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High-performance Light Emitting Diodes based on Perovskite Nanocrystals via Surface 

passivation with Organic-Inorganic Additives 

 

Seongbeom Lee 

 

Department of Physics, The Graduate School, 

Pukyong National University 
 

Abstract 

Halide perovskite nanocrystals (PNCs) demonstrate exceptional 

characteristics such as remarkable color purity, adjustability of emission 

wavelength, and a high photoluminescence quantum yield (PLQY). The 

efficiency and stability of perovskite light emitting diodes (LED) are 

influenced by the PLQY of the emitting layer and the density of traps. Thus, 

it is crucial to enhance the radiative recombination process through the 

reduction of surface defects in PNCs. In this thesis, I explored the utilization 

of cadmium acetate (CdAc) treatments with organic ligand engineering to 

passivate surface defects in PNCs. Our findings also indicate that the 

incorporation of cadmium ions can effectively reduce the formation energy 

of defects in PNCs via CdAc treatment. The results demonstrate that the 

implementation of CdAc treatment resulted in a decrease in the non-radiative 

recombination and defect density of PNCs. The optimized CdAc treated 

PNCs exhibited an enhanced PLQY of 96.02% in the green region (514 nm), 

as well as an efficient external quantum efficiency (EQE) of 20.79% when 

utilized in LED devices. 
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Chapter 1.  Introduction 

1.1  History of Perovskite Nanocrystals 

Perovskite compounds share a crystal structure akin to that of calcium 

titanate (CaTiO3), and are denoted by the general formula "ABX3", where 

"A" represents a monovalent cation, such as methylammonium (MA+), 

formamidinium (FA+), or Cs+; "B" represents a divalent metal cation, such 

as Pb2+ and Sn2+; and "X" represents a halide anion, such as I−, Br−, or Cl−. 

The ABX3 perovskite crystal structure consists of monovalent "A" cations, 

which occupy eight apex angles, divalent "B" metal cations located at the 

body center, and halide "X" anions occupying six face centers. Figure 1 

illustrates that "B" cations are coordinated with six "X" anions to form 

octahedra, which are interconnected by vertices to create a three-dimensional 

perovskite. The perovskite structure includes one "A" cation situated in the 

center of four octahedra. The stability of the cubic perovskite structure is 

evaluated using the octahedral factor μ[1] and Goldschmidt's tolerance factor 

t[2], which are calculated using the formulas which are shown Equation 1.1 

𝝉 =  
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 

Eq. 1.1 
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In this formula, the ionic radii of "A," "B," and "X" ions are represented 

by RA, RB, and RX, respectively. A stable cubic perovskite structure can be 

formed when the Goldschmidt tolerance factor t falls between 0.80 and 1.03 

and the octahedral factor μ exceeds 0.442.[3] 

 

Figure 1. Structure of perovskite materials 

 

Perovskite has been found to be effective not only in generating electricity by 

separating charges, but also in producing light by bringing charges together, despite 

this seeming counterintuitive.[4-6] They are attractive candidates for LEDs and 

lasers due to their low nonradiative recombination rates and high color purity.[7] 

However, the PLQY of bulk perovskite structures is limited due to two main factors: 

the presence of mobile ionic defects with low formation energy and a small exciton 

binding energy that leads to low electron-hole capture rates for radiative 
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recombination in metal halide perovskites.[8] In perovskite films made from 

precursor solutions, intrinsic defects were found to vary from grain to grain, with 

grain boundaries showing weak emission and faster nonradiative decay.[9] 

Therefore, researchers have shifted their focus to PNCs to improve PLQY and 

explore quantum confinement for tuning emission. In 2014, the first PNCs were 

created[10] and since then, research on these compounds has rapidly expanded. 

