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ABSTRACT 

Defect Passivation and Surface Modification for Efficient and Stable 

Organic-Inorganic Hybrid Perovskite Solar Cells and Light-Emitting Diodes  

Xiaopeng Zheng 

Defect passivation and surface modification of perovskite semiconductors play a key 

role in achieving highly efficient and stable perovskite solar cells (PSCs) and light-

emitting diodes (LEDs). This dissertation describes three novel strategies for such defect 

passivation and surface modification.  

In the first strategy, we demonstrate a facile approach using inorganic perovskite 

quantum dots (QDs) to supply bulk- and surface-passivation agents to combine high 

power conversion efficiency (PCE) with high stability in CH3NH3PbI3 (MAPbI3) inverted 

PSCs. This strategy utilizes inorganic perovskite QDs to distribute elemental dopants 

uniformly across the MAPbI3 film and attach ligands to the film’s surface. Compared 

with pristine MAPbI3 films, MAPbI3 films processed with QDs show a reduction in tail 

states, smaller trap-state density, and an increase in carrier recombination lifetime. The 

strategy results in reduced voltage losses and an improvement in PCE from 18.3% to 

21.5%, which is among the highest efficiencies for MAPbI3 devices. The devices maintain 

80% of their initial PCE under 1-sun continuous illumination for 500 h and show 

improved thermal stability. 
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In the second strategy, we reduce the efficiency gap between the inverted PSCs and 

regular PSCs using a trace amount of surface-anchoring, long-chain alkylamine ligands 

(AALs) as grain and interface modifiers. We show that long-chain AALs suppress 

nonradiative carrier recombination and improve the optoelectronic properties of mixed-

cation mixed-halide perovskite films.  These translate into a certified stabilized PCE of 

22.3% (23.0% PCE for lab-measured champion devices). The devices operate for over 

1000 hours at the maximum power point (MPP), under simulated AM1.5 illumination, 

without loss of efficiency. 

Finally, we report a strategy to passivate Cl vacancies in mixed halide perovskite (MHP) 

QDs using non-polar-solvent-soluble organic pseudohalide (n-dodecylammonium 

thiocyanate (DAT)), enabling blue MHP LEDs with enhanced efficiency. Density-function-

theory calculations reveal that the thiocyanate (SCN-) groups fill in the Cl vacancies and 

remove deep electron traps within the bandgap. DAT-treated CsPb(BrxCl1-x)3 QDs exhibit 

near unity (~100%) photoluminescence quantum yields; and their blue (~470 nm)  LEDs 

are spectrally stable with an external quantum efficiency (EQE) of 6.3% – a record for 

perovskite LEDs emitting at the 460-480 nm range relevant to Rec. 2020 display 

standards.  
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Chapter 1 Introduction 

1.1 Structure and basic properties of perovskite  

Organic-inorganic hybrid perovskite (OIHP) semiconductors have seen rapid progress in 

their optoelectronic devices due to simple processing approaches1-4; strong light 

absorption5-8, high charge mobility9, and long carrier diffusion lengths10, 11. In 

photovoltaics (PVs), the power conversion efficiency (PCE) of single-junction perovskite 

solar cells (PSCs) started at 3.8% in 2009 and has now reached 25.2%1, 12. In light-

emitting diodes (LEDs), over 20% external quantum efficiency (EQE) in both green- and 

red-LEDs have been achieved13-15. They also have been demonstrated in wider 

applications such as photo- or radiation-detectors and imagers 16, 17, gas sensors18, and 

catalysis for useful fuels19.  

 

The perovskite semiconductors used for PVs and LEDs are usually quasi-two-dimensional 

(2D) perovskites and three-dimensional (3D) perovskites. The quasi-2D perovskites have 

a general formula of (BA)2(MA)n-1PbnI3n+1 (take n-butylammonium (BA) for example, MA 

is methylammonium cation, and n represents the number of layers)20. Due to long-chain 

organic cations are incorporated into quasi-2D perovskites, it shows good thermal and 

environmental stability. It also shows suppressed ion migration in both lateral and 

vertical directions compared with the 3D perovskites.21, 22 However, the PCEs of quasi-

2D PSCs are still below 20%. 
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The 3D perovskites have a general formula of ABX3 (Figure 1.1), where A is a monovalent 

cation and it could be cesium (Cs+), methylammonium (CH3NH3
+, MA), or 

formamidinium (CH3(NH2)2
+, FA); B is a divalent metal cation and it usually is Pb2+ or 

Sn2+; X is a halide anion (X) and it could be Cl-, Br-, and I-. The tolerance factor (t; t = (rA + 

rX)/√2 (rB + rX)) can be used to determine which structure is preferred, where rA, rB, and 

rX are the effective ionic radii for A, B and X ions, respectively. In general, the established 

perovskite structure has a t of 0.8-1.0. For other t values, non-perovskite structures are 

formed23. CsPbI3, MAPbI3, and FAPbI3 are widely studied 3D perovskites for PVs.  

 

Figure 1.1. Crystal structure (a), and tolerance factor (b) of perovskites. Tolerance factor 

for APbI3 perovskite with the Li, Na, K, Rb, Cs, MA, and FA as the cations.24 Adapted from 

ref. 24. Copyright 2016 AAAS. 

Even though some compositions have t values that can hold a 3D perovskite structure, 

we still need to consider thermodynamically stability of these compounds at room 
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temperature. For example, both CsPbI3 and FAPbI3 have a t that can hold a cubic 

perovskite structure, but the orthorhombic yellow phase of CsPbI3 and FAPbI3 (not a 

good light absorber) can be formed at room temperature25, 26.  Black phase (α-phase) 

CsPbI3 has a cubic crystal structure and it shows a bandgap of 1.73 eV and very good 

thermal stability, which is a good wide-bandgap absorber and has the potential 

applications in perovskite-silicon tandem solar cells27. However, α-phase CsPbI3 could 

transit to the yellow phase (δ-phase) at room temperature. Many methods have been 

developed to stabilize the black phase of CsPbI3 and FAPbI3 at room temperature by 

surface and grain boundary engineering and strain engineering26, 28-31. The tetragonal (β-

phase) polymorph of CsPbI3 was predicted with lower crystallization temperature and 

more thermodynamically stable than the cubic α-phase CsPbI3.32, 33 Wang et al. 

demonstrate that PCEs of 18% using tetragonal β-phase of CsPbI3.34 MAPbI3 and mixed 

cation (Cs, FA, MA) perovskites with bandgaps around 1.55 eV are widely investigated 

compositions for single-junction PSCs. 

 

The reason behind the fast development of perovskite PVs is their superior structural- 

and optoelectronic-properties: (1) easy processing. It is of low crystallization 

temperature (<100 oC) and accommodates with many methods for processing of other 

semiconductor films, such as spin-coating, blade-coating, printing, and slot-die coating.35 

(2) Tunable bandgap. The bandgaps can be easily tuned by changing A-site, B-site, and 

X-site components. It shows a large range of bandgaps from 1.1 eV (MASnI3) to 3.1 eV 
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(MAPbCl3);36 (3) Direct bandgap and strong light absorption coefficient. A perovskite film 

with only 500 nm thickness is enough to absorb most of the visible light;37 (4) High 

carrier mobilities and long diffusion lengths;10 (5) Defect tolerance. The defects with low 

formation energy can only create shallow traps.38 

 

1.2 History of perovskite photovoltaics 

Perovskite semiconductors were reported in 1893 by Wells et. al 39.  They reported a 

series of compounds with the general compositions of CsPbX3 (X = Cl, Br or I). In 1958, 

MØLLER deduced the crystal structure of these compounds and determined that 

CsPbCl3 and CsPbBr3 have the perovskite structure40. 

 

Even though the perovskite materials were discovered over 100 years ago, the first PSC 

only started in 2009 using MAPbI3 as an absorber, which was reported by Miyasaka 

et.al. The first perovskite solar cell showed a PCE of 3.8%1, 41.  To demonstrate the PSCs, 

they adopted a device structure similar to dye-sensitized solar cells (DSCs). In a DSC, a 

double layer of compact and mesoporous TiO2 layer was used as an electron transport 

material (ETM), and the dyes absorb on or inside mesoporous TiO2 were used as an 

absorber, and a liquid electrolyte containing a redox couple was used as hole transport 

material (HTM).  They directly replaced the dyes with the perovskites in the DSC 

structure and assembled the first PSC. The PSCs based on DSC structure were further 
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optimized with a PCE of 6.54% in 2011.42 However, a rapid drop of the PCE due to the 

dissolution of the perovskite in the liquid electrolyte was observed.  

 

Developing of the all-solid-state PSCs by N. G. Park et al. in 2012 represents a milestone. 

They developed the PSCs using solid-state ETM (spiro-MeOTAD: 2,2 ′ ,7,7 ′ -

tetrakis(N,N-dip-methoxyphenylamine)-9,9′-spirobifluorene). By using this structure,  

a high PCE of 9.7% was achieved.43 This work greatly enhanced the stability of PSCs and 

attracted many researchers into this field. 

 

The n-i-p planar heterojunction PSCs were demonstrated with a PCE of 15.4% by Liu et 

al..44 In n-i-p planar device, a compact TiO2 layer was used as ETM; vapor-deposited 

perovskite as an absorber; and spiro-MeOTAD was used as HTM. The p-i-n PSCs also 

developed very fast after the community realized their bipolar nature (capability to 

conduct both electrons and holes).45 After the device structure established, the 

advances of the PSCs were mainly from the composition-, defect-, surface- and 

interface-engineering based on different device architectures (Figure 1.2).46  
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Figure 1.2. Schematics of perovskite solar cells with (a) n-i-p mesoscopic, (b) n-i-p 

planar, (c) p-i-n planar, and (d) p-i-n mesoscopic structures.46 Adapted from ref. 46. 

Copyright 2016 SPIE. 

 

1.3 History of perovskite quantum dot light-emitting diodes 

Holding the promise for flexibility, high peak brightness, low cost, high color accuracy, 

wider color gamut, and energy effective, QD LEDs have the potential to challenge the 

most popular organic LEDs for the best displays. However, the commercialized QD-

based displays usually use Cd- or In-based QDs which is of high toxicity (CdSe QDs) and 

wide full width at half maximum (FWHM) of emission peak (InP QDs). It would mean 

that there is an urgent need for low- or none-Cd QD displays but still with high 

performance. Within several years of development, perovskite LEDs (PeLEDs) have 

achieved the EQEs exceeding 20% for both red- and green-LEDs, 13-15 as shown in Figure 

1.3. However, the blue one currently shows an EQE less than 10% with emission at 483 
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nm.47 This emission wavelength is still of over 10 nm from the best emission for 

Rec.2020 (467nm). The low efficiency of blue perovskite LEDs is mainly due to different 

defect chemistry and surface quality. It is critical to understand theoretically and 

experimentally the mechanism behind the inferior performance of blue PLEDs and 

therefore develop a strategy for achieving high EQE blue LEDs. 

 

Figure 1.3. Development overview for perovskite green- and blue-LEDs. 

1.4 Dissertation outline 

This dissertation research focus on exploring the defect passivation and surface 

modification strategies for high efficiency and stable PSCs and LEDs, and understanding 

of the underlying mechanisms.  

 

There are seven chapters in this thesis: 
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In Chapter 1, the research background and organization of this dissertation are 

introduced. 

In Chapter 2, surface and defect engineering for perovskite PVs and LEDs are 

introduced. 

In Chapter 3, we discussed perovskite film deposition and characterization methods. 

In Chapter 4, we used a facile processing strategy that utilizes perovskite QDs to 

distribute elemental dopants uniformly across a MAPbI3 film and anchor ligands to the 

film’s surface – reducing the film’s trap state density and rendering it's surface 

hydrophobic.  

In Chapter 5, we developed alkylamine ligands (AALs) anchoring strategy as grain and 

interface modifiers to tune the crystal orientation and suppress the trap state density of 

perovskite films for high efficiency and stable PSCs.  

In Chapter 6, we passivated Cl vacancy in mixed halide perovskite (MHP) QDs using 

nonpolar-solvent-soluble organic pseudohalide (n-dodecylammonium thiocyanate 

(DAT)) for enhancing efficiency and stability of blue MHP LEDs. 

We close with the conclusions and outlook of this dissertation research (Chapter 7).  
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Chapter 2 Surface and Defect Engineering for Perovskite Photovoltaics 

and Light-Emitting Diodes – A Literature Review 

2.1 Defects in perovskite 

Point defects and extended defects (such as dislocations and grain boundaries) are the 

main kinds of defects in perovskite semiconductors. The  defects in perovskite materials 

are summarized in Figure 2.1: a, perfect lattice; b, vacancy; c, interstitial; d, anti-site 

substitution; e, Frenkel defect; f, Schottky defect; g, substitutional impurity; h, 

interstitial impurity; i, edge dislocation; j, grain boundary; and k, precipitate.48 

 

Figure 2.1. Defects in organic-inorganic hybrid perovskites.48 Adapted from ref. 48. 

Copyright 2016 Nature Publishing Group. 
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2.2 Surface and defect engineering for perovskite photovoltaics 

Lewis acids could accept electron density from the negative-charged defects and thus 

passivate these traps (Figure 2.2a-c)49-51. Shao et.al demonstrated the important roles of 

PCBM in eliminating both shallow and deep trap states (Figure 2.2d) and suppressing 

hysteresis49. The supramolecular halogen bonding donor-acceptor complexation 

iodopentafluorobenzene (IPFB) was used to passivate the donor like traps (Figure 2.2e, 

f). The best perovskite device with IPFB passivation exhibit a PCE of 15.7%, compared 

with a PCE of 13% for the control device without passivation51. 
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Figure 2.2. Defect passivation using Lewis acid. a, The interaction between perovskite 

and PCBM (electron transfer between halide anion and PCBM) proved by UV-Vis 

absorption spectra.50 Adapted from ref. 50. Copyright 2015 Nature Publishing Group. b, 

Schematic diagram illustrating the passivation Pb-I antisite by PCBM.50 Adapted from 

ref. 50. Copyright 2015 Nature Publishing Group. c, The removal of deep trap states 

induced by Pb-I antisite after PCBM passivation.50 Adapted from ref. 50. Copyright 2015 

Nature Publishing Group. d, tDOS for devices with PCBM passivation under different 

conditions.49 Adapted from ref. 49. Copyright 2014 Nature Publishing Group. e, f, The 
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interaction between IPFB and perovskite anion, and the assembly of IPFB on perovskite 

surface.51 Adapted from ref. 51. Copyright 2014 American Chemical Society. 

 

Lewis base molecules can perform as the electron donors to passivate the positively 

charged defects (Figure 2.3a, b)52-54. A π-conjugated Lewis base (indacenodithiophene 

end-capped with 1.1-dicyanomethylene-3-indanone (IDIC)) has been demonstrated as a 

good defect passivator (Figure 2.3c). The deep trap state (at -4.5 eV) induced by under-

coordinated Pb clusters is lowered and becomes much shallower upon the passivation 

of IDIC (Figure 2.3d, e). The trap density of states (tDOS) MAPbI3 films was analyzed by 

using the thermal admittance spectroscopy method. The tDOS of traps with an energy 

depth of 0.33–0.45 eV decreased by one to two orders of magnitude after the 

passivation by IDIC55. 
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Figure 2.3. Defect passivation using Lewis base. a, b, Possible charge trapping by halide 

vacancies (a) and halide vacancy passivation by Lewis base (b).52 Adapted from ref. 52. 

Copyright 2014 American Chemical Society. (c, d, e) Schematic illustration of the 

passivation of Pb cluster trap states (c) by forming of the Lewis acid and base adduct (d), 
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and leads to removal of the trap states within the bandgap (e).55 Adapted from ref. 55. 

Copyright 2016 Wiley‐VCH. 

 

However, most of these passivation molecules could only passivate one type of defect, 

either positive or negative charged defects. Zheng et.al showed that quaternary 

ammonium halides (zwitterions) can effectively passivate ionic defects (both anion and 

cation defects) (Figure 2.4a, b)56,57. The efficient defect passivation reduces the charge 

trap density and elongates the carrier recombination lifetime. These translated into a 

reduction of the open-circuit-voltage deficit of the p–i–n structured device to 0.39 V, 

and enhancement of the efficiency to a certified value of 20.59 ± 0.45% (Figure 2.4c-f). 

 

 

Figure 2.4. Defect passivation using zwitterions. a, Device structure.56 Adapted from ref. 

56. Copyright 2017 Nature Publishing Group. b, Schematic diagram illustrating 
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quaternary ammonium halides (QAHs) assembled on the defect sites.56 Adapted from 

ref. 56. Copyright 2017 Nature Publishing Group. c, Chemical structures of phenyl-C61-

butyric acid methyl ester (PCBM), Tween 20, polyethylene-block-poly(ethylene glycol) 

(PE-PEG).56 Adapted from ref. 56. Copyright 2017 Nature Publishing Group. d, Chemical 

structures of L-α-phosphatidylcholine, choline iodide and choline chloride.56 Adapted 

from ref. 56. Copyright 2017 Nature Publishing Group. e, Current density–voltage (J-V) 

characteristics of two-step-processed MAPbI3 devices with different passivation layers: 

PCBM (blue), Tween 20 (orange), L-α-phosphatidylcholine (red) and polyethylene-block-

poly(ethylene glycol) (PE-PEG) (green).56 Adapted from ref. 56. Copyright 2017 Nature 

Publishing Group. f, J-V curves for the two-step-processed MAPbI3 devices passivated by 

PCBM (blue), L-α-phosphatidylcholine (green), choline chloride (red) and choline iodide 

(violet).56 Adapted from ref. 56. Copyright 2017 Nature Publishing Group.  

