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Abstract 

Metal halide perovskite solar cells have attracted enormous research effort over the past two 

decades. While hot-plate annealing is common for perovskite crystallization, laser annealing is 

also promising. Most studies on laser annealing for solar cell fabrication focused on short-

wavelength lasers, which can damage the perovskite layer. 

This thesis focuses on the use of CO2 laser with lower photon-energy in the mid-infrared (MIR) 

range for the annealing of i) formamidinium lead triiodide (FAPbI3) perovskite with a bandgap 

of 1.53 eV; ii) (4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz) hole 

transport layer (HTL); iii) 1.80 eV FA0.8Cs0.2PbI1.8Br1.2 perovskite; iv) 1.78 eV 

FA0.8Cs0.2PbI1.8Br1.2 perovskite with potassium hexafluorophosphate  and cellulose acetate 

butyrate  additives; v) and organic photovoltaic (OPV) absorber based on PM6:Y6 where PM6 

is a donor–acceptor (D-A) copolymer composed of the 4,8-bis(5-(2-ethylhexyl)-4-

fluorothiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene (BDT) and 1,3-bis(thiophen-2-yl)-5,7-

bis(2-ethylhexyl)benzo-[1,2-c:4,5-c’]dithiophene-4,8-dione (BDD) units and Y6 consists of 

dithienothiophen[3,2-b]-pyrrolobenzothiadiazole with 2-(5,6-Difluoro-3-oxo-2,3-dihydro-1H-

inden-1-ylidene)malononitrile units.  

All CO2 laser annealing were performed in the ambient and all cell demonstrations using CO2 

laser annealing in this thesis were reported for the first time. Key findings of this thesis include:  

1. Laser power is critical to α-FAPbI3 phase formation, without driving out volatile organics 

from the perovskite nor increasing PbI2 defects. Champion power conversion efficiency 

(PCE) of 21.8% achieved (without additional additives for perovskite bulk and surface 

passivations) was the highest for a laser annealed single-junction perovskite solar cell at 

the time.  

2. COMSOL Multiphysics simulations of macroscopic and localised temperature profiles 

during laser annealing unveiled highly effective laser power absorption and cooling by the 

perovskite film, especially when compared to Me-4PACz, thereby lowering substrate 

temperature experienced compared to hot-plate annealing. 

3. All laser annealed (HTL and perovskite) wide bandgap (1.80 eV) perovskite solar cell 

achieving a champion VOC of 1.35 V and a PCE of 19.8%, highest for reported perovskite 

solar cells with the same bandgap at the time.  

4. The first use of CO2 laser for perovskite-OPV tandem solar cells. The laser annealed 
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PM6:Y6 OPV champion cell produced a PCE of 16.8%, highest for a laser annealed OPV 

cell at the time. The champion perovskite-OPV tandem produced a PCE of 24.0%, 

comparable to the state-of-the-art. 

This thesis demonstrates the promising prospects of laser annealing offering time savings and 

localised heating advantage for temperature-sensitive substrates.   
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Chapter 1 Introduction and Literature Review 

1.1 Introduction 

The consumption of fossil fuels such as coal, oil and gas has been the major contributor to CO2 

emission (Figure 1.1)1 since late 19th century2 . This in turn contributes to the global warming 

crisis, resulting in rapid climate change affecting habitat and safety. To address this issue, 

countries around the world have agreed to reduce the dependence on these carbon-emitting 

energy sources, aiming to reach net-zero carbon dioxide (CO2) emissions by 2050.3  

 

Figure 1.1 Total CO2 emissions for years of 2022, 2023 and 2024. 

 

Strengthening renewable energy development is one of the most promising ways to respond to 

the issue. Among various renewable energies, the cost solar photovoltaics (PV) has come down 

remarkably in the last decade, while performance improvement has been achieved at a slower 

pace compared to cost-reduction.4 As of 2024, the global solar PV market was valued at USD 

398.21 billion.5 The annual solar photovoltaic installation rate is projected to be 1.7 TW/yr in 

2030 and 3.4 TW/yr in 2037 for the accumulative capacity reaching 75 TW in 2050.6 

Such growth has been driven by the silicon solar cell technology that will continue6 to play a 
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crucial role in replacing fossil fuels. However, as power conversion efficiencies of silicon solar 

cells are reaching their theoretical limits at ~30%,7 tandem technologies are being investigated 

to further increase power output to further bring the cost per watt down for the increasing 

demand for renewables.  

Tandem solar cells involve the stacking of solar cells with different bandgaps (highest on the 

sun-facing side) allowing each cell to convert different parts of the solar spectrum to electricity 

more efficiently, minimizing sub-bandgap and thermalization losses.7 The efficiency limit of 

2-junction tandem therefore increases to∼45% and for 3-junction tandem, the efficiency limit 

is ∼51%.7 

Technologies that are potentially useful for tandem are shown in Figure 1.2, in particular, the 

technologies that produce high power conversion efficiencies. Among them, metal halide 

perovskite solar cells have the required efficiencies and low cost potentials to be a contending 

technology. The performance improvement of metal halide perovskite solar cells is the most 

rapid compared to other technologies. (Figure 1.3) Since its first demonstration with an 

efficiency of 3.8%8, the most efficient laboratory cell in the form of single junction is now 

27.0%, which is comparable to silicon.9  

 

  

 

Figure 1.2 A summary of PV technologies.10, 11 
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Figure 1.3 Record research cell efficiencies for major PV technologies. Accessed on 10th Mar. 

2025. 9 

 

1.2 Metal halide perovskites 

Metal halide perovskites are a class of crystalline materials with the general chemical formula 

ABX3 as shown in Figure 1.4,12 where A is an organic (e.g., methylammonium, 

formamidinium) or inorganic (e.g., caesium) cation; B is a metal cation (e.g, lead and/or tin); 

X is a halide anion (e.g., iodine, bromine, chlorine or a mixture). 