Organic capping ligands are used to control nanocrystals in the nanometer size 

range for PNCs, which can be shaped into PNCs or nanoplatelets, nanosheets, 

nanowires, and quantum dots. The size and shape of these PNCs can be finely tuned, 

even down to a single perovskite layer, leading to strong quantum confinement.[11-

14] The composition, structure, and size of these PNCs can be adjusted not only 

during synthesis but also after synthesis, such as through ion exchange or 

exfoliation.[15-18] The band structure of PNCs allows for high photoluminescence 

(PL) efficiency, with defect states being either localized within the valence and 

conduction bands. PNCs are considered "defect-tolerant," as they require less 

passivation than metal chalcogenides. In recent years, PNCs have been optimized 

to emit throughout the visible spectral range with PLQY approaching 100%.[19-20] 

Using long chain ligand during the PNCs synthesis, the structural dimensionality 

of perovskite can be easily adjusted from 3D to 2D. The number of octahedral 

layers between the long-chain organic layers (n = 1 to ∞) determines the emission 

wavelength and exciton binding energies of the layered perovskites.[21-23] These 
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tunable properties, such as emission wavelength, narrow emission, and low 

nonradiative losses, make perovskite a promising candidate for LEDs. Moreover, 

perovskite possesses long charge carrier diffusion lengths that enable efficient 

recombination of electrically injected charge carriers. In contrast to bulk 

perovskites that suffer from low PLQY due to inherent defects, especially at grain 

boundaries, surfaces, and interfaces,[24-25] PNCs exhibit exceptionally high light-

emitting efficiency with nearly 100% of PLQY. Despite having limited control 

over their size, shape, and colloidal stability, these reports showed that these fine 

PNCs had significantly increased emissivity. In late 2014, Gonzalez-Carrero et 

al.[26] reported an improved method for synthesizing highly luminescent MAPbBr3 

colloids in toluene. Although the particles had irregular shapes, as observed 

through transmission electron microscopy (TEM), they exhibited an impressive 

PLQY. The most notable colloidal synthesis for producing well-defined colloidal 

PNCs with controlled size distribution and thermodynamic stability was developed 

by Protesescu et al. in 2015.[27] This method, known as the hot-injection (HI) 

approach, was used to generate uniform CsPbX3 NCs that had PLQY values of up 

to 100% and exhibited quantum-size effects like classical quantum dots (QDs). In 

2015, Zhang et al. introduced the ligand-assisted reprecipitation (LARP) approach 

to synthesize MAPbX3 PNCs with color-tunable emission and PLQY of up to 70% 

at room temperature (RT).[28] In general, treating PNCs with ligand molecules or 

metal halides after synthesis can significantly improve their PLQY, and functional 
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molecules can be used to achieve additional properties in PNCs.[29-31] The 

controlled synthesis of PNCs allows for easy testing of their potential applications 

in various devices, but their stability remains a major challenge. To address this 

issue, researchers have used in situ synthesis and post-synthetic surface coating 

strategies,[32-33] but these approaches often result in PNCs being coated with 

organic ligands, which can hinder the injection and transport of charge carriers. As 

a result, PNCs coated with dielectric shells are limited to use as down-converters 

in LEDs. 

 

1.2 Development of Perovskite LEDs 

In recent years, metal halide perovskite has shown remarkable properties 

suitable for next-generation optoelectronic devices such as LEDs,[34-36] solar 

cells,[37-38] and photodetectors[39] that are efficient and cost-effective. Perovskite 

LED offers advantages over conventional organic LEDs such as low-temperature 

fabrication, solution processing, and simple bandgap tunability. Compared to 

organic LEDs, perovskite LEDs generally provide better spectral purity and 

potential for high-brightness operation, making them desirable for large-area 

optoelectronic applications.[40] Recently, perovskite LEDs based on both 3D,[36, 41-

43] QDs[44-45] and quasi-2D[46-47] perovskites have exceeded 20% EQE, which is a 

critical milestone for the development of perovskite LEDs. It has been shown that 
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near-100% PLQY[48] can be achieved through interfacial and compositional 

engineering,[49-50] solvent processing,[44] dimensionality control,[51] morphological 

optimization,[52] molecular passivation using polymers,[52] small-molecule 

additives,[42] and outcoupling enhancement.[46] The design philosophy for high-

efficiency perovskite LEDs focuses on enhancing radiative recombination 

processes and suppressing non-radiative recombination processes in the perovskite 

emissive layers while eliminating undesirable carrier leakage and recombination 

through the charge-transport interfaces. The early designs of perovskite LED 

structures were inspired by device structures used in solution-processed organic 

LEDs and perovskite solar cells. In 2014, R. H. Friend et al. demonstrated the 

production of organic-inorganic hybrid perovskite LEDs at room temperature 

through solution spinning.[5] By adjusting the halogen composition and proportion, 

the emission range from near infrared to green was achieved, which initiated 

perovskite LEDs research. The following year, Tae-Woo Lee et al. produced a 

MAPbBr3 perovskite device with a current efficiency of 42.9 cd/A.[53] They used 

the nanocrystal pinning spin coating process to reduce perovskite grain size, 

improve the film morphology, and minimize exciton quenching due to lead atoms. 