 

Metal ion doping has also been demonstrated with the functions of suppressing defects 

and reduce device hysteresis. Saidaminov et al. used Cd2+ to release lattice strain and 

increasing defect formation energy (Figure 2.5a).58,59 The small monovalent cation 

potassium (K+) was used to passivate polycrystalline perovskite films57, 60, 61 As illustrated 

in Figure 2.5b, the halides fill in the surface halogen vacancies and the surface halides 

can be immobilized by excess potassium cations. 
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Figure 2.5. Defect passivation by metal ion doping. a, Schematic illustrating local strain 

and its relaxation after iso-valent metal ion doping.58 Adapted from ref. 58. Copyright 

2018 Nature Publishing Group. b, Schematic of K passivation of halide vacancy when 

there is excess halide.61 Adapted from ref. 61. Copyright 2018 Nature Publishing Group. 

 

Covering perovskite surface with wideband gap materials has also demonstrated as an 

effective way for defect passivation. Zhu group demonstrated the use of a simple 

solution-processed secondary growth (SSG) technique to construct a wider bandgap 

layer and induce a more n-type perovskite film62. This strategy can effectively suppress 

non-radiative recombination and therefore increase in VOC by up to 100 mV. The VOC 
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reached as large as 1.21 V for a 1.62 eV perovskite (Figure 2.6 a, b). Jiang et.al reported 

the use of phenethylammonium iodide (PEAI) layer on the perovskite surface for defect 

passivation63. The planar perovskite solar cells with a bandgap of 1.53 eV demonstrated 

a VOC as high as 1.18 V and a certified efficiency of 23.32% (Figure 2.6c, d). Yang et.al 

showed that the use of environmental and chemical stable wide-bandgap lead oxysalt to 

reduce the defect density (Figure 2.6e, f)64. This strategy increases device efficiency to 

21.1% (Figure 2.6g). This strategy also dramatically enhanced device operational stability. 

The encapsulated device maintained 96.8% of its initial efficiency after 1200 hours of 

operational stability test (Figure 2.6h). 
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Figure 2.6. Defect passivation by covering perovskite with wide bandgap materials. a, J-

V curves for the perovskite solar cells with and without SSG strategy.62 Adapted from 

ref. 62. Copyright 2017 AAAS. b, VOC distribution for the devices with and without SSG 

strategy. Adapted from ref. 62. Copyright 2017 AAAS. c, Schematic illustration of defect 

passivation for PEAI coated perovskite film.63 Adapted from ref. 63. Copyright 2019 

Nature Publishing Group. d, J-V curves for the perovskite solar cells with and without 

PEAI passivation. Adapted from ref. 63. Copyright 2019 Nature Publishing Group. e, 

Schematic illustration of the formation of a lead sulfate top layer on the perovskite 

surface.64  Adapted from ref. 64. Copyright 2019 AAAS. f, Cross-sectional TEM image of 

the perovskite/lead sulfate/C60 interface.64 Adapted from ref. 64. Copyright 2019 AAAS. 

g, J-V curves for the champion device with lead sulfate covering (PCE of 21.1%). Adapted 

from ref. 64. Copyright 2019 AAAS. h, MPP tracking of the perovskite solar cells with 

lead sulfate covering.64 Adapted from ref. 64. Copyright 2019 AAAS. 

 

2.3 Surface and defect engineering of perovskite nanocrystals (NCs) for 

light-emitting diodes 

This section is based on a publication: Zheng, X.; Hou, Y.; Sun, H.-T.; Mohammed, O. F.; 

Sargent, E. H.; Bakr, O. M., Reducing Defects in Halide Perovskite Nanocrystals for Light-

Emitting Applications. J. Phys. Chem. Lett. 2019, 10 (10), 2629-2640.65 The reuse of the 

article is permitted by American Chemical Society (ACS) and further permissions related 
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to the material excerpted should be directed to the ACS. The direct link is: 

https://pubs.acs.org/doi/10.1021/acs.jpclett.9b00689. 

 

Colloidal perovskite nanocrystals (NCs) with tunable bandgaps, high photoluminescence 

quantum yields (PLQYs), facile synthesis, and narrow emission line widths are emerging 

as a new light-emitting technology for displays, light-emitting diodes (LEDs), and 

scintillators.58, 66-73 The EQEs of both green and red LEDs have surpassed 20%, and the 

scintillators based on perovskite NCs are highly sensitive, with a detection limit 

approximately 400 times lower than the typical medical imaging doses.14, 15, 74 Perovskite 

NCs benefit from an ionic structure and low crystallization temperature, and thus are 

readily synthesized via low-cost solution processes, and the photoluminescence (PL) is 

tunable from the ultraviolet to near-infrared,75 which bodes well for achieving Rec. 2020 

standard by changing halide composition or NC size.18, 76, 77 The resulting perovskite NC 

inks allow for multiple thin-film processing methods such as spin-coating and large-area 

roll-to-roll printing, which are potentially compatible with the procedures developed by 

display manufacturers (e.g., Sony, Samsung, and LG) for CdSe- or InP-based NCs to 

achieve fast, scalable and cost-effective panel production.78-80 

 

Exciton binding energies (EB) with relatively small values varying from 2 to 80 meV at 

room temperature were observed in 3D perovskites (MAPbI3 and MAPbBr3). The small 

EB values of 3D perovskites render them essentially nonexcitonic materials, which is 

https://pubs.acs.org/doi/10.1021/acs.jpclett.9b00689
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beneficial for solar cells but detrimental to light-emitting applications.38, 81, 82 By utilizing 

NCs, one may achieve spatial confinement of electrons and holes within a limited 

volume of the NCs and, thereby, increase the EB and promote radiative recombination 

rates, which is a crucial advantage of NCs over large-grain-sized polycrystalline films for 

light-emitting applications.83-85 Perovskite NCs are a very mature system, offering 

tunable NC sizes reaching down to the exciton Bohr radius and abundant ligand-

exchanging prototypes.86 However, the trap state density is higher in NCs than in 

polycrystalline films/single-crystals because of the dramatically increased surface area 

and number of dangling bonds, which trap a fraction of carriers without emitting light, 

and thus imposes severe limitations on device performance.87, 88 To enhance radiative 

recombination rates and reduce nonradiative ones induced by defect states, many 

efforts have been made to defect engineering by removing or filling trap states in 

perovskite NCs. 

 

To overcome these limitations, Pan et al. proposed a post-synthesis passivation method 

using bidentate ligands (2,2 ′ -iminodibenzoic acid (IDA)) (Figure 2.7a).89 Once 

passivated, the CsPbI3 NCs demonstrated favorable properties: narrow red 

photoluminescence, near-unity quantum yield, and significantly enhanced stability. 

Additionally, the NCs prepared with this passivation strategy allowed the fabrication of 

red color LEDs with an EQE of 5.02% and a reasonable luminance of 748 cd/m2. The 

passivated NCs also exhibited substantially improved environmental stability. The NCs 
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with IDA treatment showed better stability and maintained 90% of their PLQY even after 

15 days. 

 

With the strong coordination of the P=O group, Wu et al. reported that 

trioctylphosphine oxide (TOPO) can be a strong capping ligand for inorganic halide 

perovskite NCs.90 They demonstrated that CsPbBr3 NC’s exhibited greatly improved 

performance after TOPO treatment. Similarly, Liu et al. achieved a high PLQY of 100% in 

CsPbI3 NCs. Their approach was to incorporate the trioctylphosphine–PbI2 (TOP–PbI2) as 

a precursor; the stability of the ensuing CsPbI3 NCs was dramatically improved. 

Octylphosphonic acid (OPA) could also be applied to exchange the capping ligands 

(OA/OLA) adsorbed on the perovskite NCs during synthesis. Capping CsPbX3 NCs with 

OPA preserved the particles’ high PLQY (>90%) and showed high stability against the 

purification processes. A green LED based on OPA-CsPbX3 showed an EQE and a current 

efficiency of 6.5% and 18.13 cd A-1, respectively.91  

 

Peptides, with amino and carboxylic functional groups, represent another effective 

approach for defect passivation (Figure 2.7b).92 The synergy between the two groups 

allows for the generation of ammonium moieties, R–NH3
+. CH3NH3PbBr3 as well as 

CsPbBr3 NCs have been synthesized through this strategy, using peptides of varying 
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length. Moreover, by adjusting the peptide concentration, peptide-based NCs with a size 

variation of ∼3.9–8.6 nm can also be prepared. 

 

Halide ion pair [didodecyldimethylammonium bromide (DDAB)] passivation was 

reported by Bakr et al. for CsPbX3 NCs, which promoted carrier transport and enabled 

efficient LEDs (Figure 2.7c).93, 94 Only a ligand-exchange strategy involving the desorption 

of protonated oleyamine (OAm) as an intermediate step afforded such films; a direct, 

more conventional ligand-exchange approach would cause degradation of all-organic 

NCs. The novel ligand-exchange strategy yielded green LEDs with a luminance and a high 

EQE of 330 cd m-2 and 3.0%, respectively. Furthermore, the application of a similar 

treatment to fabricate blue LEDs resulted in a EQE of 1.9% and luminance of 35 cd m-2.  

 

Vickers et al. reported short conductive aromatic ligands such as benzylamine (BZA) and 

benzoic acid (BA). In turn, it facilitated charge transport between quantum dots (QDs).95 

The BZA-BA-MAPbBr3 QDs were significantly stable, showed a maximum PLQY of 86%, 

and—according to electrochemical and photovoltage spectroscopy and transient 

photocurrent—outperformed PQDs with insulating ligands with respect to carrier 

lifetime and charge extraction efficiency. 

 

Krieg et al. developed a novel ligand-capping method involving commercially available 

zwitterionic molecule, 3-(N,N-dimethyloctadecylammonio)propanesulfonate, which 
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allowed for much stronger adhesion to NC surfaces via the chelate effect (Figure 2.7d).96 

The authors designed the strategy to improve the processing and colloidal stability and 

structural integrity. In addition to affording appreciably higher yields of NCs, ligands of 

this type enabled high stability against washing.  

 

Figure 2.7. a. Redistributions of surface charge for optimized PbI2-rich CsPbI3 surfaces 

with oleic acid (OA) and IDA bidentate ligand modification.89 Adapted from ref. 89. 

Copyright 2017 American Chemical Society. b. Schematic diagram illustrating the surface 

passivation mechanism using peptides.92 Adapted from ref. 92. Copyright 2017 Wiley‐

VCH.  c. Absorption and PL spectrum of purified QDs (P-QDs), OA-QDs, and DDAB-OA-

QDs.93 Adapted from ref. 93. Copyright 2016 Wiley‐VCH. d. Schematic diagram 

illustrating zwitterionic capping ligands.96 Adapted from ref. 96. Copyright 2018 

American Chemical Society. e. Confocal PL images for MAPbBr3 films with and without 
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amine-based passivating materials.97 Adapted from ref. 97. Copyright 2017 American 

Chemical Society.  

 

The use of amine-based passivating materials (APMs) provides notable benefits, such as 

defect passivation by bonding between the undercoordinated Pb and nitrogen (Figure 

2.7e). The authors indicated that APMs allowed for enhanced PL intensity, suppressed 

PL blinking, and a long PL lifetime, thereby enhancing device performance with an EQE 

of 6.2%. Confocal microscopy revealed the suppressing of PL quenching in perovskite 

semiconductors due to the passivation effect from ethylenediamine (EDA) treatment.97  

 

Anionic X-type ligands also impart favorable properties. Such ligands enable trap-free 

band gaps through replacing surface halide vacancy sites; the result is the promotion of 

Pb 6p levels to those where they no longer manifest between band gap. X-type ligands 

passivate undercoordinated lead atoms, raising the absolute QYs to near unity, which 

indicates full trap passivation.98  

 

A summary of the ligands applied for surface passivation of perovskite NCs was shown in 

Figure 2.8. 
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Figure 2.8.  Brief summary of the ligands applied for surface passivation of perovskite 

NCs. 

Doping is widely applied to tune the emission peaks of perovskite NCs because of 

energy transfer between hosts and dopants.99-105 Both iso-valent (divalent) and hetero-

valent (monovalent and trivalent) metal ions have been reported for doping of 

perovskite NCs.105-110 

 

Despite fine optimization of synthesis conditions, the imperfect assembly of 

constituents during a reaction still exists and it is the main reason for lower PLQY of 

CsPbCl3 NCs. These imperfections in crystals, likely due to vacancies and/or surface 
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excess Pb and/or distorted [PbX6] octahedra. Yong et al. reported the effects of 

incorporating a small amount of divalent foreign ions, Ni2+ in their case, into the CsPbX3 

matrix. In particular, the improved order of the lattice arises from the increased defect 

formation energy after introducing the dopant. The reduction of nonradiative 

recombination rate from 378.29 to 1.90 μs-1 (optimized condition) was observed, which 

indicates the decreased population of nonradiative recombination centers. A maximum 

PLQY of 96.5% was achieved by Ni2+ doping strategy. From the density functional theory 

(DFT) calculations, it is proved that the Cl vacancy creates a gap state in pristine CsPbCl3 

and no defect states for doped CsPbCl3.111  

 

Bi et al. reported the favorable effects of doping smaller Cu2+ ions into CsPb(Br/Cl)3: 

lattice contraction and elimination of halide vacancies. The authors reported that Cu2+ 

also led to improvements of light emitting and stability of NCs.112 

 

Divalent metal ion Zn2+ was also proven effective both in CsPbBr3 and CsPbI3 NCs for 

defect passivation. ZnBr2-doped CsPbBr3 NCs showed a PLQY of 78%, which was 

dramatically higher than pristine CsPbBr3 NCs with PLQY of 54% without a shift in the 

emission peak. Two possible mechanisms were proposed to explain the defect 

passivation effect induced by Zn2+ doping: (1) the favorable formation energies attained 

by the introduction of ZnBr2 into reaction solutions lead to the coverage of CsPbBr3 NC 

surfaces with PbBr2 adlayer, and (2) introducing ZnBr2 into the reaction may give rise to 
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lead bromide-rich conditions. Various other metal bromides (CuBr2 and InBr3) have also 

shown efficacy.113  

 

Defect passivation enabled by alloying Zn2+ into CsPbI3 NCs has likewise been 

demonstrated. Defect densities of 1.26 × 1017 and 1.75 × 1016 cm-3 were estimated for 

pristine CsPbI3 and for Zn and Pb alloyed films (CsPb0.64Zn0.36I3), respectively, by the 

space-charge-limited current (SCLC) method. Those figures represent a substantial 

decrease of nearly 1 order of magnitude upon incorporating Zn2+. The larger value of the 

atomic ratio of I/(Zn + Pb) led to the transition of the surface elemental environment 

from one rich in lead to one rich in iodine upon introducing Zn2+. Moreover, the alloying 

also improved the stability by lattice contraction, and the α-phase of the NCs could 

remain stable in air for 70 days. A large luminance (2202 cd m-2), low turn-on voltage (2 

V), and a high EQE (15.1%) were achieved.114  

 

Navendu et al. reported doping of Cd2+ into CsPbCl3 NCs by CdCl2 post-treatment. The 

PLQY of CsPbCl3 NCs was increased to near unity (96 ± 2%) with the CdCl2 post-

treatment. The decreasing of defect state density after CdCl2 post-treatment was 

proved by time-resolved photoluminescence lifetime (TRPL) and ultrafast transient 

absorption 115.116, 117 
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Doping with heterovalent Ce3+ ions has been reported to not introduce trap states, 

resulting from the similar ionic radii and the formation of a higher conduction band 

energy level with bromine relative to that formed with the Pb2+ cation.118 When doping 

2.88% Ce3+ into CsPbBr3 NCs, PLQY of CsPbBr3 NCs achieved 89%, compared with 41% 

for undoped NCs. 

 

Recently, Yin et al. further uncovered the mechanism of heterovalent doping in CsPbBr3, 

namely, by high-level DFT.119 The results showed that PL quenching was induced by the 

deep trap states when Bi3+ was used as dopant. However, when applying Ce3+ as dopant, 

the disorder of host NC was reduced, and the edge states were enriched by CePb 

antisite, and thereafter higher PL was achieved. 

