linear except for the 
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case of the highest BBr content, where a clear difference between the forward and backward 

sweeps could be observed. The observed hysteretic behavior might be related to halide ion 

migration under the applied voltage, as it happens also in LHP-based solar cells [157].  

In panel b, instead, the curve are acquired on samples obtained with a fixed amount of BBr 

(10 L for 300 L of CsPbBr3 NCs solution) and at increasing amount of SCN solution, from 5 to 

60 L. The current profiles start to become obviously non-linear when the amount of SCN solution 

is higher than 30 L and the current increases sharply around 4 V. The observed behavior has been 

tentatively assigned to some side-electrochemical reaction, most likely involving the thiocyanate 

ion; a deeper understanding of the phenomenon was out of the scope of the present thesis, and 

therefore we did not dig deeper on this point.  

According to the above conductivity data, we decided to treat the NCs solution with 2 L BBr 

and 20 L SCN solution in 1200 L EA in the next step.  

 

3.3.3 Conductivity of annealed films 

Considering that the perovskite NCs films are usually annealed in the device fabrication 

process, we compared the effect of annealing temperature (up to 170 °C) on the conductivity of 

the films based on pristine NCs and treated NCs. The results are reported in figure 3.3. 

 

 
Figure 3.3. Effect of annealing temperature on conductivity of films based on (a) pristine CsPbBr3 NCs; and (b) NCs treated by 

BBr2l_SCN20ul_EA1200l. 

From Figure 3.3a, it is clear that the absolute conductivity of the films made of untreated 

CsPbBr3 NCs increases with increasing annealing temperature, but the net current after annealing 

is still quite low even under 10 V. In contrast, the I-V profiles of the films based on treated NCs 
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(treatment solution: 2 L BBr and 20 L SCN in 1200 L EA) show significantly higher current 

values, even if they appear to be non-linear. The current values increase by increasing the 

annealing temperature. Also in this case, the current profiles show a sharp peak at ~ 2 V, whose 

origin is not understood yet. Overall, the observed results indicate that annealing helps in 

improving the conductivity of the NCs films for both the pristine and the treated ones.  

3.4 Stability of films based on treated perovskite NCs 

The stability of the treated LHP NC solutions has already been studied previously [34, 59]. 

However, in film form, studies of LHP NCs stability focused so far mainly on CsPbI3 [158] or 

MAPbI3 NCs [159]. There are only few reports about the stability of films based on CsPbBr3 NCs. 

For example, Gao and coworkers [160] reported phase transition of CsPbBr3 NC-based films under 

UV illumination. Kamat and coworkers [161] studied the evolution of CsPbBr3 NCs by annealing 

the films at different temperatures for a series of time (0-60 min). They reported film degradation 

with CsPbBr3 evolving from NCs to bulk via Ostwald ripening, as the annealing time was increased. 

However, both aforementioned studies are based on films of CsPbBr3 NCs without purification or 

treatment. In this section, the optical and morphological stability of films based on treated LHP 

NCs are characterized in detail and possible mechanism of the high stability was proposed.  

Films based on NCs treated with different ratios of BBr and SCN solution were spin-coated 

on glass substrates. Optical properties and morphology variation of the films before and after aging 

were studied systematically. In this section, I show the comparison results of the optimal film 

based on treated NCs (labeled as SCNBBr) and the film based on pristine NCs (labeled as REF).  

Figure 3.4 shows representative TEM images of the as-synthesized CsPbBr3 NCs as well as 

of the fresh and aged REF and SCNBBr NCs, after annealing at 65 °C for 10 min on a copper TEM 

grid.  
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Figure 3.4. (a) Representative TEM image of the as-synthesized CsPbBr3 NCs and (b) statistical analysis of their size, based on 
measurements over 400 NCs. The average size is (8.0±1.7) nm. (c), (d) TEM images of the fresh REF- and SCNBBr-CsPbBr3 NCs, 

respectively, after annealing at 65 °C for 10 min; (e), (f) TEM images of the REF and SCNBBr-CsPbBr3 NCs after being stored for  

10 months in air [162]. 

The pristine sample (see Figure 3.4a) was characterized by NCs of almost cubic shape, with 

average size of 8.0±1.7 nm (see Figure 3.4b for the size distribution histogram). In the present case, 

the size distribution is slightly broader than what was reported by Imran et al. [21], most likely 

because the increase in amount of the used chemicals and solvents volumes resulted in a less 

controlled reaction environment. After annealing on a copper TEM grid, both REF (Figure 3.4c) 

and SCNBBr (Figure 3.4d) NCs were characterized by two sub-populations of particles with 

different sizes. Specifically, one family was composed by NCs with size of 8 nm (Figure 3.5a) 

as in the pristine sample, while the other was characterized by larger dark objects, labelled as 

nanoplatelets (NPs) in the following. These NPs appeared to distribute randomly on top of the NCs 

(see Figure 3.4c-f).  
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Figure 3.5. Size distributions of (a) nanocrystals (NCs) and (b) nanoplates (NPs) according to TEM images. Statistics of sizes of 100 
NCs in (c) fresh and (d) aged REF TEM samples; Statistics of sizes of (e) 70 NCs in fresh and (f) 100 NCs in aged SCNBBr TEM samples; 
Statistics of sizes of (g) 128 NPs in fresh and (h) 90 NPs in aged REF TEM samples; Statistics of sizes of (i) 35 NPs in fresh and (j) 40 
NPs in aged SCNBBr TEM samples. 

In the case of REF NCs, the NPs had an average size of 39 nm (Figure 3.5b); after aging, the 

average size of the NPs increased further to 55 nm (Figure 3.4f and Figure 3.5b) and their number 

increased as well, at the expenses of the NCs population. In the case of fresh SCNBBr (Figure 1d), 

the NPs had an average size of 29 nm. After aging, while the average size of the NCs appeared 

to be stable, with only a minor increase to 9 nm (Figure 3.4d and Figure 3.5b), the average size 

of the NPs increases to 80 nm (Figure 3.4f and Figure 3.5b). Overall, it appears that REF and 

SCNBBr samples experience different evolution routes during aging.  

 

3.4.1 Stability of optical property of the films 

Figure 3.6 displays the results of the optical characterization of REF and SCNBBr films, fresh 

and aged.  
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Figure 3.6. Comparison of (a), (b), (c) REF and (d), (e), (f) SCNBBr films, both fresh and aged. (a), (d) absorption, (b), (e) PL and (c), 
(f) PL decay [162]. 

For the REF sample (Figure 3.6a-c), there is an obvious change in the absorption profile, PL 

peak position and PL lifetime between fresh and aged film. In fact, as shown in Figure 3.6a, the 

aging of the REF film induced a clear strengthening of the excitonic transition, its red-shift from 

510 nm to 516 nm, and a sharpening of the absorption edge, together with the disappearance of 

the weak and broad absorption feature at 407 nm; these changes may be due to increased NC size 

[77]. A significant red-shift of the PL peak from 520 nm to 527 nm (Figure 3.6b), in 

correspondence with the red-shift of the absorption edge, can be observed, further corroborating 

the increase of the NC size. The FWHM of the PL peak shows a minor decrease from 21.1 nm to 

20.3 nm (Table 3.2), which may indicate a slightly narrower distribution of NC sizes [163]. The 

PL QY of the fresh film with annealing is 16%, while the PL QY of the REF aged film is merely 

8%. As a reference, the PL QY of a film based on pristine CsPbBr3 NCs is 25%. The average 

PL decay lifetime for REF film (Figures 3.6f) shows a noticeable increase on aging, from 9 ns to 

36 ns. The increased decay lifetime corresponds to the enlarged NC sizes, as seen in the SEM 

images (Figure 3.6a-b), given that larger size facilitates separation and transport of excitons or 

carriers and therefore involves a slower recombination [4, 164]. This could also be demonstrated 

by the increased ratio of τ2 (Table 3.2), which usually represents slow recombination [165].  
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On the other side, the SCNBBr treated film does not show drastic changes in absorption profile, 

PL peak position and average PL lifetime, between the fresh and aged film (Figure 3.6d-f and 

Table 3.2). Actually, as compared to the REF sample, in addition to the main absorption edge 

around 504 nm, in Figure 3.6d the fresh SCNBBr film shows two absorption peaks around 430 nm 

and 396 nm. These new peaks at shorter wavelengths may be attributed to the formation of 

intermediates, caused by the decomposition of some CsPbBr3 NCs. According to the literature, the 

peak at 430 nm may tentatively be ascribed to formation of bi-layer 2D structure, and the peak at 

396 nm may be due to formation of single-layer 2D structure composed by organic ligand and 

[PbBr4]
2- layers [166, 167]. In the SCNBBr aged film, the absorption peaks near 430 nm and 396 

nm disappear.  

Table 3.2. Optical characterization results of fresh and aged REF and SCNBBr films. 

Sample REF-fresh REF-aged SCNBBr-fresh SCNBBr-aged 

PL FWHM (nm) 21.1 ± 0.4 20.3 ± 0.2 21.1 ± 0.3 20.8± 0.4 

∆FWHM (nm) (aged 
– fresh) 

-0.9 -0.3 

PL Peak position 
(nm) 

520.2 ± 0.2 527.2 ± 0.1 518.8 ± 0.1 518.8 ± 0.2 

∆PL peak (nm) 
(aged – fresh) 

+7.0 -0.1 

PLQY (%) 16 7.9 25 22.1 

τave (ns) 8.6 35.9 19.5 12.2 

∆τave (ns) 
(aged - fresh) 

+27.3 -7.3 

τ1 (ns) 2.1 ± 0.1 11.3 ± 0.1 6.5 ± 0.1 4.3 ± 0.1 

τ1 weight 84.0% 56.3% 74.4% 71.4% 

τ2 (ns) 13.8 ± 0.1 44.0 ± 0.2 28.1 ± 0.2 17.1 ± 0.1 

τ2 weight 16.0% 43.7% 25.6% 28.6% 

 

Regarding the PL profiles, in the SCNBBr samples the PL peaks and the FWHM of the PL 

peaks remain almost the same (Figure 3.6e and Table 3.2). The PLQY of the aged film is 22% 

and that of the fresh one is 25%, which are not significantly different, as the error associated with 

these values is ±5%. The PL decay plot in Figure 3.6f shows average lifetimes with a moderate 
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decrease, from 19.5 ns to 12.2 ns, with a stark contrast to that of REF (see inset of Figure 3.6f). 

Overall, the similar optical characterization results between SCNBBr fresh and aged films indicate 

that the NCs treated with our optimized combination of SCN and BBr are relatively stable, 

especially when compared to the untreated REF films. For the latter, the changes in optical 

performance between fresh and aged films confirms that the untreated NCs are unstable and suffer 

from fast degradation.  

3.4.2 Stability of the morphology of the films 

A morphological analysis was carried out by SEM on films prepared from the respective 

samples. Representative images are shown in Figure 3.7. In Figure 3.8, the quantitative analysis 

of the NC size is presented, instead.  

 
Figure 3.7. SEM images of (a),(b) REF and (c),(d) SCNBBr films, (a),(c) fresh and (b),(d) aged. (The scale bars are 500 nm) [162]. 

In the fresh REF films (Figure 3.7a), a compact layer of NCs can be seen. However, the effect 

of the annealing step already induced an increase of their average size from 9 nm before annealing 

to 120 nm after annealing, and then increased up to 415 nm on aging (Figure 3.7a-b and Figure 

3.8).  
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Figure 3.8. (a) SEM image of fresh REF film without annealing; (b) Comparison of average sizes of NCs in REF films. Statistics of 
sizes of NCs in fresh REF film (c) without annealing and (d) with annealing; and (e) aged REF film with annealing.  

In the SCNBBr films, the single NCs could not be resolved both in the fresh (Figure 3.7c) and 

in the aged (Figure 3.7d) cases, and film coverage appeared to be uniform. After ageing for ten 

months (see Figure 3.7d and Figure 3.8e), some larger particles appeared, partially embedded in 

the smooth film.  

As observed from TEM images (Figure 3.4), the REF and SCNBBr films show a strikingly 

different behavior with ageing. The REF film is characterized by an evident growth of the average 

NCs size, as is not seen in the SCNBBr case, suggesting that the REF film has a poorer stability 

in the long term [161, 168]. On the other hand, our morphological analysis shows that the SCNBBr 

treatment has a positive effect in limiting the growth of NCs with time and in retaining film 

morphology during long-term storage in air, with relative humidity up to 70%.  

In order to test the robustness of our approach, we did a systematic study by varying the ratio 

of SCN and BBr in the treatment of pristine NCs. The optical and morphological characterization 

results are shown in Figure 3.9. The results demonstrate that our protocol of treating CsPbBr3 NCs 

with a combination of SCN and BBr is effective for achieving highly stable CsPbBr3 NCs-based 

film in the long term. 
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Figure 3.9. Characterization results on fresh and aged films based on CsPbBr3 NCs treated with varying amount of (a) BBr and (b) 
SCN. UV-Vis absorption profiles and PL spectra with photos of the aged films in the inset. 

 

3.4.3 Discussion on mechanism of high stability 

To illustrate the reason of the high stability of the treated film, XRD patterns were collected 

on the fresh and aged films, as shown in Figure 3.10. 

All films display diffraction peaks matching with the orthorhombic CsPbBr3 perovskite 

structure (ICSD card 00-054-0751, blue vertical lines in all panels).  

The effect of the combined NH4SCN and BBr treatments is already visible on the fresh films; 

indeed, the XRD pattern collected on the fresh SCNBBr film (Figure 3.10b) shows additional 

peaks with respect to the one on REF NCs. In particular, the treated sample is characterized by the 

presence of three sharp and intense diffraction peaks centered at 13.1°, 26.3° and 37.5°. In Figure 

3.10b, the experimental pattern is tentatively compared with the reference card for the so-call non-

luminescent 0D perovskite Cs4PbBr6 structure (ICSD card 98-002-5124, orange vertical lines in 

Figure 3.10b, d). 



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

61 
 
  

 
Figure 3.10. XRD patterns of (a) fresh and (c) aged REF film; XRD patterns of (b) fresh and (d) aged SCNBBr film [162]. 

Although it is evident that the match between experimental and database data is not perfect, 

we assigned the new peaks to a low dimensionality (either 0D or 2D) phase, which might have 

arisen from a partial decomposition or restructuring of the NCs during the treatment with SCNBBr 

in solution.  

For both REF and SCNBBr aged films, the XRD patterns are dominated by the peaks at 15.2°, 

21.6° and 30.4°, which increased in intensity and became narrower with respect to those of the 

fresh cases. This indicates that, in both cases, CsPbBr3 crystals have the tendency to grow 

preferentially along the (020), (002) and (040) directions. In both cases, an additional peak at 11.7° 

also appeared, which can be assigned to the non-luminescent tetragonal CsPb2Br5 phase [169, 170] 

(ICDD card 00-025-0211, magenta vertical lines in Figure 3.10c, d). CsPb2Br5 is usually plate-like 

and has an UV-Vis absorbance peak near 400 nm. The presence of this phase is in line with the 

observed NPs in TEM images (Figure 3.4f) and with the peak  407 nm in the light absorbance 

plot of SCNBBr aged film (Figure 3.6d). Interestingly, the diffraction peaks at 13.1° and 26.3° in 

the SCNBBr aged film show absolute diffraction intensities similar to CsPbBr3in the fresh film. 
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This suggests that those NCs in the SCNBBr fresh film are well retained in the aged film, in spite 

of the co-existence of CsPb2Br5 NPs. This observation agrees with the well-retained optical 

performance (Figure 3.6d-f) of the SCNBBr aged film, as is also observed in the PL mapping 

results obtained from the confocal microscopy that small amount of non-luminescent particles 

distributed in the luminescent film (Figure 3.11).  

 
Figure 3.11. PL mapping images by confocal microscopy for (a) fresh and (b) aged SCNBBr film. 

The coexistence of different phases could be further confirmed by localized SEM-EDS 

mapping on the aged films based on the treated NCs (Figure 3.12).  

REF aged film clearly shows excess of Cs and Br. SCNBBr aged film also shows excess of 

Cs and Br, although the ratios of Cs and Br to Pb are lower than those in the REF case. Localized 

EDS mapping on the sheets in the SCNBBr aged film shows slight Cs-deficiency. Localized EDS 

mappings on the bars and polyhedra in the SCNBBr aged film further show high excess of Br and 

Cs (Figure 3.12g-j). These element mapping together with the XRD results (Figure 3.10) confirm 

co-existence of Cs2PbBr5 or Cs4PbBr6 in the aged films.  

In addition, according to some reports, CsPbBr3 could form composites [118, 171-174] or 

mixtures of phases [168, 175-177] with Cs4PbBr6 or CsPb2Br5. The composites or mixtures usually 

show high stability [168, 171, 173, 177, 178], which is in line with what we observed in the current 

case with a mixture of CsPbBr3, Cs4PbBr6 and CsPb2Br5.  
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Figure 3.12. (a, c) SEM images and EDS element mapping; and (b, d) EDS spectra of elements including Cs, Pb, as well as Br for REF 
and SCNBBr aged films, respectively. (e, g, i) SEM images and EDS element mapping; and (f, h, j) EDS spectra of elements including 

Cs, Pb, as well as Br for localized areas of SCNBBr aged film. Scale bars in all SEM images are 1 m, while in EDS mapping are 1 

m in (a, c) and 500 nm in (e, g, i). 
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Several reasons may possibly account for the higher stability of the SCNBBr film in optical 

performance and NCs behavior, in comparison with the REF film. Firstly, SCN may enhance 

structural stability of the NCs during treatment in solution, as well as during storage of the film. 

Since SCN anion is able to replace Br- [179] and to bind to lead atoms on the surface of the NCs 

[39], SCN- may anchor onto some Br-vacancies that are prevalent in CsPbBr3 NCs during 

treatment in solution, stabilizing the structure and optimizing the optical properties of the NCs [59].  