In 2018, Zhanhua Wei et al. reported a quasi-core/shell structure device with MABr 

shell passivated Cs-based perovskite, achieving an EQE of 20.3%[36] and a record 

for green perovskite LEDs. Currently, the EQE of green[54] perovskite LEDs have 

surpassed 28.9%. 
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1.3 Working Principle of Perovskite LEDs 

Electroluminescence (EL) refers to the process where electrical energy is 

converted into light energy by a luminescent material under an applied electric field. 

In perovskite LEDs, when a voltage is applied to the electrodes, holes and electrons 

are injected from the anode and cathode, respectively. The injected charges then 

move towards the emissive layer, where they combine to form excitons, which are 

electron-hole pairs. Radiative transition of these excitons to the ground state results 

in light emission. The entire process can be divided into three steps: (1) Charge 

injection and transport, (2) Exciton formation, and (3) Exciton radiative transition. 

Under the applied voltage, the anode injects holes to the highest occupied 

molecular orbital (HOMO) of the light-emitting layer, while electrons are injected 

into the lowest unoccupied molecular orbital (LUMO) of the emissive layer at the 

cathode. The injection barrier is due to the difference between the work function of 

the device electrode material and the HOMO/LUMO levels of the emissive layer. 

Therefore, the cathode is typically made of a metal with a low work function, while 

ITO with higher work function is used as the anode, which is often treated with 

ultraviolet (UV) ozone or plasma to improve its work function. The injected 

charges then move and drift in two directions under the applied electric field, and 

their mobility can be measured by space-charge limited current (SCLC). 
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Due to coulomb forces, electrons and holes recombine to form excitons, which 

typically form near the cathode and quench. To achieve balanced charge transport, 

suitable hole transport layer (HTL) and electron transport layer (ETL) can be 

introduced to control the migration of carriers. Excitons decay from the excited 

state to the ground state through radiative transitions, releasing photons and 

resulting in light emission. Theoretically, the generated excitons are singlet and 

triplet excitons in a ratio of 1:3. While fluorescent materials only release photons 

through singlet excitons radiation transition, phosphorescent material-based light-

emitting devices can use all excitons during the light emission process. The 

theoretical internal quantum efficiency can reach 100%, which is four times that of 

fluorescent material-based LEDs. 

 

 

Figure 2. Working principle of perovskite LEDs 
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1.4 Characterization of Perovskite LEDs 

The initial step towards achieving high-performance perovskite LEDs 

involves charge-transport layers with either hole-transporting (p-type) or electron-

transporting (n-type) characteristics. These layers ensure balanced charge injection 

into the emissive perovskite layer and proper charge-blocking. One of the main 

challenges in selecting suitable HTLs and ETLs for perovskite emitters is finding 

charge-transport layers with compatible wide bandgaps that have the necessary 

energy levels and carrier mobilities to facilitate low-barrier and balanced charge 

transport. Additionally, these charge-transport layers should minimize non-

radiative recombination losses at the interface, which is critical for achieving 

optimal device efficiencies. 

 

1.4.1 Turn-on and Operating Voltage 

Figure 3 shows that tunneling cannot occur under the zero-bias condition of 

the device due to the energy band's inclination. Upon applying a voltage equivalent 

to the disparity between the anode and cathode work functions, a "flat band" 

condition arises, and the turn-on voltage becomes the minimum threshold for 

injecting electrons and holes. The operating voltage, at which the current rapidly 

increases, indicates the successful tunneling of holes and electrons into the active 

layer. 
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Figure 3. Schematic band diagrams of perovskite LEDs 

 