 

Unlike doping strategy, which mainly aims to reduce structure ([PbX6] octahedra) 

disorder and increase the defect formation energy, the elemental compensation 

strategy aims to annihilate surface vacancies by donating the elements required to fill 

these vacancy sites. Metal halides could provide both metal ions and halides for the 

surface elemental compensation of perovskite NCs. The post-treatment strategy 

involving the direct addition of PbBr2 to a pristine solution of CsPbBr3 NCs induces 

excess bromide and stronger binding of ligand, both of which can enhance the PL.115 The 

post-treatment by ZnX2 was also reported. After post-treatment, halogen vacancies, 

which are abundant on QDs of this type were completely removed, as verified by high-
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resolution transmission electron microscopy (HRTEM), resulting in enhanced stability 

and PL. The ZnX2/hexane solution post-treatment is universal to several compositions, 

including CsPbCl3, CsPbBr3, and CsPbI3.120  

 

YCl3, a trivalent metal chloride salt, was used for the dual-surface passivation of CsPbCl3 

NCs. The dual-surface passivation was enabled by that Y3+ bonded to uncoordinated Pb 

atoms, and the Cl reach surface, which was proved by X-ray photoelectron spectroscopy 

(XPS) and substituting Y-acetate salt for YCl3. DFT results indicate that Y3+ and Cl- ions 

cannot create the mip-gap states but enrich conduction band (CB) states. This dual-

passivation strategy markedly increased the PLQY from 1 to 60%.121 Defect passivation 

in CsPbI3 NCs is also realized by the Cl- anions carried by SrCl2. Surface Cl- ion passivation 

was shown to enhance the PLQY (by up to 84%) of CsPbI3 NCs.122 

 

The thiocyanate (SCN-) anion can be incorporated into the perovskite lattice. Mixed-

anion perovskites (CH3NH3Pb(SCN)xI3–x) has been shown to benefit structure stability 

against moisture.123-125 Moreover, a CH3NH3Pb(SCN)xI3-x polycrystalline thin film was 

reported to exhibit large crystal sizes with decreased trap states.126-128 The SCN- ion also 

plays positive roles in suppressing defects in perovskite NCs. Koscher et al. applied SCN- 

from either NH4SCN or NaSCN to enhance PLQY of CsPbBr3 NCs. This treatment 

effectively removes excess Pb from the surface, thereby removing trap states induced 
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by excess lead on the surface of NCs and transforming the NCs into near-unity green 

emitters.129 

 

Blue-emitting perovskite NCs have lower PLQYs than do green- and red-emitting NCs 

because of different defect chemistry and undeveloped passivation strategy.130, 131 Blue 

emitting CsPbBr3 nanoplatelets (NPLs) with 96% PLQY was realized by PbBr6
4- 

octahedron passivation.132 HBr aqueous solution was introduced into the reaction and 

an excess of Br- environment was induced, thereby driving ionic equilibrium to construct 

perfect PbBr6
4- octahedra. The reduction of bromide vacancies was indicated by a 

smaller Urbach energy and a longer transient absorption delay. NPLs based blue LEDs 

attained a high EQE of 0.124%. Cl passivation induced by metal chlorides and 

ammonium chloride salts was applied to enhance the PLQY of blue-emitting CsPbCl3 

NCs.131 Blue emitting lead-free MA3Bi2Br9 QDs with PLQY of 54.1% was achieved by also 

Cl passivation. Cl– anions, as passivation agents, are constrained to the NCs’ surface and 

dramatically reduce the trap states and boost the PLQY.133  
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Figure 2.9. a. Cross-sectional TEM image of a quasi-core–shell CsPbBr3/MABr 

structure.14 b. EQE characteristics of the best-performing quasi-core-shell CsPbBr3/MABr 

LEDs. Inset: photographs of single-layer CsPbBr3, bilayer CsPbBr3/MABr, and quasi-core-

shell CsPbBr3/MABr perovskite films under UV light.14 Adapted from ref. 14. Copyright 

2018 Nature Publishing Group. c. Schematic of synthesis of QD/silica composites.134 

Adapted from ref. 134. Copyright 2016 Wiley‐VCH. d. Effect of isocrystalline core–shell 

on PLQY and integrated area under the Mn2+ luminescence decay curves.  Samples C1 to 

C7 are Mn2+:CsPbCl3 without a CsPbCl3 shell to Mn2+:CsPbCl3 with the thickest CsPbCl3 

shell from left to right.135 Adapted from ref. 135. Copyright 2017 American Chemical 

Society. 
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In a core-shell NC, the shell provides a physical barrier that moderates the sensitivity of 

the optical properties of the core to environmental variation near the NC surface when 

exposed to oxygen or water molecules. Moreover, the shell effectively passivates 

surface trap states, resulting in a strongly enhanced PLQY.136 Therefore, construction of 

a core-shell structure is highly attractive for improving both the PLQY and stability of 

perovskite NCs. 

 

The most efficient perovskite green LED reported to date, with a EQE over 20%, is based 

on a CsPbBr3/MABr quasi-core–shell structure, which represents a good example that 

can be transferred to NCs (Figure 2.9a, b).14 The CsPbBr3/MABr quasi-core–shell was 

constructed by covering a presynthesized CsPbBr3 film with a MABr layer. A shell of 

MABr is formed between the grain boundaries of CsPbBr3, and surface of CsPbBr3, 

forming the quasi-core–shell structure. Results showed that the MABr shell reduced the 

number of defects in CsPbBr3/MABr perovskite films.  

 

NC/silica composites were also synthesized and showed high PLQY and extremely high 

stability in air (Figure 2.9c). (3-Aminopropyl)triethoxysilane (APTES) could undergo 

hydrolysis induced by trace water vapor in air, and a silica matrix subsequently formed 

slowly on perovskite NCs. The amino group in APTES could effectively passivate the NC 

surface to maintain the original high PLQY.134  

 



54 
 

 

A Mn2+-doped CsPbCl3 NC/undoped CsPbCl3 core–shell structure was adopted to protect 

the surface dopant ions (Mn2+) and enhance the dopant light emission (Figure 2.9d).135 

To grow a CsPbCl3-shell layer, the Mn2+-doped CsPbCl3 NCs were redispersed in toluene. 

Luminescent ions near the surface are well-known to experience faster decay than those 

farther away due to energy transfer to surface defects. The lifetime of Mn2+ emission 

can be appreciably prolonged, as confirmed by a reduced quenching effect from surface 

defect sites. 
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Chapter 3 Perovskite Films Deposition and Characterization 

3.1 Lab-scale perovskite film fabrication methods 

(1) Two-step method 

Burschka et al. first reported two-step method. A PbI2 layer was first spin-coated onto 

the mesoporous TiO2 layer and then immerse TiO2/PbI2 into MAI solution for perovskite 

conversion. Xiao et.al further developed an interdiffusion method (Figure 3.1a). In this 

method, the PbI2 and MAI were spin-coated in sequence.137 They further developed 

solvent annealing method with perovskite film annealing in the solvent (N,N-

Dimethylmethanamide (DMF)) environment to enlarge grain size of the perovskite 

films.45  

 

(2) One-step anti-solvent method 

The anti-solvent washing method is a facile strategy that has been widely used to obtain 

smooth and high-quality perovskite films (Figure 3.1b). All the raw materials (MAI, 

MABr, PbI2, PbBr2, etc.)  are in a mixed solvent of DMF and dimethyl sulfoxide (DMSO). 

After tens of seconds of spin-coating, an antisolvent is dripped on the substrate. Finally, 

the intermediate phase is converted into highly quality perovskite film after annealing at 

100 °C for 10 min.138 
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Figure 3.1. Lab-scale perovskite film fabrication methods. a, Interdiffution method.137 

Adapted from ref. 137. Copyright 2014 Wiley‐VCH. b, Solvent engineering method.138 

Adapted from ref. 138. Copyright 2014 Nature Publishing Group. 

 

3.2 Scalable perovskite film fabrication methods 

(1) Solution-based scalable perovskite film fabrication methods 

Blade coating is a scalable method for the large-scale and fast fabrication of perovskite 

films (Figure 3.2a).  Deng et. al achieved fast blading of uniform large area perovskite 

films enabled by addition of a small amount of surfactants (Figure 3.2b-e). The bladed 

modules with areas of 33.0 cm2 and 57.2 cm2 areas delivered the average efficiencies of 

15.3% and 14.6%, respectively.139 Besides blade coating, there are also slot-die coating, 

spray coating, inkjet printing, screen printing for perovskite film scalable fabrication 

(Figure 3.2a). 
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(2) Vapor-deposition  

The vapor-deposition method was introduced by Liu et al..44 This method produces 

dense and uniform perovskite films and it also shows the advantage of all perovskite 

tandem device fabrication because no solvent was used for deposition of top perovskite 

layer. For the solution-based method to fabricate perovskite-perovskite tandem solar 

cells, the solvent for processing of second perovskite may destroy the bottom 

perovskite layer because of unperfect coverage of the bottom perovskite by the 

transparent metal oxide layer.140 

 

(3) Solvent- and vacuum-free planar pressing 

Recently, a very promising method which no require any solvent and vacuum for 

perovskite film fabrication was reported. The clear yellow amine complex liquid 

precursors contain CH3NH3I·3CH3NH2 and PbI2·CH3NH2, in a molar ratio of 1:1. The 

MAPbI3 film was fabricated perovskite films by a planar pressing by a smooth and flat 

polyimide (PI) film. By using this method, they achieved a certified PCE of 12.1% for 36.1 

cm2 perovskite solar module.141 
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Figure 3.2. a, Scalable perovskite film fabrication methods (blade coating, slot-die 

coating, spray coating, inkjet printing, and screen printing).142 Adapted from ref. 142. 

Copyright 2018 Nature Publishing Group. b, J-V curves of the blade-coated perovskite 

modules with area of 33 cm2 and 57.2 cm2.139 Adapted from ref. 139. Copyright 2018 
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Nature Publishing Group. c, Stable power output of the blade-coated perovskite 

modules with area of 33 cm2 and 57.2 cm2.139 Adapted from ref. 139. Copyright 2018 

Nature Publishing Group. d, e, Photographs of a perovskite module viewed from the 

glass side (left) and top electrode side.139 Adapted from ref. 139. Copyright 2018 Nature 

Publishing Group. 

 

3.3 Characterization methods 

 

(1) Scanning Electron Microscope 

Electrons accelerated onto a material result in many interactions with the atoms of 

sample, such as the secondary electrons, backscattered electrons, 

cathodoluminescence, auger electrons, and characteristic X-rays. These signals could 

deliver the information of the morphology, chemical composition, crystal structure of 

the solid specimen. The secondary electrons are the signals that collected by the SEM 

for producing morphology image. SEM is a very useful technique for material’s 

morphology identification and film thickness measurement. 

 

(2) X-ray Diffraction (XRD) 

According to the Bragg's Law, the constructive interference should satisfy the 

relationship of n λ=2d sin θ. Where the λ is the wavelength of incident X-rays, θ is the 
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diffraction angle, and d is the lattice spacing. X-Ray Diffraction pattern showed the 

intensity versus a range of 2θ angles, convey the information of the crystal structure and 

d-spacing by analyzing and indexing the peaks in the pattern. 

 

(3) Photoluminescence (PL) and Time-Resolved Photoluminescence (TRPL) 

Photoluminescence (PL) is the process that a material emits light initiated by 

photoexcitation. We mainly use the time-resolved photoluminescence spectroscopy 

(TRPL) in this thesis study.  For TRPL measurement, a short laser pulse is used for 

excitation, and a fast detector is used to determine the subsequent decay in PL as a 

function of time after excitation. The TRPL technique has ability to characterize 

recombination in photovoltaic semiconductor materials and determine the charge 

carrier lifetime. 

 

(4) External Quantum Efficiency (EQE) 

EQE is the ratio of the amount of collected charge carriers to the amount of incident 

photons to the device at a certain wavelength. The EQE measurement is conducted by 

recording the photocurrent when illuminating a certain area of the sample device with a 

monochromatic light beam. The entire EQE spectrum as a function of wavelength could 

be obtained by changing the wavelength of the incident light. The short circuit current 

(JSC) of a solar cell could be determined from the integrated area under EQE curve. 
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(5) Current density (J)-voltage (V) characteristic 

The J-V characteristic is of prime interest in evaluation of solar cells. A typical J-V curve is 

shown in Figure 3.3, and it graphically defines the following solar cell parameters: 

VOC: open circuit voltage. 

JSC: short circuit current. 

Vm, Im: the operating point voltage and current yielding the maximum power output. 

The fill factor (FF) can be calculated using the following equation: 

𝐹𝐹 =
𝑃𝑚𝑎𝑥

𝐼𝑠𝑐 ∗ 𝑉𝑜𝑐
=

𝐼𝑚 ∗ 𝑉𝑚

𝐼𝑠𝑐 ∗ 𝑉𝑜𝑐
 

The power conversion efficiency (PCE) is determined from the J-V curve employing 

𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐼𝑚 ∗ 𝑉𝑚

𝑃𝑖𝑛
=

𝐹𝐹 ∗ 𝐼𝑠𝑐 ∗ 𝑉𝑜𝑐

𝑃𝑖𝑛
 

where Pin is the photo-energy incident per second or input power. 

 

Figure 3.3. A typical J-V curve of a solar cell under light illumination.   
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Chapter 4 Quantum Dots Supply Bulk- and Surface-Passivation Agents for 

Efficient and Stable Perovskite Solar Cells 

This chapter is based on a publication: Zheng, X.; Troughton, J.; Gasparini, N.; Lin, Y.; 

Wei, M.; Hou, Y.; Liu, J.; Song, K.; Chen, Z.; Yang, C.; Turedi, B.; Alsalloum, A. Y.; Pan, J.; 

Chen, J.; Zhumekenov, A. A.; Anthopoulos, T. D.; Han, Y.; Baran, D.; Mohammed, O. F.; 

Sargent, E. H.; Bakr, O. M., Quantum Dots Supply Bulk- and Surface-Passivation Agents 

for Efficient and Stable Perovskite Solar Cells. Joule 2019, 3 (8), 1963-1976.143 

4.1 Motivation 

Solution-processed OIHP semiconductors have achieved impressive certified PCE of 

25.2% for solar cells61 and over 20% EQE in both green- and red-LEDs13-15. OIHPs exhibit 

superior optoelectronic properties such as strong light absorption,144-148 high and 

balanced electron and hole mobility,149-152 long intrinsic recombination lifetime,10, 123, 153 

tunable bandgap,38, 120, 154, 155 and small exciton binding energy.36 To reach these record 

values, much effort has been expended on grain engineering and surface engineering in 

order to reduce surface defect state densities. Strategies have included compositional 

tuning,86, 156, 157 introducing metal ions, 158, 159 surface and interface modification,47, 62, 160, 

161 heterojunction engineering,162-165 and functional additives53, 57, 60, 166, 167. Although the 

soft ionic OIHP lattice is thought to highly defect tolerant – compared to rigidly-bonded 

covalent materials such as silicon – defect states remain abundant on interfaces and 
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surfaces, and on the grain boundaries of OIHP polycrystalline films.  Point defects are 

localized within the bulk crystal while extended defects occur at interfaces (surfaces and 

grain boundaries). Both bulk- and surface-passivation should be considered in order to 

achieve high-efficiency OIHP solar cells. Defect states trap charge carriers and suppress 

quasi-Fermi level splitting, reducing the open circuit voltage (VOC) of OIHP solar cells.56, 

168-173 The defects initiate and catalyze degradation by facilitating rapid ion migration.77 

Surface modification aiming to reduce defect density and block ion migration is 

therefore of interest to improve the stability of OIHP devices. 

 

Among strategies for defect passivation, elemental passivation and molecular 

modification have attracted tremendous attention. Several kinds of metal ions, including 

strontium19, 174 cesium 175 rubidium (Rb),24, 176 and potassium (K)57, 61 have been 

highlighted for their contribution to a reduction in defect density and improvement in 

the realization of high-electronic quality OIHP films.  OIHP devices containing both Cs 

and Rb showed a VOC of 1.24 V with a band gap of 1.63 eV, leading to a voltage deficit of 

only 0.39 V; even smaller than the 0.4 V in commercial single crystalline silicon solar 

cells.24 For molecular passivation of defects, polymers or small molecules with 

functional groups, such as poly(methyl methacrylate) (PMMA), polyvinylpyrrolidone 

(PVP), and fused ring electron acceptors (FREA), have been shown to interact with trap 

sites and suppress defect formation when introduced either in the bulk or at the 
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interfaces of perovskite films, leading to increased efficiency and stability in solar cells.41, 

163, 177-181  

In addition to strategies based on defect passivation, molecular surface-

functionalization approaches that render the perovskite film water-resistant and inhibit 

ion migration contribute remarkably to devices’ enhanced stability. Examples of such 

approaches include: cross-linkable, self-assembled silane molecules with long 

hydrophobic fluoride chains bonded onto fullerenes to make highly water-resistant 

OIHP films;23 2D-3D perovskite stacking structures that reduce  defect density and ion 

migration, leading to an enhancement in devices’ lifetimes to one year;176, 182 and the 

application of two-dimensional (2D) graphene to block halide ion migration from the 

perovskite layer to the electrode.183  

 

Inorganic perovskite QDs carrying abundant elements and capping ligands are very 

attractive for both elemental passivation and molecular surface-functionalization. 

However, typically intact perovskite QDs were utilized as functional components for 

engineering interfacial layers184, 185 and gradient heterojunctions162 in perovskite solar 

cells, without much heed for their potential as dopant and surface-ligand carrying 

vehicles. 
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In this study, we report a facile strategy whereby a trace amount of ligand-capped 

CsPbBrCl2 QDs are used as a means to deliver elements and molecular surface modifiers 

for improving both PCE and stability of MAPbI3 solar cells. These doped MAPbI3 solar 

cells show reduced band-tail states, smaller trap density and longer carrier lifetime, 

which, in turn, enhances the VOC of MAPbI3 planar heterojunction devices and 

consequently increases PCE to 21.5%. Due to the self-assembling nature of the ligands, 

which end up capping the surface of MAPbI3, the stability of MAPbI3 is also substantially 

improved. These results highlight the importance of the synergistic effect of elemental 

passivation and surface modification for the improvement of efficiency and stability in 

OIHPs devices. 

4.2 Methods 

Synthesis and purification of CsPbBrCl2 QDs. The CsPbBrCl2 QDs were synthesized by a 

modified hot-injection procedure.186 In a typical experiment, 0.065 mmol of PbBr2, 0.13 

mmol of PbCl2, and 5 mL of 1‐octadecene 29 were loaded in a 50 ml flask and dried 

under vacuum for 1h at 120 ᵒC. Then, 0.5 ml oleic acid (OA), 0.5 ml oleyl amine (OM), 

were injected under N2. After all the precursors soluble, the temperature was raised to 

180 ᵒC and QDs were formed by quickly adding of 0.5 ml of cesium oleate solution. After 

5 seconds, the reaction is cooled by ice-water bath. The crude solution was centrifuged, 

washed, and re-dispersed in toluene as the stocking solution for the anti-solvent in the 

perovskite solar cell fabrication. 
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MAPbI3 solar cell fabrication. The MAPbI3 films was fabricated by the anti-solvent 

extraction approach in N2 glove box, as reported in elsewhere.138 Briefly, a hole 

transport layer (HTL) poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA) with 

concentration of 2 mg/ml dissolved in toluene were spin coated at the speed of 

6,000 r.p.m for 35 s and then annealed at 100 °C for 10 min. The MAPbI3 perovskite 

precursor solution was prepared by dissolving 460 mg PbI2 and 159 mg MAI in 700 μL 

DMF and 78 μL DMSO. 100 μL of the precursor solution was spun onto PTAA at 4000 

rpm for 30s, the sample was quickly washed with 200 μL toluene. For device with QDs, 

different concentrations of QDs in toluene were used as the anti-solvent. Subsequently, 

the sample was annealed at 100 °C for 10 min. The devices were finished by thermally 

evaporating C60 (20 nm), BCP (8 nm) and copper (80 nm) in sequential order. 

 

Device characterization. Simulated AM 1.5G irradiation (100 mW/cm2) was produced by 

a Xenon-lamp-based solar simulator (Abet Technologies Sun 3000 Solar Simulator) for 

current density-voltage (J-V) measurements. The light intensity was calibrated by a 

silicon diode equipped with a Schott visible-color glass-filtered (KG5 color-filtered). 