 

Figure 1.4 The perovskite crystal lattice with a chemical formula of ABX3 .12 

 

Metal halide perovskites, exhibit excellent properties for photovoltaics including high 

absorption coefficient,13 long carrier diffusion length,14 and low exciton binding energy if 

lower-dimensional or layered perovskites are involved15. The perovskite structure is also 
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versatile in the sense that the composition of the perovskite can be tuned by alternating the 

cations in the A- and B-sites or altering the anion in the X-site to form narrow bandgap (Eg) 

<1.5 eV, medium bandgap (1.5 eV £ Eg £ 1.7 eV), and wide bandgap (Eg >1.7 eV) perovskites 

making them suitable for tandems.7 Therefore, a variety of perovskite-tandem devices have 

been demonstrated recently including perovskite-silicon tandems, perovskite-perovskite 

tandems, perovskite-organic tandems, perovskite-Copper Indium Gallium Diselenide (CIGS) 

tandems owing to perovskites’ ease of fabrication. Many companies, such as LONGi, is 

actively investigating the commercial prospects of perovskite-silicon tandem.16 Therefore, 

developing commercially viable manufacturing processes is important to ensure perovskite 

solar cell technology remains commercially competitive. This thesis will focus on the 

development of laser annealing for perovskite solar cells.  

 

1.3 Laser annealing 

Laser annealing is a highly versatile and proven technology with a long history of 

developments and applications.17-19 It is a highly popular heating tool for a variety of industries 

for semiconductor,20-24 photovoltaics,19, 25-28 medical therapy,29-34 and even fabrics production 
35-38 amongst many others28, 39-41. Compared to traditional thermal annealing such as hot plate, 

furnace, oven annealing, laser annealing17 offers rapid heating due to more efficient heat 

transfer and localized heating which is a distinctive advantage when patterning or heat sensitive 

materials are involved.27, 42, 43 

Annealing is a critical factor in perovskite crystallization process, as it provides the activation 

energy for phase transition.44 There are multiple heating strategies (Table 1.1) being utilized 

nowadays, including traditional hot-plate thermal annealing (TA),45-47 microwave annealing 

(MA),48-50 infrared lamp annealing (IRLA),51, 52 intense pulsed light annealing (IPLA),53, 54  

flash infrared lamp annealing (FIRA) 55, 56 and laser annealing (LA).57, 58 Among them, TA is 

extensively employed due to ease of access for research purposes producing cells with record 

efficiencies 59, 60 but has disadvantages such as low heating rate via heat-conduction thereby 

requiring long annealing time that generally take tens of minutes. Laser annealing on the other 

hand is non-contacting, highly localized or selective, with much less adverse thermal effects 

on adjacent functional layers and the substrate. 57 This is beneficial for heat-sensitive substrates. 
61, 62 Research groups have reported laser annealing for perovskites 63-75 (Table 1.2a) and solar 
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cells 57, 58, 76-80  (Table 1.2b) with promising results.  

 

Table 1.1 Annealing methods useful for metal halide perovskites and their potential advantages 
and disadvantages. 
Annealing Method Advantages Disadvantages 

Hot-plate  Ease of access for research purposes 

Slow response rate 
Long heating time 
Non-uniform vertical heating 
Heating through substrate 

Microwave  Short annealing time Prone to non-uniform heating due to non-uniform 
field and heterogeneous material system 

Infrared lamp Short annealing time Heat loss to non-inert ambient  

Intense pulsed light annealing Short annealing time Damage by UV or high energy photons 
Heat loss to non-inert ambient 

Flash infrared lamp Short annealing time Heat loss to non-inert ambient  

Laser (UV-VIS-NIR) Short annealing time 
Localised annealing possible 

Raster scan style annealing may increase annealing 
time 

Laser (CO2) 

Short annealing time 
Localised annealing possible 
Lower photon energy and therefore 
less harmful to the Pb-I bond in 
metal halide perovskites 

Raster scan style annealing may increase annealing 
time 

 

The first laser-annealed perovskite solar cells based on methyl ammonium lead iodide (MAPbI3) 

in 2016 were reported by Jeon and Li et al. Jeon et.al 58 achieved a champion efficiency of 

12.1% for inverted p-i-n device by using a near-infrared (NIR) laser with a wavelength of 1064 

nm for MAPbI3 crystallization (Table 1.2b). Four years later, Trinh et al. also reported the use 

of a 1064 nm laser for MAPbI3 perovskite crystallization but this time it was for a n-i-p device. 

The champion device achieved a PCE of 13.0%.79  

Using a blue-emitting laser (wavelength, 450 nm), Li et al.76 reported a higher device efficiency 

of 17.8% based on n-i-p structure in 2016. In 2020, You et al. compared the use of diode lasers 

with 3 different wavelengths (405 nm, 450 nm, and 660 nm) for MAPbI3 and 

(CsPbI3)0.05(FAPbI3)0.95(MAPbBr3)0.05 perovskite crystallization.57 With the merits of laser 

annealing, such as high heating rate and high temperature gradient, lasered-films showed larger 

grains with better crystallinity, which contributed to higher device performance with a 

champion PCE of 21.5% comparing to 18.1% resulted from the thermally annealed counterpart.  

In other works,77, 78, 80 researchers also reported the use of krypton fluoride (KrF) excimer laser 

(248nm) or a NIR laser (800 nm) or UV laser (355 nm) for “polishing” the perovskite layer via 

surface ablation post hot-plate annealing. Respectable efficiencies were achieved (last entries 

in Table 1.2b) although the laser processing used was not intended for annealing.  