Secondly, BBr may help maintain the PL of the film by providing a Br-rich environment for 

the NCs [173]. When the highly labile ligands desorb from the NC surface, either during the 

treatment in solution or the storage in the film form, this usually leads to additional surface defects 

and structural distortion [62]. Without protection from ligands and with more defects on their 

surface, the NCs are prone to self-assembly and/or grow larger as in the REF case. The Br-rich 

environment may relieve the problem and limit the growth of the NCs. However, since SCN- can 

play a competitive role to Br-, it is necessary to control the ratio between SCN and BBr during 

treatment in solution. On the one hand, according to our observation, addition of BBr is helpful in 

stabilizing the emission peak (Figure 3.13a), but seems to boost emergence of new phases like 

Cs4PbBr6 (Figure 3.13b). On the other hand, addition of SCN seems to favor formation of NPs, 

but an excessive amount facilitates chemical sintering among the NCs [156], leading to their fast 

growth (Figure3.13c-d).  
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Figure 3.13. (a) PL and (b) XRD patterns of BBr fresh and aged films [180], with Cs4PbBr6 (ICSD98-002-5124) as reference; (c) PL 
and (d) XRD patterns of SCN fresh and aged films. 

Thirdly, the coexistence of CsPbBr3, Cs4PbBr6 and CsPb2Br5 phases may enhance the stability 

of the NCs film [168, 177] due to element balance among the phases [171] and increased entropy 

of the system [105]. This could be demonstrated by XRD and SEM-EDS characterization results.  

3.5 Effect of solvent on film formation 

In order to get LHP NC-based optoelectronic devices with excellent performance by spin 

coating, it is both necessary to optimize NC surface by surface engineering [37, 73, 79] as shown 

in section 3.3, and to obtain smooth and compact LHP NC films to avoid current leakage [97, 107, 

147, 181-183]. In this respect, there are several important conditions [184] to consider, such as 

wettability of substrates [185], spin-coating speed [186], ambient humidity, NCs concentration, 

NC size, type and evaporation rates of NCs solvent [187]. Usually, non-polar solvents [77], 

including toluene [36], hexane [117] and octane [65], are used to dissolve LHP NCs and to 
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maintain their stability [188]. In some cases, the solvent seems to have significant effect on the 

physical properties of LHP NCs. For example, chloroform was demonstrated to be able to 

passivate bromide vacancies in perovskite thin films [187]. Although there are studies about the 

effect of solvents on depositing non-NCs-based halide perovskite thin films [187, 189, 190] and 

about the effect of polar solvents on LHP NCs during purification [68-70], there has been no report 

about the effect of solvents used for dispersing LHP NCs on fabricating LHP NC films.  

In this section, the effect of a series of solvents on spin-coated LHP NC films was studied. 

The solvents include DE (S1), hexane (S2), cyclohexane (S3), toluene (S4), octane (S5) and 

dichlorobenzene/chloroform with a ratio of 2:1 (S6); moving from S1 to S6, the chosen solvents 

are characterized by increasing boiling points and decreasing vapor pressures, as summarized in 

Table 3.3. The influence of the evaporation rates and types of solvents on the morphology and on 

the optical performance of the LHP NC films were characterized in detail.  

Table 3.3. Parameters of solvents used in dispersing CBP NCs. 

Label Solvent 
Boiling point 

(◦C) 
Vapor pressure 

(mmHg) 
Relative Polarity 

S1 Diethyl Ether 34.6 440 2.8 

S2 Hexane 69 124 0.1 

S3 Cyclohexane 80 77 0.2 

S4 Toluene 111 21 2.4 

S5 Octane 125 10 ~0.2 

S6 
Dichlorobenzene/ 

Chloroform (2:1) 
180/ 
60 

1.3/ 
160 

2.7/ 
4.1 

 

The NCs used for this study are the ones treated with BBr (10 µL BBr in 900 µL EA). In the 

final step of purification via centrifugation, the precipitate is dispersed in one of the six solvents, 

instead of the toluene used in the typical procedure. Figure 3.14 shows TEM images of NCs 

dissolved in different solvents.  
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Figure 3.14. TEM images of LHP NCs dispersed in the series of solvents (a) DE (S1), (b) Hex (S2), (c) cyclohexane (S3), (d) toluene 
(S4), (e) octane (S5) and (f) dichlorobenzene/chloroform (S6).  

All the samples seem to be characterized by at least two populations of particles. In DE (S1, 

Figure 3.14a), NCs appear with an average size of 7 nm as well as larger particles with an average 

size of 24 nm (Table 3.4). The NCs with different sizes evenly spread across the sample. Some of 

the large particles seem to sit on top of the other NCs.  

Table 3.4. Statistics of average sizes of NCs and large particles in TEM images of NC solutions with different solvents. 

TEM S1 S2 S3 S4 S5 S6 

NC (nm) 6.6 7.8 10.3 7.8 9 7.1 

Large 
particle (nm) 

23.5 19 17 12 36 33.4 

 

Figure 3.14b (sample in hexane) shows a network of large particles with an average size of 19 

nm, and NCs with an average size of 8 nm in the background. In the case of cyclohexane (S3, 

Figure 3.14c), NCs form several islands separated by cracks. The islands show increasingly darker 

color from the edge to the center, due to a gradient in NCs size. Apart from the homogeneous 

distribution of the majority of NCs with an average size of 10 nm in Figure 3.14c, there are also 

some NCs with larger size  17 nm, as shown in the inset of Figure 3.14c. For NCs dissolved in 

toluene (S4, Figure 3.14d), a few dark islands appear that are embedded in the orderly distributed 
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NCs with an average size of 8 nm. In the dark regions there are some large particles with clear 

edges  12 nm. In the case of NCs in octane (S5, Figure 3.14e), apart from a few round dark points 

with an average size of 36 nm, the NCs follow a generally homogeneous distribution with an 

average size of 9 nm. Most NCs show clear edges at current resolution, which is in line with the 

larger average size, suggesting widespread chemical sintering among the NCs in octane. For NCs 

dissolved in dichlorobenzene-chloroform (S6, Figure 3.14f), a few squares appear among the NCs 

with an average size of 7 nm, following the arrangement trend of the surrounding NCs and having 

an average size of 33 nm. In the darker areas, the population of NCs looks blurred, suggesting a 

mixture of NCs with different sizes.  

In general, in all cases there are some particles with average size larger than that of the pristine 

NCs. For the large particles stochastically spreading among the NCs or on the top of the NCs, the 

phenomenon may be attributed to a comprehensive effect of removal of the original labile ligands 

on the NCs after washing with EA and the respective solvents. It is interesting to observe that 

samples from S2 (hexane), S3 (cyclohexane) and S5 (octane) show different distribution patterns, 

suggesting that different solvents can have an impact on the distribution of the LHP NCs on 

substrates even if they have similar polarities.  

Figure 3.15 presents SEM images of NC films on glass substrates spin coated from NCs 

dissolved in different solvents. 

In cases S1 (DE), S3 (cyclohexane) and S6 (dichlorobenzene/chloroform), apart from a few 

bumps or uneven areas, the film at the current resolution look homogeneous and smooth. In 

contrast, in cases S2 (hexane), S4 (toluene) and S5 (octane) there are large particles distributing 

throughout the films, making the surface apparently rougher.  
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Figure 3.15. SEM images of LHP NC films spin coated from LHP NCs dispersed in the series of solvents (a) DE (S1), (b) Hex (S2), (c) 

cyclohexane (S3), (d) toluene (S4), (e) octane (S5) and (f) dichlorobenzene/chloroform (S6). The scale bars are 10 m.  

The NC films on glass were further characterized by confocal fluorescence microscopy. 

 

Figure 3.16. Confocal PL mapping images of LHP NC films spin coated from LHP NCs dispersed in the series of solvents (a) DE, (b) 
hexane, (c) cyclohexane, (d) toluene, (e) octane and (f) dichlorobenzene/chloroform.  
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From Figure 3.16, it is obvious that NC films deposited from NC solutions in different solvents 

show different distributions over the glass substrates. When prepared from DE (S1), the NC film 

appeared relatively compact in spite of some pin-holes. In practice, the film looks like being 

enwrapped in a thick polymer matrix, which is reflected in the 3D image collected by the confocal 

fluorescence microscopy (Figure 3.17a). Such an apparently large film thickness was unexpected, 

when considering that DE has the highest volatility among all solvents, due to the highest vapor 

pressure at RT. This suggests strong interaction between DE molecules and LHP NCs. 

 

Figure 3.17. Clips of confocal PL 3D scanning images of CPB NC films spin coated from CPB NCs dispersed in the series of solvents 
(a) diethyl ether, (b) hexane, (c) cyclohexane, (d) toluene, (e) octane and (f) dichlorobenzene/chloroform. 

When prepared from hexane (S2), the NCs film looks compact and smooth (Figure 3.16b). 

When prepared from cyclohexane (S3), the NCs film shows a gully pattern with black areas 

forming a network among the green areas (Figure 3.16c), suggesting high roughness of the film. 

The black parts are not necessarily uncovered by NCs. The contrast of black and green areas may 

be caused by defocus at the black areas due to high roughness of the film, which could be 

confirmed by the 3D image (Figure 3.17c).  

When prepared from toluene (S4), the NCs film also presents a gully pattern, but the 

distribution of the black and green areas (Figure 3.16d) are more concentrated than those for 
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cyclohexane case (S3). According to the 3D image (Figure 3.17d), the black districts in case of 

toluene (S4) are seldom covered by NCs and the film has higher roughness than that of the 

cyclohexane case (S3).  

When prepared from octane (S5), a few green islands with an average size of 40 µm distribute 

sparsely across the darker background (Figure 3.16e). This is in line with the corresponding 3D 

image (Figure 3.17e), in which the film contains a few bumped islands. It is clear that there are 

still NCs spreading over the darker area, suggesting that the film is uneven and unsmooth.  

Finally, when prepared from dichlorobenzene/chloroform (S6), bright green dots spread 

homogeneously throughout the NCs film (Figure 3.16f). In general, it seems that the larger are the 

green islands, the rougher is the film. The green islands may be formed by aggregation of the NCs 

after evaporation of the solvents. The varying sizes of the green islands may be related to 

interaction between the NCs and the solvents, e.g., interface energies. Obviously, the solvent of 

NCs does matter for the NC distribution on glass substrates, and therefore, the formation as well 

as the morphology of the NC film.  

In order to gain better understanding of the effect of the different solvents on the optical 

properties of the NCs films, light absorption, PL and PL decay lifetime of the NC films were 

characterized. 
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Figure 3.18. (a) Light absorption spectra; (b) PL spectra; (c) Decay lifetime plots; and (d) XRD patterns of LHP NC films spin coated 
from LHP NCs dispersed in the series of solvents. 

Figure 3.18a presents the effect of solvents on light absorption of NC films. It is obvious that 

light absorption intensities of the NC films present a wide distribution. Interestingly, the light 

absorption intensities show a sequential decline from S1 (DE) to S6 (dichlorobenzene/chloroform). 

Since all the other deposition parameters such as NCs concentration and spin-coating procedure 

were the same, the difference in light absorption intensities may be attributed to the difference in 

solvent vapor pressure, which may lead to formation of NC films with different thicknesses. In 

other words, the lower the vapor pressure of the solvent (or the lower its boiling point), the thinner 

the NCs film. This result gives guidance to determination of the optimal spin-coating parameters. 

For instance, when the solvent of NCs is changed from hexane (S2) to octane (S5), lower spin-

coating rate or higher NC concentration should be used, in order to get NC films with similar 

thicknesses. In addition, different solvents may also affect the wettability between the NC solutions 

and the substrates during film formation, contributing to the various thicknesses of the films. 
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In addition, films from DE (S1) show steeper absorption edge than the others, suggesting a 

lower level of defects in the film [191], which can be due to its large thickness. In contrast, films 

from dichlorobenzene/chloroform (S6) display the flattest absorption slope, suggesting a higher 

level of defects in the film, associated with the thinner film and with the higher polarity of 

chloroform.  

Figure 3.18b shows the PL intensities of the NC films. These follow the same trend as the 

light absorption intensities, except for DE (S1). The PL of films from DE is lower than expected, 

which may be attributed to strong self-absorption, consistent with the apparently thick film as seen 

by the naked eye.  

There is also some difference in PL peaks of the NC films. Taking the film from toluene (S4) 

as a reference sample, the film from DE shows a little red-shifted PL, while those from octane (S5) 

and dicholorobenzene/chloroform (S6) show a little blue-shifted PL. Here, the red-shift in the case 

of DE (S1) confirms the effect of self-absorption of the NC film. [192] The blue-shift in case of 

dicholorobenzene/chloroform (S6) may be due to reaction between the NCs and the solvent, since 

the chlorine in this solvent may partially replace the original bromine on the surface of the NCs 

[187].  

Table 3.5. Fitting results of decay lifetime plots and PL spectra of films based on NCs dispersed in various solvents. 

 
Diethyl 
ether 
(S1) 

Hexane 
(S2) 

Cyclohexane 
(S3) 

Toluene 
(S4) 

Octane 
(S5) 

Dichlorobenzene 
Chloroform 

(S6) 

τ
1
 (ns) 6.35 17.75 7.33 5.55 5.26 4.87 

τ
2
 (ns) 44.41 82.78 40.38 36.69 27.58 28.42 

τ
ave

 (ns) 29.68 60.50 22.57 23.95 14.61 17.76 

τ
1
 ratio (ns) 81.5% 70.8% 86.6% 82.1% 87.9% 82.8% 

τ
2
 ratio (ns) 18.5% 29.2% 13.4% 17.9% 12.1% 17.2% 

PL peak 
(nm) 

520.4 517.7 516.3 517.5 515.4 515.6 

PL FWHM 
(nm) 

23.5 21.3 20.7 23.4 21.7 24.3 
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Figure 3.18c displays decay lifetimes of the NC films. The film from hexane (S2) presents the 

longest average decay lifetime, 61 ns (Table 3.5). This indicates that a compact and smooth film 

is beneficial for optical performance of the LHP NC film. The decay lifetimes of the other NC 

films appear to be similar. The average decay lifetime of film from DE (S1) is 30 ns, much lower 

than that of sample S2. Considering high absorption intensity of S1, the shorter decay lifetime of 

S1 may suggest that DE introduces more defects than hexane into the NCs. The film from octane 

(S5) displays the shortest average decay lifetime, 15 ns. In general, the dispersing solvent of the 

LHP NCs has a significant effect on the optical performance of the NC films.  

In order to see whether the solvent has influence on the phase of the NCs and orientation of 

the NCs films on glass, XRD patterns of the NC films were collected. As shown in Figure 3.18d, 

all NCs films except that one from DE (S1) show similar XRD peaks, matching well with CsPbBr3 

with a code of 96-451-0746. Film S1 shows a wide peak  22°. This may account for the polymer 

texture of the film. Films S2, S3 and S4 (from hexane, cyclohexane and toluene, respectively) 

present peaks with almost the same relative intensities. Film S5 (from octane) shows a strong 

diffraction near 37°, which could be attributed to diffraction from (240), (042), (321) and/or (123) 

planes. Film S6 (from dichlorobenzene/chloroform) shows relatively higher peaks near 30°, 

attributed to (040) and (202) planes, and near 44°, attributed to (242), (400) and (004) planes. The 

diffraction peaks of film S6 are a little broadened relative to the diffraction peaks of the other cases, 

although there is no peak shift in this case. In general, the solvent does not have obvious effect on 

the phase of the NCs, but some solvents could lead to preferred orientation with respect to film 

formation.  

The images of the aged NCs solutions and films are displayed in Figure 3.19. Clearly, the 

aged NC solution of film S4 (from toluene) looks brown, while the other NC solutions still look 

yellow/green. The aged films show weakening colors from S1 to S6, and the aged film S6 (from 

dichlorobenzene/chloroform) is non-luminescent.  
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Figure 3.19. Photos of aged NC solutions in various solvents and corresponding spin-coated NC films without and with UV exposure. 

Through comparison and combination of different characterization results, it appears that 

hexane is more favorable solvent to form a compact and smooth NC film with better optical 

performance on glass substrate than the other solvents in the current case. However, the optimal 

solvent for dispersing NCs may vary for different NCs and substrates. The difference in the NCs 

films spin-coated from NCs solutions dissolved in different dispersing solvents, may be attributed 

to difference in interaction between solvents and substrates [193], interaction between solvents 

and ligands on LHP NCs [77], and interaction between solvents and LHP NCs [36].  

3.6 Alternative way to improve optical performance 

Mixture of 2D and 3D LHP or quasi-2D LHP have been widely reported to be beneficial for 

achieving LHP materials with high PL QY and high efficiency in optoelectronic devices [123, 133, 

194]. PEABr is one of the most used additive to synthesize quasi-2D perovskite [124, 132, 134, 
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183, 195]. In this section, PEA is used to treat the pristine NCs solution together with EA or in 

combination with BBr and/or SCN solution. The optical properties and crystal structure of the NCs 

films based on the treated NCs solutions are characterized as shown in Figure 3.20. The images of 

the NCs solutions under UV light illumination are shown in the inset of the Figure 3.20d (the color 

of the arrows have the same meaning as the legend in Figure 3.20a).  

 
Figure 3.20. Characterization results of films based on PEA-treated NCs. (a) UV-vis absorption spectra; (b) PL spectra; (c) decay 
lifetime; (e) X-ray diffraction plots of the films based on PEA-treated NCs; and (f) PL spectra of annealed films based on PEA-treated 
NCs.  

From Figure 3.20a, with increase of washing times by EA, the absorption peaks near 500 nm 

suffer a weak red-shift and new absorption peaks arise  400 nm for films based on NCs solutions 

treated with SCNBBrPEAEA. These peaks together with new XRD peaks in Figure 3.20e may be 

attributed to 2D perovskite emerging in the cases of SCNBBrPEAEA. However, the newly 

introduced 2D phases do not introduce new emissions according to Figure 3.20c. This is tentatively 

explained by the tunneling effect in quasi-2D perovskite, in which the 2D phases with larger 

bandgaps transport carriers to 3D phase with relatively smaller bandgap, and light is then emitted 

from the 3D phase [124, 194].  

From Figure 3.20b, we can see that film based on NCs solution treated only with PEAEA has 

the lowest PL intensity and PL QY (Table 3.6), suggesting that pure PEA caused damage to the 

NCs. In contrast, the film based on NCs solution treated with SCNBBrPEAEA exhibits the highest 

PL intensity, suggesting that SCNBBr plays an important role together with PEA. Through 

comparison, we propose that BBr may react with PEA to form PEABr, which usually facilitates 



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

77 
 
  

formation of 2D perovskite phase and enhances the PL performance of the NC solution [20, 183], 

while SCN may play the same role of stabilizing the NCs during treatment as in the case of 

SCNBBr-treated NCs. The difference in the trend of PL QY (Table 3.6) may be due to different 

data collection areas on the film and the film being inhomogeneous. From Figure 3.20d and Table 

3.6, we can see that films based on NCs solutions treated with EA and SCNPEAEA show relatively 

shorter average decay lifetime, while NCs solutions treated with SCNBBrPEAEA appear to be 

favorable thanks to the longer decay lifetime.  