Keithley 2400 Source-Meter was used for J-V measurement. The scanning rate was 0.1 V 

s-1. The steady-state PCE was measured by monitoring current with largest power 

output bias voltage and record the value of photocurrent. EQE curves were 
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characterized with a Newport QE measurement kit by focusing a monochromatic beam 

of light onto the devices. TEM analysis was carried out with a Titan™ TEM (FEI Company) 

operating at a beam energy of 300 keV and equipped with a Tridiem™ post-column 

energy filter (Gatan, INC.). The SEM images were taken from a Zeiss Merlin 

environmental scanning electron microscope. The investigation into elemental 

distribution in depth was achieved using Secondary Ion Mass Spectrometry (SIMS) 

techniques. Depth profiling experiments were performed on a Dynamic SIMS instrument 

from Hiden analytical company (Warrington-UK) operated under ultra-high vacuum 

conditions, typically 10-9 torr. A continuous Ar+ beam was employed at 4.5 keV to 

sputter the surface while the selected ions were sequentially collected using a MAXIM 

spectrometer equipped with a quadrupole analyzer. The raster of the sputtered area is 

estimated to be 750 × 750 µm2. In order to avoid the edge effect during depth profiling 

experiments, it is necessary to acquire data from a small area located in the middle of 

the eroded region. Using adequate electronic gating, the acquisition area from which 

the depth profiling data was obtained was approximately 75 × 75 µm2. Assuming a 

constant sputtering rate, the conversion of the sputtering time to sputtering depth scale 

was carried out by measuring the depth of the crater generated at the end of the depth 

profiling experiment using a stylus profiler from Veeco. XPS studies were carried out 

under 10-9 Torr vacuum using a Kratos Axis Ultra DLD spectrometer equipped with a 

monochromatic Al Kα X-ray source (hν = 1486.6 eV) operating at 45 W, a multi-channel 

plate and a delay line detector. The samples were first loaded into the vacuum chamber 
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overnight to get rid of the unintentional absorptions and then carry out the 

measurement. The contact angle was measured by the KRUSS drop shape analyzer. 

Time resolved photoluminescence (TRPL) was tested using a Hamamatsu C10910 streak 

camera system. For the transient photo-voltage (TPV) measurements, the device was 

serially connected to a digital oscilloscope for monitoring the charge density decay for 

the device in approximately VOC condition. An attenuated a 405 nm laser-diode was 

used as a small perturbation to the background illumination on the device. The laser-

pulse-induced photo-voltage variation (ΔV) and the VOC is produced by the background 

illumination. The intensity of the short (50 ns) laser pulse was adjusted to keep the 

voltage perturbation below 10 mV, typically at 5 mV. The Fourier-transform photo-

current spectroscopy (FTPS) was measured by a Bruker Vortex 80 FTIR photo-

spectrometer. 

 

4.3 Results and discussion 

To avoid ambiguity, the MAPbI3 composition was employed to demonstrate the QD 

passivation strategy in this work, given its high phase purity, good reproducibility, and 

absence of phase separation (e.g. the δ-FAPbI3 yellow phase that commonly happens in 

FA-MA mixed cation systems).187, 188 The active layers of MAPbI3 films for perovskite 

solar cells were fabricated by the low-temperature one-step anti-solvent extraction 
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method. Here, ligand-capped CsPbBrCl2 QDs with a size of ~ 7 nm (Fig. 4.1) were 

dispersed in toluene and applied as the anti-solvent for MAPbI3 film processing, as 

illustrated in Fig. 4.2a.   

 

Figure 4.1. TEM image of CsPbBrCl2 QDs. 
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Figure 4.2. Perovskite Film Growth with QD Suspension as an Anti-solvent. a, Schematic 

illustration of the procedure for preparing MAPbI3 film using CsPbBrCl2 QDs as an anti-

solvent suspension. b and c, Scanning electron microscopy images of the MAPbI3 films 

without and with 0.25 wt.% of QDs, respectively.  d and e, Water contact angle on the 

MAPbI3 films without and with 0.25 wt.% of QDs, respectively. 
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As shown in the scanning electron microscopy 168 images in Fig. 4.2b, Fig. 4.2c, and Fig. 

4.3, the grain size distribution present in the doped MAPbI3 film shows no appreciable 

difference compared with that of a pristine film. The atomic force microscopy (AFM) 

result (Fig. 4.4) shows that the roughness of film with QDs is smaller than pristine film. 

However, the hydrophobicity of the film surface was dramatically enhanced: as 

illustrated in Fig. 4.2d and 4.2e, the contact angle of water on the doped film was 88.8o 

much larger than the 64.5o on a pristine film. Previous studies have shown that 

imparting a degree of hydrophobicity to the perovskite’s surface contributes to an 

enhancement of the film’s water resistance and overall device stability in humid 

environments.23, 182, 189 Since the surface texture is demonstrably similar in both 

instances, the reason for the hydrophobicity enhancement is therefore attributed to the 

self-assembly of the ligands introduced by the QDs in the toluene anti-solvent. The oleic 

acid (OA) ligands typically applied during the QD synthesis has strong interactions with 

MAPbI3 by the bonding between Pb atoms and the -COOH groups. During the MAPbI3 

film processing and subsequent annealing, ligands detach from the QD and self-

assemble on perovskite film surface anchored to Pb sites as previously described. This 

leaves the hydrophobic chain exposed at the interface.  
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Figure 4.3. High-resolution SEM for the MAPbI3 film with 0.25 wt.% of QDs in anti-

solvent. 
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Figure 4.4.  Atomic force microscopy (AFM) images of pristine MAPbI3 film and the film 

with 0.25 wt.% of QDs in anti-solvent. 

 

Fig. 4.5a shows elemental distribution as a function of depth in the QD-treated MAPbI3 

film and pristine MAPbI3 film measured by secondary ion mass spectrometry (SIMS), 

respectively. The Cs, Br, and Cl elements from the CsPbBrCl2 QDs are uniformly 

distributed throughout the whole depth of the film without concentration gradient. It 

should be noted that the depth determined by the SIMS measurement is the apparent 

value instead of the real film thickness as measured by electron microscopy because it 

assumes a constant sputtering rate as a function of depth, and the high Cs background 

signal is possibly from either the interference effect or the well-known memory effect. 

The analysis of Cs-containing samples often will lead to the deposition of very small 

amount of Cs inside the detection system. Although this amount may be in the ppb–

ppm range, it is enough to be detected during the analysis of the subsequent samples 

because the Cs is the most sensitive element to be positively ionized in the periodic 

table.  The elemental mapping also confirmed that elements introduced by QDs were 

uniformly distributed throughout the whole depth of MAPbI3 film, as shown in Fig.4.5b. 

Figure 4.5c is a schematic illustration of the structure of the doped MAPbI3 film, with 

uniform composition of MAPbI3:CsPbBrCl2 and self-assembled of the ligands on the film 

surface. The QDs disintegrate in polar solvents (DMF and DMSO) contained in the 
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MAPbI3 precursor. When the QDs come across the wet MAPbI3 precursor, they will 

decompose and leave elemental dopants inside the MAPbI3 film and ligands on the 

surface of MAPbI3 film. The phase purity was evidenced by the XRD result in Fig. 4.6 

without showing obvious new peaks, peak shift, or the changing of the peak ratio after 

the QD introduced.  

 

Figure 4.5. Characterization of Perovskite Films with QDs. a, Depth-dependent 

elemental distribution measured by secondary ion mass spectrometry (SIMS) for 

pristine MAPbI3 film and the film with 0.25 wt.% of QDs in anti-solvent. b, Elemental 

mapping of pristine MAPbI3 film and the film with 0.25 wt.% of QDs in anti-solvent by 

energy-dispersive X-ray spectroscopy (EDS).  c, Schematic illustration of the uniform 
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elemental distribution across the MAPbI3 film and self-assembling of the oleic acid (OA) 

molecules on the surface of the MAPbI3 film. Note: the elements from QDs uniformly 

distribute in the MAPbI3 film, and the thickness of ligand layer and MAPbI3 layer are not 

drawn to scale. 

 

Figure 4.6.  XRD patterns of MAPbI3 films with 0.25 wt.% of QDs and without QDs. 

 

To probe the effect of QD passivation on device performance, we fabricated p-i-n planar 

heterojunction perovskite solar cells structured as poly[bis(4-phenyl)(2,4,6-

trimethylphenyl)amine] (PTAA)/MAPbI3/fullerene (C60)/ 2,9-dimethyl-4,7-diphenyl-1,10-

phenanthroline (BCP)/copper. Considering that the electronic properties of perovskite 

films depend strongly on element concentration and amount of ligands on the film 

surface, we first studied the influence of QD concentration in the anti-solvent on the 
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device performance as shown in Fig. 4.7a. The control device using the pristine toluene 

as an anti-solvent showed unremarkable performance with a short circuit current 

density (JSC) of 23.2 mAcm-2, a VOC of 1.06 V, a fill factor (FF) of 74.4%, and a PCE of 

18.3%. By varying the concentration of QDs between 0.05 wt. % and 0.25 wt.%, the VOC 

was increased between 1.09 V and 1.13 V, respectively, with the corresponding PCE 

increasing to 19.36% and 20.9%, respectively. A higher FF was also observed for devices 

treated with QDs. The average series resistance (Rs) was calculated from measurements 

on 20 devices. The average Rs for the pristine device was 2500 ± 1700 Ω.cm2, while for 

QD-treaded devices the average was 700 ± 200 Ω.cm2. Thus, it can be concluded the 

that the decreased Rs contributed to the FF enhancement. The detailed parameters for 

a device treated with 0.25 wt.% QDs are: JSC of 23.0 mAcm-2, a VOC of 1.13 V, a FF of 80.3 

%, yielding a PCE of 20.9%.  
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Figure 4.7. Comparison of Photovoltaic Performance. a, Current density-voltage (J-V) 

characteristics of MAPbI3 devices with different CsPbBrCl2 QDs concentrations in anti-

solvent. b, Steady-state photocurrent and efficiency for pristine MAPbI3 device and the 

device with 0.25 wt.% of QDs in anti-solvent. c, EQE for pristine MAPbI3 device and 

device with 0.25 wt.% of QDs in anti-solvent. d, J-V characteristic of champion device 
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with 0.25 wt.% of QDs in anti-solvent. e, The statistics of PCE distribution for pristine 

devices (blue), and devices with 0.25 wt.% of QDs in anti-solvent (red). (Statistics from 

25 samples for each group.) The solid lines represent the Gauss distribution fitting for 

the statistic of PCE. 

 

To confirm the PCE measured from the J-V scan and exclude the influence of any 

hysteresis, we tracked the photocurrent output with a bias of maximum power point 

(MPP) voltage at 0.96 V for the device treated with 0.25 wt.% QDs in the anti-solvent, as 

shown in Fig. 4.7b. The stabilized power output profile shows that a PCE of 20.7% for 

first 10s, agreeing well with the J-V test, followed by a slight drop to 20.3% over the 

following 40s. The control device showed a PCE output of 18.3% over 50 s of tracking, 

consistent with the result from J-V scan. We evaluated the J-V hysteresis by calculating 

hysteresis index (HI) derived from the both forward and reverse scan of the device 

treated with 0.25 wt.% QDs, as shown in Fig. 4.8. The calculated HIs according to the 

equation of HI = (PCERS – PCEFS)/PCERS, PCEFS and PCERS represent PCE measured from 

forward scan and reverse scan, respectively. The PCEFS and PCERS are 20.6% and 20.9%, 

and the corresponding HI is 0.014. This low HI shows that only minor hysteresis was 

observed, which may have risen from ion migration as reported. To further verify the JSC 

as measured from the J-V sweep, we measured the device’s external quantum efficiency 

(EQE) (Fig. 4.7c). The EQE-derived JSC of was found to be 22.1 mAcm-2, in agreement 
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with the J-V measurement (deviation <5%). The pristine device has a similar EQE value 

over whole light absorption range to that of the QD-treated device, and no differences 

in the bandgaps between the two devices could be discerned. The best device treated 

with 0.25 wt.% QDs in the anti-solvent yielded a PCE of 21.5% with JSC of 23.4 mAcm-2, a 

VOC of 1.15 V, and a FF of 80.0%, as shown in Fig. 3.7d. Further increasing the 

concentration of the QDs to 0.5 wt.% leads to a reduction in PCE, as a result of the 

increased amount of the insulating ligands from the QDs forming an electrical barrier at 

the perovskite layer’s interfaces.  The statistical PCE values from 50 devices (Fig. 4.7e) 

demonstrate the reproducibility and reliability of the performance enhancement by 

introducing QDs into the antisolvent. 

 

Figure 4.8. Current density-voltage (J-V) characteristics of the MAPbI3 device with 0.25 

wt.% QD doping measured by forward and reverse scans.  
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To illustrate the role of QDs, several control experiments were performed as shown in 

Fig.3.10. After determining the weight ratio of the ligands in QDs with thermal 

gravimetric analysis (TGA, Fig. 4.9), we separately added an equivalent amount of ligand 

into the antisolvent (that does not contain QDs). The results show that the PCE was 

increased from 18.3% to 19.5% due to the beneficial effect from the surface passivation 

by the ligands. To further study the role of elemental passivation, PbBr2, PbCl2, CsBr, and 

CsCl salts were added into the antisolvent. However, these salts cannot be dissolved or 

dispersed uniformly in the antisolvent, so the ensuing film quality was worse than that 

of the pristine film and the PCEs decreased for both groups of “salts in antisolvent” and 

“salts+ligands in antisolvent”. Alternatively, to illustrate the effect of bulk elemental 

passivation, the salts were directly added into MAPbI3 precursor. The VOC and PCE of the 

device with salts were increased to 1.11 V and 20.5%, respectively. A control experiment 

using salts containing the doping elements in the precursor and capping ligands in the 

antisolvent simultaneously was further carried out. The PCE of the control device with 

this experimental condition was lower than the device with QDs (Fig. 4.10). The best 

device with QDs showed a PCE of 21.5%, while the best control device with this 

experiment condition showed a PCE of 20.6%, as shown in Fig.4.11. To understand the 

underlying reason for the significant difference in device performance, we measured the 

roughness of the corresponding perovskite films by AFM. The result shows that the 
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roughness of the film with QDs is smaller than the control film (Fig. 4.12). We thus posit 

that during their dissolution into the DMF and DMSO solvent, the QDs partly act as 

nucleation agents, thus promoting the growth of a more uniform perovskite film. This 

special feature is absent in the control film that is fabricated via directly adding salts into 

precursor and ligands in the antisolvent. Our results clearly indicate that the strategy of 

using a uniform, stable suspension QDs as the antisolvent combines the effects of both 

surface passivation by ligands and bulk passivation from multiple elements in QDs, 

without altering the fabrication steps. 

 

Figure 4.9. Thermal gravimetric analysis (TGA) of CsPbBrCl2 QDs in O2. 
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Figure 4.10. J-V characteristics of devices made using different experiment fabrication 

conditions: pure toluene as antisolvent (pristine device), ligands in toluene as 

antisolvent, salts in toluene as antisolvent, ligands and salts in toluene as antisolvent, 

adding salts into precursor, salts in the precursor and ligands in antisolvent, and QDs in 

toluene as antisolvent, respectively. 
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Figure 4.11. J-V characteristics of best control device with salts in the precursor and 

ligands in antisolvent, and best device with QDs in toluene as antisolvent, 

respectively. 

 

Figure 4.12. a, b Atomic force microscopy (AFM) images of MAPbI3 film with salts in the 

precursor and ligands in antisolvent, and with QDs in toluene as antisolvent, 

respectively. 

 

Time-resolved photoluminescence (TRPL) decay measurements (Fig. 4.13) of MAPbI3 

perovskite films with and without QD addition were performed to uncover charge-

carrier recombination lifetimes. This metric is strongly related to the trap state density 

and therefore required in order to find the source of improved efficiency from the VOC 

enhancement.180, 190 Here we found that the lifetime in the film increased from 63 ns to 

126 ns, upon the addition of QDs. This finding is in agreement with the proposed 
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mechanism that metal ion (Cs+) and halide (Br-, Cl-) passivation reduce charge traps in 

the bulk, while the ligands  passivate the surface defects by self-assembling of ligands on 

the film surface (note, both ions and ligands are delivered through the QDs in the anti-

solvent, which have disintegrated upon incorporation in the film). To further test the 

carrier lifetime in fully operating devices, transient photo-voltage (TPV) decay 

measurements were conducted. The devices were soaked under a white LED and 

perturbed with 405 nm laser pulses under the open-circuit conditions. As seen in Fig. 

4.14a, the carrier life time (τ) increased from 1.37 μs to 2.33 μs when the 0.25 wt.% QDs 

were introduced in the anti-solvent, confirming the reduced density of defect states 

upon addition of QDs. For a semiconductor, tail states and mid-gap states both exist 

inside the bandgap where the former follows an exponential distribution and the latter 

follows a Gaussian distribution. Both tail states and mid-gap states can lead to the 

voltage losses as expressed by EG/q﹣VOC, where EG is the bandgap and q is the 

elementary charge.191-193 To elucidate the presence of these tail and mid-gap states with 

high sensitivity, Fourier-transform photocurrent spectroscopy (FTPS) was conducted for 

solar cells with and without QDs. For the energetic range between 1.2 eV and 1.8 eV, 

the indium tin oxide 99 has no absorption, does not induce free charge carriers and 

therefore has no contribution to the photocurrent collected during the FTPS 

measurement.194 The steepness of the absorption onset, reflecting the degree of the 

energy disorder, governs the maximum VOC a solar cell can achieve, known as the 

radiative limit, where all non-radiative recombination is absent.158 For OIHP 
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semiconductors, the band-tail states arise from variations in local structure or 

electrostatic potential caused, for instance, by differences in organic cation dipole 

orientation.191 This means that changing the organic cation in MAPbI3 by mixing with (Cs 

or FA) can influence the energetic disorder of the OIHPs. An analysis of the energetic 

distribution of tail states is important for assessing the VOC losses induced by the 

relaxation of charge carriers into tail states in OIHP semiconductors. As seen in Fig. 