For the reports discussed above, UV lasers (248 nm, 355 nm), visible wavelength lasers (405 

nm, 450 nm, 532 nm, 660 nm), and near infrared lasers (800 nm, 1064 nm) were frequently 
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used in perovskite treatments. Despite the encouraging results, these lasers have short 

wavelengths corresponding to high energies that can be detrimental to chemical bonds in the 

perovskite photo-absorber.81 According to the literature reports, Pb-I bond is the most 

vulnerable within a perovskite with a dissociation energy as low as around 0.2 eV.82-85 However, 

even for the widely-used NIR lasers as reported, the photon energy is around 1.17 eV, which is 

5.8 times than the Pb-I bond dissociation energy. Therefore, lasers possessing both lower 

photon energies (namely, longer wavelengths) are preferred for laser-assisted perovskite 

crystallization. Carbon dioxide (CO2) lasers with mid-infrared (MIR) emissions at higher 

power, on the other hand, produce much longer wavelengths (typically, 9.3 - 10.6 μm) and thus 

lower photon energy, as low as 0.12 eV, which are anticipated to be to compatible with 

perovskites.86, 87 Moreover, CO2 laser beams are highly thermally active due to its IR beam 

characteristics and as a heat source have been also used for other applications in the field of 

medicine and material engineering. To the best of our knowledge, CO2 laser has not been used 

for perovskite before in the literature prior to this thesis.  

Therefore, the utilisation of heat generated from CO2 laser for perovskite annealing may have 

an advantage over short-wavelength lasers for the same purpose. 

 

1.3.1 Laser annealing for formamidinium lead triiodide 
perovskites 
Therefore, in this thesis, I will first develop a CO2 laser process for the first time for perovskite 

film crystallisation and in particular for formamidinium lead triiodide (FAPbI3) perovskite solar 

cells its bandgap at around 1.48 eV, which is closest to the theoretical optimum for single 

junction solar cell compared to other perovskite materials.88  

 

1.3.2 Laser annealing modelling 
To demonstrate the advantages of laser annealing in terms of time savings and lower substrate 

temperatures, I will model macroscopic and localised temperature profiles generated by laser 

annealing via a three-dimension (3D) finite element analysis model using COMSOL 

Multiphysics for the first time.  
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Laser annealing offers a highly controllable, non-contact method to precisely tailor film 

morphology and crystallinity, potentially overcoming existing limitations in WBG perovskites. 

In perovskite films, laser processing provides a rapid heating approach that can mitigate phase 

segregation while promoting high-quality crystallization.89 By optimizing laser parameters, it 

may be possible to achieve finer control over halide distribution and defect passivation, further 

improving stability and VOC. These advantages make laser annealing a promising tool for next-

generation WBG perovskite solar cells, aiming for higher efficiencies and enhanced long-term 

operational stability. 

 

1.3.3 Laser annealing for wide bandgap perovskites 
Wide bandgap (WBG, energy gap Eg >1.7 eV) metal halide perovskites have attracted 

enormous research interest for multiple junction tandems90,91 especially monolithic tandems 

that have wide bandgap (WBG) perovskite sub-cells directly deposited on top of Si, perovskite, 

CIGS, and organic photovoltaic sub-cells producing tandem cell power conversion efficiencies 

(PCEs) that surpass the highest efficiencies of the sub-cells.92-100 Despite the impressive 

achievements, WBG perovskites are still facing severe open-circuit voltage losses whereby 

WOC = Eg/q-VOC, q is elementary charge and VOC is open circuit voltage. Reasons for WOC 

include non-radiative recombination, energy level misalignment and phase segregation. 101,102  

Non-radiative recombination can be suppressed by improving perovskite quality while a well-

designed and appropriately fabricated hole transport layer (HTL) enables energy level 

alignment and perovskite/HTL interface with reduced surface passivation.89,102-106  Laser 

annealing has been demonstrated to enhance perovskite crystallinity.57, 58, 73, 107, 108 and for the 

fabrication of HTL such as NiOX109 and porous graphene electrode from poly(3,4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS).110 While self-assembly mono-

layer (SAM) type HTLs have become popular in the state-of-the-art high efficiency perovskite 

single junction and tandem solar cells,111-116 there has been no report on laser processing of 

SAM HTL for perovskite solar cells. While two-dimensional simulation models have been 

developed to understand heat transport,79, 117 three-dimensional models are yet to be developed. 

Therefore, in this thesis, I will develop a laser annealing processes for fabricating (4-(3,6-

Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz) SAM HTL and WBG 1.80eV 

FA0.8Cs0.2PbI1.8Br1.2 perovskite layers.  
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1.3.4 Laser annealing for OPV and perovskite-OPV tandem 
Perovskite-OPV tandem solar cells with a theoretical efficiency limit of 41% have attracted 

research interest over the years.97, 118, 119 Since the perovskite and OPV cells are essentially 

prepared by coating, perovskite-OPV tandems can be manufactured as a continuous flexible 

arrays. This is challenging for perovskite-silicon tandems due to the rigidity and fragility of the 

silicon bottom cell.96 Perovskite-OPV tandems do not suffer from the instability issue faced by 

perovskite-perovskite tandems, namely oxidation of narrow bandgap tin-base perovskite in the 

bottom cell.119 There has been great progress in improving the efficiency for perovskite-OPV 

tandems, to the most recent certified value at 25.1% in 2024.96 This was achieved via the 

incorporation of pseudo-halide thiocyanate in the precursor to suppress phase segregation that 

is otherwise commonly found in mixed iodide bromide perovskite92, 121-125 for the fabrication 

of wide bandgap cells. 