The poorer optical performance of the films based on NCs solutions treated with EA, PEAEA 

and SCNPEAEA (Figure 3.20a-d) are in accord with the XRD profiles (Figure 3.20e), which look 

noisy, suggesting that the NCs may be damaged during the treatment. Both Figure 3.20b and d 

show that films based on NCs solutions treated with SCNBBrPEAEA have higher PL QY, 

suggesting less defects. In addition, films based on so-treated NCs appear to have higher stability 

than the rest, according to the decay lifetime after ageing (Table 3.6) and the PL intensities after 

annealing (Figure 3.20f).  

Table 3.6. Statistics of the optical performance of films based on PEA-treated NC solutions. 

 NCEA NCPEA NCSCNPEA NCPEABBr 
NCSCNPEA

BBrEA 

NCSCNPEA
BBr2ndEA 

NCSCNPEA
BBr3rdEA 

τave 1.57 3.96 10.34 10.34 10.35 12.60 12.22 

PLQY (%) 5.7 1.1 3.3 11.0 17.1 26.9 18.7 

 

In spite of the improved optical performance after addition of PEA, the conductivity of the 

films is poor when they are applied into LED fabrication, even after the NCs solutions are further 

washed twice and three-times with EA, as shown in Figure 3.21. Therefore, we did not carry out 

further work with PEA.  
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Figure 3.21. (a) LED structure used in the fabrication; (b) Current of LEDs based on SCNBBrPEAEA-treated NCs as a function of 
voltage. 

3.7 Summary 

In this chapter, we reported about addressing four issues of LHP NCs for fabrication of 

optoelectronic devices owing to existence of long-chain and insulating organic ligands. Firstly, 

various chemicals were tried to treat the LHP NCs in film or in solution. Using a combination of 

BBr, SCN solution and EA to treat the LHP NCs in solution, the conductivity of the LHP NCs in 

films was improved. Secondly, the optical properties of the films based on the treated NC solution 

was improved according to the increased PL QY. Thirdly, various solvents were tried to disperse 

the treated NCs and morphology of the films based on these NC solutions were characterized. It 

was found that a compact and smooth LHP NC film could be obtained by spin-coating treated LHP 

NCs dispersed in hexane. In the meanwhile, we showed that films based on the treated NCs 

exhibited high stability both in optical performance and film morphology. To be specific, the 

treated NC films present rather stable optical performance including stable PL emission and PL 

decay lifetime, and stable NC size between the fresh and the aged films. In contrast, the untreated 

films used as a control show fast growth in size and degradation of the optical performances during 

aging. The good stability of the SCNBBr films is attributed to the synergetic effect of SCN and 

BBr in enhancing the structural stability of NCs during the treatment in solution as well as during 

the aging of the films. Formation of mixtures of CsPbBr3, Cs4PbBr6 and CsPb2Br5 phases was 

shown to play a role in stabilizing the SCNBBr films.  

Apart from works based on the above treatment, PEA was also tried to improve the optical 

performance of the NC solution and the corresponding films. A combination of PEA and the SCN 
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solution was proved to be beneficial for higher brightness or PLQY and longer carrier lifetime. In 

short, the works based on NC films paved roads and expanded the capabilities for realizing 

applications of pristine LHP NCs in optoelectronic devices. 



 

Chapter 4: Lead bromide perovskite 
nanocrystal-based green LEDs 

In this chapter, green LEDs based on LHP NCs treated with different methods are presented. 

The methods of NCs treatment include purification with EA containing SCN, SCN accompanied 

with BBr, potassium compounds, and variation of solvents. In particular, we report for the first 

time green LED based on CsPbBr3 NCs treated with ammonium thiocyanate solution before 

purification with polar solvent. The champion device fabricated based on the treated CsPbBr3 NCs 

showed high efficiency and high stability during operation as well as during storage. A study on 

morphology and current distribution of NC films under applied voltages was carried out by 

conductive atomic force microscopy, giving a hint on efficiency roll-off. The current work 

provides a facile way to treat sensitive perovskite NCs and to fabricate perovskite NC-based LED 

with high stability. Moreover, the results shed new light on the relation between film morphology 

and device performance and on the possible mechanism of efficiency roll-off in NC LED. 

4.1 Green LED based on perovskite nanocrystals treated with 

thiocyanate and benzoyl bromide 

The results reported in Chapter 3 encouraged us to applied the SCNBBr-treated CsPbBr3 NCs 

into LED fabrication, and compare the LEDs figures-of-merit with those obtained in devices based 

on the untreated NCs. Figure 4.1 presents the characterization results of LEDs based on the pristine 

NCs synthesized by HI and the treated NCs. The layers composing the LED, as shown in Figure 

4.1g, follows the common basic LED structure: ITO/PEDOT:PSS/LHP/TPBi/LiF/Al [23, 25, 35, 

67, 118, 177, 196]. 
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Figure 4.1. (a) EQE and luminance as a function of current density; (b) Current density as a function of driving voltage; (c) EL 
spectra of LED based on pristine CsPbBr3 NCs; (d) EQE and luminance as a function of current density; (e) Current density as a 
function of driving voltage; (f) EL spectra of LED based on treated CsPbBr3 NCs; (g) Representative diagram of LED structure; SEM 
cross sections of (h) LED based on pristine NCs and (i) LED based on treated NCs. 

From Figure 4.1a, we can see that the highest EQE based on the pristine NCs is  0.006% 

with a luminance of 44.9 cd/m2 at a current density of 2.03 mA/cm2, which corresponds to 0.5 V 

(Figure 4.1b). Together with the rapid growth of current density as the voltage increases at the 

beginning in Figure 4.1b, such a low turn-on voltage suggests serious leakage in the LED. In spite 

of the thick NC layer 300 nm (Figure 4.1h), the NC film look rather rough from the side view, 

suggesting uneven distribution of the NCs, which may cause current leakage and is in line with 

our previous morphological characterization results on the pristine NC film presented in Chapter 

3. The highest luminance of the LED is merely 171.8 cd/m2 and is achieved at 9.15 V with a high 

current density of ~ 16 A/cm2. 

Figure 4.1d reports EQE and luminance as a function of the applied bias for the LED based 

on the treated NCs. Here, the highest EQE reaches 8.135% with a luminance of 19.5 cd/m2 at a 
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current density of 6∙10-4 mA/cm2, which corresponds to 0.05 V (Figure 4.1e). In spite of the low 

turn-on voltage, there is less serious current leakage than the LED based on the pristine NCs, as 

visible in the step occurring at the beginning of the IV plot in Figure 4.1e. However, the EQE drops 

sharply with increasing current density and applied bias. With further increase of current density 

higher than 100 mA/cm2, the luminance starts to surge up and reaches the maximum of 10573 

cd/m2 at 10 V. Given that the CsPbBr3 NC layer is the only emissive material at  520 nm in this 

case, the luminance could be fully attributed to the NCs.  

Furthermore, the EL spectra of the LEDs show a stark contrast in the two cases (Figure 4.1c 

and f). Obviously the LED based on the treated NCs exhibits smoother EL profile and higher EL 

intensity. The better performance of the LED based on the treated NCs may be attributed to the 

synergetic enhancement of the optical property of the NCs, reflected by the rather high luminance 

at high voltage, and the more compact film based on the treated NCs according to the section 3.5 

of this thesis and Figure 4.1i, which shows a smoother and even NC film with a thickness of 120 

nm.  

In order to improve the performances of the devices, we aimed to achieve a better band 

alignment by inserting PVK, whose valence band level is nearer to that of perovskite than 

PEDOT:PSS [73, 77]. PVK was spin-coated onto the PEDOT:PSS before spin-coating the 

CsPbBr3 NCs (Figure 4.2d). However, the PVK layer made the LED even less efficient than the 

one without PVK. The highest EQE achieved is 0.33% with a luminance of 2.44 cd/m2 at a current 

density of 0.002 mA/cm2 (Figure 4.2a), which corresponds to 0.05 V (Figure 4.2b). The highest 

luminance is 1683.5 cd/m2 at 10 V, which is lower than that of the LED without PVK layer.  



    Halide perovskite nanocrystal-based light emitting diodes | Fang Chen 

 

83 
 
  

 
Figure 4.2. (a) EQE and luminance as a function of current density; (b) Current density as a function of driving voltage; (c) EL 
spectra of LED based on treated CsPbBr3 NCs and with insertion of PVK layer under the NC layer; (g) diagram of the LED structure; 
(e) SEM cross sections of the LED; and (f) EL spectra of LED with PVK as emissive layer and without a NC layer. 

This result cannot find straightforward interpretation. On one side, current leakage seems to 

be high according to Figure 4.2b. On the other side, there is no emission peak from PVK (Figure 

4.2f) in the EL spectra (Figure 4.2c), which suggests negligible leakage. Moreover, the SEM cross 

section in Figure 4.2e also shows a relatively even film from the side view.  

TPBi is deposited onto the NC layer by thermal evaporation, which takes more time than wet-

chemical deposition and requires higher purity of TPBi. Therefore, we also fabricated LEDs 

(Figure 4.3) with TPBi being deposited onto the NCs by spinning coating a 1g/L TPBi:EA solution, 

which was expected to dissolve TPBi at a minimum cost of damaging the NC layer. However, 

both the optical property of the NCs and the integrity of the NC film were seriously damaged, such 

that the highest luminance of the LED was only 170.02 cd/m2 at a current density of 2208 mA/cm2 

and a bias of 9.9 V (Figure 4.3a-b). The collected EL signal also looked weak (Figure 4.3c). Thus, 

for all devices fabricated later on, we adopted thermal evaporation to deposit the TPBi layer. 
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Figure 4.3. (a) EQE and luminance as a function of current density; (b) Current density as a function of driving voltage; (c) EL 
spectra of LED based on treated CsPbBr3 NCs and with TPBi being deposited by wet-chemical method. 

In summary, LEDs based on our treated NCs exhibit higher efficiency and brightness than 

those based on pristine untreated NCs. This indicates that our treatment method with SCN solution 

and BBr may be a promising route to apply perovskite NCs into optoelectronic devices. However, 

optimization of the LED structure with PVK appears still to be unsatisfactory. Wet-chemical 

deposition of TPBi proves to be unsuitable for achieving high-efficient perovskite NC LED. 

4.2 Green LED based on perovskite nanocrystals treated with 

thiocyanate 

Although introduction of BBr in the treatment of CsPbBr3 NC solution is beneficial for the 

optical performance and stability of CsPbBr3 NCs-based film, as shown in Chapter 3, the formation 

of other perovskite phases leads to rougher film, which can easily cause current leakage and is 

unfavorable for LED performance. Thus, we tried to treat the CsPbBr3 NC solution with merely 

SCN solution and obtained stable green LEDs based on the as-treated NCs. 

4.2.1 CsPbBr3 NCs used for the device fabrication 

CsPbBr3 NC solution synthesized according to the previous report [21] was treated in such a 

way that 300 µL as-prepared CsPbBr3 NC solution was firstly added into a vial. Secondly, 10, 30 

or 50 µL SCN solution was dropped into the vial. Thirdly, 900 µL EA was gradually added into 

the solution, and the obtained solution was left under hood for 5 min. Then, the treated CsPbBr3 

NC solution was centrifuged at 6000 rpm for 10 min. The supernatant was discarded, and the 

precipitate was re-dispersed in 300 µL hexane for film and device fabrication. The obtained NC 

solutions and corresponding LEDs were labeled as 10SCN, 30SCN and 50SCN. 

TEM images of respective NC solutions are shown in Figure 4.4a-h together with distribution 

of NC sizes. Average sizes of the NCs are in the 10-12 nm range. XRD patterns (Figure 4.4i) show 
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that the phases of the treated NCs are well-retained and can be assigned to CsPbBr3. In the case of 

10SCN, the XRD diffraction peaks look noisy, which suggests poor crystallinity of the NCs treated 

with 10SCN. This could be explained by the lack of enough protection on the CsPbBr3 NCs due 

to insufficient SCN solution when EA are used to purify the NC solution. The sulfur element 

contained in SCN was, however, not detectable [197] by HAADF-EDS in 30SCN NCs (Figure 

4.4j-l). This may be due to either the sulfur content being below detection threshold or to its 

probable overlap with the signal of lead.  

 
Figure 4.4. Characterization of treated and untreated CsPbBr3 NCs. TEM images and size distributions of NCs in (a-b) 0SCN, (c-d) 
10SCN, (e-f) 30SCN, and (g-k) 50SCN NC solutions; (i) XRD patterns of the NCs; (j) HAADF image, (k) Element mapping images, and 
(l) EDS element analysis spectra of 30SCN NCs. 

4.2.2 Performance of fresh LED 

With the treated CsPbBr3 NCs used as emissive material, we fabricated and characterized 

corresponding LEDs. Figure 4.5a presents the LED structure used in this work, 

ITO/PEDOT:PSS/poly-TPD/CsPbBr3 NC/TPBi/LiF/Al. The SEM cross-section of a 30SCN 

device is shown in Figure 4.5b. The thickness of the NC layer is  30 nm. Figure 4.5d displays 

variation of current density with increasing voltage for the three devices. 50SCN presents higher 

leakage than 10SCN and 30SCN, suggesting higher conductivity of 50SCN NC film due to less 

organic than in the 10SCN and 30SCN NC films. At voltage higher than 7 V, 30SCN shows higher 
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current density than 10SCN and 50SCN. In the current density plot of 30SCN, there is a turning 

point  4.3 V, indicating variation of growth rate of the current density with increasing voltage. 

 

Figure 4.5. Characterization of LED performance. (a) Diagram of the LED structure; (b) SEM cross-section of 30SCN device, from 

bottom to top, the layers include ITO /PEDOT:PSS + poly-TPD ( 60 nm) /CsPbBr3 NC ( 30 nm) /TPBi ( 45nm); (c) EL spectra of 
fresh 30SCN LED; (d) Current density as a function of driving voltage; (c) Luminescence and (d) EQE as a function of current density 
in the NC LEDs [40]. 

Figure 4.5e displays variation of luminance with increasing current density. It is clear that 

30SCN shows higher luminance than 10SCN and 50SCN across the whole range of the current 

density, and reaches the highest level of 2986 cd/m2 at 187 mA/cm2. The EL spectra of a running 

30SCN LED is presented in Figure 4.5c. 10SCN reaches its highest luminance of 1018 cd/m2 at 

461 mA/cm2, and 50SCN reaches its highest luminance of 890 cd/m2 at 80 mA/cm2 (Figure 4.5e 

and Table 4.1). 10SCN has the highest turn-on voltage at 4.4 V with luminance at 1 cd/m2, while 

turn-on voltages of 30SCN and 50SCN are at 3.2 V and 3.3 V, respectively, indicating less 

insulating organic ligands in the CsPbBr3 NC film with increasing SCN additive during treatment. 

Although 30SCN shows a relatively slower decrease of luminance when the current density is less 

than 300 mA/cm2, all the three devices present luminance roll-off after reaching the respective 

highest luminance. 
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Table 4.1. Statistics of fresh and 23-day aged LEDs based on NCs treated with different amount of SCN solution. 

Sample Type EQE 
Current efficiency 

(cd/A) 
Luminance (cd/m2) 

10SCN 

fresh 0.06% 0.23 1018 

aged 0.52% 1.91 1347 

30SCN 

fresh 1.20% 4.42 2986 

aged 1.91% 7.04 899 

50SCN 

fresh 0.68% 2.51 890 

aged 0.95% 3.51 748 

 

Figure 4.5f displays variation of EQE with increasing current density. 30SCN presents the 

highest EQE of 1.2% at 32 mA/cm2 or 5.5 V, and the highest current efficiency of 4.42 cd/A among 

the three devices (Table 4.1). The luminance at the maximum EQE is 1404 cd/m2, which is 

relatively high among the LEDs based on CsPbBr3 NCs with organic transporting layers (Table 

4.2). In contrast, 10SCN and 50SCN show maximal EQEs of 0.06% at 380 mA/cm2 and 0.68% at 

12 mA/cm2, respectively. Despite that the profiles of EQE and current density (Figure 4.5f) show 

similar trend than those of luminance intensity and current (Figure 4.5e), efficiency roll-off is more 

pronounced, especially in 30SCN and 50SCN. Given that current densities corresponding to the 

highest luminance or EQE of each device are different, it could be inferred that Auger 

recombination is not necessarily the reason for the efficiency roll-off in current cases. 
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Table 4.2. Statistics of performances of green LHP LEDs. 