4.14b, the device with 0.25 wt.% QDs shows a steeper absorption onset compared to 

that of the QD-free, pristine device. This indicates a reduction in energy disorder upon 

the introduction of Cs+, Br-, and Cl- brought forth by the QD passivation strategy. Aside 

from the influence of energetic disorder, charge carrier trapping in mid-gap states (also 

called trap states or defect states) can also reduce VOC by pulling down quasi-fermi level 

splitting which is recognized as non-radiative recombination. To gain better insight 

regarding trap states at energies inside the bandgap, we compared the FTPS signal 

below 1.5 eV for the device with and without QDs. The result shows that the FTPS 

signals from the device with QDs is lower at the energies from 1.2 eV to 1.5 eV 

compared to those of the pristine device, demonstrating that defect density of the 

doped MAPbI3 device decreases, resulting in reduced defect-state absorption. 

Therefore, we can conclude that the QD passivation strategy mitigates the energy 

disorder of MAPbI3, narrows the band tail electronic states, and reduces the mid-gap 

states of MAPbI3. Consequently, quasi-fermi level splitting is increased and followed by 

an improvement in solar cell VOC, as illustrated in Fig. 4.14c.  
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Figure 4.13. Time-resolved photoluminescence (TRPL) decay of MAPbI3 films with 

0.25 wt.% of QDs and without QDs. 
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Figure 4.14. Carrier Recombination Lifetime, Tail States, and Mid-Gap States. a, Charge 

carrier lifetime of MAPbI3 device with 0.25 wt.% of QDs and control device without QDs, 

determined from transient photo-voltage (TPV) measurement under open-circuit 

condition. b, Fourier-transform photocurrent spectroscopy (FTPS) of MAPbI3 device with 

0.25 wt.% of QDs and control device without QDs.  c, Schematic illustration of how tail 

states and mid-gap states of the perovskite layer influences the device VOC: a wide 

distributed tail states and mid-gap states reduces the splitting of the quasi-Fermi level 
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and thus reduces the device VOC. EFp is the quasi-Fermi level of the photo-generated 

holes. EFn is the quasi-Fermi level of the photo-generated electrons. Blue and purple 

dashed lines represent the quasi-Fermi level of pristine device without QDs and the 

device with 0.25 wt.% QDs, respectively. Note: only conduction band tail states and 

electron-traps are shown in this schematic. There are still the valence band tail states 

and hole traps. 

 

The long-term operational stability of OIHPs devices is challenged by their sensitivity to 

moisture, oxygen, and thermal stress resulting from the hydroscopic nature and easy 

ion migration in OIHP films. Recent studies have revealed that rendering the OIHP’s 

surface hydrophobic by the addition of a surface modification layer can dramatically 

enhance device stability by preventing moisture ingress.23, 182, 189 Defect passivation is 

also critical for device stability as these defect sites present at the film surface and grain 

boundaries represent energetically favorable sites for moisture, oxygen, and thermal 

stresses. We therefore hypothesized that the defect passivation and surface 

modification induced by QD should improve the stability of the MAPbI3 films. Fig. 4.15a 

shows a stability test for the bare MAPbI3 films under the thermal and moisture stress. 

Films with QD exhibit a much slower rate of degradation compared to control films 

when exposed a relative humidity of 70 ± 5% and 150 oC for 12 hours. This result 

demonstrates the mechanism whereby both the penetration of moisture, as well as the 
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escape of MA+ from the MAPbI3 films is inhibited as a result of the presence of surface-

absorbed ligands. The prospects of future commercialization of OIHP technologies 

requires solar cells to be stable under sun illumination. To evaluate the operational 

stability of these devices, we monitored the J-V characteristics of an encapsulated 

device under continuous simulated AM 1.5G illumination, and the device performance 

metrics are summarized in Fig. 4.15b-4.15e. For the first 30 hours of light illumination, 

the doped device undergoes a “burn-in” process whereby ~20% of the initial PCE is lost 

attributed mainly from a quick drop in FF. However, during this period, the PCE of the 

pristine device slightly increased owing to an increase in VOC. A possible explanation for 

this improvement is that halide re-distribution can reduce the bulk trap density in 

perovskite film and improve the VOC and PCE of pristine device, reported as the light-

healing effect.195, 196 This indicates a high trap state density in pristine MAPbI3 device. 

After 40 hours of light illumination, the VOC of control device reaches its highest value 

followed by a steep drop in FF; this in turn leads to a fast decline in PCE. After 500 hours 

of continuous light illumination, the MAPbI3 device with 0.25 wt.% QDs retained ~ 80% 

of their initial performance; in contrast, the pristine device without QDs dramatically 

degraded to the 27% of its initial efficiency. The device stability enhancement under 

both thermal stress and illumination seems to have benefitted from 1) the retardation 

of moisture permeation as a result of the long hydrophobic alkane tails from the self-

assembled OA ligands on the MAPbI3 surface; 2) the reduction in defect density by the 

passivation effect from the QD’s elements in perovskite film’s bulk. 
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Figure 4.15. Device Stability Assessment. a, Photographic images of the MAPbI3 films 

without QDs and with 0.25 wt.% QDs under the 150 oC for different time intervals in 

ambient condition with humidity of 70 ± 5%.  Evolution of b, JSC, c, VOC, d, FF, and e, PCE 

relative to the initial parameters for the encapsulated device without QDs and with 0.25 

wt.% QDs under continuous simulated AM 1.5 light illumination. 
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4.4 Summary 

In summary, we have demonstrated a general strategy to use colloidal QDs to deliver 

precursors beneficial for defect passivation and surface modification, leading to 

dramatically improved efficiency and stability of MAPbI3 perovskite solar cells. In a 

single step, the QDs deliver to the perovskite film two essential synergistic components:   

the elements that fill defect sites as well as organic ligands that self-assemble to render 

the MAPbI3’s surface hydrophobic whilst blocking the escape of MA+. MAPbI3 devices 

treated with CsPbBrCl2 QDs achieved PCEs up to 21.5% and maintained ~80% of the 

initial PCE after 500 hours of continuous light illumination. This work provides an 

alternate facile pathway to augment perovskite materials and devices. Using QDs as a 

single source for delivering passivation precursors will enable the introduction of 

precursors that are difficult to process together (e.g. due to solubility issues); and 

minimize the need for reoptimizing the device and film processing steps, which is 

usually required whenever a new precursor is introduced separately. 
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Chapter 5 Managing Grains and Interfaces via Ligand Anchoring Enables 

22.3% Efficiency Inverted Perovskite Solar Cells 

This chapter is based on a publication: Zheng, X.; Hou, Y.; Bao, C.; Yin, J.; Yuan, F.; 

Huang, Z.; Song, K.; Liu, J.; Troughton, J.; Gasparini, N.; Zhou, C.; Lin, Y.; Xue, D.-J.; Chen, 

B.; Johnston, A. K.; Wei, N.; Hedhili, M. N.; Wei, M.; Alsalloum, A. Y.; Maity, P.; Turedi, B.; 

Yang, C.; Baran, D.; Anthopoulos, T. D.; Han, Y.; Lu, Z.-H.; Mohammed, O. F.; Gao, F.; 

Sargent, E. H.; Bakr, O. M., Managing grains and interfaces via ligand anchoring enables 

22.3%-efficiency inverted perovskite solar cells. Nature Energy 2020, 5 (2), 131-140.197 

5.1 Motivation 

Metal halide perovskite semiconductors have seen rapid progress in their optoelectronic 

applications due to their broadly tunable compositions achieved using simple processing 

approaches1, 4; and in light of their strong light absorption7, high charge mobility9, and 

long carrier diffusion lengths10, 198. In PVs, the PCE of single-junction PSCs started at 3.8% 

in 2009 and has now reached 25.2%1, 199. 

 

The highest-efficiency devices use the regular (n-i-p) structure. However, removing 

ionically-doped hole transport materials (HTMs) in inverted (p-i-n) devices has 

contributed to recent advances in device operating stability200. Recently, Bai et al. 

reported long-term operationally-stable inverted PSCs with PCE loss of less than 5% 
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under continuous simulated AM 1.5 irradiation for more than 1800 hours at 70-75oC in 

the J-V-derived efficiency.  Yang et al. reported inverted PSCs that maintained 97% of 

initial efficiency after operation at maximum power point (MPP) under simulated AM 

1.5 irradiation for 1200 hours at 65°C64. Unfortunately, the PCEs of inverted PSCs lag 

significantly behind those of regular structured devices (20.9% vs. 25.2% certified 

records)62, 199, 201, 202. Photovoltage loss due to non-radiative recombination of 

photogenerated charge-carriers is a key factor in the inferior PCEs of inverted PSCs, 

despite various attempts at addressing this issue62, 203.  

 

The photovoltage of a solar cell depends on the splitting of the electron (EFn) and hole 

(EFp) quasi-Fermi levels of its photoactive layer. This splitting is a function of the steady-

state charge density and the bandgap of the absorber. Nonradiative carrier 

recombination impairs charge density buildup and diminishes the device’s photovoltage. 

Electronic trap states caused by crystallographic defects including point defects or 

higher dimensional defects (such as grain boundaries, GBs) are sources of non-radiative 

charge carrier recombination; numerous studies have pointed to the critical roles of 

point defect- and GB-passivation towards achieving high-efficiency PSCs 201, 204-208. These 

defect sites not only militate against a high photovoltage, but also shorten the 

operational lifetime of perovskite devices, as they present a vulnerable initiation site for 

degradation by extrinsic environmental species209-211.   

 



94 
 

 

Here we demonstrate the use of surface-anchoring, long alkylamine ligands (AALs) – 

with optimized alkyl-chain length – as grain and interface modifiers to improve 

optoelectronic properties by promoting favorable grain orientation and suppressing trap 

state density. These augmented film properties enable the demonstration of a record 

certified PCE of >22.3% (23.0% PCE for lab-measured champion devices) for inverted 

structured devices. The devices show no PCE loss after 1000 hours of operation at the 

maximum power point (MPP) under simulated AM1.5 illumination. 

5.2 Methods 

Materials 

Unless otherwise stated, all materials were purchased from Sigma-Aldrich or Alfa Aesar 

and used as received. Perovskite films and devices were fabricated using PbI2 (10 mesh 

beads, ultra dry, 99.999% purity) purchased from Alfa Aesar, the organic halide salts 

purchased from GreatCell Solar, and cesium iodide (99.999% purity) purchased from 

Sigma-Aldrich. The poly(bis(4-phenyl)(2,4,6-trimethylphenyl)amine) (PTAA) was 

purchased from Xi’an Polymer Light Technology. C60 was purchase from Nano-C. The 

bathocuproine (BCP) (sublimed grade, 99.99% purity) and all the anhydrous solvents 

were purchased from Sigma-Aldrich. 

 

Perovskite film preparation and device fabrication. The patterned ITO/glass substrates 

were sequentially cleaned with soap, deionized water, acetone, and isopropanol under 
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ultrasonication. The ITO/glass substrates were then dried with N2 blow and treated with 

ultraviolet ozone for 15 min. The perovskite films were fabricated by the anti-solvent 

crystallization approach in N2 glove box. In a typical procedure, a ∼10 nm thick hole 

transport layer (HTL) PTAA with a concentration of 2 mg/ml dissolved in toluene were 

spin coated at the speed of 6,000 r.p.m for 35 s and then annealed at 100 °C for 15 min. 

The perovskite precursor solution (1.4 M) composed of mixed cations (lead (Pb), 

cesium174, formamidinium (FA) and methylammonium (MA)) and halides (I, Br) was 

dissolved in mixed solvent (DMF/DMSO = 4:1) according to a formula of 

Cs0.05(FA0.92MA0.08)0.95Pb(I0.92Br0.08)3. A trace amount (0.1 wt%) of alkylammonium ligands 

((n-butylamine (BA), phenethylamine 61, octylamine (OA), and oleylamine (OAm)) was 

added into the precursor solution. A two-step spin-coating procedure with 2000 rpm for 

10s and 4000 rpm for the 50s was adopted for the preparation of perovskite films. 

Chlorobenzene (CB; 150 µL) was dropped on the spinning substrate when the 45 s of 

second spin coating step. Subsequently, the sample was annealed at 100 °C for 30 min. 

The devices with area of 10 mm2 were finished by thermally evaporating C60 (20 nm), 

BCP (3 nm) and copper (Cu; 80 nm) in sequential order by using a thin film deposition 

system from Angstrom Engineering under high vacuum. For the device thermal stability 

test, 10 nm SnO2 and 120 nm indium zinc oxide (IZO) were deposited on top of the C60 in 

sequential order, by atomic layer deposition and sputtering, respectively, to replace BCP 

and Cu.  
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Perovskite film characterizations. The SEM images were taken by a Helios G4 UX dual 

beam scanning electron microscope 168. XRD patterns were measured with a Bruker AXS 

D8 diffractometer using Cu Kα radiation (λ=1.54178 Å). The absorption spectra were 

obtained by Cary 6000i UV-Vis-NIR spectrophotometer. The roughness was measured by 

an atomic force microscope (Bruker Dimension Icon with ScanAsyst). 

Photoluminescence measurements were performed using a Horiba Fluorolog Time 

Correlated Single Photon Counting system with photomultiplier tube detectors. The 

excitation source is a pulsed laser diode at a wavelength of 504 nm. The water contact 

angle was measured by Drop Shape Analyzer DSA100 from KRUSS with uniform LED 

illumination and high-quality optics to ensure high precision when displaying the drop 

for accurately measuring the contact angle. GIWAXS measurements were carried out at 

beamline 7.3.3 of the Advanced Light Source, Lawrence Berkeley National Laboratory. 

Samples were measured at a detector distance of 0.249 m using X-ray wavelength of 

1.240 Å, at 0.24° angle of incidence with respect to the substrate plane. Scattering 

intensity was detected by a PILATUS 2M detector. 

 

Device characterizations. Simulated AM 1.5G irradiation (100 mW/cm2) was produced 

by a Xenon-lamp-based solar simulator (Abet Technologies Sun 3000 Class AAA Solar 

Simulator) for current density-voltage (J-V) measurements. The light intensity was 

calibrated by a calibrated reference cell with a Schott visible-color glass-filtered (KG5 

color-filtered) from Newport Corporation. Keithley 2400 Source-Meter was used for 
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driving J-V measurement. The devices were measured immediately after fabrication 

without any preconditioning. It was measured with a metal aperture with area of 6.69 

mm2 (certified by Newport) to accurately define the active area. A voltage scan was 

measured from 1.3V to -0.3V with a scanning rate of 0.1 V s-1 and a voltage step of 10 

mV was used. The devices were measured in both nitrogen atmosphere (at KAUST) and 

air ambient (humidity of 30-60%; at University of Toronto) and no obvious difference 

was observed. To further confirm the PV parameters, the devices were measured by an 

independent accredited laboratory (Newport Photovoltaic Testing and Calibration 

Laboratory in Bozeman, Montana, U.S.). A quasi-steady-state (QSS) I-V sweep protocol 

was used to get rid of the influence from the hysteresis. For QSS I-V sweep conducted by 

Newport PV Lab, 10 voltage points were collected in QSS measurement, and each bias 

voltage was applied and held until the measured current was determined to be 

unchanging. The JSC and PCE measured by Newport is similar to the result in the lab. The 

EQE was measured by Newport PV Lab and the integrated JSC was carefully checked and 

matched well with JSC from I-V sweep before they provide the certificate. For the 

transient photo-voltage (TPV) measurements, the device was serially connected to a 

digital oscilloscope for monitoring the charge density decay for the device in 

approximately VOC condition. An attenuated a 405 nm laser-diode was used as a small 

perturbation to the background illumination on the device. The laser-pulse-induced 

photo-voltage variation (ΔV) and the VOC is produced by the background illumination. 

The intensity of the short (50 ns) laser pulse was adjusted to keep the voltage 
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perturbation below 10 mV, typically at 5 mV. A Keithley 2400 sourcemeter and a fibre 

integration sphere (FOIS-1) coupled with a QE Pro spectrometer (Ocean Optics) were 

used for the measurements of the devices as the LEDs.  

 

Trap density measurements by thermal admittance spectroscopy 115. A sinusoidal 

voltage (Vpeak-to-peak =30 mV) generated from a function generator (Tektronix AFG 3000) 

was applied to the device. The current signal of the devices was analyzed using a lock-in 

amplifier (Stanford Research Systems, SR830) after amplified through a low-noise-

current preamplifier (Stanford Research Systems, SR570). The capacitance of the device 

was calculated based on the parallel equivalent circuit model with the amplitude and 

phase of the current signal obtained from the lock-in amplifier. The capacitance spectra 

of the device were measured by scanning the frequency of the sinusoidal voltage from 

0.01 to 100 kHz in logarithmic steps. The temperature of the device was controlled using 

a closed cycle cryocooler (Advanced Research Systems, DE202AE). The capacitance-

voltage curve was obtained by measuring the capacitance as the applied D.C. the bias 

voltage was scanned from -0.2 to 1.5 V. Based on the capacitance spectra measured at 

different temperatures, the trap density distribution in energy (Eω) was calculated. 

Based on the capacitance spectra measured at different temperatures, the trap density 

distribution in energy (Eω) was calculated with the following relations:  
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where Vbi is the built-in potential and W is the depletion width (Vbi and W are derived 

from capacitance-voltage measurements), C is the capacitance measured at an angular 

frequency ω and temperature T, k is the Boltzmann constant, and ω0 is the attempt-to-

escape frequency at temperature of T, ν0 is a temperature-independent constant which 

can be obtained by fitting the relation of characteristic frequency with different T based 

on equation (2).  

 

Ion migration measurement. To measure the ion migration activation energy, two 

symmetric Au electrodes were deposited on the perovskite films to form a symmetric 

Au/perovskite/Au device. The electrode width is 2 mm and the channel length is 50 µm. 

A bias of 3 V voltage was first applied to the electrodes by a source meter (Keithley 

2400) for about 16 s to induce the ion migration. Then a negative current induced by the 

ion vacancies re-distribution can be measured after the voltage was suddenly removed. 