Therefore, in this thesis, I will demonstrate the use of ambient laser annealing for the 

fabrication of PM6:Y6 OPV and perovskite-OPV tandem solar cells for the first time. PM6 is 

a donor–acceptor (D-A) copolymer composed of the 4,8-bis(5-(2-ethylhexyl)-4-

fluorothiophen-2-yl)benzo[1,2-b:4,5-b′]dithiophene (BDT) and 1,3-bis(thiophen-2-yl)-5,7-

bis(2-ethylhexyl)benzo-[1,2-c:4,5-c’]dithiophene-4,8-dione (BDD) units and Y6 consists of 

dithienothiophen[3,2-b]-pyrrolobenzothiadiazole with 2-(5,6-Difluoro-3-oxo-2,3-dihydro-1H-

inden-1-ylidene)malononitrile units. 
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Table 1.2a Reported laser processed perovskite materials in the form of films, or nano-structures in different environment such as ambient, N2 
and dry air. 

Year Test structure Perovskite Treatment Environment laser λ (nm) Ref 
2016 glass/FTO/Perovskite FAPbI3 post illumination Air 400 63 
2017 Si/SiO2/Perovskite MAPbBr3, MAPbI3, MAPbCl3 crystallization Not reported 800 64 
2018 glass/ITO/PEDOT:PSS or PTAA/Perovskite MAPbI3 crystallization Nitrogen 532 65 
2018 perovskite precursor solution MAPbX3 nano-crystals NCs crystallization Not reported 1,064 73 
2018 glass/ITO/PEDOT:PSS MAPbBr3 crystallization Not reported 808 75 
2020 glass/PEDOT:PSS/Perovskite MAPbI3 crystallization Not reported 1,064 66 
2020 borosilicate glass matrix containing Cs, Pb, Br, & Cl CsPb(Cl/Br)3 NCs crystallization Not reported 800 71 
2020 glass/ITO/Perovskite:CQD (Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3 crystallization Air 1,064 67 
2021 glass/Perovskite MAPbI3 crystallization Not reported 405 68 

2022 CsPb2Br5 single crystals CsPbBr3 NCs convert CsPb2Br5 SCs to 
CsPbBr3 NCs  Not reported 800 70 

2022 quartz/perovskite CsPbBr3 NCs crystallization Ambient 355 72 
2023 perovskite inside PVDF matrix (film) CsPbX3 NPs crystallization Not reported 405 74 
2023 Perovskite on Au nano-islands MAPbBr3 crystallization Not reported 800 69 
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Table 1.2b Reported laser processed perovskite in solar cells in different environment such as ambient, N2 and dry air. 
 

Year Solar device Perovskite Treatment Environment laser λ 
(nm) 

JSC 
(mA/cm2) 

VOC 
(V) 

FF 
(%) 

PCE 
(%) Ref. 

2016 glass/ITO/PEDOT:PSS/Perovsk
ite/PCBM/Ca:Al MAPbI3 crystallization Not reported 1,064 16.8 0.89 80.1 12.1 58 

2016 glass/FTO/TiO2/Perovskite/Spir
o-OMeTAD/Au MAPbI3 crystallization Not reported 450 22.8 1.15 68.0 17.8 76 

2019 glass/FTO/TiO2/Perovskite/Spir
o-OMeTAD/Au MAPbI3 

surface 
treatment post 
hot-plate 
crystallization 

Not reported 248 23.7 1.13 72.6 19.4 77 

2020 
glass/ITO/PTAA:F4-
TCNQ/Perovskite/PCBM/BCP/
Ag 

Cs0.06FA0.79MA0.15Pb(I
0.85Br0.15)3 

surface 
polishing Not reported 800 23.3 1.14 70.2 18.6 78 

2020 glass/FTO/TiO2/Perovskite/Spir
o-OMeTAD/Au* 

MAPbI3 
 
 
 
crystallization 
 
  

Dry air 

405 23.2 1.11 76.4 19.7 57 
450 23.3 1.12 77.3 20.2 57 
660 23.2 1.12 76.7 19.9 57 

(CsPbI3)0.05(FAPbI3)0.9
5(MAPbBr3)0.05 

405 23.6 1.13 76.6 20.2 57 
450 23.6 1.14 77.4 20.8 57 
660 23.4 1.14 76.7 20.4 57 

2020 glass/FTO/TiO2/Perovskite/Spir
o-OMeTAD/Ag* MAPbI3 crystallization Not reported 1,064 20.9 0.93 65.0 12.5 79 

2023 glass/ITO/SnO2/Perovskite/Spir
o-OMeTAD/Au 

MAPbI3 
laser polishing Ambient 355 

21.0 1.19 77.3 19.3 
80 Cs0.05(MA0.17FA0.83)0.95

Pb(I0.83Br0.17)3 20.0 1.06 77.7 16.4 

* average rather than champion cell results are shown. 
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1.4 Thesis outline 

Given the review above that outlines the motivations of the develop CO2 laser annealing for 

perovskite solar cells, this thesis will be organised according to the below:  

Chapter 2 reports CO2 laser-assisted ambient crystallisation of FAPbI3 for efficient solar cells. 

Chapter 3 reports COMSOL simulation of temperature profiles of laser annealed perovskite 

and hole transport layers. 

Chapter 4 reports all laser-annealed wide bandgap perovskite solar cells. 

Chapter 5 reports laser-annealed organic photovoltaic (OPV) and perovskite-OPV tandem solar 

cells. 

Chapter 6 concludes by highlighting originality, novelty and significance of this thesis.  
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Chapter 2 CO2 Laser-assisted Ambient Crystallization of 

FAPbI3 Perovskite for Efficient Solar Cells 

 

2.1 Introduction 

Based on the advantages and progress made in laser annealing as discussed in 1.3, this chapter 

develops the CO2 laser process for the first time for perovskite film crystallisation in ambient. 