1.4.2 Device Efficiency 

The luminous efficiency of an LED is typically characterized using two 

metrics: current efficiency (CE) and EQE. CE is calculated as the luminous 

brightness per unit current density, measured in cd/A using the following formula: 

𝑪𝒖𝒓𝒓𝒆𝒏𝒕 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 (𝒄𝒅/𝑨) =
𝐿𝑢𝑚𝑖𝑛𝑎𝑛𝑐𝑒

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
*10-1 

Equation.1.2 

EQE of a device is determined by the ratio of the number of photons released 

externally from the device to the number of electrons injected into the external 

circuit, which is represented by the following formula: 

𝑬𝒙𝒕𝒆𝒓𝒏𝒂𝒍 𝑸𝒖𝒂𝒏𝒕𝒖𝒎 𝑬𝒇𝒇𝒊𝒄𝒊𝒆𝒏𝒄𝒚 =
𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑇ℎ𝑒 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
*100(%) 

Equation.1.3 
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Chapter 2.  Research Background 

 

In recent years, advancements have been made in the development of LED 

technology using PNCs. This technology shows promise for next-generation RGB 

full-color display technology due to its remarkable optoelectrical properties, such 

as the ability to tune the emission wavelength by modifying the component and 

size of the PNCs, high color purity with narrow emission spectra, and high 

PLQY.[55] Research on LED technology has demonstrated that the PLQY of the 

emitting layer and the concentration of trap states are critical parameters that 

influence the efficacy and durability of the device. Thus, to augment the 

performance of perovskite LED, it is vital to regulate the surface defects of the 

PNCs to promote radiative recombination.[56] In general, PNCs that are produced 

synthetically are stabilized by the presence of long chain organic ligands such as 

oleic acid (OAc) and oleylamine (OLA). These ligands play a crucial role in the 

synthesis and stabilization of the PNCs' surface, leading to the formation of a 

uniform distribution. Nevertheless, PNCs that are capped with OLA and OAc tend 

to detach easily, resulting in poor colloidal stability and surface defects.[57] 

Although significant advancements have been made, concerns still exist 

surrounding the development of vacancies in the B-site cation of PNCs during the 

process of ligand exchange, which can result in non-radiative recombination.[58] 

Previous work demonstrated surface engineering techniques that can regulate the 

presence of B-site vacancies by incorporating different metal ions.[59] Meanwhile, 
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doping perovskite structures with metal ions can enhance the stability of the surface 

and decrease the density of defects. Specifically, previous investigations have 

indicated that it is possible to adorn the surface PNCs by introducing metal acetate 

additives onto their surface.[60] Consequently, it can lead to a rise in radiative 

recombination, improved stability, and the creation of highly luminescent and 

stable PNCs, thereby rendering them a suitable selection for perovskite LED 

applications. Hence, it is essential to suggest a potent approach that can curb the 

presence of surface defects in PNC via organic-inorganic surface engineering. 

In this thesis, I explored the surface passivation of defects in PNCs via the use 

of CdAc and organic ligand engineering. Our findings suggest that the inclusion of 

CdAc treatments can elevate the radiative recombination rate of Cs-based green-

emissive PNCs by hindering defects. The use of organic-inorganic engineered 

PNCs with CdAc and organic ligands produced a PLQY of 96.02% at 514 nm, 

compared to 67.18% for pristine PNCs. The surface treatment considerably 

lowered the density of defects and non-radiative recombination in PNCs. Upon 

being implemented in LED devices, the optimized CdAc-treated PNCs 

demonstrated a CE of 65.48 cd/A and an EQE of 20.79% in the green region. 
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Chapter 3.  Experiment section 

3.1 Materials 

Cesium carbonate (99.9%), Cadmium acetate dihydrate (reagent grade 

98%), Cadmium acetate dihydrate (99.999% trace metals basis), 1-

octadecene (ODE; 90% tech.), Oleylamine (OLA; 70% tech.), Oleic acid 

(OAc; 90% tech.), Methylacetate (MeOAc; anhydrous 99.5%), Octane 

(anhydrous ≥99%), Toluene (anhydrous 99.8%), Hexane (anhydrous 95%), 

Chlorobenzene (anhydrous 99.8%), Lead bromide (PbBr2; 99.999% trace 

metal basis), poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-sec-

butylphenyl)diphenylamine)] (TFB) and Didodecyldimethylammonium 

bromide (DDAB; 98%) and sodium fluoride (NaF; BioXtra, ≥99%) were 

purchased from Sigma Aldrich. Poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine (PTAA; Mw : 30,000) was purchased from Ossila. 