Material L50 
Max 

EQE(%) 

Lum 
@Max EQE 

(cd/m2) 

Current density 
@Max EQE 
(mA/cm2) 

Voltage 
@Max EQE 

(V) 

Turn-on 
voltage @ 

1cd/m2 

Max Current 
efficiency 

(cd/A) 

Max Lum 
(cd/m2) 

EL 
peak 

EL 
FWHM 

Source 

CsPbBr3 NCs 
27min 
@5V 

1.2 1404 31.8 5.50 3.2 4.42 2986 518 19 
This 
work 

CsPbBr3 QD  0.12 100 140 7 6.5 0.43 946 516 23 [77] 

CsPbBr3 QD  0.33 100 20 5 3.8  934 510 25 [32] 

CsPbBr3 QD  0.19 200 30 4.3 2.6  2335 523 19 [116] 

DDAB-OA-CsPbBr3 QDs  3 10 0.05 4.50 3 <10 330 515 19 [73] 

CsPbBr3 QD 
10min 
@5V 

0.06 100 100 >5 3.5 0.19 1377 516 19 [98] 

CsPbBr3 -CsPb2Br5 
 Composites 

 2.21 2200 5 8.6 4.6 8.98 3853 527 24 [118] 

DDAB-capped CsPbBr3 QD  8.73 <30 0.01 2.8 2.6 20 1660 512 17 [69] 

CsPbBr3 QD  6.27 3000 <100 8 3.4 13.3 15185 512 20 [65] 

CsPbBr3 QD  1.19 2000 <100 6 4.6 3.1 12090 515 18 [20] 

CsPbBr3 nanoplate  1.1 100 1 <5 3.5  590 520 17 [95] 

CsPbBr3 thin film  5.34 300 900 5.2 2.5 19 36600 522 16 [198] 

CsPbBr3 QD 
>600mi

n 
2.39     2.25 3809 522  [199] 

DDAB-capped CsPbBr3 QD 
27min 
@3.5V 

0.58 355 15 4.5 2.5 0.62 355 517  [56] 

DDAB-capped CsPbBr3 QD  8.08 1 0.01 3 3 25.1 <200 510 20 [70] 

Zwitterionic-capped 
CsPbBr3 NCs 

 2.5 1641 21.7 3.5 2.5 7.5 24000 516 16 [36] 

4-layered CsPbBr3 NCs  1.3 6 0.2 6.50 4.5 5.2 54 520 20 [67] 

PEABr-capped CsPbBr3 NCs  4.33 4000 1000 4.50 2.66 13.43 12650 514  [74] 

CsPbBr3 NCs   25    3.72 106 518  [66]  

CsPbBr3 NCs  3.79 5863.5 90 9.00 2.8 7.96 6093.2 519 19 [200] 

CsPbBr3 NCs 
>60 hrs 

@8V 
4.63 10000 350 10  8.736 10206 518.5  [117] 

TOAB/DDAB/OTAc-capped 
CsxFA1-xPbBr3 

 11.6 400 1 3.2 2.75 45.4 55800 515 18 [47, 79] 

DDAB-capped ZnBr2-
treated CsxFA1-xPbBr3 NCs 

136min 
@~2.8V 

16.48 400 0.6  2.4 66.7 76940 518 18 [47]  

OPA-capped CsPbBr3 NCs 
30min 
@~4V 

6.5 400 2 3.9 2.8 18.13 7085 516 19 [38] 

crown ethers-shelled 
CsPbBr3 NCs (single-layer) 

 1.27 3500 25 4.2 2.5 4.29 14454 519  [22] 

crown ethers-shelled 
CsPbBr3 NCs (double-layer) 

9.25min 
@~5V 

2.64 250 1 4 2.5 9.22 3880 519  [22] 

CsPbBr3 NCs 
10.5min 
@10V 

1.7 1000 <0.1 >10  5.57 1562 522 16 [107] 

CsPbBr3 NCs  5.7 12000 <1000 6 2.3 19.9 46000 517 <20 [115] 

CsPbBr3 – CsPb2Br5 NCs 
120min 
@5.5V 

0.6 5000 100 5.2 2.5  8383 518 19 [168] 

CsPbBr3 |Cs4PbBr6 thin film 
>420mi

n 
2.25  250  2.9 7.2 53486 519 23 [177] 

CsPbBr3 - Cs4PbBr6 NCs  1.21 100  8.10   1941.6 515 16.3 [176] 

CsPbBr3 thin film 
250 hrs 
@~3.8V 

10.5 10000 20 4.5 2.8 32 16436 518 19 [196] 
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4.2.3 Mechanism of efficiency roll-off in NC LED 

 Efficiency roll-off is ubiquitous in perovskite NCs-based LEDs [22, 37, 38, 65, 67, 69, 73, 

96, 105, 196]. The term “efficiency roll-off” was defined as a description for the decrease of the 

efficiency of LED at high current density by previous researchers [201]. The origin of efficiency 

roll-off in perovskite LEDs is still an open question. Auger recombination, which leads to non-

radiative process, has been reported to play a main role on this effect in a few reports via in-direct 

optical characterization methods [194, 202], and some solutions have been proposed 

correspondingly. For instance, core-shell structure was shown to be beneficial to increase threshold 

current of efficiency roll-off in QD LED [203]. In another work on 2D perovskite with funnel 

structure, the roll-off was reduced through increasing content ratio of low-bandgap perovskite 

[194], which concentrated the injected electrons/holes and played a major role in light emission. 

For 3D perovskite NCs, material degradation [25] and destruction of film morphology [196] at 

high current density were predicted to play critical roles in the roll-off. However, there has been 

no study on efficiency roll-off in NCs LED by direct characterization methods. 

Here, we measured evolution of the films under voltage by C-AFM [109], in order to explain 

the performance difference of the 10SCN and 30SCN LEDs and give some hints on the mechanism 

of efficiency roll-off. Figure 6.1 shows topographical images and current mapping images of 

10SCN and 30SCN under different applied voltages.  

In the case of 10SCN, with increasing applied voltages during scanning, the selected scanning 

area becomes rougher and more aggregations of the CsPbBr3 NCs form. Specifically, when the 

applied voltage increases from 3 V to 5 V, more areas without coverage of NCs emerge, with the 

root mean square roughness parameter rising up from 2.9 nm to 3.7 nm (Figure 4.6a, b). When the 

voltage further increases to 7 V, the uncovered areas become larger in area, in spite of the lesser 

number of domains (Figure 4.6c). The measured roughness apparently stays on the same level 

(3.6 nm). Correspondingly, the current distribution follows the morphology evolution. At 3 V, 

the whole film is at a low current level and the average current is 18 pA (Figure 4.6d). At 5 V, 

the overall current of the film increases according to the larger medium current (green yellow) and 

higher current (red) areas instead of lower current (blue white) areas (Figure 4.6e). The red areas 

of the current mapping image indicate higher current leakage than the other parts, and may 

represent absence of CsPbBr3 NCs, in line with the morphology image. When 7 V is applied during 

scanning, the distribution of red and blue-white domains change (Figure 4.6f). The red domains 
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become more concentrated and larger in size, while the rest of the scanning area mainly lies on the 

blue-white current levels. This suggests stronger leakage through the uncovered areas and less 

current flow through the NC areas, supplying evidence for low efficient radiative recombination 

of injected carriers. This may explain the low luminance and low EQE of 10SCN. 

In the case of 30SCN, the overall roughness of the film is less than that of the 10SCN at 

different voltages (Figure 4.6g-i). With applied voltages increasing from 3 V to 7 V, the roughness 

of the 30SCN film increases monotonously from 2.2 nm to 3.1 nm (Figure 4.6m). A few large 

areas without coverage of NCs form (Figure 4.6l), especially at 7 V. The corresponding current 

images show a rather different appearance from that of 10SCN. At 3 V, the current image is mainly 

occupied by blue-white and green-yellow areas (Figure 4.6j). At 5 V, small red domains start to 

increase and green-yellow spots dominate the image (Figure 4.6k), suggesting efficient carrier 

injection into NCs. This is in accord with the optimal device performance near 5 V. At 7 V, most 

area of the image is blue-white with a few large red spots (Figure 4.6l), suggesting enhanced 

leakage at high voltage and lower radiative recombination efficiency at high current density. This 

is in line with the decreased average current from 33 pA to 18 pA (Figure 4.6n), while the 

maximum current increases from 0.8 nA to 1.8 nA when the voltage is increased from 5 V to 7 

V (Figure 4.6o). The formation of large uncovered spots together with localized high current 

density at 7 V may explain the efficiency roll-off at voltage higher than 6 V in 30SCN LED. Thus, 

morphology deterioration of NC film with increasing applied voltage, which may lead to enhanced 

leakage, could be a reason for efficiency roll-off in LED at high current density [204], as predicted 

in a report [196] on CsPbBr3 thin film-based LED. Furthermore, stable morphology of NC film or 

stable NC distribution in NC film is expected to be able to relieve efficiency roll-off. This could 

be supported by some reports [116, 201] on embedding perovskite in a matrix, in which the 

perovskite NCs or particles are fixed in the matrix and morphologies of the films are more stable 

during operation. 
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Figure 4.6. (a-c) Topography and (d-f) current mapping images of 10SCN NC film under 3 V, 5 V and 7 V; (g-i) topography and (j-l) 

current mapping images of 30SCN NC film under 3 V, 5 V and 7 V; comparison of (m) roughness, (n) average current, and (o) 

maximum current of 10SCN and 30SCN NC films under voltages. The scale bars are 200 nm [40]. 
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Comparing the average current of 10SCN and 30SCN samples at different voltages, it is clear 

that the initial average current at 3 V are almost the same. However, when the current increases to 

5 V, the average current in 10SCN significantly rises from 18 pA to 84 pA with a large 

uncertainty range, while the average current in 30SCN increases only from 19 pA to 33 pA 

(Figure 4.6n). With higher voltage of 7 V, the average current further increases to 125 pA in 

10SCN and decreases to 18 pA in 30SCN. The maximum current follows a similar trend to the 

average current (Figure 4.6o). For the 10SCN sample, the maximum current reaches 2.5 nA and 

5 nA at 5 V and 7 V, respectively. In contrast, the maximum current is merely 1.8 nA at 7 V for 

the 30SCN sample. Thus, the higher average current together with the more concentrated 

uncovered areas in 10SCN may explain the device performance of 10SCN LED being lower than 

that of the 30SCN LED, in which the current increases more smoothly and few uncovered large 

areas are formed when the applied voltage is less than 7 V. 

According to the C-AFM characterization results and literature study on efficiency roll-off in 

perovskite LEDs, we attribute the efficiency roll-off in perovskite NC LED to the combination of 

morphological deterioration of NC film [204], as predicted in a report [196] on CsPbBr3 thin film-

based LED, and Auger effect with increasing applied voltage. With increasing bias, the NCs could 

displace or aggregate and damage the continuity of the NC film, leading to increasing current 

leakage. Areas with current leakage could lead to direct transport of the carriers through the 

perovskite layer without forming electron-hole pairs, and thus reducing the luminance efficiency. 

With increasing bias, the NC film with increased current density could also suffer from Auger 

effect, which further decreases the luminance. The increased current density together with the 

decreased luminance accelerates the decrease of EQE of the device, leading to efficiency roll-off.  

Furthermore, stable morphology of NC film or stable NC distribution in NC film is expected 

to be able to relieve efficiency roll-off. This could be supported by some reports showing weakened 

efficiency roll-off in perovskite NC-based LEDs [116, 201], in which perovskite NCs are 

embedded or fixed in a matrix and the morphology of the NC films could keep stable during device 

operation. In addition, thin-film perovskite LEDs, with perovskite settling on the substrate in a 

stronger way, usually exhibit less pronounced efficiency roll-off with increasing bias [12, 114, 

183]. This also suggests the significance of stabilization of the perovskite film morphology on 

efficiency roll-off in device. 
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The significance of film morphology on the device performance could also demonstrated by 

confocal images. Figure 4.7 presents PL mapping images and PL spectra of selected areas on the 

images. The PL mapping of 30SCN (Figure 4.7b) looks smoother and more homogeneous. 

Accordingly, quantitative analysis reported in Figure 4.7g shows that the PL intensities of different 

selected areas with a diameter of 35 µm in 30SCN film sample only exhibits smaller difference in 

NC distribution for this sample, as compared to those of the other three films. In contrast, there are 

a few regions brighter than average, which are sparsely distributed in the 10SCN and 50SCN films. 

These bright areas may be caused by aggregation of NCs. Corresponding PL spectra of the selected 

areas in 10SCN and 50SCN films show relatively wide distribution in PL intensities. It is said that 

difference in surface tension and vapor pressure of organic residues and NCs coexisting in the film 

may affect the morphology of the NC film [38]. A proper ratio between ligands and CsPbBr3 NCs 

may be beneficial for forming smooth NC film, indicating that the proportion of ligands and 

CsPbBr3 NCs in 30SCN is at an optimal level. In the PL mapping image of 0SCN (Figure 4.7a), 

one can clearly see bright dots distributing homogeneously across the film, making the film look 

rough. This may be due to aggregation of the CsPbBr3 NCs or growth of some CsPbBr3 NCs, as 

demonstrated in Chapter 3, where we have observed that the untreated CsPbBr3 NCs in film are 

prone to grow into larger size due to desorption of the labile ligands.  

 

Figure 4.7. PL mapping images of NC films based on (a) 0SCN, (b) 10SCN, (C) 30SCN and (d) 50SCN NC solutions; (e-h) PL spectra 
of selected areas in each of the corresponding PL mapping images. 
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The above results on films match well with the LED performance. For example, Figure 4.8 

presents the characterization results of 0SCN fresh and aged LEDs. The aging time is 23 days in 

air and under light at a constant temperature of 20 ℃ and a humidity about 40%, which suits the 

aged LEDs mentioned in Chapter 4. The rather low current density for the fresh 0SCN LED may 

be due to excess of ligands, which usually leads to ineffective transport of injected carriers in LED. 

Obviously there is strong leakage (Figure 4.8a) and emission from HTLs after device aging for 

some days (Figure 4.8d), which may be related to the bright dots formed in 0SCN film as shown 

in Figure 4.7a. In contrast, the aged 30SCN LED still shows bright emission (Figure 4.8d). The 

30SCN film presents the best film homogeneity and the corresponding LED shows the highest 

luminance and EQE. The 10SCN film shows inhomogeneous NC distribution and the 

corresponding device displays the lowest efficiency. The worse 50SCN film quality and LED 

performance relative to 30SCN, may indicate that excessive SCN is not good for both film 

formation and consequent LED performance. Thus, we attributed the difference in LED 

performance between 10SCN and 30SCN to the quality in film morphology.  

 
Figure 4.8. Comparison of (a) current density as a function of driving voltage; (b) EQE, (c) luminescence of 0SCN and 30SCN fresh 
and aged devices as a function of current density. (d) EL spectra of 0SCN and 30SCN aged devices. 
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4.2.4 Stability of LED 

Stability of the devices was also studied. Figure 4.9 presents EL spectra under applied voltage 

of 6 V for both fresh and aged devices of 10SCN, 30SCN and 50SCN films. With PL spectra of 

fresh films as reference, it appears that the EL peak of the fresh 30SCN device is the same as 

corresponding PL peak (Figure 4.9b). The EL peaks of the fresh 10SCN and 50SCN devices are 

1.5 nm and 0.8 nm red-shifted with respect to their PL peaks (Figure 4.9a,c), respectively. When 

comparing the EL peaks of both fresh and aged devices, the devices display a stable EL peak 

position or exhibit a minor red-shift (Figure 4.9d). For instance, for the 10SCN devices, there is a 

red-shift from 519 nm to 523 nm on aging. On the other hand, the 30SCN devices show only a 

minor red-shift, if any, from 518 nm to 519, and the 50SCN devices exhibit no red-shift at all, 

suggesting that more SCN within the considered range is favorable for stability of CsPbBr3 NCs 

in the device. In addition, the FWHMs of the EL peaks of 30SCN and 50SCN show negligible 

change between the fresh and aged devices (Figure 4.9e). The stable EL spectra of the 30SCN and 

50SCN devices at 6 V are also reflected in the CIE coordinate system (Figure 4.9f), indicating that 

the treated NCs in the 30SCN and 50SCN devices are rather stable even after storage for four 

months.  

 

Figure 4.9. Comparison of PL and EL spectra of (a) 10SCN, (b) 30SCN, and (c) 50SCN NC films and fresh as well as aged devices; 
Comparison of (d) PL and EL peaks; and (e) FWHM of the PL and EL peaks; (f) EL positions of fresh and aged devices in a CIE 
coordinate system. 
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Furthermore, EL peaks and corresponding FWHM at different applied voltages were analyzed 

for both fresh and aged devices (Figure 4.10). In the fresh devices there are a slight blue-shift in 

the EL peak and a gradual increase in the FWHM with increasing applied voltage, which can be 

attributed to a field-induced quantum confinement Stark effect and to enhanced longitudinal 

optical-phonon coupling at high external field [106, 200, 205], respectively. For the aged devices, 

the FWHM of the EL peak in both 10SCN and 30SCN decrease slightly with increasing voltage, 

while it increases slightly in 50SCN.  

 

Figure 4.10. Comparison of (a) EL peaks and (b) FWHM of the EL peaks of fresh and aged devices. 

The performance of the aged devices was characterized and the statistical results are shown 

in Figure 4.11. The aged 30SCN devices still show a higher average luminance and EQE than 

those of 10SCN and 50SCN aged devices. In particular, the champion EQE of the aged 30SCN is 

1.9% at 5.6 V, higher than that of the fresh champion device (Figure 4.8 and Table 4.1). The higher 

EQE of the aged device is due to lower current density. According to our research on conductivity 

of fresh and aged NC films, the aged NC films show a relatively higher conductivity than the fresh 

devices, which suggests assignment of the decreased current density in the aged devices to 

degradation of organic transporting layers and corresponding decreased carrier mobility. Statistical 

results on performance of 41 aged devices based on 30SCN CsPbBr3 NCs but with variation in 

spin-coating speed of different layers, are shown in Table 4.3. These results confirm the high 

stability of the 30SCN devices.  
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Figure 4.11. Statistics of (a) Maximum EQE, (b) Maximum luminescence, (c) Maximum current efficiency, and (d) current density 
(J) at the maximum EQE of aged devices. 

Table 4.3. Statistics of the average and best properties of LEDs based on 30SCN NCs. 

30SCN Max EQE (%) 
Voltage@Max 

EQE (V) 
Current efficiency 

(cd/A) 

Luminance 

(cd/m
2

) 

J@Max EQE 

(mA/cm
2

)  

Average 0.7 5.7 2.6 696.5 22.0 

Maximum 1.9 5.6 7.0 898.9 4.4 

 

Additionally, operational stability of the 30SCN aged device was measured at 5 V. There is 

an initial increase in the EL intensity within the first 6 min (Figure 4.12a), then the EL intensity 

shows an exponential deterioration. The half-lifetime (L50) is 27 min, showing competitive 

stability in CsPbBr3 NC-based LED (Table 4.2). EL peaks collected every one minute (Figure 

4.12b) are shown to steadily fluctuate  518 nm throughout the measurement, indicating stable 

emission property of the 30SCN aged device. The inset of Figure 4.12a displays the running device 

during the measurement. 
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Figure 4.12. Characterization of stability of running LED. (a) Evolution of EL intensity as a function of running time; (b) EL spectra; 
(c) A capture of the device; and (d) evolution of the EL peaks collected during operation stability test of 30SCN aged device. 