This is because CO2 laser is a very effective localised heat source and its longer wavelength 

(9.3 - 10.6 μm) meaning low photon energy (~0.12 eV) is anticipated to be compatible with 

perovskites but has not been used for annealing perovskite prior to this thesis to the best of our 

knowledge. The device structure used is of glass/ITO/(2-(3,6-Dimethoxy-9H-carbazol-9-

yl)ethyl)phosphonic acid (MeO-2PACz)/FAPbI3/C60/Bathocuproine (BCP)/Cu.  

 

2.2 Experimental methods 

Materials 

Unless stated otherwise, all materials and solvents used in this chapter were purchased from 

Sigma Aldrich. Formamidinium iodide (FAI) was from GreatCell Solar Materials. [2-(3,6-

Dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic Acid (MeO-2PACz) and lead iodide (PbI2) 

were purchased from TCI. Pre-patterned ITO glasses with a sheet resistance of 8 Ω/sq were 

bought from Wuhan Jinge Solar Energy Technology Co. Ltd. 

Device fabrication 

Pre-patterned ITO glass substrates were rinsed sequentially in ultrasonic bath with deionized 

(DI) water-diluted HellmanexTM III solution, DI water, acetone and 2-propanol for 20, 5, 20, 

and 15 minutes, respectively. The rinsed substrates were dry by a nitrogen gun, which were 

then treated by ultra-violet-ozone (UVO) for 15 minutes.  

Hole transport layer solution was prepared by dissolving MeO-2PACz into methanol, with a 

concentration of 0.5 mg/mL. The MeO-2PACz solution was deposited onto the ITO substrates 

by spin coating, at a spin rate of 4000 rpm for 16s. Thermal annealing was applied to the as-
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deposited films upon 85 °C for 5 minutes.  

FAPbI3 solution was prepared by mixing FAI (258 mg), PbI2 (692 mg) with DMF (900 

μL):NMP (100 μL) binary solvent. The corresponding concentration was 1.5 M. FAPbI3 

precursor solution was stirred at room temperature for 30 min before use. 80 μL of FAPbI3 

precursor solution was spin-coated onto the MeO-2PACz layer with an acceleration of rate of 

400 rpm/s to a spin rate of 4000 rpm for 50s. 15s into the spin coating, N2 gas quenching (at a 

pressure of ~100 psi) was applied. The deposited FAPbI3 precursor films were then transferred 

out of glovebox for ambient annealing.  

For thermal annealing, the precursor films were heated on a hot plate at 150 oC, for 20 minutes 

in ambient. 

For laser annealing, the precursor films were illuminated by a 50 W CO2 laser (Universal Laser 

VLS 3.60) in ambient (room temperature of 20 °C and uncontrolled humidity) (Figure 2.1). 

The collimated laser beam with an emission wavelength of 10.6 μm is reflected by a mirror 

and then focused by a Zinc Selenide (ZnSe) lens, creating a focused beam of ~127 μm in 

diameter. To obtain a larger spot size ~1 mm in diameter on the substrate for processing, the 

beam was positively defocussed with a defocussing length of 12.5 mm (Chapter 2) or 15.00mm 

(Chapters 4 and 5). The defocused laser beam scans across FAPbI3 film surface by 

synchronizing the laser head motion in x- and y-direction at a speed of 254 mm/s, and a pulse 

per inch (PPI) of 500. This corresponds to a spacing of 50 µm between each pulse in the X-

direction and a displacement of 100 µm in the Y-direction to avoid any edge effects (Figure 

2.2). The laser power ratio varied between 22% and 36% for process optimization. For the very 

initial laser power selection, the lower possible power, i.e., 5% of the maximum power setting 

was used to scan the perovskite film of 2 cm2 to qualitatively gauge the onset of crystallization 

(characterized by visual darkening of the perovskite film). Power was increased in increments 

of 2% until film darkening could be observed and crystallisation was confirmed via X-ray 

diffraction (XRD) measurement. This sets the lower bound for laser power optimization. The 

upper bound of laser power optimization was when film damage was observed. This process 

of searching for laser power optimisation is repeated when new perovskite material systems 

were used. 

The laser power densities in kW/cm2 quoted in this thesis are estimated from laser power ratios 

of the nominal “50 W” used and the beam size. The pulse repetition rate that will be used for 

COMPSOL simulation is determined from laser scan speed and the pulse per inch. Laser pulse 

energy density is determined from the laser power density and the pulse repetition rate.  
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Figure 2.1 Schematic for CO2 laser annealing of FAPbI3 film. 
 

 
Figure 2.2. Schematic illustration of laser scanning, represented by solid lines when the laser 
is on and dashed lines when the laser is off.  
 
 
After ambient annealing, C60 (20 nm), BCP (6 nm) and Cu (100 nm) were then deposited 
sequentially onto FAPbI3 perovskite surface using a thermal evaporator. 
 

Device and film characterizations 

Current density-voltage (J-V) measurements were carried out using a solar simulator (Class 

AAA solar simulator, Newport Technologies, Inc.) under 1 sun-condition (AM 1.5G, 1000 

W/m2, 25 °C). A certified Si reference cell was used for 1 sun light-intensity calibration. The 
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scanned voltage range was -0.1 – 1.3 V for all solar cells, with a reverse scan rate of 400 mV/s. 

The aperture area of the cell was 0.0706 cm2. 

External quantum efficiency (EQE) measurements were conducted using the QuantX-300 

Spectral Response (Newport Inc.) system with monochromatic light from a xenon arc lamp. 