Indium tin oxide-based transparent conductive electrode (~4.5 Ω/sq) 

purchased from AMG. MoO3 (99.9995%) was purchased from Alfa Aesar. 

Aqueous solution of PEDOT:PSS (Clevios AI 4083) purchased from 

Heraeus. 2,2′,2″-(1,3,5-benzinetriyl)tris(1-phenyl-1-H-benzimidazole) 

(TPBi; 99.9%) was purchased from OSM. LiF (99.9%), Ag (99.99%) and Al 

(99.9%) were purchased form iTASCO. 
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3.2 Preparation of DDAF precursor 

DDAB (231 mg, 0.5 mmol) and NaF (21 mg, 0.5 mmol) were dissolved 

in toluene (5 ml) and DI water (5 ml). Prepared solution was then reacted 

under sonication for 30 min for exchange of the bromide anions with fluoride 

anions. Then, the thick white mixture solution was centrifuged under 8000 

rpm for 10 min and finally DDAF solution in toluene was obtained. 

 

3.3 Synthesis of CsPbBr3 nanocrystals 

Cs-oleate solution: 407 mg of cesium carbonate, 1.25 ml of OAc, and 

20 ml of ODE were added to a 3-necked round-bottom flask and stirred under 

vacuum for 60 min at 120 °C for degassing to remove impurities. Then the 

temperature was risen to 150 °C for 30 min under N2 to completely make 

Cs−oleate solution in ODE. 

CsPbBr3 NCs synthesis: 398 mg of PbBr2, 2.5 ml of OLA, 2.5 ml of 

OAc and 25 mL of ODE were stirred in round-bottom flask and degassed 

under vacuum at 120 °C for 60 min. The flask was then filled with N2. The 

temperature of flask was risen to 150 °C for 30min under N2 until the PbBr2 

completely dissolved. Subsequently, the temperature of PbBr2 solution was 

then increased to 180 °C. When the temperature of the PbBr2 solution reaches 
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180 °C, 2 ml of Cs-oleate was swiftly injected into the PbBr2 solution. The 

reaction mixture was reacted at 180 °C for 10 seconds, immediately, a 

mixture solution was put into the ice bath to stop the reaction. When the 

temperature of mixture solution in round-bottom flask was cooled down into 

60 °C, Then the light green colored CsPbBr3 nanocrystal crude solution is 

prepared. 

Purification: The crude solution was divided into 2 conical tubes of 50 

ml volume ~ 15 ml each, and precipitated by addition of 35 ml of MeOAc 

(until the maximum capacity of conical tubes) and then centrifuged at 8000 

rpm for 3 min. The precipitates of PNCs from centrifuge were redispersed in 

5 ml of hexane, precipitated again with 7.5 ml of MeOAc, and centrifuged 

again at 8000 rpm for 3 min. The final precipitates of PNCs were redispersed 

only in 5 ml of hexane and centrifuged again at 8000 rpm for 3 min to remove 

untargeted size of PNCs. 

 

3.4 Synthesis of Cadmium acetate treated CsPbBr3 

Nanocrystals 

In this procedure, 0.2 ml of DDAF solution was added to the 

CsPbBr3/toluene stock solution (8 mg/ml) with stirring for 30 min at room 

temperature. 
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For the CdAc treated CsPbBr3 solution, ~ 0.012 mmol of cadmium 

acetate was added into 10 ml of toluene and sonicated for 30 min to make the 

mixture widely dissolved. After that, the solution was kept at room 

temperature for 1 hour to get a finely MeOAc distributed solution. The CdAc 

treated CsPbBr3 is made my adding MeOAc distributed solution into same 

concentration of upper CsPbBr3/toluene stock solution. After reaction, 

mixture was centrifuged with MeOAc (reaction mixture: MeOAc is 1:3) at 

9000 rpm for 3 min. The precipitates were redispersed in 1 ml of hexane for 

centrifugation again and then the supernatant was collected as the CdAc 

treated CsPbBr3 PNCs solution. 