The negative current then will exponentially recovered to zero. The decay time of the 

negative current contains the information of the ionic transport dynamics. The 

measurement was carried out when the temperature of the device was controlled from 

280 to 325 K using a DE202AE closed cycle cryocooler (Advanced Research Systems). 
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Then the negative current curves were fitted with a double-exponential function. The 

slower decay time constants τ which represent the ion distribution recovery time were 

used to deduce the activation energy of the ion migration. 

 

Computational methods. The density functional theory (DFT) calculations were 

performed with the projector-augmented wave (PAW) method as implemented in the 

VASP code. The generalized gradient approximation Perdew-Burke-Ernzerhof (PBE) 

exchange-correlation functional was used. A uniform grid of 6×6×6 k-mesh in the 

Brillouin zone was employed to optimize the crystal structures of cubic-phase FAPbI3. 

We considered FAPbI3 slabs exposing different surfaces; all the slabs were separated by 

both top and bottom vacuum layers (∼10 Å) to prevent spurious inter-slab interactions. 

The Brillouin zone was sampled by a 2×2×1 k-mesh for FAPbI3 slabs. The plane-wave 

basis set cutoffs of the wavefunctions were set at 500 eV for bulk crystals, 450 eV for 

supercells at the GGA/PBE level. The atomic positions of all supercells with and without 

defects were fully relaxed until the supercells had Hellman-Feynman forces on each 

atom less than 0.01 eV/Å. 

 

Device stability measurement. The operational stability tests were carried out at MPP 

for the encapsulated devices under UV-filtered AM1.5 illumination (100 mW cm-2, with a 

420 nm cutting-off UV filter). The devices were tested in a chamber with constant 
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nitrogen supply, which also ensured a stable device temperature of ~ 40 oC (the 

chamber itself was in ambient air).  The voltage at MPP was calculated and applied 

automatically; the current output of the device was tracked. The devices were 

encapsulated in a nitrogen glovebox. UV-curable epoxy was coated around the device 

area and a glass cover slide was attached to enclose the area. The encapsulation was 

then finished off by exposing the construct to UV light for 10 mins. The thermal stability 

assessment of solar cells was carried out by repeating the J-V test over various times for 

the devices heated at a fixed temperature of 85oC. 

5.3 Optical and structural properties of AAL-treated perovskites 

AALs have a long alkyl hydrophobic chain as well as an amine group capable of 

anchoring to the A-site of perovskites. Molecules with an amine group have been 

implicated in promoting specific facets for perovskite films and single crystals212, 213, and 

also filling point defects (A-site vacancies can potentially be filled by amine groups)214, 

215. After the self-assembly of AALs in the perovskite matrix, the molecular modified 

perovskite interfaces are composed of densely packed ligands that are stabilized by van 

der Waals interactions between hydrophobic organic moieties of the ligands. Such van 

der Waals interactions become stronger with increasing alkyl chain length216. This thin 

insulating layer (quantum tunnelling layer) on the surfaces and grain boundaries 

suppresses charge carrier nonradiative recombination75, 207, 216-218, and performs as an 

ion migration barrier21, 22. The alkyl chain length influences ligand packing density, ligand 
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desorption energy, carrier dynamics, and ion migration, and eventually impacts the 

device efficiency and stability22, 216, 219-223. Therefore, as a proof-of-concept, we first 

studied the influence of AALs with different alkyl chain lengths, namely n-butylamine 

(BA), phenethylamine 61, octylamine (OA), and oleylamine (OAm), on the perovskite film 

quality. 

 

In contrast to procedures that are meant to generate 2D/3D perovskite heterostructure, 

we only introduced a trace amount of AALs < 0.3 mol%. Over 5 mol% large A-site cations 

is typically required to form 2D-3D heterostructures207, 224-226. 

Cs0.05(FA0.92MA0.08)0.95Pb(I0.92Br0.08)3 (referred to as CsFAMA) was used as the baseline 

perovskite composition. The AALs (0.1 wt%) were directly added into the perovskite 

precursor and the perovskite films were fabricated using a one-step anti-solvent 

crystallization approach227.  
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Figure 5.1. Optical and structural characterization of perovskite films with AALs. a, TRPL 

decays of CsFAMA films with different alkyl chain length AALs. b, TRPL decay curves for 

the pristine CsFAMA film, CsFAMA film with AALs (OAm), quenched pristine film, and 

quenched film with AALs (OAm). A PCBM layer was spin-coated on perovskite film 

surface for the quenched films. c, XRD patterns of pristine CsFAMA film, and CsFAMA 

film with AALs (OAm). d and e, Top-view SEM images of the pristine CsFAMA film and 

the CsFAMA film with AALs (OAm), respectively. f, Cross-sectional SEM image of the 

CsFAMA film with AALs (OAm). g and h, GIWAXS maps of the pristine CsFAMA film and 

the CsFAMA film with AALs (OAm), respectively. The indexed facets were marked with 
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white circles and labelled aside. The colour scale bar represents the higher diffraction 

intensity. 

 

We first used time-resolved photoluminescence (TRPL; Fig. 5.1a) to roughly assess the 

perovskite films’ quality after introducing AALs with different alkyl chain lengths. The 

perovskite films with long alkyl chain AALs (OA or OAm) exhibit carrier lifetimes (τ) (OA: 

τ = 789 ns; OAm: τ = 1049 ns) that are much longer than pristine films (τ = 114 ns) and 

the films with short alkyl chain AALs (BA: τ = 195 ns; or PEA: τ = 265ns). This indicates 

that the carrier nonradiative recombination was significantly suppressed upon the 

introduction of a trace amount of long alkyl chain AALs.  

 

Figure 5.2. Water contact angles for perovskite films with different alkyl chain length 

AALs. a-e, Water contact angles of the pristine CsFAMA film (a) and the CsFAMA film 

with BA (b), PEA (c), OA (d), and OAm (e). 

 

Figure 5.2 shows the water contact angles of perovskite films with different alkyl chain 

length AALs (0.1 wt%). The water contact angle for the pristine film is 60o, and increased 

to 63o and 71o for the perovskite films with BA and PEA, respectively, which are short 

alkyl chain AALs. In contrast, the perovskite films with long alkyl chain AALs exhibited 



105 
 

 

much larger water contact angles: 88o and 98o for the perovskite films with OA and OAm, 

respectively. This observation indicates that the long alkyl chain AALs assembled on 

perovskite film surface, thus dramatically enhancing the hydrophobicity of the films. The 

water contact angles (Fig. 5.3) for the perovskite films with 0.05 wt% and the films with 

0.2 wt% AALs are 97o and 100o, respectively, suggesting a similar coverage of anchoring 

AAL molecules after anti-solvent washing. 

 

Figure 5.3. AAL concentration dependent water contact angles. a, b Water contact 

angles of the CsFAMA film with 0.05 wt% AALs (OAm) and the CsFAMA film with 0.2 wt% 

AALs (OAm), respectively. 

 

The distinct improvement of film quality motivated us to investigate the unique role of 

the trace amount of long alkyl chain AALs. For the rest of the discussion, AAL refers to 

OAm unless otherwise noted. Figure 5.1d, e show scanning electron micrographs (SEMs) 

of CsFAMA films without and with the introduction of AALs. The films with AALs show a 

similar grain size to that of pristine films. The SEM cross-section (Fig. 5.1f) shows a 750-

nm-thick, highly crystalline perovskite absorber layer with a single grain throughout the 

thickness of the film. The powder X-ray diffraction (XRD; Fig. 5.1c) patterns show a 
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notably increased ratio of the (100) to the other crystal plane peaks ((110), (111), (210), 

and (211)) in the films with AALs, which indicates that the (100) grains grew faster by 

consuming neighboring randomly-oriented grains. Since powder XRD conveys 

information primarily from the film’s bulk, we also used grazing-incidence wide-angle X-

ray scattering (GIWAXS; Fig. 5.1g, h and Fig. 5.4) to study the surface of the perovskite 

films. GIWAXS analysis of the films confirmed that the promotion of (100) occurred 

while other random orientations were suppressed and, moreover, no signal that could 

be attributable to a 2D component was detected. In reported 2D-3D perovskites, 2D 

perovskite platelets can be observed in SEM image and a clearly detectable 2D 

component signal appears in GIWAXS142, 207. However, we did not observe evidence of a 

2D component formation from either SEM and GIWAXS upon introduction of trace 

amounts of AALs, which indicates that 2D perovskite are effectively absent from our 

films. 
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Figure 5.4. Integrated intensity of GIWAXS data along qz. Integrated intensity of GIWAXS 

data along qz for pristine CsFAMA film and the CsFAMA film with AALs (OAm). 

 

The absorption of the CsFAMA films is unaltered by the introduction of AALs (Fig. 5.5). 

The Tauc-plot from the UV-Vis absorption spectra shows an optical bandgap of 1.56 eV 

for CsFAMA films. The steady photoluminescence (PL; Fig. 5.6) intensity was significantly 

increased for films with AALs, indicating that the population of non-radiative 

recombination centers in the perovskite films were reduced. PL mapping confirmed the 

uniformly enhanced PL intensity as shown in Fig. 5.7.  

 

Figure 5.5. UV-Vis spectrum and determination of optical band gap from intercept of 

Tauc plot. UV-Vis absorption spectra for the pristine CsFAMA film and the CsFAMA film 

with AALs (OAm). Inset is Tauc plot showing an optical bandgap of 1.56 eV for CsFAMA 

film. 
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Figure 5.6. Photoluminescence (PL) spectra of CsFAMA films with AALs. PL for pristine 

CsFAMA film and the CsFAMA film with AALs (OAm). 
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Figure 5.7. Photoluminescence (PL) mapping of CsFAMA films with AALs. a and b, PL 

mapping for pristine CsFAMA film and the CsFAMA film with AALs (OAm), respectively. 

 

We hypothesized that a suppressed trap state density and promoted (100) grain 

orientation resultant from the use of AALs may influence carrier transport in the 

perovskite films. We conducted contactless measurements of the photocarrier transport 
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properties of CsMAFA-8 films, in which [6,6]-phenyl-C61-butyric acid methyl ester 

(PCBM) was used to induce the interfacial PL quenching228, 229, as shown in Fig. 5.1b. 

TRPL decay measurements show that the carrier lifetime without the quencher (τ) 

increased from 290 ns for the pristine films to 520 ns for the films with AALs. The 

quench-limited diffusion time (τq) was 80 and 50 ns for the pristine films and the films 

with AALs, respectively. From the equation229: 𝐿𝐷 ≈
2𝐿

𝜋 √2(
𝜏

𝜏𝑞
− 1) , where LD and L 

stand for diffusion length and film thickness (~750 nm), respectively, we estimate a 

diffusion length of ~1 μm and ~2 μm for pristine film and the film with AALs, 

respectively. Combining the relation 𝐿𝐷 = √𝐷 × 𝜏, and the Einstein relation D = μ∙kB∙T/q, 

where μ, kB, T and q stand for mobility, Boltzmann’s constant, temperature, and 

elementary charge, respectively, we extracted a carrier mobility of 1.6 and 3 cm2 V-1 s-1 

for pristine films and films with AALs, respectively. Thus, CsMAFA-8 films containing 

AALs exhibited noticeably longer diffusion length and higher carrier mobility than 

pristine films. 

5.4 Photovoltaic performance of AAL-treated perovskites 

The improved carrier transport in AALs treated films motivated us to investigate 

whether this enhancement in basic properties could be translated into improvements in 

device PCE, particularly through gains in photovoltage. We, thus, fabricated PSCs based 

on CsFAMA films. As shown in Fig. 5.8a, the p-i-n planar heterojunction devices were 
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structured as indium tin oxide (ITO) glass substrate/poly(triaryl amine) 

(PTAA)/perovskite/fullerene (C60)/ 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline 

(BCP)/copper (Cu).  

 

Figure 5.8. Device structure and photovoltaic performance analysis. a, The device 

architecture of inverted planar heterojunction PSCs. b, Current density–voltage (J-V) 
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characteristics of CsFAMA devices with addition of different alkyl chain length AALs. c, J-

V curves of the champion CsFAMA device with AALs (OAm). d, Transient photovoltage 

(TPV) measurement of CsFAMA devices without and with AALs (OAm). e, The statistics 

of power conversion efficiency (PCE) distribution for 100 devices (50 pristine devices 

and 50 devices with AALs (OAm)). 

 

Fig. 5.8b shows the typical current density-voltage (J-V) characteristics of CsFAMA 

devices with different alkyl chain length AALs. The pristine devices show a typical PCE of 

20.5% with a JSC of 24.2 mA cm-2, a VOC of 1.06 V, and a FF of 80%. The performance of 

the CsFAMA devices with short alkyl chain AALs (BA or PEA) slightly improved to 20.8% 

(BA) and 20.9% 61, respectively, benefiting from ~30 mV VOC enhancement. The PEA 

concentration-dependent J-V characteristics of CsFAMA devices with PEA are shown in 

Fig. 5.9. The champion device with PEA shows a VOC and PCE of 1.15 V and 21.3%, 

respectively. In contrast, the devices with long alkyl chain AALs (OA or OAm) show a 

remarkably enhanced PCE, resulting from a strong VOC improvement up to 110 mV.  The 

devices with OAm show an average PCE around 22.0% with a JSC of 24.1 mA cm-2, a VOC 

of 1.17 V, a FF of 78.2%. The champion devices with OAm deliver a PCE of 23% with a JSC 

of 24.1 mA cm-2, a VOC of 1.17 V, and a FF of 81.6%, as shown in Fig. 5.8c. The statistical 

PCE values from 100 devices (50 pristine devices and 50 devices with AALs) (Fig. 5.8e) 

demonstrate the reproducibility of the performance enhancement associated with the 

use of AALs. The PCEs of the devices with OA are similar to the devices containing OAm, 
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confirming the advantage of using long alkyl chain AALs over the short ones. This is also 

in accordance with the trend of film quality as deduced from TRPL. 

 

Figure 5.9. PEA concentration-dependent device J-V characteristics. PEA concentration-

dependent current density–voltage (J-V) characteristics of CsFAMA devices with PEA. 

 

The voltage deficit is defined by Eg/q − VOC, where Eg is the optical bandgap and q is an 

elementary charge. Since the optical bandgap is 1.56 eV, the voltage deficit is only 0.39 

V for long alkyl chain AAL-based devices.  
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Figure 5.10. OAm concentration dependent device performance. J-V characteristics of 

CsFAMA devices with different OAm concentrations. 

 

When fine-tuning the concentration of long alkyl chain AALs from 0.05 wt% to 0.2 wt%, 

we did not observe an appreciable variation in device performance (Fig. 5.10). Further 

increasing the AAL concentration to 0.4 wt% leads to a severe PCE drop.   

Unencapsulated CsFAMA devices with AALs (OAm) were certified at an accredited 

laboratory (Newport PV Testing and Calibration Laboratory, USA). The PCE certification 

protocol uses a quasi-steady-state (QSS) I-V sweep, instead of normally used forward 

and reverse I-V scans, to ascertain devices PV characteristics. Ten voltage points were 

collected in the QSS measurement, with each bias voltage applied and held until the 

measured current stabilized (Fig. 5.11). The devices show a certified-stabilized-PCE of 

22.34% with a JSC of 23.9 mA cm-2, a VOC of 1.14 V, and a FF of 82%, representing a 
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record PCE for p-i-n structured devices. The certified QSS I-V curve and external 

quantum efficiency (EQE) spectra are shown in Fig. 5.12. 
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Figure 5.11. Device PCE certificate from Newport Photovoltaic Testing and Calibration 

Laboratory. Independent PCE certification of CsFAMA inverted perovskite solar cells 

with AALs (OAm) by an accredited laboratory (Newport Photovoltaic Testing and 

Calibration Laboratory in the U.S.), confirming a stabilized PCE of 22.34±0.71.  
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Figure 5.12.  Certificated results (J-V and EQE) by Newport Photovoltaic Testing and 

Calibration Laboratory. a, Quasi-steady-state (QSS) J-V characteristics of CsFAMA 
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inverted perovskite solar cells with AALs (OAm) measured by Newport PV Lab under a 

10 points I-V sweep protocol. 10 voltage points were collected in QSS measurement, 

and each bias voltage is applied and held until the measured current is determined to be 

unchanging. b, EQE of CsFAMA inverted perovskite solar cells with AALs (OAm) 

measured by Newport PV Lab. 

 

In order to identify the major factors responsible for the efficiency enhancement, we 

started with comparing the morphology (by top-view and cross-sectional SEM images) 

of the pristine perovskite films and the films with AALs (Fig. 5.13). Both the pristine 

perovskite films and the films with AALs (OAm) are compact with similar grain sizes. The 

full width at half maximum (FWHM) values of (100) XRD peaks of pristine films and 

those of the films with AALs (OAm) are 0.09o and 0.10o, respectively, i.e. they are nearly 

identical. We can therefore rule out a major influence of perovskite grain size and 

crystallinity in this study. 
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Figure 5.13. Top-view and cross-sectional SEM images of CsFAMA films.  a and b, Top-

view SEM images of the pristine CsFAMA film and the CsFAMA film with AALs (OAm), 

respectively. c and d, Cross-sectional SEM images of the pristine CsFAMA film and the 

CsFAMA film with AALs (OAm), respectively. e and f, Large-scale cross-sectional SEM 

images of the pristine CsFAMA film and the CsFAMA film with AALs (OAm), respectively. 

 

To investigate the influence of surface passivation while avoiding effects related to 

perovskite film orientation, we subjected ready-formed pristine perovskite films to a 
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post-treatment using alkyl chains of various lengths AALs (BA, PEA, and OAm). XRD 

patterns (Fig. 5.14a) show that the films post-treated with AALs of different lengths had 

similar orientations as the pristine films. We then fabricated the devices based on these 

films with similar orientations. 