The system was calibrated using a certified silicon reference cell for 300-1200 nm wavelength 

regions. 

Light intensity-dependent VOC measurements were performed using the same J-V measurement 

setup, with neutral density (ND) filters for light intensity modulation. The ideality factor, nid, 

was derived from Equation 2.1: 

 𝑉!" =
#!"$#%

&
ln &'$%

'&
' (2.1) 

Where kB is the Boltzmann constant, T is the temperature, q is the elementary charge, and J0 is 

the saturation current density under reverse bias, VOC is the open-circuit voltage under various 

light intensities, and JSC the light illumination intensity. 

 

Temperature dependent VOC was measured with Keysight 2636B source meter under 530 nm 

LED illumination (equivalent to 1-sun) in a customized probe station with true kelvin probe 

for each manipulator (KeyFactor Inc) and liquid-N2 cooler. The temperature of the probe station 

was adjusted using a Lakeshore 336 temperature controller. For determining the activation 

energy of recombination Ea, J0 the following Equation was used  

 𝐽( = 𝐽((exp &−
)'

#!"$#%
' (2.2) 

where J00 is the pre-exponential factor and Ea is the activation energy of recombination current 

in the diode. From Equations 2.1 and 2.2, Equation 2.3 is derived. 

 𝑒𝑉*+ =	𝐸, −	𝑛-.𝑘/𝑇𝑙𝑛
-&
-
 (2.3) 

Scanning electron microscopy (SEM) was conducted using a field emission SEM (NanoSEM 

230). Grain sizes were measured with ImageJ. 

Atomic force microscopy (AFM) was conducted using a Bruker dimension icon (USA). 

Samples were scanned at rate of 0.9 Hz and a resolution of 512 samples per line. The AFM 

results were processed with NanoScope Analysis software. 

X-ray diffraction (XRD) measurements were conducted using a PANalytical X’Pert X-ray 

diffractometer operated at 30 kV, 10 mA at 2θ (Cu Kα) 10-50° with an interval of 0.01°.  

Steady-state and time-resolved photoluminescence spectra were obtained using the 
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Spectrofluorometer FS5 provided by Edinburgh instruments. The effective lifetimes, τeff, is 

calculated by the Equation 2.4:  

 𝜏&00 =
,(1()2,)1))

,(1(2,)1)
      (2.4) 

Where ai is the fluorescence intensity contribution of each lifetime component τi. 

 

X-ray photoelectron spectra (XPS) were measured using a Thermo Fisher Scientific K-Alpha 

X-ray Photoelectron Spectrometer System with 72 W monochromatic Al K-Alpha (1486.68 eV) 

X-ray source. The spectra were normalized individually and calibrated by C-C/C=C binding 

energy of 284.8 eV. 

Fully fabricated solar devices were used for current J-V, EQE, light-intensity-dependent VOC, 

and temperature-dependent-VOC measurements.  

Test structures of FAPbI3/MeO-2PACz/ITO/glass were used for SEM, AFM, XRD.  

Steady-state power output measurements were conducted on un-encapsulated devices in 

ambient without temperature and humidity control by holding the device at a fixed voltage 

(which was near maximum power point ~VMPP obtained from an initial measurement) followed 

by the switching on of the one-sun illumination which was continued for a period. The steady-

state power conversion efficiency was calculated as the product of steady-state current density 

(J) and voltage.  

Ambient stability testing was conducted on un-encapsulated devices which were measured at 

regular intervals ex-situ while not in storage. Storage was in the dark at 25±5°C and relatively 

humidity of 25%. Measurement was conducted in ambient without temperature and humidity 

control.   

 

2.3 Results and discussions 

Figure 2.3 compares the quality of the FAPbI3 films on MeO-2PACz/ITO glass substrate after 

ambient thermal anneal (ATA) by hot-plate, as a control, and ambient laser anneal (ALA) 

(Figure 2.1) at different laser power density. Details for film fabrication and annealing 

conditions can be found in the above Experimental Details. It is important to note that 

processing time for ALA film is significantly shorter (60 seconds) despite the need for scanning 

while the processing time for ATA film is 10 to 20 minutes. In addition, the substrate 
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temperature during ALA process is much lower than that during the ATA process (Table 2.1) 

minimising thermal effect to layers other than the perovskite absorber in the solar cells.  
 

Figure 2.3a-f show the morphologies of the perovskite films by top-view scanning electron 

microscopy (SEM) after ATA and ALA processes. While films are reasonably compact, ATA 

film and the ALA film with the higher laser power densities have larger spread of grain size 

distribution compared to the ALA films with lower laser power densities (Figure 2.4g).  
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Table 2.1 Measured substrate temperatures during ALA. They do not reflect the actual 
temperatures experienced locally by the perovskite films but nevertheless show a trend in 
temperature with increasing power densities.  

ALA Power Density 
(kW/cm2)  

Substrate Temperature (°C) Change in temperature 
(°C) Before ALA After ALA 

1.4  23 24 1 
1.5  20 26 6 
1.7  22 28 6 
1.9  21 35 14 
2.3  20 38 18 

 

 
Figure 2.3 Top-view SEM images of (a) an ATA film and (b-f) ALA films processed at various 
laser power densities. Scale bar = 300 nm. (g) XRD patterns for ATA and ALA films.   
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Annealing method Average grain size (μm) 
ATA 0.69±0.30 

ALA 1.4 kW/cm² 0.40±0.18 
ALA 1.5 kW/cm² 0.62±0.20 
ALA 1.7 kW/cm² 0.78±0.22 
ALA 1.9 kW/cm² 1.05±0.25 
ALA 2.3 kW/cm² 1.36±0.35 

Figure 2.4 Scanning electron microscopy (SEM) cross-section images of the (a) ATA and 
ALA films annealed by laser at power intensity of (b) 1.4, (c) 1.5, (d) 1.7, (e) 1.9 and (f) 2.3 
kW/cm2. Scale bar = 300 nm. (g) The corresponding grain sizes distributions and the average 
grain sizes are listed in inset table. 
 