In summary, green LEDs were fabricated based on CsPbBr3 NCs synthesized with lead acetate 

and BBr as source of lead and bromine. SCN solution was used to treat CsPbBr3 NCs before 

purification with EA. The 30SCN device showed the best performance, and we investigated 

possible reasons for the score of this champion device. Characterization of fresh and aged devices 

as well as measurement of running time at 5 V showed relatively high stability of the 30SCN 

device. The current work proposes a facile route to treat sensitive perovskite NCs and to fabricate 

perovskite NC-based LED with high stability.  

4.3 Green LED based on perovskite nanocrystals treated with potassium 

salts 

Potassium salts[206, 207] and sodium salts[208] have been demonstrated to be able to 

passivate and stabilize halide perovskite thin films, suppressing ion migration or hysteresis and 

leading to fabrication of high-efficient perovskite solar cells. The alkali salts in these cases are 

usually dissolved in polar solvent such as DMSO and DMF during the preparation of the precursors. 
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However, this cannot apply to halide perovskite NCs, which require a non-polar environment 

during and after synthesis. Due to the difficulty to dissolve alkali salts into NC solution and the 

fact of alkali salts being highly hygroscopic, the effect of alkali salts on halide perovskite NCs was 

seldom explored. Alivisatos and coworkers added solid NaSCN directly into CsPbBr3 NC solution 

and found that NaSCN improves PLQY and stability of CsPbBr3 NCs [59]. 

In addition, doping alkali metal ions into halide perovskite NCs by using potassium acetate 

during the NC synthesis has proved to be a promising route to enhance the optoelectronic 

performance of halide perovskite NCs and is getting increasing attention this year. For example, 

Hoang et al. [209] improved green LED efficiency from 4.8% to 5.6% by replacing a part of Pb2+ 

with K+ during the synthesis of CsPbBr3 NC solution. Ma and coworkers [210] obtained hollow 

CsPbBr3 NCs with efficient blue emission by addition of NaBr during the fabrication of perovskite 

thin film. Yao and coworkers [211] prepared KBr-passivated CsPbI3‑xBrx NCs with pure red PL 

emission and PLQY more than 90%. They also fabricated stable red perovskite LEDs with stable 

EL peaks at 637 nm and a maximum EQE of 3.55% with a maximum brightness of 2671 cd/m2. 

More studies are necessary to elucidate the benign effect of alkali metal ions in halide perovskite 

NCs and LEDs. 

4.3.1 Effect of potassium salts on NC solution 

We used CsPbBr3 NCs capped with DDAB as pristine NCs [34] and concentrated the NC 

solution to 30 g/L in toluene. Different kinds of potassium salts, KX (X=F, Cl, Br, I, SCN), were 

used, and added directly into the NC solution in the form of oversaturated solid powders. KCl 

showed an obviously higher solubility in the NC solution than the other salts. The other salts, in 

solid form, were dried and grinded before use; apparently, they showed no visible change on 

grinding, when judged by naked eyes. Optical performance of the NC solutions was characterized 

soon after preparation. 

Figure 4.13 shows the UV-visible light absorption plot and the PL spectra of the freshly treated 

NC solutions. The PL intensity of the NC solutions treated with KCl, KBr and KSCN decreased 

in all cases, while that of the solutions treated with KF and KI almost remained the same. The 

normalized absorption plots of most of the treated NC solutions remain similar to the pristine 

DDAB-capped NC solution except the case of KSCN, which presents moderately higher 
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absorption intensity than those of the rest from 350 to 525 nm. Overall, the data suggest almost no 

effects of KX salts, most likely due to solubility issues. 

 

 

Figure 4.13. (a) PL spectra; and (b) UV-visible light absorption intensity spectra of NC solutions freshly treated with KX (X=F, Cl, Br, 
I, SCN). 

18-Crown-6, an organic compound with a ring structure composed of six ether groups, is 

reported to be able to increase solubility of potassium salts in solutions, and to passivate perovskite 

film [183]. It is also reported to act as a shell for perovskite NCs [22]. Here, 18-Crown-6, at a 

concentration of 3% with respect to the volume of the adopted NC solution, was added to the NC 

solutions directly to help dissolution of KX. However, the additive seems to accelerate degradation 

of NCs in most cases. When only 18-Crown-6 is added into the NC solution, the NCs became 

white powder quickly. In presence of potassium salts, the degradation rate was relatively slower. 

Both the NC solutions treated with only KX and those treated with a combination of KX and 

18-Crown-6 were stored in air overnight to let them fully react. The so-obtained NC solutions were 

then investigated. Figure 4.14a-b shows picture of the solution under UV light illumination. NC 

solutions treated with KCl, KBr and KSCN show similar brightness as the pristine one. NC 

solutions treated with KF became colorless in both situations (Figure 4.14a), suggesting that F- 

could gradually degrade perovskite NCs. KI also seems unfavorable for the emission of the NCs, 

exhibiting much weaker brightness under UV light (Figure 4.14a). Interestingly, the NC solution 

treated with a combination of KSCN and 18-Crown-6 remained luminescent (Figure 4.14b), while 

all the other NC solutions treated with 18-Crown-6 became completely non-luminescent. 
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Figure 4.14. (a) Photos of NC solutions stored in air overnight and treated with KX (X=F, Cl, Br, I, SCN); (b) Photos of NC solutions 
stored in air overnight and treated with a combination of KX (X=F, Cl, Br, I, SCN) and 18-Crown-6 with and without UV exposure; 
(c) UV-visible light absorption intensity spectra; and (d) PL spectra of the NC solutions stored in air overnight and treated with KCl, 
KBr, KI, KSCN and KSCN:18-Crown-6 with DDAB-capped NC as a reference. 

PL spectra and PL decay lifetime of the NC solutions that remained bright were collected. As 

shown in Figure 4.14c and Table 4.4, the PL peak of KCl-treated NC solution showed blue-shift 

and the PL peak of KI-treated NC solution showed red-shift with respect to that of the DDAB-

capped NC solution. This most likely indicates anion exchange between Br- and Cl- or I-. In 

addition, the FWHM of PL peaks of KSCN-treated NC solutions decreased. According to the plots 

in Figure 4.14d, we can see that the decay lifetime of the NC solutions suffers negligible influence 

from treatment with KCl, KBr and KI. When the NCs are treated with SCN, the decay lifetime 

decreases, suggesting that SCN- may damage the DDAB-capped CsPbBr3 NCs.  

Table 4.4. Statistics of optical properties of NC solutions treated with KCl, KBr, KI, KSCN and KSCN:18-Crown-6 with pristine 
DDAB-capped NC solution as a reference. 

 KCl KBr KI KSCN 
KSCN : 
Crown 

NC-DDAB 

τave (ns) 5.03 5.25 5.05 3.64 3.55 5.01 

PL peak (nm) 499 503 506 504 504 503 

PL FWHM 
(nm) 

20 21 21 18 18 20 
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In order to see whether the treatment has effect on the morphology of the NCs, TEM images 

were collected, as shown in Figure 4.15.  

 
Figure 4.15. TEM images of NC solutions treated with (a) KCl; (b) KBr; (c) KI; (d) KSCN:18-Crown-6; and TEM images of (e) pristine 
DDAB-capped NCs. 

We can see that the size and shape of most of the NCs were well-retained in all cases, similar 

to the pristine DDAB-capped NCs (Figure 4.15e). However, there are new particles or aggregates 

with different morphologies formed on treatment. According to Figure 4.15a, the KCl-treated NCs 

apparently aggregate into spindle shapes. , The treatment with KBr induced the presence of it is 

clear that polyhedral particles with size ranging from 100 to 200 nm, as shown in Figure 4.15b. 

Based on our study carried out in Chapter 3, on the effect of excess Br- in CsPbBr3 NC solution, 

the particles could be attributed to Cs4PbBr6. In Figure 4.15c, we can see a few big squares with 
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size  200 nm, which may be due to growth of some NCs. The inset of Figure 4.15d presents some 

needle-like particles. In conclusion, treatment with different potassium salts has different effects 

on the morphology and distribution of the NCs. 

We then collected the XRD patterns of the set of NC solutions as shown in Figure 4.16. Most 

treated NC solutions show widened diffraction peaks similar to that of the DDAB-capped NC 

solution, suggesting negligible influence of the treatment on NC phase. However, in the case of 

KSCN-treated NCs, the XRD pattern presents sharp peaks, which may indicate enlarged size and 

enhanced crystallinity of the NCs. This could be corroborated by the fact that the KSCN-treated 

NC solution without 18-Crown-6 had already become colorless by the time that we took XRD 

measurement. In addition, in the XRD pattern of KBr-treated NCs there is a sharp peak at 26.3°. 

The newly emerged diffraction peak could be attributed to formation of new perovskite phases, as 

discussed in Chapter 3. 

 

Figure 4.16. XRD patterns of NCs treated with KCl, KBr, KI, KSCN and KSCN:18-Crown-6, with DDAB-capped NC as a reference. 

4.3.2 LEDs based on NCs treated with KX 

In order to see the effect of the treatment with KX on the optoelectronic properties of the NCs, 

we applied the treated NC solutions in LEDs fabrication. The LED structure was 

ITO/PEDOT:PSS/poly-TPD/CsPbBr3 NCs/LiF/TPBi/LiF/Al. Here, the LiF layer between the 

CsPbBr3 NC layer and the TPBi layer is used for balancing carrier injection. However, the 

performance of LEDs based on KX-treated NCs showed lower luminescence intensities and EQEs 

(Figure 4.17c-e) than that of the LED based on the pristine DDAB-capped NCs. Since the 
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luminance of LED based on KI-treated NCs is lower than 1 cd/m2 during the whole operation 

process, the related data is not shown here. 

From Figure 4.17a, we can see that the current density trend of LED based on pristine DDAB-

capped NCs and KBr-treated NCs are similar, and both show relatively low current leakage. 

However, the luminance and EQE of the LED based on KBr-treated NCs are rather low. This may 

be due to the optical properties of the pristine DDAB-capped NCs being damaged after treatment 

with KBr. This is strange and opposite than the results in the recent literature report according to 

which KBr could enhance the PL QY of halide perovskite NCs [211]. LED based on KCl-treated 

NCs appear to be more efficient than those treated with the other method, in spite of higher current 

leakage. LEDs based on KSCN:Crown-treated NCs require a current density higher than 200 

mA/cm2 to have luminance higher than 5 cd/m2. Combining the current density as a function of 

applied voltage, the poor performance of LEDs based on KSCN:Crown-treated NCs could be 

attributed to high leakage of NC film and weakened optical property of the treated NCs.  

 
Figure 4.17. LED performance. (a) Current densities of LEDs based on pristine DDAB-capped NCs and based on NCs treated with 
KCl, KBr, KI, KSCN and KSCN:18-Crown-6 as a function of voltages; EQE and luminance of (b) LEDs based on pristine DDAB-capped 
NCs; and LEDs based on NCs treated with (c) KCl; (d) KBr; and (e) KSCN:18-Crown-6 as a function of current density. 

In summary, post treatment of the DDAB-capped CsPbBr3 NCs with solid alkali salts show 

poorer optical properties and device performance than the untreated one. However, it does not 

mean that alkali salts are unfavorable for halide perovskite NCs. According to the previous 
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introduction, potassium salts are favorable for optical performance of LHP NCs when the 

potassium additives are used during NC synthesis [209]. 

4.4 Green LED with ZnO NCs as electron transporting layer  

Organic electron transporting materials like TPBi are usually used as ETL in perovskite-based 

LEDs. However, TPBi is expensive and easily degradable in air. It is therefore highly desirable to 

use an inorganic ETL like ZnO, which is much cheaper, more stable, and with a higher electron 

mobility, to replace the organic one. ZnO could be deposited on the ITO substrate to fabricate LED 

with inverted structure. It could also be deposited on top the perovskite layer in a normal LED 

structure. In this section, the tests performed in both configurations are reported, with commercial 

ZnO NCs (Sigma-Aldrich) used as the ETL.  

4.4.1 LED with ZnO NCs beneath LHP NCs layer 

ZnO NCs have been used as ETL as reported by Yang et al. [212]. In order to fabricate LEDs 

with inverted structure, that is, with ZnO NCs layer beneath the LHP NCs layer, a smooth and 

compact ZnO NC film is highly desired. Here, we explored the effect of the ZnO NCs dispersing 

solvent on the quality of the ZnO NC film. ZnO NCs originally dissolved in ethanol with an 

average size of 130 nm and a concentration of 40% were diluted in three different solvents, namely 

1-butanol, CB and MeOH, to obtain ZnO NC solutions with a concentration of 2 wt%. Then, the 

ZnO solutions were spin-coated onto ITO substrates at 1500 rpm and annealed at 150 °C for 30 

min. The roughness (Figure 4.18a-c) and thickness (Figure 4.19a-c) of the ZnO NC films were 

measured by AFM, and the statistic results are shown in Table 4.5. According to the roughness 

values and Figure 4.18a-c, it seems that the smoothest NC film occurred when ZnO was dissolved 

in CB. The film based on ZnO NCs dispersed in butanol present aggregates (Figure 4.18a). 
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Figure 4.18. AFM images of: (a)-(c) ZnO films spin-coated from ZnO NCs dissolved in (a) 1-Butanol, (b) CB, and (c) MeOH; ZnO/PVP 
films spin-coated atop ZnO NCs layers dissolved in (d) 1-Butanol, (e) CB, and (f) MeOH; ZnO/PVP/NC films spin-coated atop PVP 
layers corresponding to ZnO NCs dissolved in (g) 1-Butanol, (h) CB, and (i) MeOH. Note: In (d), the sample was significantly drifting 
horizontally in time, but drift would anyway not affect significantly the measured roughness. And panel g was affected by large 
tip size due to showing its own footprint. 
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Figure 4.19. Representative AFM images and cross section images of: (a)-(c) ZnO films spin-coated from ZnO NCs dissolved in (a) 
1-Butanol, (b) CB, and (c) MeOH; ZnO/PVP films spin-coated atop ZnO NCs layers dissolved in (d) 1-Butanol, (e) CB, and (f) MeOH; 
ZnO/PVP/NC films spin-coated atop PVP layers corresponding to ZnO NCs dissolved in (g) CB, and (h) MeOH. 

In order to avoid leakage and reduce interface defects between the ZnO NCs layer and the 

LHP NCs one, a layer of polymer is further spin-coated onto the ZnO NCs layer at 5000 rpm with 

5 wt% PVP dissolved in DMSO. Later, perovskite NC layer was spin-coated onto the PVP layer 

at 2000 rpm. According to the AFM images on the roughness (Figure 4.18d-f) and thickness 

(Figure 4.19d-f) for each layer and the statistic results in Table 4.5, we can see that when MeOH 
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is used to disperse the ZnO NCs, the finally deposited LHP NCs film has the lowest roughness and 

the most homogeneous NC distribution (Figure 4.18i). Thus, it is clear that a proper choice of 

solvent for ZnO NCs matters for the quality of the ZnO film [213] and has a great influence on the 

quality of multilayers. 

Table 4.5. Statistics of thickness and roughness of films based on ZnO NCs dispersed in different solvents. 

Roughness (nm) ZnO ZnO/PVP ZnO/PVP/NC 

1-Butanol 11.5 10.7 13.7 

CB 9.2 9.3 15.1 

MeOH 9.5 6.5 9.6 

Thickness (nm) ZnO ZnO/PVP ZnO/PVP/NC 

1-Butanol 87 73 - 

CB 73 54 59 

MeOH 92 88 82 

 

Based on the above results, MeOH was chosen to disperse the ZnO NCs, and an inverted LED 

with a structure as shown in Figure 4.20a was fabricated. However, there was serious leakage in 

the corresponding LEDs and the current is beyond the measuring range when the bias is near 12V. 

A representative current-voltage (I-V) plot is shown in Figure 4.20b. According to the thicknesses 

of the multilayers listed in Table 4.5, it is clear that there is a wash-away effect on previous layers, 

when spin-coating the subsequent upper layer. This may explain the poor quality of the LEDs. 

 

Figure 4.20. (a) A schematic diagram of LED with inverted structure; and (b) a representative I-V plot of the LED with ZnO as ETL 
in the inverted structure. 
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4.4.2 LED with ZnO NCs atop LHP NCs layer 

We further tried to replace the organic ETL with the ZnO NCs in a normal LED structure. The 

main problem here is to harmonize perovskite NCs and ZnO NCs during spin-coating, since the 

perovskite NCs layer may be washed off or damaged in optical performance after this device 

fabrication step. Therefore, we looked for a feasible way to make the perovskite NC layer more 

robust, before depositing the ZnO NC layer.  

Considering that the ZnO NCs film based on ZnO NCs dispersed in CB has the lowest 

roughness (Table 4.5) and no more polymer layer is necessary in current case, CB was chosen as 

the solvent of ZnO NCs. We found that NCs capped with different ligands show different 

resistance to the washing effect of the upper layer. . When the NCs have DDAB as ligands, it is 

clear even by the naked eye that the NC layers were mostly destroyed and washed off after 

depositing ZnO NCs. When the NCs have OA and OLAM as ligands and purified with SCN 

solution, the LHP NC film looks still good in quality after spin-coating the ZnO NC layer.  

According to our previous study about the effect of dispersing solvent on perovskite NCs films 

as reported in Chapter 3, we decided to disperse the perovskite NCs in a mixed solvent of hexane 

and DE. To be specific, CsPbBr3 NCs, which are capped with OA and OLAM and purified with 

EA under protection of SCN solution, were dispersed in 300 mL of mixture solvents, obtained 

with different volume ratios of hexane and DE (namely300:0, 270:30, 240:60, 210:90, 180:120, 

and 150:150 mL of hexane:DE).  

Figure 4.21 presents the results of the LEDs with ZnO as ETL atop of perovskite NCs layer. 

When the solvent for NCs contained only hexane, there was a serious leakage in the LED (Figure 

4.21a), and a relatively high voltage was required to obtain luminance higher than 1 cd/m2. 

Although LEDs from NCs dispersed in a 1:1 mixture of hexane and DE also show a high leakage, 

the turn-on voltage (with 1 cd/m2 as reference) was 3.9 V (Figure 4.21c), much lower than that of 

the case without DE, and the corresponding LED showed the highest EQE in the current set (Figure 

4.21d). Not all LEDs based on CsPbBr3 NCs dispersed in a mixed hexane:DE solution exhibit high 

luminance and EQE, but the LEDs showed lower turn-on voltages and higher EQEs in general 

with respect to the LED based on NCs dispersed purely in hexane (Figure 4.21c,d). Thus, a mixed 

solvent with a proper ratio between hexane and DE may be a plausible way to fix perovskite NCs 

layer before depositing ZnO NCs layer.  
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Figure 4.21. (a) A diagram of the LED structure, (b) current density, (c) luminescence; and (d) EQE as a function of driving voltage 
in the perovskite NC LEDs with ZnO NC as ETL atop of perovskite NC layer. 