 

3.5 Device fabrication and characterization 

For perovskite LED devices, the glass / ITO substrates were exposed to 

oxygen plasma for 15 min to make the surface hydrophilic. PEDOT:PSS 

solution was spin coated at 4500 rpm for 40 sec and subsequently annealed 

at 150 °C for 20 min in the ambient air. After that, TFB (10 mg/ml) and 

PTAA (12 mg/ml)  were spin coated at 4000 rpm for 40 sec as following 

HTL and annealed at 100 °C for 20 min in the nitrogen atmosphere 

individually. CsPbBr3 PNCs (dispersed in octane, 5 mg/ml) were spin coated 

at 2000 rpm for 40 seconds. The ETL was evaporated in 1 × 10-6 torr vacuum 
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pressure using a thermal evaporator with thickness of TPBi (~ 70 nm), LiF 

(~ 2 nm), and Al (~ 100 nm) each. In this procedure, only TPBi was deposited 

on the whole side. 

 

Chapter 4.  Result and Discussion 

4.1 Concept of Surface passivation and TEM & PXRD analysis 

Figure 4 shows a diagrammatic representation of the CdAc treatment process 

utilized for the ligand exchange process in the PNCs solution. Our study introduces 

a novel approach for filling the lead (Pb) vacancy on the surface of PNCs by 

incorporating CdAc during the ligand exchange process. 

 

 

Figure 4. Schematic illustration of PNCs defect passivation and ligand exchange process 
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The use of organic-inorganic surface engineering maintained the original size 

and cube shape of the PNCs (~ 10 nm) in comparison to the as-synthesized PNCs, 

as shown in Figure 5 through TEM analysis. The TEM images of each PNCs 

revealed uniform cubic shape, with edge lengths of 10.30 ± 0.99 and 10.02 ± 1.10 

nm respectively. Low magnification TEM images of CdAc-treated PNCs were 

shown in Figure 6, and EDS mapping images of Cs, Pb, Cd and Br atoms 

overlapped well with the TEM images, indicating the presence of each component 

in the PNCs. 

 

 

 
Figure 5. High magnification TEM image of pristine and CdAc treated CsPbBr3 

nanocrystals, size histogram of PNCs (inset) 
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Figure 6. Low magnification TEM image of pristine and CdAc treated CsPbBr3 PNCs 

and EDS mapping images of Cs, Pb, Cd and Br atoms 

 

 

Following the treatment of PNCs with CdAc, the level of crystallinity was 

examined through the application of powder X-ray diffraction (PXRD) analysis in 

Figure 7. Results from the PXRD pattern indicated that the cadmium ions remained 

on the surface of the PNCs rather than integrating into the perovskite lattice, as 

there was no shift in the reflection angle. If the metal ions were smaller than Pb2+ 

ion, peak shifts to higher diffraction angles may have occurred.[61] The outcomes, 

however, demonstrate that the perovskite's structural integrity remains unaltered 
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following the treatment with cadmium ions and that only surface defects are 

affected. 

 

 

 

Figure 7. Powder X-ray diffraction pattern for pristine and CdAc treated PNCs 
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4.2 Fourier-transform infrared spectroscopy and Optical 

analysis 

The effectiveness of replacing the original ligands (OAc, OLA) with 

DDA+ on the PNCs was verified using Fourier-transform infrared (FT-IR) 

spectroscopy (Figure 8). 

 

 

Figure 8. Fourier-transform infrared spectroscopy of neat, pristine and CdAc treated 

PNCs 

 

All green-emitting PNCs have the identical UV-visible absorption and PL 

spectra at 514 nm, as observed in Figure 9. No new dopant emission or shifts in the 
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emission peaks were observed. These findings indirectly suggest that the surface 

passivation process was successful in treating the CdAc, without bulk doping. 