ALA film grains also grow larger with laser power density from < 0.5 μm (on average) at 1.4 

kW/cm2 to ≳1 μm at ≳ 1.9 kW/cm2 (Figure 2.3). However, cracks at the grain boundaries 

started to emerge at 2.3 kW/cm2 (Figure 2.3f) and worsen at higher laser annealing power (e.g., 

2.5 kW/cm2) (Figure 2.5). The correlation between grain size and laser power density1 is likely 

to be due to higher heat generated by the laser (Table 2.1) absorbed locally by the film. The 

higher the power density, the more rapid is the solvent evaporation inducing nucleation and 

crystallization which is localised but not necessarily restricted as grain growth can extend to 

regions that are not yet irradiated.2,3 ATA film on the other hand is heated by the hot plate to 
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induce nucleation and crystallisation across the full area simultaneously. Grain growth 

eventually self-limits as neighbouring grains impinge on each other. This explains the smaller 

grains observed in the ATA film. As laser power density increases, film thickness remains at 

~500 nm, demonstrating no evident material ablation from high intensity laser processing. 

Evident from results of atomic force microscopy (AFM) (Figure 2.6a), advantage of ALA film 

disappears at laser power density of 2.3 kW/cm2 where surface roughness doubled (Figure 2.6f) 

as cracks emerged from the grain boundaries. This is likely to be due to the excessive heat 

generated by the laser scanning causing outgassing of volatile components from the perovskite 

film16, leading to film decomposition starting at the grain boundaries.  

 

 
Figure 2.5 (a) SEM and (b) atomic force microscopy (AFM) images of FAPbI3 film after ALA 
process at 2.5 kW/cm2 showing the worsening of crack appearance. Scale bar = 1 μm. 
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Annealing method Average grain size (μm) 

ATA 0.68±0.20 
ALA 1.4 kW/cm² 0.35±0.14 
ALA 1.5 kW/cm² 0.60±0.15 
ALA 1.7 kW/cm² 0.80±0.28 
ALA 1.9 kW/cm² 1.00±0.28 
ALA 2.3 kW/cm² 1.24±0.25 

 

Figure 2.6 AFM images of the (a) ATA and ALA FAPbI3 films annealed by laser at power 
intensity of (b) 1.4, (c) 1.5, (d) 1.7, (e) 1.9 and (f) 2.3 kW/cm2. Scale bar = 300 nm. The 
corresponding grain sizes distributions and the average grain sizes are listed in inset table 
correlating with results in Figure 2.3. 

 

In terms of crystallinity, X-ray diffraction (XRD) measurements were performed (Figure 2.3g). 

Figure 2.7a to e show the full-width at half-maxima (FWHM) and intensities of the 13.9°, 

19.8°, 24.4°, 28.1°, and 31.4° peaks, which are indexed to the (100), (110), (111), (200), and 

(210) diffractions, respectively, of the desirable photo-active black α-FAPbI3 phase as a 

function of annealing conditions. The FWHM and intensities of the undesirable less-photo-
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active yellow δ-FAPbI3 phase (11.9°) are also plotted as a function of annealing conditions in 

Figure 2.8.  

While the ATA film produced narrow and strong α-FAPbI3 (100), (111), (200), and (210) peaks 

(Figure 2.7), a small peak at around 12.6° can be observed in the ATA film (black curve in 

Figure 2.3g) suggesting the presence of unreacted PbI2. δ-FAPbI3 phase is prevalent in the 

lower-laser-power-processed ALA film (Figure 2.3) but gradually disappears as laser power 

intensity increases while α-FAPbI3 phase gradually dominates (Figure 2.7), showing strong 

preference to (100), (200), and (210), compared to (110) and (111).  

However, when laser power density is at 2.3 kW/cm2, precipitation of PbI2 (emergence of its 

corresponding peak in the yellow curve in Figure 2.3g) can be seen due to the outgassing of 

volatile organic components leading to decomposition of the film under high laser power as 

discussed above.  

 

 
Figure 2.7 Full-width at half-maxima (FWHM) (black) and intensities (red) of the (a) 13.9°, 
(b) 19.8°, (c) 24.4°, (d) 28.1°, and (e) 31.4° peaks, which are indexed to the (100), (110), (111), 
(200), and (210) diffractions, respectively, of the desirable photo-active black α-FAPbI3 phase 
as a function of annealing conditions. 
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Figure 2.8 Full-width at half-maxima (FWHM) (black) and intensities (red) of the 11.9° peak, 
which is indexed to the (010) diffraction, of the photo-inactive yellow δ-FAPbI3 phase as a 
function of laser annealing conditions. Noted that no evident δ-phase peaks observed from ATA 
film and high-power-(2.3 kW/cm2)-processed film. 
 

 
Figure 2.9 (a) Absorbance spectra and (b) steady-state photoluminescence spectra of 
representative ATA and ALA films at different laser power densities.  
 

Figure 2.9 shows the absorption and steady-state photoluminescence (PL) of representative 

FAPbI3 films treated by ATA and ALA at various power densities. Steady-state 

photoluminescence of multiple FAPbI3 films were also measured and the trends in PL peak 

position and intensity are plotted in Figure 2.10.  

Photo-absorption is high in ATA film corresponding to strong prevalence of α-FAPbI3 phase as 

observed in XRD results (Figure 2.7).  