 

 

Figure 5.14. XRD patterns and device performance of CsFAMA perovskite with different 

alkyl chain length AAL surface post-treatment. a, XRD patterns of CsFAMA perovskite 

films with different alkyl chain length AAL (BA, PEA, and OAm) post-treatment. b, 

Current density–voltage (J-V) characteristics of CsFAMA devices with different alkyl 

chain length AAL (BA, PEA, and OAm) post-treatment. 

 

The devices with post-treatment surface passivation enabled by AALs show higher PCE 

than the pristine devices; and the long-chain AALs show better passivation, something 

we assign to stronger hole-blocking at the interfaces between perovskite and C60 (Fig. 

5.14b)75. The VOC and PCE of the devices with long-chain AALs (OAm) post-treatment 
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increased to 1.12 V and 21.1%, respectively. However, in contrast to the devices 

fabricated by adding AALs (OAm) into the precursor (VOC of 1.17V and PCE of >22%), the 

VOC and PCE of devices with AAL (OAm) surface passivation are still lower, indicating that 

surface passivation alone does not fully explain the performance improvement, and that 

there is a crucial role for tuning the orientation of the perovskite films.  

 

We conclude that the combined effect of both surface passivation and orientation 

tuning leads to the dramatically improved VOC and PCE for the devices with AALs (mixed 

in the precursor). This result is rationalized by the facet-dependence of the surface 

defect density, and it highlights the crucial role of controlling the film orientation. 

 

5.5 Mechanisms underpinning efficiency enhancements 

We sought to evaluate whether changes in surface roughness had a significant role in 

improving the device efficiency. Atomic force microscopy (AFM) images revealed that 

the roughness of films was reduced from 17.5 nm to 12.1 nm by introducing AALs (Fig. 

5.15), which suggests that changes in the interfacial roughness were not a major 

variable affecting the device performance.  
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Figure 5.15. Atomic force microscopy (AFM) images of CsFAMA films. a and b, Atomic 

force microscopy (AFM) images for pristine CsFAMA film and the CsFAMA film with AALs 

(OAm), respectively. 

 

 



123 
 

 

 

Figure 5.16. Defect density and energy level characterization of perovskite films with 

AALs. a, Temperature-dependent capacitance versus frequency C-f plots for CsFAMA 

device with AALs (OAm). b, Temperature-dependent capacitance versus frequency C-f 

plots for the pristine CsFAMA device and the CsFAMA device with AALs (OAm) showing 

trap density profiles. c, Ultraviolet photoelectron spectroscopy (UPS) data for the 

pristine CsFAMA film and the film with AALs (OAm). Helium Iα (hν = 21.22 eV) spectra of 

secondary electron cutoff (left panel) and UPS spectra in valence band (VB) region (right 

panel) are shown. Inset shows the enlarged UPS spectra in VB region and the intercept 

indicates the distance of the valence band maximum (VBM) with respect to the Fermi 

level (EF), which was noted as EB, min. The intercept in secondary electron cutoff (left 

panel) shows the EB, max, and the work function (WF) was obtained by hν - EB, max. The 
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VBM was obtained by hν - (EB, max - EB, min). The position of conduction band minimum 

(CBM) with respect to the VBM was defined by the optical bandgap (1.56 eV).  d, Energy 

level scheme for the pristine CsFAMA film and the film with AALs (OAm) based on the 

parameters derived from UPS spectra. 

 

To further elucidate the trap state distributions and energies that are affected by the 

AAL treatment, we investigated trap state profiles using thermal admittance 

spectroscopy 115. We acquired temperature-dependent capacitance versus frequency (C-

f) plots to probe trap density and the energy depth of trap states (Fig. 5.16a and Fig. 

5.17). Fig. 5.16b shows trap density profiles at different temperatures, deduced from 

the temperature-dependent C-f plots. At all temperatures from 280 to 320 K, the 

devices with AALs show similar trap state density at energies between 0.25 and 0.32 eV 

and lower trap state density across the higher energy region from 0.32 to 0.4 eV. At 

room temperature (300K), pristine devices show a peak trap density of 1 × 1023 m-3 eV-1 

at 0.35 eV; in contrast, the devices with AALs show a smaller peak intensity of 4.4 × 1022 

m-3 eV-1 at shallower energy (0.32 eV). The pristine devices show as much as ~4 times 

higher trap state density in the deeper energy region from 0.32-0.4 eV.  
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Figure 5.17. Temperature-dependent capacitance versus frequency C-f plots. 

Temperature dependent C-f plots for the pristine CsFAMA devices. 

 

We further measured the electroluminescence (EL) spectra of solar cells operating as 

light-emitting diodes (LEDs), as shown in Fig. 5.18. The devices with AALs deliver a 

quantum efficiency (EQEEL) of 0.65% under an injection current around JSC. In 

comparison, the pristine devices show an EQEEL of 0.07% under the same injection 

current. The VOC improvement, ΔVOC, estimated by ΔVOC = kBT/q ln(EQEAALs/EQEPristine), is 

~ 60 mV.  
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Figure 5.18. EQE of the devices operated as LEDs. EQEEL for pristine CsFAMA device and 

the CsFAMA device with AALs (OAm). 

 

To further test the carrier lifetime in fully operating devices, transient photo-voltage 

(TPV) decay measurements were conducted. As seen in Fig. 5.8d, the carrier lifetime (τ) 

increased from 0.67 μs to 1.5 μs after introducing AALs. Light intensity-dependent VOC 

was measured and the diode ideal factor (n) was derived, as shown in Fig. 5.19. When 

purely radiative recombination is present, n equals 1. The devices with AALs show n 

closer to 1 compared to the pristine devices, arising from the suppressed nonradiative 

recombination achieved by AALs.  
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Figure 5.19. Light intensity-dependent VOC for CsFAMA devices. The light intensity-

dependent VOC for pristine CsFAMA device and the CsFAMA device with AALs (OAm). 

The n values were obtained by liner fitting of the data points. 

 

AALs have the potential to suppress trap density directly by filling in A-site vacancies and 

modifying grains and interfaces. Additionally, they have the potential to provide a 

similar benefit by promoting the (100) orientation of grains in perovskite films230, which 

may have a different susceptibility to surface-defect formation than other random 

orientations in the pristine perovskite films231, 232. To further investigate this possibility, 

we studied the dependence of trap density on the surface crystallographic facets using 

density functional theory (DFT) calculations based on a cubic FAPbI3 model 233, 234. The 

corresponding slabs exposing the (100), (110), (111), (210), and (211) surfaces were 

considered. From the projected density of states (PDOS) of all the slabs, as shown in Fig. 
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5.20, Fig. 5.21, and Fig. 5.22, we find that the valence band maximum (VBM) and the 

conduction band minimum (CBM) are mainly comprised of I-5p, Pb-6s, and Pb-6p 

orbitals. According to these modeling results, some surfaces are less benign than others; 

the (110) (Fig. 5.20c), (111) (Fig. 5.20d), and (211) (Fig. 5.20e, f) surfaces show trap 

states that are more likely to adversely affect device performance. However, there are 

no trap states that appear for the (100) surface in either FAI-rich or PbI2-rich termination 

cases (Fig. 5.20a, b). Thus, it can be concluded that the (110), (111), and (211) surfaces 

would introduce additional trap states; while in the case of the (100) surface, the 

delocalized electronic distributions of the VBM and the CBM are retained in a similar 

configuration to bulk FAPbI3. 

 

Figure 5.20. DFT calculation of the trap states on the surface of various crystallographic 

facets. Optimized crystal structures (left panel) and projected density of states (PDOS) 
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(right panel) with contributions from FA (blue), I (purple), and Pb (dark grey) of cubic-

phase FAPbI3 slabs with surface facets: FAI-rich (a) and PbI2-rich (b) (100), PbI2-rich (110) 

(c), FAPbI3 (111) (d), and FAI-rich (e) and PbI2-rich (f) (211) calculated by density 

functional theory. The trap states were marked with orange colour. The two straight 

grey lines in the crystal structure define the unit slab. The valence band maximum 

(VBM) is set at zero energy with a horizontal grey dashed line as a guide to the eye. 

 

Figure 5.21. DFT calculation of the trap states on the surface of (110) and (210) facet. 

Optimized crystal structures and projected density of states of cubic-phase FAPbI3 slabs 

with surface facets: FAI-rich (110) (a) and (210) (b). 
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Figure 5.22. DFT calculation of charge densities on the surface of various 

crystallographic facets. Charge densities for the valence band maximum (VBM), the 

conduction band minimum (CBM), and the trap states for cubic-phase FAPbI3 slabs with 

surface facets: FAI-rich (a) and PbI2-rich (b) (100), PbI2-rich (110) (c), FAPbI3 (111) (d), 

FAI-rich (e) and PbI2-rich (f) (211),  FAI-rich (110) (g), and FAPbI3 (210) (h) calculated by 

density functional theory. 
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The electronic structure of AAL surface-modified films was investigated by work 

function (WF) and VBM measurements using ultraviolet photoelectron spectroscopy 

(UPS; Fig. 5.16c). The WF was determined from the secondary electron cutoff and we 

observed a change in WF from 4.58 to 4.41 eV after AAL-modification. The VBMs are 

located at 1.1 and 1.3 eV below the Fermi level (EF) for pristine films and AAL-modified 

films, respectively. The energy-level diagrams for the films based on the UPS and optical 

absorption measurement are shown in Fig. 5.16d. The VBM and CBM of AAL-modified 

films are nearly identical to pristine films, however, the WF shifts by about 170 meV 

towards the vacuum level (EVAC), and the EF shifts by 200 meV towards the CBM, 

indicating that the AAL-modified films become more n-type, which is likely attributable 

to the change of the surface termination after AAL-modification235. Perovskite films that 

are more n-type have a larger number of filled electron traps – which are the 

predominant trap species62, 236 – and this can lead to a further decrease in trap-assisted 

recombination events62. Moreover, perovskite films that are more n-type enable more 

efficient charge transfer between the perovskite and the electron transport material 

(ETM; C60)235, 237. 

 

We summarized the likely mechanisms behind the device efficiency enhancement in Fig. 

5.23. The long chain AALs assemble on the perovskite grains, restricting the grains’ tilt 

during the growth and eventually resulting in a (100)-orientation dominant film that is 
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of lower defect density than a randomly oriented film (Fig. 5.23a, b). As the growth 

proceeds, the long chain AALs are finally expelled to the perovskite film surface, as 

indicated by water contact-angle measurements. The ligand layer on the perovskite 

film’s surface provides effective surface passivation because a long chain AAL layer 

enables strong hole-blocking between the perovskite and C60 interfaces (Fig. 5.23c, d)75. 

 

Figure 5.23. Schematic illustration of the likely mechanisms underpinning efficiency 

enhancements. a and b, Illustration of the influence of the short-chain AALs and long-

chain AALs on the crystallization of the perovskite films, respectively. c and d, 

Illustration of long chain AALs assembled on perovskite film surface and blocking the 

holes at the perovskite and C60 interfaces, respectively. VBM and CBM stand for valence 
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band maximum and conduction band minimum, respectively. HOMO and LUMO stand 

for highest occupied molecular orbital and lowest unoccupied molecular orbital, 

respectively. 

 

5.6 Impact of AALs on device stability 

Suppressing defects, and molecular modification on perovskite grains and interfaces 

may have the additional effect of reducing ion migration that is an unwanted effect in 

PSCs that contributes to hysteresis and low stability. We studied ion migration using 

temperature-dependent transient response measurements238, 239. The ions were driven 

by an external bias to the electrode interface; after which this external bias was abruptly 

removed. A negative current can be seen due to the quick backward movement of ion 

vacancies forced by the concentration gradient (Fig. 5.24). The decay rate (τ-1) of the 

negative current reflects ion distribution recovery time and it was used to deduce the 

activation energy (Ea) of ion migration according to the following equation: 

𝐿𝑛(𝑇𝜏−1) = 𝐶 −
𝐸𝑎

𝑘𝑇
 

where T is the temperature, C is a constant, k is the Boltzmann constant. 
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Figure 5.24. Charging-discharging process of the ion migration measurement. A typical 

charging-discharging process for pristine CsFAMA film and the CsFAMA film with AALs 

(OAm) measured at 280 K. 
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Figure 5.25. Temperature-dependent transient response measurements for the ion 

migration characterization. Typical temperature-dependent transient response 

measurements for CsFAMA devices with AALs (OAm). The decay rate (τ-1) of the negative 

current which represent the ion distribution recovery time, was estimated by 

exponential decay fitting. 

 

The typical temperature-dependent transient response measurements for CsFAMA 

devices with AALs are shown in Fig. 5.25. By fitting ln (T τ-1) vs 1/T, we estimate an Ea of 

243 meV and 422 meV for pristine films and the films with AALs, respectively (Fig. 
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5.26a), indicating that ion migration is more hindered in the films with AALs. 

 

Figure 5.26. Ion migration and long-term device stability. a, Arrhenius plots (obtained by 

linear fitting of data points) of the temperature dependence of τ-1T, showing an ion 

migration activation energy (Ea) of 243 meV and 422 meV for pristine films and the films 

with AALs, respectively. Note τ-1 is the decay rate (s-1).  b, Thermal stability of devices at 

a fixed temperature of 85 °C in a nitrogen atmosphere. The data points (colour filled 

dots) were collected by measuring the J-V curves of the samples at different time 

intervals. The initial PCEs are about 17% for the pristine CsFAMA device, and 18% for 
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CsFAMA device with AALs. c, 1000 hours of continuous maximum power point (MPP) 

tracking for pristine CsFAMA device and the CsFAMA device with AALs (OAm) under 

constant simulated solar illumination (100 mW cm-2) in a nitrogen atmosphere with a 

420-nm cutoff UV filter. The initial PCEs are about 19.2% for pristine CsFAMA device, 

and 21.2% for CsFAMA device with AALs. 

 

Having shown that processing perovskite films with AALs leads to superior transport 

properties, and inverted PSCs with record PCEs, we sought to ascertain whether this 

processing strategy might compromise the operational stability of devices. To study the 

long-term stability of the perovskite photoactive layer, we conducted MPP tracking on 

encapsulated CsMAFA-8 devices under constant simulated AM1.5 illumination (100 mW 

cm-2), as shown in Fig. 5.26c. Pristine devices rapidly lost 42% of their initial PCE after 

350 hours of testing, while the devices with AALs exhibited no PCE loss after continuous 

operation for 1000 hours under AM1.5 illumination. The starting device PCE was 21.2% 

and the final PCE after the MPP test was 21.6%. We also investigated the thermal 

stability by collecting J-V curves at various times for devices maintained at a fixed 

temperature of 85oC. The pristine devices lost ~39% of their initial PCE while the devices 

with AALs only lost around 10% of their initial PCE after ~1020 hours thermal stability 

test (Fig. 5.26b). A reduction in defect density and ion migration likely benefited device 

stability64, 203. 
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5.7 Conclusion 

In summary, we have demonstrated the role of AALs, particularly long-alkyl chain AALs, 

in improving optoelectronic properties by promoting favorable grain orientations and 

suppressing trap state density. Our long alkyl-chain AALs-based strategy enabled us to 

demonstrate >23.0%-efficient (22.3% certified) p-i-n structured devices and good 

operational stability. The molecular modification of perovskite grains and interfaces is 

crucial to enhance both the efficiency and stability of PSCs. Our findings also indicated 

that anisotropic electronic properties of the perovskite facets make management of 

films’ crystal orientations an important path towards high-efficiency PSCs. Further 

understanding of the nature of the different surface facets in polycrystalline perovskite, 

including the defect type and concentration, will likely be essential for the future of 

perovskite devices. 
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Chapter 6 Chlorine Vacancy Passivation in Mixed-Halide Perovskite 

Quantum Dots by Organic Pseudohalides Enables Efficient Rec. 2020 Blue 

Light-Emitting Diodes 

This chapter is based on a publication: Zheng, X.; Yuan, S.; Liu, J.; Yin, J.; Yuan, F.; Shen, 

W.-S.; Yao, K.; Wei, M.; Zhou, C.; Song, K.; Zhang, B.-B.; Lin, Y.; Hedhili, M. N.; Wehbe, N.; 

Han, Y.; Sun, H.-T.; Lu, Z.-H.; Anthopoulos, T. D.; Mohammed, O. F.; Sargent, E. H.; Liao, 

L.-S.; Bakr, O. M., Chlorine Vacancy Passivation in Mixed Halide Perovskite Quantum 

Dots by Organic Pseudohalides Enables Efficient Rec. 2020 Blue Light-Emitting Diodes. 

ACS Energy Letters 2020, 793-798.240 

 

6.1 Motivation 

Perovskite semiconductors are attracting widespread attention as an emerging class of 

emitters for LEDs, due to their facile processing, tunable emission, and high PLQY. While 

green and red perovskite LEDs have advanced at a rapid pace, achieving EQEs >20%,13-15 

blue perovskite LEDs still lag far behind with EQEs of <5% for emission at 460-480 nm (the 

wavelength of the Rec. 2020 is 467 nm)241-244 and <11% for emission at 480-490 nm245-247, 

i.e. sky blue (Table 6.1). Among the perovskite blue-emitters, mixed halide (Cl/Br) 

perovskites (MHPs) afford easily tunable emission spectra in the blue by adjusting the 

halide (Cl/Br) ratio.205, 248-251 However, despite being the facile approach to yield 
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perovskite blue LEDs that emit in the color range relevant to display standards (Rec. 

2020), blue MHP LEDs are still in their infancy, and exhibit both poor efficiency and short 

operational half-life.246  

 

Halogen vacancies are the predominant defect species in inorganic cesium lead halide 

(CsPbX3, X=Cl, Br, I) QDs.252, 253 However, unlike  “defect-tolerant” CsPbI3 and CsPbBr3, 

chlorine vacancies in MHP CsPb(BrxCl1-x)3 create relatively deeper trap states within the 

bandgap that irreversibly capture charge carriers and dramatically suppress the 

radiative recombination channels.65, 254-259 Moreover, these defects initiate and catalyze 

device degradation by facilitating rapid ion migration and making the perovskite more 

vulnerable to external stimuli under atmospheric and operational conditions.197, 256, 260 

Therefore, the suppression of  Cl vacancy is a prerequisite for achieving efficient and 

stable blue MHP LEDs. 