 

 

Figure 9. Normalized absorption and PL spectra and UV-visible absorption of the 

pristine and CdAc treated PNCs 

 

 

To explore whether surface defects of the PNCs were being passivated by 

treating them with additional CdAc, time-resolved photoluminescence (TRPL) 

decay and PLQY measurements were conducted. The decay curves of PL were 

analyzed using a multi-exponential function (Figure 10). The average lifetime of 

PL (τavg) of the PNCs solutions increased from 9.04 (for pristine samples) to 10.80 

(for CdAc-treated samples). 
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And the PLQY of the PNCs solution was measured for both pristine and CdAc 

treated solutions, resulting in 67.18% (pristine) and 96.02% (CdAc) respectively. 

(Figure 11) 

This indicates that the optical properties of the PNCs are enhanced by the 

additional CdAc treatment, and this trend is consistent with the TRPL data. The 

results suggest that the CdAc treatment can reduce the density of surface traps, 

leading to stronger radiative recombination and lower PL quenching of PNCs. Thus, 

it demonstrates that this treatment can effectively control the trapped carriers on 

the surface, making PNCs suitable for stable and highly efficient optoelectronic 

devices. 

 

 

Figure 10. PL decay curves of the pristine and CdAc treated PNCs 
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Figure 11. Solution PLQY plots of the pristine and CdAc treated PNCs 

 

 

 

 

In addition, I analyzed the stability of PNCs films with pristine and CdAc 

treatment. I deposited all PNCs films on a glass substrate and put them under 

ambient conditions (20 °C, 40% relative humidity). Figure 11 shows the PLQY 

results of each PNCs film over time and images of the PL under UV lamp 

illumination are shown in Figure 12. Within 7 days, the pristine film exhibited swift 

degradation caused by surface defects, whereas CdAc treated films maintained a 

stable emission even after 14 days (~50% of the initial intensity). (Figure 13) 
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Figure 12. Time dependent storage film PLQY plots of the pristine and CdAc treated 

PNCs 

 

 

 

 

Figure 13. Photo of Time dependent storage film of the pristine and CdAc treated PNCs 
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4.3 Electrical analysis on PNCs and Perovskite LED 

To investigate how CdAc treatment affects the defect density of PNCs, it has 

been conducted fabrication of hole-only devices (ITO / HTLs / PNCs / MoO3 / Ag) 

and obtained the trap-filled limit voltage (VTFL) from the J-V curve of the devices 

(Figure 14). A lower VTFL value indicates a lower trap density in the PNCs.[62] VTFL 

was reduced from 0.52 V (pristine) to 0.34 V (CdAc). The trap state density of 

PNCs can be calculated using the following equation.[63] 

 

Nt=
2𝜀𝜀0𝑉𝑇𝐹𝐿

𝑒𝐿2  

Eq.4.1 

 

 

The dielectric constant of CsPbBr3 (~ 16.46) and vacuum permittivity (8.854 

× 10−12 F m−1) are represented as ε and ε0, respectively. The elementary charge (1.6 

× 10−19 Coulombs) is denoted as e, and the thickness of the PNCs film is 

represented as L (~ 40 nm). The trap densities (Nt) of pristine and CdAc treated 

PNCs were calculated to be 1.78 × 1017 cm-3 and 1.17 × 1017 cm-3, respectively. 

This indicates that the CdAc treatment process effectively controls the surface 

defect and reduces the defect density. These results demonstrate that exciton 

quenching and trap formation in the perovskite film are significantly minimized by 

the CdAc treatment process. 
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Figure 14. J-V characteristics of hole-only devices with VTFL kink point behavior in 

pristine and CdAc treated PNCs films. 

 

 

To verify the effectiveness of PNCs in optoelectronic devices, I created 

perovskite LEDs utilizing both the pristine and CdAc treated PNCs. The energy 

level diagram of the perovskite LED used in our study can be found in Figure 15, 

and the results of the ultraviolet photoelectron spectroscopy (UPS) can be seen in 

Figure 16. Figure 17 a-d show the device performances; a) Current density versus 

voltage, b) Luminance versus voltage, c) Current density versus EQE and d) EL 

spectra at EQEmax of perovskite LED respectively. Through a comparison of the 

performance of perovskite LEDs fabricated with pristine and CdAc treated PNCs, 

the positive impact of CdAc treatment on PNCs is evident. The maximum 

luminance and EQEmax of the pristine perovskite LED were 684 cd m-2 and 14.32%, 

respectively. Conversely, the perovskite LED using CdAc treatment on PNCs 
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showed a significant improvement, with maximum luminance and EQEmax values 

of 1175 cd m-2 and 20.79%, respectively. The EL spectra of both devices appeared 

at 514 nm with 20 nm full width at half maximum (FWHM), which is the same as 

the PL spectrum. Moreover, the EL spectrum of the perovskite LED using CdAc 

treatment on PNCs remained stable at 514 nm for voltages ranging from 2.7 V to 

4.5 V (Figure 18). More detailed performance parameters of each perovskite LED 

device can be found in Table 1. 