In addition, the low absolute EQEs may be attributed to two reasons. On one hand, the pristine 

NC solution capped with OA and OLAM has been stored for a long time in air and is not as bright 

as the fresh one. On the other hand, the CB solvent used to disperse ZnO NCs may cause a damage 

to the optical performance of the perovskite NCs. This would be supported by the better 

performance of LEDs with thermally-evaporated TPBi as ETL as shown in Figure 4.22. 

Moreover, the higher EQE and lower efficiency roll-off of the LED based on NCs in mixed 

solvent (Figure 4.22d) proves the significance of fixation of NCs in the film for better LED 

performance. 
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Figure 4.22. (a) Diagram of the LED structure, (b) current density, (c) luminescence, and (d) EQE as a function of driving voltage in 
the LEDs based on SCN-treated NCs dispersed in a mixture of DE and hexane (Hex). 

Since ZnO has a much higher electron mobility than organic transporting materials, it is easy 

to cause unbalanced carrier injection in LED, leading to poor performance and fast degradation of 

the device [188]. In order to reduce electron mobility of ZnO NCs or balance the carrier injection 

into the perovskite NCs layer, polymers[11, 42] or macromolecules[195] are usually used to act as 

a blocking layer between ZnO layer and emissive layer. Here, we tried mixing 2 wt% ZnO NCs 

with 0.1 wt% TOPO in CB. The performances of corresponding LEDs are shown in Figure 4.23. 

It is clear that the LED with ZnO:TOPO as ETL has lower leakage and current density, and higher 

luminance as well as higher EQE than the LED with only ZnO as ETL. This indicates that TOPO 

helps in balancing carrier injection into the perovskite NCs layer and in improving the LED 

performance.  
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Figure 4.23. (a) Diagram of the LED structure, (b) current density, (c) luminescence; and (d) EQE as a function of driving voltage in 
the perovskite NC LEDs with a mixture of TOPO and ZnO NCs as ETL atop of perovskite NC layer. 

In summary, a ZnO NC solution was explored to act as ETL in perovskite NCs-based LEDs. 

The effect of the dispersion solvent for ZnO NCs on the roughness of the ZnO NCs films and the 

LED performance was studied. LEDs with inverted structure suffer serious leakage with ZnO NCs 

layer beneath the perovskite NCs layer. A mixed solvent of hexane and DE at a proper ratio was 

found to be more resistant to being washed away by ZnO NC solution in LEDs with a normal 

structure. TOPO improved the performance of LEDs with ZnO NCs as ETL atop perovskite NCs 

layer. The work gives guidance to fabrication of all-inorganic perovskite LEDs.  

4.5 Summary 

In conclusion, green LEDs were fabricated based on CsPbBr3 NC solutions treated in different 

ways. Highly stable and efficient green LEDs, with L50 of 27 min at 5 V, were obtained, based on 

CsPbBr3 NC solutions treated with proper amount of SCN solution. Possible reasons for the 

performance of the champion device were investigated by C-AFM in terms of morphology and 

current distribution of NC film under applied voltages. The results show that performance of NC-
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based LEDs strongly depends on the distribution of NCs in the emissive layer, and that the 

efficiency roll-off in the NC-based LEDs at high current density can be attributed to displacement 

and deterioration of NC film with increasing applied voltages. The work proposes a facile route to 

treat sensitive perovskite NCs and to fabricate perovskite NC-based LED with high stability. 

Moreover, a new evidence was supplied for the efficiency roll-off in NC LED. 

The effect of potassium on CsPbBr3 NC solutions and LEDs was also studied. It was found 

that treating CsPbBr3 NC solutions with potassium salts during post-synthesis is unfavorable, 

although it is usually beneficial when used directly during synthesis of halide perovskite according 

to literature.  

In addition, LEDs with inorganic ETL, ZnO NCs, was explored. The effect of the dispersion 

solvent for ZnO NCs on the roughness of the ZnO NCs films and the LED performance was studied. 

A mixed solvent of hexane and DE at a proper ratio was found to be resistant to being washed 

away by ZnO NC solution in LEDs with a normal structure. TOPO was found to be able to further 

improve the performance of green LEDs. The work gives guidance to fabrication of all-inorganic 

perovskite LEDs.  



 

Chapter 5: Lead bromide perovskite 
nanocrystal-based blue LEDs 

In this chapter, halide perovskite NC solutions treated with copper chloride and LEDs based 

on the NC solutions are presented. Various parameters, such as types of metal chloride, treatment 

method, reaction time, the concentration of copper chloride, types of ligands, purification cycles 

and dispersion solvent for preparation of the LHP NCs were studied. The optimized NC solutions 

were used to fabricate LEDs. The results of device characterization indicate a significant impact 

of the solvent used in the NC dispersion on the efficiency and spectral stability of the LEDs. The 

champion device, based on NCs with optimized ligands, results in an EQE of 5.02% and a 

luminance of 130 cd m−2 at the maximum EQE. This work provides a novel and promising way 

for the fabrication of highly efficient LHP NC-based blue LEDs. 

5.1 Towards LHP NCs with blue emission 

5.1.1 Pristine NC solution 

The pristine NC solution (labeled as Cu0) was synthesized according to the procedure reported 

by Song et al [79]. TEM images of the obtained Cu0 NCs are shown in Figure 5.1a-b. The NCs 

show a wide size distribution, as particles ranging from 8 to 25 nm in size are present. Figure 5.1c 

presents the PL spectrum of the Cu0 NCs. The PL peak is at 512 nm, corresponding to a green 

emission. The FWHM of the PL is 23 nm, which may be due to the wide size distribution. Figure 

5.1d presents the UV-Vis absorption spectrum of the Cu0 NC solution. 
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Figure 5. 1. Characterization of Cu0 NC solution: (a) representative TEM image, and (b) UV-Vis absorption plot and PL spectra.  

5.1.2 Effect of metal chloride treatment 

We treated the Cu0 NC solution with different metal chlorides solutions during the ligand 

exchange process with DDAB. To be specific, ZnCl2, MgCl2, MnCl2, CuCl2 and NiCl2, with a 

fixed molar ratio of 30% vs. PbBr2, was dissolved together with DDAB in toluene by sonication 

for one hour. The obtained NC solutions were individually labeled as Zn30, Mg30, Mn30, Cu30, 

and Ni30. Figure 5.2 shows the absorption spectra and PL plots of the resulting NC solutions. 

 
Figure 5.2. Characterization of NC solutions treated with metal chlorides. Normalized (a) UV-Vis absorption and (b) PL spectra; (c) 
photos of the films based on the treated NC solutions under UV illumination. 

All treated NC solutions show blue-shifted absorption edges and PL peaks (Figure 5.2a, b). In 

particular, relative to the Cu0 NCs, Zn30, Mg30 and Mn30 NCs present a blue-shift of 12 nm, 

Ni30 of 10 nm and Cu30 NCs of 20 (Table 5.1). Figure 5.2c shows the photos of the treated 
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NCs-based films under UV illumination. Obviously, all films exhibit brighter and greener color 

than the Cu0 NC film, except the CuCl2-treated one. In addition, all NC solutions present PL plots 

with slightly narrower FWHM than that of the Cu0 NC solution (Table 5.1). 

Table 5. 1. Statistics of the PL peaks and FWHM of the NC solutions treated with different types of metal chlorides. 

NC solutions ID PL peak position (nm) PL peak FWHM (nm) 

Cu0 512.7 21.6 

ZnCl2 500.5 20.7 

MgCl2 500.6 20.6 

CuCl2 493.6 20.1 

MnCl2 500.7 20.5 

NiCl2 503.4 20.7 

 

Overall, the treatment with CuCl2 could lead to obvious blue-shift of the emission of the NC 

solution, while treatment with ZnCl2, MgCl2 or MnCl2 or NiCl2 have relatively less influence on 

the emission wavelength.  

A representative synthesis diagram for the Cu30 NC solution is shown in Figure 5.3a. Pristine 

green NCs were transformed to NCs with sky-blue emission under UV light, simply by introducing 

CuCl2 during the DDAB ligand exchange in the post-synthesis. The Cu30 NCs are characterized 

by particles of size in the range of 5-25 nm, with an average value of 10 nm (Figure 5.3c), similar 

to that of Cu0 NCs (Figure 5.3b). Photos of the NC solutions with and without UV illumination 

are displayed beside the TEM images in Figure 5.3b, c, with the Cu0 NC solution showing green 

emission and the Cu30 NC solution showing sky-blue emission. 
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Figure 5.3. Synthesis and characterization of Cu0 and Cu30 NCs. (a) Schematic diagram of the synthesis of Cu30 NC solution; and 
representative TEM images of (b) the Cu0 NC solution and (d) Cu30 NC solution, together with photos of the NC solutions under 
sunlight and UV light, beside each TEM image [108]. 

5.1.3 Treatment methods of CuCl2 

Since CuCl2 leads to emission of the NC solution most shifted to the blue range, three methods 

were developed to make the treatment with CuCl2. Firstly, CuCl2 was mixed with PbBr2 precursor 

during the synthesis stage. Secondly, CuCl2 was mixed with DDAB precursor during the ligand 

exchange stage. Thirdly, CuCl2 was mixed with EA during the purification stage. The optical 

performance of the obtained NC solutions were characterized and the results are shown in Figure 

5.4. 

 
Figure 5.4. Characterization of NC solutions obtained by different synthesis routes. Normalized (a) UV-Vis absorption spectra; and 
(b) PL spectra. 
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Table 5.2. Statistics of the PL peaks and FWHM of the NC solutions obtained by the three different CuCl2 treatments tested. 

 PL peak position (nm) PL peak FWHM (nm) 

Method1 493.5 20.4 

Method2 493.9 20.3 

Method3 495.6 20.7 

 

The absorption edges and PL spectra of the three NC solutions look similar (Figure 5.4a, b), 

in spite that the solutions obtained with the third method exhibits slightly longer emission 

wavelength (Table 5.2).  

However, the NC solutions obtained by the three methods show different stability in air. The 

first and third NC solutions started to become blurred and presented precipitation after storing for 

a few days in air. In contrast, the second NC solution remained clear and bright for more than half 

a year. Thus, we adopted the second method to treat the NC solutions in the subsequent 

experiments. 

5.1.4 Effect of reaction time 

The DDAB ligand exchange process together with CuCl2 was investigated, in order to 

determine the most suitable reaction time. The characterization results of the obtained NC 

solutions are shown in Figure 5.5. 

 
Figure 5.5. Characterization of NC solutions obtained after different reaction time. Normalized (a) UV-Vis absorption and (b) PL 
spectra. 
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Table 5.3. Statistics of the PL peaks and FWHM of the NC solutions obtained after reacting for different time during treatment 
with CuCl2 

Reaction time (min) PL peak position (nm) PL peak FWHM (nm) 

2 491.0 20.3 

3 494.0 20.4 

4 493.1 20.3 

 

The UV-vis absorption spectra and the PL intensities look similar (Figure 5.5a, b). When the 

reaction time is 2 min, a PL peak at 491 nm was obtained. With increasing reaction time, the PL 

peak wavelength increased. Thus, 2 min is determined as the optimal reaction time. 

5.1.5 Effect of CuCl2 concentration 

Given that CuCl2 could shift the emission wavelength from green to sky-blue, we investigated 

the role of the CuCl2 concentration on the extent of the blue-shift. Therefore, the pristine green NC 

solutions were treated with different amount of CuCl2 in the presence of DDAB. The 

characterization results of the obtained NC solutions are shown in Figure 5.6. 

 
Figure 5.6. Characterization of NC solutions obtained with different amount of CuCl2. Normalized (a) UV-Vis absorption and (b) PL 
spectra. 
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Table 5.4. Statistics of the PL peaks and FWHM of the NC solutions treated with different amount of CuCl2 

NC solution ID PL peak position (nm) PL peak FWHM (nm) 

Cu0 512.7 21.6 

Cu0.1 511.4 22.4 

Cu0.5 512.3 22.0 

Cu1 511.2 21.9 

Cu5 507.0 21.5 

Cu10 505.7 21.1 

Cu30 492.2 20.0 

Cu50 481.4 19.0 

Cu100 463.6 17.9 

 

Different amounts of CuCl2 were added in a series into the reaction system, labeled 

sequentially as Cu0, Cu0.1, Cu0.5, Cu1, Cu5, Cu10, Cu50 and Cu100, where the number indicates 

the molar percentage of Cu added to the Pb used in the synthesis, and the optical performance of 

the obtained NCs was characterized. When the amount of CuCl2 was lower than 1% of the mole 

amount of PbBr2, the absorption spectra and the PL peaks kept almost the same (Figure 5.6a, b). 

In contrast, when the amount of CuCl2 was more than 5% of that of PbBr2 used in the reaction 

system, the PL peaks displayed gradually enlarged blue-shift, moving from 513 nm for the Cu0 

NCs, up to 507 nm, 506 nm, 481 nm, and 464 nm for the Cu5, Cu10, Cu50, and Cu100 NCs, 

respectively (Table 5.4). The obtained results are consistent with the effect of anion exchange as 

reported in the literature, where it appears to have a non-linear relation to the concentration [75].  

Considering that the Cu30 NC solution remained stable in air for a long time while Cu50 and 

Cu70 precipitated after a week, further investigations were carried out on Cu30 NC solutions. 

5.1.6 Effect of ligands 

Treatment with high concentration of CuCl2 could lead to blue-shifted emission, but the 

emission intensities were reduced. The brightness of NCs could be enhanced by choosing the 

proper ligands to reduce the density of non-radiative defects on the NCs [37, 38, 56, 149]. Here, 

DDAB, DDAC, and a mixture of DDAB and dimethyl didodecylammonium chloride (DDAC) in 
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equal amounts were used, to perform post-synthesis ligand exchange on the NCs. The obtained 

NCs were labeled as Cu30DDAB, Cu30DDABDDAC and Cu30DDAC, respectively. 

 
Figure 5.7. Characterization of NC solutions obtained with different ligands. (a) UV-Vis absorption, (b) PL, and (c) normalized PL 
spectra; (d) statistics of the PL peaks and FWHM of the PL peaks of the Cu30DDAB, Cu30DDABDDAC and Cu30DDAC NC solutions. 

Table 5.5. Statistics of the PL peaks and FWHM of the NC solutions treated with different ligands 

Ligand PL peak position (nm) PL peak FWHM (nm) 

DDAB 491.5 20.2 

DDABDDAC 490.2 20.3 

DDAC 487.3 20.0 

 

The UV-Vis absorption edge and the emission wavelength shift stronger to the blue with 

increasing amount of DDAC (Figure 5.7 and Table 5.5). With the PL peak of the Cu30DDAB NC 

solution as a reference, the blue-shifts are 2 nm and 5 nm for the PL peaks of the 

Cu30DDABDDAC and Cu30DDAC NC solutions (Figure 5.7b and Table 5.5), respectively. The 

PLQY of the Cu30-DDAB and Cu30DDABDDAC is 58% and 67%, respectively.  

5.1.7 Effect of washing times 

The as-synthesized perovskite NCs usually have poor conductivity, due to the presence of 

many organic ligands [67]. Purification or ligand exchange of the as-synthesized NCs are usually 

performed, to improve the conductivity of the NCs [40, 70]. However, NCs are usually easy to be 

damaged with increasing washing or purification cycles [65]. Hereafter, we compared the optical 

performance of the treated and untreated NC solutions after once and twice purification by EA 

(Figure 5.8). The detailed experimental procedure was the same as what was described in Chapter 

2. 
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Figure 5.8. Comparison of Cu0 and Cu30 NC solutions after purifying for different times. Normalized (a) UV-Vis absorption and (b) 
PL spectra. 

Table 5.6. Statistics of the PL peaks and FWHM of the Cu0 and Cu30 NCs dissolved in octane after being washed once and twice 

Octane as solvent PL peak position (nm) PL peak FWHM (nm) 

Cu0-1wash 512.7 21.8 

Cu0-2wash 510.6 22.8 

Cu30-1wash 491.5 20.4 

Cu30-2wash 492.8 21.5 

 

The pristine NC solution showed a 2-nm blue-shift in absorption edge and PL peak after the 

second purification (Figure 5.8a, b). In contrast, after the second wash, the Cu30 NC solution 

showed merely a 1-nm red-shift in PL peak (Figure 5.8b and Table 5.6), which is within the error 

range. Particularly, the Cu30 NC solution presented a steeper absorption edge (Figure 5.8a) than 

that of the Cu0 NC solutions in both cases. The inset of Figure 5.7b displays the photos of the 

films based on twice-washed Cu0 and Cu30 NC solutions under UV light. The films look smooth 

and bright. Thus, the Cu30 NC solution presented high resistance to purification with EA and the 

twice-washed Cu30 NC solution showed not only well-retained PL performance but also good 

conductivity in LEDs, which will be shown in next section. 

5.1.8 Effect of ageing 

The stability of NCs in solution could impact on the stability of corresponding devices. To 

fabricate stable LEDs, highly stable NC solutions are therefore desired. To check for the stability, 

we recorded the optical performance of the fresh and aged Cu30 NC solutions over time, as shown 

in Figure 5.9. 
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Figure 5.9. Characterization of fresh and aged Cu30 NC solutions. (a) UV-Vis absorption, (b) PL, and (c) normalized PL spectra; (d) 
statistics of the PL peaks and FWHM of the PL peaks of the fresh and aged Cu30 NC solutions. 

Table 5.7. Statistics of the PL peaks and FWHM of the fresh and aged Cu30 NC solutions 

 PL peak (nm) FWHM (nm) 

Day1 491.0 20.3 

Day5 492.2 20.0 

Day10 491.7 20.0 

 

The absorption edges of the fresh and aged Cu30 NC solutions remained similar (Figure 5.9a). 

The PL peaks remained almost unchanged after ageing (Figure 5.9c). In particular, the PL 

intensities did not decrease after ageing for more than ten days (Figure 5.9b). These results indicate 

that the Cu30 NC solution has high stability in air. 