 

We sought to rationally identify efficient Cl vacancy passivating agents for blue-emitting 

MHPs out of a large pool of potential candidate materials. Organic halides, which are 

usually useful passivation agents for halogen vacancies in CsPbBr3 and CsPbI3, are 

incompatible with MHPs because of the unwanted peak shifts that occur during their 

fast halide exchange with MHPs. Pseudohalogens, on the other hand, such as 

thiocyanate (SCN-), can fill in the halogen vacancies without appreciably changing the 

emission spectrum.257  However, in general, low solubility in non-polar solvents is a 
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major hurdle facing most perovskite passivation agents, including pseudohalogens 

(polar solvents decompose the highly ionic perovskites). Potentially useful non-polar 

solvents for passivation processing of MHP emitters should also be halogen-free, as 

halogen-containing solvents (e.g. chloroform) carry halide ions that may halide-

exchange and shift the bandgap of MHP QDs. Therefore, any candidate pseudohalogen 

passivators for Cl vacancies in MHP QDs should be soluble in a non-polar solvent that is 

compatible with MHP QD processing. 

 

Table 6.1 Summary of key parameters for blue perovskite LEDs. 
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6.2 Methods 

Chemicals. All chemicals were used as procured without further purification: cesium 

carbonate (Cs2CO3, 99.995%, Sigma-Aldrich), PbO (98%, Sigma-Aldrich), oleic acid (OA, 

technical grade 90%, Alfa Aesar), n-oleylamine (OAm, 70%, Sigma-Aldrich), 1-

octadecene (ODE, technical grade 90%, Sigma-Aldrich), toluene (Honeywell Burdick & 

Jackson), OAmCl (≥99.5%, Xi’an Polymer Light Technology Corp.), and OAmBr (≥

99.5%, Xi’an Polymer Light Technology Corp.). 

 

CsPb(BrxCl1-x)3 QDs synthesis and purification. CsPb(BrxCl1-x)3 QDs were synthesized 

according to a well-established synthesis protocol.205, 248-251, 261 For a typical procedure, 

Cs2CO3 (0.2 mmol), PbO (0.4 mmol), ODE 20 ml, OA 4ml, and OAm 2ml were added into 

a 250mLflask. The solution was heated to 120 ˚C and kept for 1 hour in order to dissolve 

the chemicals and get rid of oxygen and moisture. It was then purged 3 times with inert 

gas and heated to 200 ˚C. The CsPb(BrxCl1-x)3 QDs were formed after the injection of a 

mixture of OAmBr (1.19 mmol) and OAmCl (0.835 mmol) in 2ml OAm. The crude 

solution was centrifuged at 8000 rpm for 5 minutes. Then, the supernatant was 

removed, and the precipitate was collected and re-dispersed in 10 mL toluene. One 

more centrifugation was required to purify the final QDs, with 8000 rpm for 1 minute in 

order to remove larger QDs. 
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LEDs fabrication. The patterned ITO/glass substrates were sequentially cleaned with 

soap, deionized water, acetone, and isopropanol under ultrasonication. The ITO/glass 

substrates were then dried with N2 blow and treated with ultraviolet 75 ozone for 15 min. 

Poly(9,9-dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB) dissolved in 

chlorobenzene at 5 mg/ml was firstly spin-coated on treated ITO substrates at 6000 rpm, 

and followed by annealing at 120 oC for 15 min. Then a thin film of nafion perfluorinated 

resin (PFI) (0.05 wt% in isopropanol) was deposited at 6000 rpm and dried at 120 oC for 

15 min. QDs were dispersed in n-hexane with a concentration of about 12 mg/ml and 

spin-coated on the top of substrates. For DAT treated device, DAT with a concentration 

of ~0.1 mg/ml was added into QDs dispersion. Finally, films were transferred to the 

evaporation chamber, where 40 nm tris(2,4,6-triMethyl-3-(pyridin-3-yl)phenyl)borane 

(3TPYMB), 1.6 nm Liq, and 100 nm Al were deposited. Before measurement, all devices 

were encapsulated. 

 

LED characterization. The current-voltage characteristics were measured with a 

computer-controlled Keithley 2400 source meter. Electroluminescence spectra were 

collected by using a photonic multichannel analyzer PMA-12 (Hamamatsu C10027-01). 

The external quantum efficiency of the devices (calculated in the range of 300-980 nm) 

was obtained by measuring the light intensity in the forward direction by using an 

integrating sphere (Hamamatsu A10094). All the measurements were carried out in 

ambient air. 
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Density functional theory (DFT) calculations. We carried out the DFT calculations using 

the projector augmented wave (PAW) method as implemented in the Vienna ab initio 

Simulation Package (VASP). The PerdewBurke-Ernzerhof (PBE) formulation of the 

generalized gradient functional (GGA) for exchange-correlation energy was used. The 

energy cutoff for the wave function expanded on the plane-wave basis was 500 eV. 

Monkhorst−Pack-type k-meshes of 6×6×6 and 6×6×1 were used for the cubic-phase bulk 

CsPbCl3, and the 2×2 slabs are exposing the (001) surface, respectively. We considered 

three slab models of (i) the ideal CsPbCl3 slab, (ii) with the removed Cl on the surface, 

and (iii) with the surface filled SCN-. All the slabs were separated by both top and 

bottom vacuum layers (∼10 Å) to prevent spurious inter-slab interactions. Each 

structure was optimized until the forces on every single atom were smaller than 0.01 

eV/Å. The molecular graphics viewer VESTA was used to plot crystal structures and 

charge densities. 

 

6.3 Result and discussion 

With these constraints in mind, we searched for an organic thiocyanate (RSCN) with 

sufficient hydrophobic groups to dissolve in non-polar, non-halogenated solvents. We 

found that n-dodecylammonium thiocyanate (DAT; C12H25NH3SCN) has a high solubility 

of >100 mg/ml in toluene – a non-polar solvent that is used during MHP QD synthesis 
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and storage. However, both n-dodecylammonium chloride (DAC; C12H25NH3Cl) and 

shorter alkyl chain oil-like n-butylammonium thiocyanate (BAT; C4H9NH3SCN) cannot 

dissolve in toluene (Figure 6.1). In the following studies, we subjected the MHP QDs to a 

post-treatment of DAT) by mixing them in toluene (0.01 wt.% DAT in MHP QD 

dispersion). CsPb(BrxCl1-x)3 QDs were synthesized according to a well-established 

synthesis protocol.205, 248-251, 261 

 

Figure 6.1. Photographs of dispersing 50 mg of n-dodecylammonium chloride (DAC; 

C12H25NH3Cl), n-butylammonium thiocyanate (BAT; C4H9NH3SCN), and n-

dodecylammonium thiocyanate (DAT; C12H25NH3SCN) into 2 ml toluene. 

 

The influence of the DAT post-treatment on the structural properties of MHP QDs, was 

investigated by X-ray powder diffraction (XRD) and transmission electron microscopy 159. 

The pristine MHP QDs and DAT treated MHP QDs were found to have a cuboid shape 

with an average size of 8.7 nm and 9.2 nm, respectively (Figure 6.2a, b, and Figure 6.3). 

Both pristine MHP QDs and DAT treated MHP QDs have a lattice constant (d) of 0.58 nm, 

corresponding to the (100) crystal plane of the cubic phase perovskite,250, 251 indicating 
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that the DAT post-treatment does not alter the MHP QD’s crystal structure (Figure 6.2c, 

d). The XRD patterns show that both pristine MHP QDs and DAT treated MHP QDs have 

a cubic phase (Figure 6.2e). To verify the presence of DAT in the MHP QD films with high 

sensitivity, we collected secondary ion mass spectrometry (SIMS) depth profiles on 

drop-casted QD films with a detection limit of as low as parts per billion (ppb).78, 143 The 

result (Figure 6.4) shows that the signal of sulfur in DAT treated MHP QDs is of over one 

order of magnitude higher than the pristine QDs. 
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Figure 6.2. (a, b) Transmission electron microscopy images of pristine MHP QDs and DAT 

treated MHP QDs, respectively. (c, d) High-resolution TEM (HR-TEM) images of pristine 

MHP QDs and DAT treated MHP QDs, respectively. (e) XRD patterns of pristine MHP QDs 
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and DAT treated MHP QDs. (f) Steady-state optical absorption and PL spectra of pristine 

MHP QDs and DAT treated MHP QDs. 

 

 

 

Figure 6.3.  The size distribution of the pristine MHP QDs (a) and DAT treated MHP QDs 

(b). 
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Figure 6.4.  SIMS depth profiles of the pristine MHP QDs and DAT treated MHP QDs. 

 

We observed a notable enhancement of the PL intensity and PLQY of these MHP QDs 

with DAT post-treatment. The pristine MHP QDs exhibit an emission peak at 468.4 nm, 

with a full width at half maximum (FWHM) of ~15 nm and a PLQY of 83%. The DAT MHP 

QDs an emission peak at 468.8 nm and an increased PLQY to near unity (~100%) (Figure 

6.2f). 



150 
 

 

 

Figure 6.5. (a) Illustration of Cl vacancy induced Coulomb trap site formation, electron 

trapping, and self-assembly of organic thiocyanate (RSCN) on the defect sites in MHP. (b) 
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Calculated defect formation energies of Cl vacancy on CsPbCl3 (100) surface and Br 

vacancy on CsPbBr3 (100) surface at different growth conditions. Calculated project 

density of states (PDOS) and electronic charge densities of valence band maximum 

(VBM), defect state (DS), and conduction band minimum (CBM) for (c) CsCl-rich CsPbCl3 

slab, (d) CsPbCl3 slab with surface Cl vacancies, and (e) CsPbCl3 slab with surface filled 

SCN- groups. 

 

To further elucidate the mechanism underpinning the PLQY enhancements, we 

investigated the effect of DAT post-treatment on the electronic properties of CsPbCl3 by 

using DFT calculations. We considered three slab models which are i) the ideal CsPbCl3 

slab, (ii) the CsPbCl3 slab with removed surface Cl atoms, and (iii) the CsPbCl3 slab 

treated with the SCN- on the surface. Here the Cl vacancy is the dominating defect on 

the CsPbCl3 surface as the formation energy of surface Cl vacancy is even lower than Br 

vacancy in CsPbBr3 which represents the major defect species in CsPbBr3(Figure 6.5b).255 

In the ideal CsPbCl3 slab, both hole and electron wavefunction are delocalized in the 

bulk (Figure 6.5c). While the Cl vacancy leads to the formation of a trap state that ~0.2 

eV below the conduction band with a localized charge density on the surface layer 

(Figure 6.5d), acting as an electron-trapping center for the nonradiative recombination. 

Once the Cl vacancy on the surface is filled by SCN-, it does not create any midgap states 

but enriches the top valance band density contributed by SCN- (Figure 6.5e). The 

reduction of the trap states was confirmed by pro-longed PL lifetime, deduced from 
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time-resolved photoluminescence decay measurements, for the MHP films after DAT 

treatment (Figure 6.6). 

 

Figure 6.6. Time-resolved photoluminescence (PL) decay of pristine MHP QD films and 

DAT treated MHP QD films. 

 

We summarized the likely mechanisms behind the PLQY enhancement in Figure 6.5a. Cl 

vacancy formation leads to a net positive charge residing on the Pb atom which is also 

known as under-coordinated Pb atom.52 The photoexcited electrons can be 

electrostatically attracted into this Coulomb trap site (Cl vacancies); and this picosecond 

electron trapping has been demonstrated as the dominant channel impairing the PLQYs 

of CsPbCl3 NCs.259 SCN- can fill in these Cl vacancies, and donate electron density and 

bond to Pb atom of MHP QDs.64, 203, 206, resulting in the removal of electron traps.  
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Encouraged by the improved PLQYs, we fabricated LEDs using these MHP QD inks with 

adding of DAT. LEDs were structured as: indium tin oxide (ITO) glass substrate/Poly(9,9-

dioctylfluorene-alt-N-(4-sec-butylphenyl)-diphenylamine) (TFB)/nafion perfluorinated 

resin (PFI)/MHP QDs/tris(2,4,6-triMethyl-3-(pyridin-3-yl)phenyl)borane (3TPYMB)/Liq/Al, 

as shown in Figure 6.7a. The MHP LEDs exhibited electroluminescence (EL) with an 

emission peak of 471 nm and a narrow FWHM of ∼17 nm (Figure 6.7b). The color 

coordinate of the LED is (0.129, 0.087), which nears the Rec. 2020 specifications for a 

primary blue emitter. 

 

Figure 6.7c shows luminance and current density characteristics as a function of applied 

voltage for the pristine device and the DAT treated device. The maximum luminance for 

DAT treated device reaches 465 cd/cm2, over two times higher than the pristine device 

(210 cd/cm2). The maximum EQE for DAT treated device is 6.3% (Figure 6.7d), a record 

for perovskite LEDs with emission between 460-480 nm (Table 6.1). The EQE is near two 

times higher than pristine MHP QD LEDs (3.5%), attributing to the reduced Cl vacancy 

density and promoted radiative-recombination. To evaluate the spectral stability, we 

measured the EL spectra of pristine and DAT-treated devices at different voltages 

(Figure 6.8). The pristine MHP device shows increased emission at a longer wavelength 

with increasing voltage bias. In stark contrast to the pristine MHP LEDs, the EL of DAT-

treated devices only shows a slight shift, indicating that ion migration is more hindered 

in the devices with DAT. We then measured the operational stability of the MHP devices 



154 
 

 

under a constant voltage bias of 4.5 V. The DAT treated device shows a half-life close to 

99s, much higher than pristine MHP QD LEDs (17s) (Figure 6.7e, f). The improved device 

stability could be ascribed to the suppressed Cl vacancy density, which suppresses ion 

migration by reducing the hoping sites. It should be noted, the poor operational stability 

of blue perovskite LEDs – whether using quantum-tuned pure bromide perovskite (such 

as CsPbBr3) or mixed Br-Cl perovskite as an emitter – is a major challenge for the field, 

despite the impressive improvements that are being reported lately in the EQEs of these 

devices. For MHP LEDs, the most obvious reason for the low stability is the ion migration 

occurring under the bias, which will lead to Cl-rich and Cl-poor phases. To enhance the 

operational stability of MHP LEDs, further research efforts are needed to find suitable 

passivating agents that also simultaneously act as strong ion migration inhibitors. 
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Figure 6.7. (a) Device structure, (b) normalized EL spectra, (c) Luminance-voltage-

current density, (d) EQE-current density, (e) operational lifetimes, and (f) peak position 

at different operation time for pristine device and the DAT treated device. 

 

 

Figure 6.8. (a, b) normalized EL spectra for (a) pristine device and (b) the DAT-treated 

device. 

6.4 Conclusion 

In summary, we demonstrated a strategy to passivate Cl vacancy and enhancing 

efficiency and stability of MHP QD LEDs using an organic pseudohalide that dissolves in a 

non-polar solvent. As a result of Cl vacancy passivation, MHP QDs post-treated with DAT 

had their PLQYs enhanced to near unity (~100%). The Cl-vacancy passivation enabled us 

to report efficient blue (~470 nm, i.e. in the Rec 2020 range relevant display standards) 

MHP QD LEDs with an EQE of 6.3% (vs. 3.5% for pristine devices) and half-lifetime of ~99 

s (vs. ~17 s for the pristine devices). This work highlights the crucial role of Cl vacancy 
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passivation for enhancing the efficiency and stability of MHP QD LEDs; and provides an 

avenue for significantly improving blue perovskite LEDs relevant to display applications. 
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Chapter 7 Conclusion and outlook 

In chapter 4, we use QDs during device processing to deliver elemental dopants and 

distribute them uniformly across the perovskite film and to deliver a ligand passivation 

layer to the film’s surface. The approach achieves, as a result, simultaneous bulk and 

surface passivation. Perovskite films processed by this strategy have a significantly 

reduced trap-state density and yield PSCs with substantially improved PCEs of 21.5%. 

Ligands originating from the QDs and self-assembled on the perovskite film’s surface 

protect the film from degradation associated with moisture ingress and with the escape 

of volatile material content. This enhances the light stability and thermal stability of 

PSCs. 

 

In chapter 5, we have demonstrated the novel role of AALs, particularly long-alkyl chain 

AALs, in improving optoelectronic properties by promoting favorable grain orientations 

and suppressing trap state density. Our long alkyl-chain AALs-based strategy enabled us 

to demonstrate >23.0%-efficient (22.3% certified) p-i-n structured devices and good 

operational stability. The molecular modification of perovskite grains and interfaces is 

crucial to enhance both the efficiency and stability of PSCs. Our findings also indicated 

that anisotropic electronic properties of the perovskite facets make the management of 

films’ crystal orientations an important path towards high-efficiency PSCs.  
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In chapter 6, we report a strategy to passivate Cl vacancies in MHP QDs using non-polar-

solvent-soluble organic pseudohalide (n-dodecylammonium thiocyanate (DAT)), 

enabling blue MHP LEDs with enhanced efficiency. Density-function-theory calculations 

reveal that the thiocyanate (SCN-) groups fill in the Cl vacancies and remove deep traps 

within the bandgap. DAT-treated CsPb(BrxCl1-x)3 QDs exhibit near unity (~100%) 

photoluminescence quantum yields; and their blue (~470 nm)  LEDs are spectrally stable 

with an EQE of 6.3% – a record for perovskite LEDs emitting at the 460-480 nm range 

relevant to Rec. 2020 display standards. 

 

Further understanding of the nature of the surface defects in polycrystalline OIHPs and 

perovskite QDs, including the defect type, defect concentration and defect distribution, 

will be very important to guide the design of next-generation passivation molecules to 

fully passivate the defects. Moreover, further understanding of the properties of the 

different surface facets of perovskite semiconductors, including the facet-dependent 

defect type and concentration, will likely be essential for the future of perovskite 

devices. We anticipate that the precision defect healing will be an important direction to 

improve the efficiency of perovskite solar cells and perovskite LEDs to the theoretical 

limit, as well as to stabilize perovskite-based materials and devices. 
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