 

 

 

Figure 15. Energy level diagram of perovskite LED device 
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Figure 16. UPS spectra of pristine and CdAc treated PNCs 

 

 

 

Figure 17. a) Current density–voltage (J–V) curves of perovskite LED device. b) 

Luminance–voltage (L–V) curves of perovskite LED device. c) Current density–EQE 

curves of perovskite LED device. d) EL spectra at EQEmax of perovskite LED 
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Figure 18. EL spectra with voltage from 2.7 V to 4.5 V 

 

 

Sample 
configuration 

Lmax 

[cd/m2] 
@ bias 

LEmax [cd/A] 
@ bias 

EQEmax [%] 
@ bias 

Turn-on 
Voltage[V]  
@ 1cd/m2 

Wavelength 
[nm] 

Pristine 530@3.6 47.68@3.0 14.72@3.0 2.7 514 

CdAc 1175@4.5 65.48@3.0 20.79@3.0 2.7 514 

 

Table 1. Summarized device performances with pristine and CdAc treated device 

 

The stability of each PNCs in ambient conditions was confirmed through PL 

stability analysis (Figure 12, 13). Subsequently, operational stability measurement 

(T50) and joule heat control were performed to investigate the stability of the 

pristine and CdAc treated devices based on the stability of PNCs (Figure 19, 21). 

Figure 19 shows the operational stability of perovskite LEDs fabricated with 
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pristine and CdAc treated PNCs under constant current densities of 0.03, ~0.60, 

and ~1.7 mA cm-2. Although CdAc treated perovskite LEDs have similar current 

densities with pristine perovskite LEDs, they exhibit higher initial luminance 

values. Moreover, the decay time to 50% (T50) from the initial luminance in CdAc 

treated device is 1.1, 2.1, and 8.7 min, respectively, which is approximately 1.3 

times longer than that of the pristine device (6.7 min). Additionally, both devices 

demonstrate stable green emission of similar spectra at each point of T100, T75, and 

T50 as shown in Figure 20. During the operation of the devices, their temperatures 

were recorded using an infrared thermal imaging camera, as depicted in Figure 21. 

The temperature of both pristine and CdAc treated devices was measured at 33 mA 

cm-2, and the values were found to be 26.53 °C and 24.34 °C, respectively, at the 

maximum luminance voltage of 4.5 V. Thus, the outcomes of this thesis suggest 

that the CdAc treatment process helps to fill the surface defects present on the 

PNCs surface and reduce lattice strain, which in turn may lead to the suppression 

of thermal-induced joule heating of perovskite LEDs through surface CdAc 

treatment.[64] 
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Figure 19. Operational stability of pristine and CdAc treated perovskite LEDs measured 

at each current densities 

 

 

 

 

 

 

Figure 20. EL spectra at each point of operation 
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Figure 21. The temperature of both devices measured with an IR thermal imaging 

camera during the device’s operation 

 

 Chapter 5.  Conclusion 

 

In summary, I successfully demonstrate simple and effective CdAc post 

treatment strategy with organic ligand on perovskite LED. The use of CdAc has 

demonstrated to be effective in reducing surface defects in PNCs, resulting in 

superior optical and electrical characteristics compared to pristine PNCs. Moreover, 

the excellent characteristics of these PNCs were evident from the TRPL analysis, 

which did not show any dopant emission or alterations in the crystal structure. 

Furthermore, the CdAc treatment led to PNCs with low trap density and high 

PLQY, resulting in highly efficient perovskite LEDs. These characteristics also 

played a crucial role in the stability of both the materials and devices, and thus, 

PNCs and perovskite LEDs treated with CdAc exhibited outstanding PL and EL 

stability. 
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