5.1.9 Effect of solvent 

The solvent used for dispersing the NCs has been reported to have a significant effect on the 

film formability [214]. We therefore compared the effect of using hexane and octane as dispersing 

solvent for the Cu30 NC solution. There is some difference in the absorption profile (Figure 5.10a), 

while the PL spectra are almost the same (Figure 5.10b). 
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Figure 5.10. Characterization of Cu30 NC solutions dissolved in different solvents. Normalized (a) UV-Vis absorption, and (b) PL 
spectra. 

Table 5.8. Statistics of the PL peaks and FWHM of the Cu30-hexane and Cu30-octane NC solutions. 

Sample ID PL peak position (nm) PL peak FWHM (nm) 

Cu30-2wash-hexane 493.2 21.3 

Cu30-2wash-octane 492.8 21.5 

 

The films based on the Cu30-octane and Cu30-hexane NC solutions were imaged by AFM, 

with a scan size of 5 m. In Figure 5.11, representative images are shown. Sa in the Figure 5.11 is 

defined as the amplitude parameter of average deviation from the mean of the height distribution. 

 
Figure 5. 11. Surface topography of the NC films. AFM images of (a) Cu30-hexane, and (b) Cu30-octane NCs-based films. 

In the specific case shown, the film from the Cu30-octane solution (Figure 5.11b) appears 

slightly smoother than that obtained from the Cu30-hexane solution (Figure 5.11a). Actually, the 

film roughness should correlate positively with the higher evaporation rate of the respective 

solvent during spin-coating [136, 214]. According to Sun and coworkers, the higher evaporation 
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rate of hexane could lead to striation defects on the film [214], and generally result in perturbation 

of the NCs self-assembly into a smooth film.. In addition to the evaporation rate, the different 

viscosity of the solvents, also associated with the evaporation time, may also play a role in 

influencing the drying process and uniformity of the films [215]. Independent on the equivalent 

roughness observed in Figure 5.11, octane seemed to be overall a better solvent for the Cu30 NC 

solution, in terms of film quality as compactness and general long-range uniformity.  

5.1.10 Discussion on the role of CuCl2 

According to the above studies, the transformation observed from Cu0 to Cu30 may be anion 

exchange between bromide and chloride, which has been reported to be thermodynamically 

favorable [216], after introduction of metal chlorides during the ligand exchange process. Indeed, 

all NC solutions treated with metal chlorides presented blue-shift relative to the Cu0 NC solution 

(Figure 5.12a, b). Moreover, treatment of Cu0 NC solution with CuBr2 or ZnBr2 [47] showed 

almost no shift in PL peak position, as shown in Figure 5.12c, d. This is most likely due to the 

absence of anion exchange between the NCs and the added salts, which is reported to be necessary 

for metal doping inside HP NCs [217, 218]. 

 

Figure 5.12. (a) PL spectra and (b) PL peak position of NC solutions treated with different types of metal chlorides; and (c) PL 
spectra and (d) PL peak position of NC solutions treated with CuBr2 or ZnBr2 in the presence or absence of CuCl2. 
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Secondly, the experiments performed by us suggest that the presence of copper ions may 

facilitate the anion exchange [219], when CuCl2 concentration in the reaction system is beyond a 

certain threshold. Indeed, the Cu30 NC solution presents a blue-shift in PL peak position which is 

10 nm larger than those of the rest treated NC solutions (Figure 5.12a, b). Co-doping experiments 

with ZnCl2, MgCl2, or MnCl2 added together with CuCl2 to the Cu0 NCs solution, also support a 

role of Cu in the transformation. As shown in Figure 5.13 and Table 5.9, the PL peak of the Cu50 

NCs is at 481 nm, which is lower wavelength than that of the PL peak of the Cu30Zn30 sample. 

The Cu30Zn30 was obtained by adding CuCl2 and ZnCl2 at a ratio of 30% of PbBr2, respectively, 

to the Cu0 sample. This means that there is more chloride in the reaction system for the Cu30Zn30 

NCs than that for the Cu50 NCs.  

 

Figure 5.13. Characterization of NC solutions treated with a mixture of CuCl2 and other metal chlorides. Normalized (a) UV-Vis 
absorption and (b) PL spectra. 

Table 5.9. Statistics of the PL peaks and FWHM of NC solutions treated with a mixture of CuCl2 and other metal chlorides 

Sample ID PL peak position (nm) PL peak FWHM (nm) 

Cu30 492.2 20.0 

Zn30Cu30 489.0 20.0 

Mg30Cu30 484.8 19.9 

Mn30Cu30 483.4 19.6 

Cu50 481.4 19.0 

 

Thirdly, we tried to understand if copper ions may be doped inside the NCs, which is reported 

to be able to cause lattice contraction and further enlarged bandgap [220]. In order to figure out 
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whether the effect of PL shift could be ascribed also to copper ions doped into the NCs, on one 

hand, we treated the as-synthesized NCs with either CuBr2 or ZnBr2, or with a mixture of CuBr2 

and CuCl2 or ZnBr2 and CuCl2. The PL peak of the obtained Cu30-CuBr2 NC solution is more 

blue-shifted than that of the Cu30-ZnBr2 NC solution (Figure 5.12c, d). Considering that the same 

amount of bromide should be present in both reaction systems, this observation suggests that 

copper ions may be playing an active role, e.g., by doping the NCs.  

On the other hand, CuCl2 was used to treat not only CsxFA1-xPbBr3 NCs, but also similarly-

synthesized CsxFA1-xPbCl1.5Br1.5 NCs and CsxFA1-xPbCl3 NCs during post-synthesis, with the 

Cu/Pb molar ratios set at 0.3:1. The addition of CuCl2 leads to a blue-shift of the absorption spectra 

and PL peak in all the three systems (Figure 5.14). In particular, we observed a blue-shift of 6 

nm in the PL of CsxFA1-xPbCl3 NCs after treatment with CuCl2 and DDAB (Figure 5.14a and 

Table 5.10). The Br- in DDAB could have induced anion exchange, but this is expected to cause a 

red-shift of the PL peak. The observed blue-shift could be due to doping of Cu ions into the NCs, 

which may have happened owing to the anion exchange [217]. Chen et al. observed a 2-nm PL 

blue-shift of CsPbCl3 NCs during treatment with CuCl2, and attributed it to the change of dielectric 

constant due to existence of copper ions in solution and on NC surface [219]. In our case, 

considering that the blue-shift is much larger, even in the presence of Br- from DDAB, we attribute 

it to doping of copper ions into the NCs rather than merely absorbing on NC surface.  

 

Figure 5.14. Comparison of (a) UV-Vis absorption and (b) normalized PL spectra of CsxFA1-xPbBr3, CsxFA1-xPb(BrCl)3 and CsxFA1-

xPbCl3 NC solutions treated with and without CuCl2. 
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Table 5.10. Statistics of the PL peaks and FWHM of NC solutions treated with CuCl2 in different NC systems. 

Sample ID PL peak position (nm) PL peak FWHM (nm) 

CsPbBr1.5Cl1.5-Cu0 464.4 17.6 

CsPbBr1.5Cl1.5-Cu30 452.5 17.3 

CsPbCl3-Cu0 435.5 21.4 

CsPbCl3-Cu30 429.7 / 

 

In addition, with element analysis by ICP-OES, we estimated a Cu/Pb molar ratio of approx. 

3% in the NCs. This value has also been confirmed via XPS investigation, suggesting that Cu is 

homogeneously distributed in the NCs volume. Also, XPS analysis of the Cu 2p peaks (Figure 

5.15) suggests that Cu is likely to be present as Cu(I) in the system, differently from what was 

reported by Rogach and coworkers [220], and it might occupy crystallographic sites different from 

those of Pb(II). We speculate that CuCl2 may have made a difference in the crystal structure of the 

NCs. This may help improve the stability of the Cu-treated NCs compared with the pristine ones 

in air, in addition to the effect of ligand exchange with DDAB, which was reported to be able to 

lead to improved colloidal, structural, and morphological stability of perovskite NCs [34]. Further 

investigations are needed to elucidate this point. 

 

Figure 5.15. Cu 2p XPS peaks measured on the Cu30 sample. The main peak is centered at (932.6±0.3) eV. Together with the 
absence of the typical Cu(II) satellites in the 940 - 950 eV range [221], the data support the presence of Cu(I) in the system. 
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In summary, the blue-shift of the PL peak of the Cu30 NCs in comparison with the Cu0 NCs 

may be attributed to a combination of anion exchange enhanced by copper ions and doping of Cu 

ions into the NCs. 

Combining the results of our analysis of the effect of CuCl2 on the Cu0 NCs and our 

observations during the experiments, in Figure 5.16 we propose a possible reaction mechanism for 

the synthesis of the Cu30 NC solution. 

 

Figure 5.16. A proposed scheme of the reaction mechanism after the addition of CuCl2 and DDAB into Cu0 NC solution. 

Here, the observations represent that the turbid yellow-green CsxFA1-xPbBr3 NC solution turns 

transparent instantaneously and completely once DDAB:Toluene solution is poured into the crude 

NC solution to do ligand exchange, suggesting re-dissolution of the NCs. After a short time, the 

transparent solution gradually becomes turbid again, indicating formation of the final Cu0 NCs. 

This also applies to the Cu30 NCs. After addition of CuCl2:DDAB:Toluene solution, the initial 

NCs may disintegrate and re-dissolve into the solvent. With increasing reaction time, lead bromide 

and/or chloride octahedral re-connect to each other and re-crystalize, together with some lead sites 

and OA ligands replaced by copper and DDAB, respectively, obtaining the final Cu30 NCs.  

5.2 Towards blue LEDs 

The structure that we adopted for all LED devices in this section is: 

ITO/PEDOT:PSS/PTAA/LHP NCs/TOPO/TPBi/LiF/Al (Figure 5.17a), which resembles the one 

previously reported by Song et al. [47]. Please refer to the Chapter2 for the detailed device 

fabrication procedure. 

5.2.1 Effect of dispersing solvent for NCs on LED performance 

Given that the solvent could influence the NC solutions and the subsequent quality of LEDs 

[214], we compared the performances of LEDs based on the Cu30-hexane NC solution and on the 

Cu30-octane NC solution.  



Chapter 5: Lead bromide perovskite nanocrystal-based blue LEDs 
130 

 

 

Figure 5.17. Performance of LEDs based on Cu30 NCs in different solvents. (a) Representative diagram of the LED structure; (b) 
comparison of the current density of Cu30-hexane and Cu30-octane LEDs as a function of applied bias; EQEs and luminance of (c) 
Cu30-hexane and (e) Cu30-octane LEDs as a function of current density; and normalized EL spectra of (d) Cu30-hexane and (f) 
Cu30-octane LEDs under increasing bias [108]. 

EQEs and luminance of LEDs with Cu30-hexane and Cu30-octane NCs as emissive layers 

are displayed as a function of current densities in Figure 5.17c, e, respectively. In both cases, the 

LEDs show a low turn-on voltage of 2.8 V at a luminance of 1 cd/m2 (Figure 5.17b, c, e). For the 

LEDs based on the Cu30-octane NCs, the maximum EQE and CE reach 3.85% and 6.07 cd/A 

(Figure 5.17e and Table 5.11), respectively, which are higher than those of LHP NC-based sky-

blue LEDs reported so far (Table 5.12) [102, 122, 124-134, 143, 144, 148, 149, 222]. The 
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maximum luminance is 672 cd/m2 and the luminance corresponding to the maximum EQE is 20 

cd/m2 (Table 5.11) [77, 136, 145, 146]. 

In contrast, the maximum EQE and CE of the LEDs based on the Cu30-hexane NCs only 

reach 1.51% and 2.45 cd/A (Figure 5.17c), respectively. The maximum luminance is 714 cd/m2, 

while the luminance at the maximum EQE of the device is merely 3 cd/m2. Besides, in the Cu30-

hexane LED case there is a severe luminance roll-off, whereas this effect is less pronounced in the 

Cu30-octane LED one. Given that the current density of the Cu30-hexane LED is higher than that 

of the Cu30-octane LED throughout all the operation (Figure 5.17b), the roll-off could be 

attributed to degradation and displacement of the Cu30-hexane NCs, in agreement with our study 

on the mechanism of efficiency and luminance roll-off in NC-based LED by conductive AFM [40]. 

Table 5.11. Device performance of the LEDs based on Cu30 NCs in hexane or octane (Max: maximum; Lum: luminance). 

Materi
al 

Turn-
on 

voltage 
(V) 

Max 
Lum 

(cd/m
2
) 

Max 
EQE (%) 

CE 
(cd/A) 

Max PE 
(lm/W) 

Lum@
MaxEQ

E 

(cd/m
2
) 

J@Max
EQE 

(mA/c

m
2
) 

EL peak 
(nm) 

FWHM 
(nm) 

Ave. 
MaxEQ
Es (%) 

Ave. 
MaxLu

m 

(cd/m
2
) 

30-
hexane 

2.8 714 1.51 2.45 2.75 3 0.13 493 19 1.5 389.1 

30Cu-
octane 

2.8 672 3.85 6.07 5.96 20 0.33 493 19 3.7 756.5 

30Cu-
Day10 

2.8 692 4.02 6.54 6.85 8 0.12 494 18 3.7 670.3 

 

Additionally, we could see a stark contrast between the EL spectra of the two devices made 

by using different solvents (Figure 5.17d, f). For the Cu30-octane LED, there is no shift in the EL 

peak with increasing bias, although the FWHM increases 1-2 nm at high voltage. Instead, for the 

Cu30-hexane LED, there is a severe red-shift of the EL peak during operation, together with an 

increased FWHM. Here, the different EL behaviors may be related to the quality of films, as 

previously discussed, and may further affect the current density and the current leakage of the 

devices under bias [136, 214]. Poor film quality for the Cu30-hexane case as demonstrated in 

Figure 5.11a is probable to cause current leakage and is unfavorable for devices. In addition, the 

higher current density of the Cu30-hexane LED may boost halide ion migration or degradation of 

the LHP NC layer, resulting in a red-shift of the EL spectra [223]. The significant differences in 

performance of the Cu30-octane and Cu30-hexane LEDs indicate that the solvent of NCs used for 

device fabrication matters, even if there is not much difference between the pure NC solutions. 
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Table 5.12. Statistics of performance of LHP sky-blue LEDs from literatures and the current work (TF: thin film). 

Type Material 
Turn-on 
voltage 

(V)@cd/m2 

Max 
Lum 

(cd/m2) 

Max 
EQE (%) 

CE 
(cd/A) 

Max 
PE 

(lm/W) 

Lum@MaxEQE 
(cd/m2) 

J@MaxEQE 
(mA/cm2) 

EL 
peak 
(nm) 

FWHM 
(nm) 

Ref. 

3D TF 
  
  

MAPbBr
1.08

Cl
1.92

 ~3.3 ~1.75 ~0.0003 ~0.00035 / ~1.65 ~650 482 ~20 [126] 

Rb
x
Cs

1-x
PbBr

3-y
Cl

y
 ~3.3 244 0.17 0.32 / ~7 ~2 492 ~20 [127] 

PEA
0.2

Cs
0.4

MA
0.6

Pb
0.85

Mn
0.15

(BrCl)
3
  ~4.5 11800 0.58 / / ~70 ~90 ~495 / [128] 

2D TF 
  
  
  

(EA)
2
(MA)

n−1
Pb

n
Br

3n+1
 2.7 70 2.6 / ~3.8 ~0.02 0.5 

473, 
485 

~50 [129] 

IPA/PEA
2
MA/Cs

n-1
PbnBr

3n-

1
(80nm) 

~7.1 ~400 1.5 2.8 0.92 ~280 8 490 28 

[122] 
IPA/PEA

2
MA/Cs

n-1
PbnBr

3n-

1
(40nm) 

~5.4 2480 ~1 ~1.9 ~0.8 ~500 30 490 28 

BA
2
Cs

n-1
Pb

n
(BrCl)

3n+1
 4.5 ~3000 6.2 ~7 ~2.5 3340 ~45 487 / [130] 

Quasi-
2D TF 

  
  
  
  
  
  

(4-PBA)
2
PbBr

4
:CsPbBr

3
 2.9 186 0.015 / / 186 600 491 / [131] 

KBr:PA
2
(CsPbBr

3
)

n-1
PbBr

4
 3.31 4359 1.45 2.25 / 4359 40 492 26 

[102] 
KBr:PA

2
(CsPbBr

3
)

n-1
PbBr

4
 / 5737 1.07 / / 5737 / 492 26 

100%PEABr/CsPbCl
0.9

Br
2.1

 3.2 3780 5.7 6.1 / 700 10 480 21 [132] 

RbBr:PEA
2
(Rb

0.4
Cs

0.6
)

2
Pb

3
Br

10
  ~3.5 854 1.48 / / ~200 ~4 490 ~30 [124] 

PBABr
1.1

(Cs
0.7

FA
0.3

PbBr
3
) 3.3 800 9.5 12 / 54 ~0.3 483 26 [133] 

2%YCl
3
:PEACl:CsPbBr

3
 ~3.3 9040 11 / / ~600 ~5 485 / [134] 

PEABr:
 
(Cs

x
GA

1-x
PbBr

y
Cl

1-y
) ~3.8 1003 8.2 13.1 10.5 2 ~0.02 492 18 [125] 

NP 
  

MAPbBr
3
 ~3.5 <10 0.23 / / 8.5 4.7 492 24 [222] 

Cs[PbBr
6
]

4-

 ~4 48 0.55 1.1 0.19 / <1 487 21 [143] 

NC 
  
  
  
  

MAPbBr
x
Cl

3-x
 >7.8 2252 1.01 / / / / 495 <30 [144] 

CsPbBr
x
Cl

3-x
 ~4.2 830 1.41 / / 10.5 / 488 <25 [148] 

Rb
x
Cs

1-x
PbBr

3
 ~4.2 186 0.87 / / 93 ~7 490 22 [149] 

CsPbBr
2.71

Cl
0.19

 ~3 2063 3.5 / / ~7 ~0.06 490 ~20 [75] 

Cu30-octane ~2.8 672 3.85 6.1 6 20 0.3 493 ~19 
Our 

work 

Cu30DDABDDAC ~2.6 1946 5.02 7.3 7.2 130 1.8 491 ~20 
Our 

work 

 

Similar phenomena were also observed in LEDs based on Cu0 NCs dispersed in hexane or 

octane. EQEs and luminance of LEDs with Cu0-hexane and Cu0-octane NCs as emissive layers 

are displayed as a function of current densities in Figure 5.18a, c, respectively. For the LEDs based 

on the Cu0-octane NCs, the maximum EQE and CE reach 10% and 30 cd/A (Figure 5.18c), 
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respectively. The maximum luminance is 6319 cd/m2 and the luminance corresponding to the 

maximum EQE is 26 cd/m2. In contrast, the maximum EQE and CE of the LEDs based on the 

Cu0-hexane NCs only reach 2.5% and 7.5 cd/A, respectively. The maximum luminance is 620 

cd/m2. This relatively low maximum luminance may be attributed to the relatively low current 

density of the device (Figure 5.18e). Moreover, there is a little red-shift of the EL spectra for the 

Cu0-hexane LED during operation (Figure 5.18b), while there is almost no shift in the EL peak 

under increasing bias for the Cu0-octane LED (Figure 5.18d). 

 
Figure 5.18. Performance of LEDs based on Cu0 NCs in different solvents. EQEs and luminance of (a) Cu0-hexane and (c) Cu0-
octane LEDs as a function of current density; normalized EL spectra of (b) Cu0-hexane and (d) Cu30-octane LEDs under increasing 
bias; (e) a comparison of the current density of Cu30-hexane and Cu30-octane LEDs as a function of applied bias; and photos of 
the running (f) Cu0 and (g) Cu30 NCs-based LEDs. 
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Furthermore, we checked the operation lifetime of the Cu30-octane LED under a constant 

current density of 100 mA/cm2, which corresponds to a bias  5 V and a high luminance. The fitted 

L50 is  14 s as shown in Figure 5.19. 

 
Figure 5.19. Exponential fitting curves of L50 of Cu30-octane LED operated at a constant current density of 100 mA/cm2. 

5.2.2 Effect of ageing of NCs on LED performance 

Given that the optical performance of the Cu30 NCs remains stable even after storage in air 

for some days (Figure 5.9), we checked whether the aged NCs could also be used for LED 

fabrication. The 10-days-aged Cu30-octane NC solution was then used to fabricate LEDs. The 

maximum EQE and luminance are even higher than those of the LEDs based on fresh Cu30-octane 

NC solutions (Figure 5.20 and Table 5.11). The average EQE, 3.7%, is the same as that of the fresh 

Cu30-octane NCs-based LED. The EL peak is also stable without visible peak shift as the applied 

voltage increases, and the FWHM of the EL spectra remains stable during operation.  

 
Figure 5.20. Stability of Cu30-octane NCs. (a) EQE and luminance as a function of current density; and (d) normalized EL spectra 
of the Cu30-octane-Day10 LED under increasing bias. 
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The similar device performance of the LEDs based on fresh and aged Cu30-octane NC 

solutions indicate high stability of the Cu30-octane NC solution in air and high reliability of the 

NC solutions to be applied in fabrication of devices. 

5.2.3 Effect of CuCl2 concentration on LED performance 

 
Figure 5.21. Performance of Cu50-octane and Cu70-octane LEDs. (a) EQE and luminance as a function of current density; and (b) 
normalized EL spectra under increasing bias of the Cu50-octane LED; (c) EQE and luminance as a function of current density; and 
(d) normalized EL spectra under increasing bias of the Cu70-octane LED; (e) comparison of current densities of the Cu30-octane 
LED, Cu50-octane LED and Cu70-octane LED as a function of applied voltage; and photos of the running (f) Cu50-octane and (g) 
Cu70-octane LEDs. 

The excellent LED performance based on Cu30-octane NCs motivated us to apply the Cu50-

octane and Cu70-octane NC solutions into blue LED fabrication. The Cu50-octane and Cu70-



Chapter 5: Lead bromide perovskite nanocrystal-based blue LEDs 
136 

octane LEDs achieve the maximum EQEs of 3.27% and 2.03%, respectively, at 481 nm and 475 

nm with relatively high luminance (Figure 5.21a, c and Table 5.13). However, both EL spectra 

suffer from serious red-shift at bias higher than 3.8 V (Figure 5.21b, d). This may be caused by 

either phase segregation, due to the coexistence of Br- and Cl-, or to the high current densities 

observed in both cases with increasing operation voltage (Figure 5.21e) [132]. Figure 5.21f, g 

display the photos of the running LEDs with high brightness. 

Table 5.13. Device performance of the 50Cu-octane and 70Cu-octane LEDs. 

Materi
al 

Turn-
on 

voltage 
(V) 

Max 
Lum 

(cd/m
2
) 

Max 
EQE 
(%) 

CE 
(cd/A) 

Max PE 
(lm/W) 

Lum@
MaxEQ

E 

(cd/m
2
) 

J@Max
EQE 

(mA/c

m
2
) 

EL peak 
(nm) 

FWHM 
(nm) 

Ave. 
MaxEQ
Es (%) 

Ave. 
MaxLu

m 

(cd/m
2
) 

50Cu-
octane 

2.6 398 3.27 3.4 3.82 9 0.27 481 18 3.1 418.8 

70Cu-
octane 

2.8 266 2.03 1.71 1.92 4 0.21 475 18 2 269.9 

 

5.2.4 Effect of ligands for NCs on LED performance 

LED efficiency depends on luminance and current density [182]. Introduction of a mixture of 

DDAB and DDAC during ligand exchange process has been demonstrated to be favorable for 

achieving NC solution with higher PL QY. Thus, the Cu30DDABDDAC NC solution was selected 

as the emissive layer to fabricate LEDs. 
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Figure 5.22. Performance of Cu30DDABDDAC LED and comparison with current literature. (a) EQEs and luminance of a 
Cu30DDABDDAC LED as a function of current density; (b) normalized EL spectra of the Cu30DDABDDAC LED under increasing bias, 
together with a photo of the running device in the inset; (c) CIE coordinates of the Cu30DDABDDAC LED; (d) comparison of 
maximum EQEs and luminance at the maximum EQEs of LHP NC-based sky-blue LEDs of our work with others available from the 
literature [108]. 

The maximum EQE and CE reach 5.02% and 7.31 cd/A (Figure 5.22), respectively, which 

were the highest values among the LHP NC-based sky-blue LEDs at that time (Figure 5.22a and 

Table 5.14). The maximum luminance is 1946 cd/m2, which is a bit lower than what was reported 

by Deng et al.[143] with MAPb(Br/Cl)3 NC-based LED and by Shynkarenko et al.[149] with 

CsPbBr2.71Cl0.19 NC-based LED. The EL peak at 490 nm wavelength falls within the sky-blue area, 

with CIE coordinates of (0.063, 0.341) (Figure 4c); see a photo of the running device in the inset 

of Figure 5.22b. Despite a small red-shift of the EL peak from 490 nm to 493 nm with the bias 

rising to 8 V (Figure 4b), the Cu30DDABDDAC LED still reflects good spectral stability, when 

considering the high associated current density (Figure 5.22a). The L50 of the device at a constant 

current density of 100 mA/cm2 was  17 s. A comparison between our device and others found in 

the literature for the maximum EQEs and corresponding luminance of the Cs-containing LHP NC-

based LEDs, which emit at 490±5 nm wavelength, is presented in Figure 5.22d. Clearly, the Cu30 
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LED and Cu30DDABDDAC LED exhibit remarkably high scores, and the latter also achieves the 

highest luminance of 130 cd/m2 at the maximum EQE. 

Table 5.14. Device performance of LHP NC-based blue LEDs from literature and the current work. 

Reference 

Turn-on 

voltage 

[V] 

Max Lum 

[cd m
-2

] 

Max EQE 

[%] 

Lum@MaxEQE 

[cd m
-2

] 

EL peak 

[nm] 

FWHM 

[nm] 

[77] 5.1 742 0.07 / 455 20 

[145] ̴4.2 245 2.12 ~0.2 466 18 

[136] ̴3.7 350 0.07 / 470 20 

[224] ̴2.8 ̴500 12.3 <20 <480 20 

[146] ̴5 30 0.86 ̴0.06 479 19 

[144] ̴4.2 830 1.41 10.5 488 <25 

[148] ̴4.2 186 0.87 93 490 22 

[149] ̴3 2063 3.5 ̴7 490 ̴20 

[143] >7.8 2252 1.01 / 495 <30 

This work ̴2.6 1946 5.02 130 491 ̴20 

 

5.2.5 Effect of CuBr2 on LED performance 

As an alternative way of ligand engineering, different kinds of metal bromide have been used 

to enhance the PLQY of LHP NCs. We firstly treated the Cu0 NCs with CuBr2 together with CuCl2 

and without CuCl2. As shown in Figure 5.12c-d, co-treatment of the Cu0 NCs with CuBr2 and 

CuCl2 could lead to an emission with shorter wavelength than that of the Cu30 NC solution. Then, 

we changed the ligand from DDAB to DDAC or a mixture of DDAB and DDAC. The obtained 

NC solutions, labeled as CuClCuBr-DDAB, CuClCuBr-DDABDDAC and CuClCuBr-DDAC, 

were then used to fabricate LEDs. 
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Figure 5.23. Performance of CuClCuBr-DDAB, CuClCuBr-DDABDDAC and CuClCuBr-DDAC LEDs. (a) EQE and luminance as a function 
of current density; (d) normalized EL spectra under increasing bias of the CuClCuBr-DDAB LED; (b) EQE and luminance as a function 
of current density; (e) normalized EL spectra under increasing bias of the CuClCuBr-DDABDDAC LED; (c) EQE and luminance as a 
function of current density; (f) normalized EL spectra under increasing bias of the CuClCuBr-DDAC LED; (g) comparison of current 
densities of the CuClCuBr-DDAB, CuClCuBr-DDABDDAC and CuClCuBr-DDAC LEDs as a function of applied voltage; and photos of 
the running (h) CuClCuBr-DDAB, (i) CuClCuBr-DDABDDAC, and (g) CuClCuBr-DDAC LEDs. 

 For the CuClCuBr-DDAB NCs-based LED, green EL emission peaked at 498 nm was 

obtained and remained stable with increasing bias (Figure 5.23d). The maximum EQE and 

luminance of the LED were 5.9% and 2704 cd/m2 (Figure 5.23a). For the CuClCuBr-

DDABDDAC NCs-based LED, sky-blue EL emission was obtained, with the maximum EQE and 

luminance of 3.1% and 1436 cd/m2 (Figure 5.23b). However, the EL spectra red-shifted from 485 

nm to 493 nm with the bias increasing from 2.4 V to 7 V (Figure 5.23e).  

For the CuClCuBr-DDAC NCs-based LED, blue EL emission was obtained (Figure 5.23f), 

with the maximum EQE and luminance of 1.7% and 413 cd/m2 (Figure 5.23c). However, the EL 

spectra suffered from serious red-shift from 475 nm to 496 nm, when the bias increased from 2.4 

V to 7 V. The red-shift presents similar phenomena as we observed in Figure 5.21b, d; that is, the 
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more chloride content in the NCs, the more serious the red-shift of the EL spectra under increasing 

voltages. This may be attributed to ion migration due to co-existence of chloride and bromide ions. 

This also suggests that there is an optimal ratio between chloride and bromide in order to obtain 

NCs which are stable under bias. 

Figures 5.23h-g display the photos of the three running devices. Although the current density 

of the CuClCuBr-DDAB during the operation, which is usually proportional to device brightness, 

is lower than the other two (Figure 5.23g), the brightness of the CuClCuBr-DDABDDAC LED 

and the CuClCuBr-DDAC LED were lower. This may be due to misalignment of the band energies 

between the emissive layer and the transporting layers, considering that the same LED structure 

was adopted for all the devices.  

5.3 Summary 

In summary, we prepared LHP NCs with sky-blue emission at RT by addition CuCl2 during 

ligand exchange process in the post-synthesis. The NCs showed high stability in air and excellent 

performance in optoelectronic devices. Solvent proved to have a significant effect on device 

performance and EL spectra stability. LEDs based on Cu30-octane NCs exhibited much higher 

device efficiency than Cu30-hexane NCs-based LED, and presented highly stable EL spectra 

during operation. Optimization of the ligand of the Cu30-octane NCs by a mixture of DDAB and 

DDAC allowed it possible to fabricate LEDs with the highest EQE, 5.02%, and luminance at the 

maximum EQE, 130 cd/m2, among the reported sky-blue LHP NC LEDs at the time.  

Through a series control experiments together with experimental observations, a probable 

post-synthesis mechanism during the treatment with CuCl2 was proposed. The work introduced 

for the first time Cu-treated LHP NCs into the preparation of high-efficient sky-blue NC LEDs, 

and provided a promising way towards the fabrication of highly performing blue LEDs. 



 

Chapter 6: Conclusions and prospects 
6.1 Conclusions 

In this thesis (as shown in Chapter 3), we worked at addressing four issues of LHP NCs for 

the fabrication of optoelectronic devices, owing to existence of long-chain and insulating organic 

ligands. Firstly, various chemicals were tried to treat the LHP NCs in film or in solution. Using a 

combination of BBr, SCN solution and EA to treat the LHP NCs in solution, the conductivity of 

the LHP NCs in films was improved. The optical properties of films based on the treated NC 

solution were also improved, as testified by the increased PL QY. Moreover, various solvents were 

tried to disperse the treated NCs and the morphology of the films based on these NC solutions was 

characterized. We found that a compact and smooth LHP NC film could be obtained by spin-

coating treated LHP NCs dispersed in hexane. In the meanwhile, we showed that films based on 

the treated NCs exhibited high long-term stability both in optical performance and film 

morphology. To be specific, the treated NC films present rather stable optical performance 

including stable PL emission and PL decay lifetime, and stable NC size between the fresh and the 

aged films. In contrast, the untreated films used as a control show fast growth in NCs size and 

degradation of the optical performances during aging. The good stability of the SCNBBr films is 

attributed to the synergetic effect of SCN and BBr in enhancing the structural stability of NCs 

during the treatment in solution as well as during the aging of the films. The formation of mixtures 

of CsPbBr3, Cs4PbBr6 and CsPb2Br5 phases was suggested to play a role in stabilizing the SCNBBr 

films.  

Apart from works based on the above treatment, PEA was also tried to improve the optical 

performance of the NC solution and the corresponding films. A combination of PEA and the SCN 

solution was proved to be beneficial for higher brightness or PLQY and longer carrier lifetime. 

The works based on NC films expanded the capabilities for applying pristine LHP NCs in 

optoelectronic devices. 

In Chapter 4, we reported our results on green LEDs based on CsPbBr3 NC solutions treated 

in different ways. Highly stable and efficient green LEDs, with L50 of 27 min at 5 V, were obtained, 

based on CsPbBr3 NC solutions treated with proper amount of SCN solution. Possible reasons for 
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the champion device was investigated by C-AFM in terms of morphology and current distribution 

of NC film under applied voltages. The results show that performance of NC-based LEDs strongly 

depends on the distribution of NCs in the emissive layer, and that the efficiency roll-off in the NC-

based LEDs at high current density can be attributed to displacement and deterioration of NC film 

with increasing applied voltages. The work proposes a facile route to treat sensitive perovskite 

NCs and to fabricate perovskite NC-based LED with high stability. Moreover, a new evidence was 

supplied for the efficiency roll-off in NC LED. 

The effect of potassium on CsPbBr3 NC solutions and LEDs was also studied. It was found 

that treating CsPbBr3 NC solutions with potassium salts during post-synthesis is unfavorable, 

although it is usually beneficial when used directly during synthesis of halide perovskite according 

to literature.  

In addition, LEDs realized using an inorganic ETL, ZnO NCs, were explored. The effect of 

the dispersion solvent for ZnO NCs on the roughness of the ZnO NCs films and the LED 

performance was studied. A mixed solvent of hexane and DE at a proper ratio was found to be 

resistant to being washed away by ZnO NC solution in LEDs with a normal structure. TOPO was 

found to be able to further improve the performance of green LEDs. The work gives guidance to 

fabrication of all-inorganic perovskite LEDs.  

In Chapter 5, LHP NCs with sky-blue emission were synthesized at RT by addition of CuCl2 

during the post-synthesis ligand exchange process. Through optimization of various synthesis 

parameter, CuCl2-treated NCs with high stability in air and excellent performance in optoelectronic 

devices were achieved. When the NC solutions were applied into LEDs, a few interesting results 

were obtained. Solvent proved to have a significant effect on device performance and EL spectra 

stability. LEDs based on Cu30-octane NCs exhibited much higher device efficiency than Cu30-

hexane NCs-based LED, and presented highly stable EL spectra during operation. Optimization of 

the ligand of the Cu30-octane NCs by a mixture of DDAB and DDAC allowed it possible to 

fabricate LEDs with the highest EQE, 5.02%, and luminance at the maximum EQE, 130 cd/m2, 

among the reported sky-blue LHP NC LEDs at the time. Moreover, based on a series of control 

experiments in combination with experimental observations, a probable post-synthesis mechanism 

during the treatment with CuCl2 was proposed. The work introduced for the first time Cu-treated 

LHP NCs into the preparation of high-efficient sky-blue NC LEDs, and provided a promising way 

towards the fabrication of highly performing blue LEDs. 
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6.2 Prospects 

There is still large room to optimize LHP NCs-based LEDs before these could be actually 

commercialized. In terms of the synthesis of LHP NCs, it is highly desired to get NCs which could 

be directly used to fabricate LEDs, thus avoiding post-synthesis treatments of the LHP NC 

solutions. According to current reports on one-pot synthesis of LHP NCs with proper conductivity, 

new ligands are required to be designed and produced in large amount. At the same time, the effect 

of doping to tune the emission wavelength and stability of the LHP NCs deserves further 

investigations.  

In terms of LED efficiency, the device structure needs to be further optimized by selecting 

ETL and HTL with better band alignment with the LHP NCs. Moreover, passivation of the 

interface between the transporting layers and the LHP NC layer should be emphasized in order to 

increase the radiative recombination and improve the EQE of the LEDs.  

In terms of commercialization of LHP NCs-based LEDs, attention should be paid to improve 

both the stability of the LHP NCs and the development of inorganic transporting layers. In addition, 

it is necessary and important to delve deeper into the mechanism of both highly performing and 

poorly performing devices in order to provide effective guidance for fabrication of highly efficient 

and stable LHP NCs-based LED. 
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