Photo-absorption is low in ALA film annealed by low laser power but increases with laser 
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power densities as α-FAPbI3 phase dominates. It was confirmed that variations in the 

absorption observed were not due to any changes in the optical properties of the ITO substrates 

as shown in Figure 2.11.  

 

 
Figure 2.10 Distributions of steady-state PL (a) intensity and (b) peak position measured from 
multiple ATA and ALA FAPbI3 films annealed by laser at various power intensities.  
 

 
Figure 2.11 (a) Transmittance spectra and (b) sheet resistance of ITO substrates only 
undergoing the same CO2 laser treatment as perovskite test structures. No damage or adverse 
effects can be observed. 
 

Photoluminescence (PL) intensities (Figure 2.10a) of the ALA films, on the hand, reduces with 

increasing laser power density. This is likely to be due to the driving out of the volatile organic 

components from the film with increasing laser power as discussed above increasing the PbI2 

to FAI ratio (Figure 2.12). The eventual precipitation of PbI2 in the 2.3 kW/cm2 ALA film, 

much like the un-reacted PbI2 in the ATA film, act as defects that have an adverse effect on 

their photoluminescence responses (black and yellow data points in Figure 2.10a).   
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Conditions Pb 4f/% N(C=NH2+)/% 
ATA 2.38 2.66 

ALA 1.4 kW/cm2 2.19 2.98 
ALA 1.5 kW/cm2 2.25 2.95 
ALA 1.7 kW/cm2 2.26 2.69 
ALA 1.9 kW/cm2 2.45 2.76 
ALA 2.3 kW/cm2 2.29 2.50 

 

Figure 2.12 The deconvoluted high-resolution X-ray photoelectron spectroscopy (XPS) 
spectra of (a) Pb 4f, (b) N 1s for ATA and ALA films processed at 1.4; 1.5; 1.7; 1.9 and 2.3 
kW/cm2. (c) Calculated averaged relative atomic ratio of Pb/N(C=NH2+) from XPS at each 
condition, approximating PbI2/FAI. Accompanying table shows atomic percentages of Pb and 
N(C=NH2+). 
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Figure 2.13 Distributions of (a) short circuit current density (JSC), (b) open circuit voltage VOC, 
(c) fill factor (FF), (d) power conversion efficiency (PCE) of glass/ITO/MeO-
2PACz/FAPbI3/C60/BCP/Cu cells by ambient thermal annealing (ALA) and ambient (relativity 
humidity of 30 to 40%) laser annealing (ALA) at various power densities. More than 20 devices 
were measured in each batch for (a) to (d). (e) Current density-voltage (J-V) and (f) external 
quantum efficiency (EQE) curves of champion devices in each category.  
 

Table 2.2 Photovoltaic performance of champion devices by ambient (relativity humidity of 
30 to 40%) thermal annealing (ATA) and ambient laser annealing (ALA).  

Annealing 
method 

Laser power 
density 

(kW/cm-2) 

PCE 
(%) FF (%) VOC (mV) JSC (mA 

cm-2) 

JEQE 
(mA 
cm-2) 

ATA N/A 17.6 75 980 23.9 23.5 

ALA 

1.4 15.8 71 1104 20.1 20.0 
1.5 20.0 80 1089 22.9 22.1 
1.7 21.8 83 1058 24.8 24.7 
1.9 20.5 81 1007 25.3 25.0 
2.3 15.8 74 952 22.3 22.0 

 

Given the trends observed in perovskite material properties after laser annealing, full solar 

devices were fabricated based on an inverted structure of glass/ITO/MeO-

2PACz/FAPbI3/C60/BCP/Cu, using the same ATA and ALA conditions. The distributions of the 

device parameters are given in Figure 2.13 together with the J-V and EQE curves of the 

champion devices whose parameters are also listed in Table 2.2.  

In terms of the effect on VOC, increasing laser power processing is harmful (Figure 2.13b) due 

to the outgassing of organic component leading to eventual precipitation of PbI2 as FAPbI3 

started to decompose as discussed above. The trend of VOC correlates with that of 

photoluminescence response of the perovskite film (Figure 2.9b), also measured under open 
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circuit condition.  

The presence of PbI2 related defects in the ATA film and ALA films processed by high laser 

power is confirmed by their light intensity-dependent VOC measurements (Figure 2.14a). The 

films produced higher values of ideality factor due to trap-assisted Shockley–Read–Hall 

recombination.5  

Temperature-dependent VOC measurements were also conducted for the solar cells (Figure 

2.14b) to determine activation-energy (Ea) of recombination current (Figure 2.14c). Ea 

decreases with laser power density indicating the recombination mechanism become more 

surface dominated due to the increasing the presence of PbI2 related defects.6  

 

 
Figure 2.14 (a) The VOC of ATA and ALA devices as a function of light intensity. (b) The 
temperature dependence of VOC. (c) The trap activation energies upon ATA and ALA with 
varied power densities.  
 

The opposing effects of increasing laser processing power therefore explains the trend in JSC 

and fill factor (FF) observed.  

The increasing dominance of photo-active α-FAPbI3 phase improves photo-absorption (Figure 

2.9a) thereby increasing JSC (Figure 2.13a) until laser processing power is at 2.3 kW/cm2. In 

perovskite films processed by high laser power (>1.7 kW/cm2), there is an increasing presence 

of PbI2 related defects (reducing carrier lifetime (Figure 2.15)). The opposing effects results in 

the trend observed in fill factor (Figure 2.13c) and JSC observed. For the latter, even though 

photons were well absorbed in the 2.3 kW/cm2 film (Figure 2.9a), a significant portion of 

photon-generated carriers were not collected resulting in low quantum efficiency (photon-

electron-conversion) (Figure 2.13f) and therefore low JSC (Figure 2.13a), low VOC (Figure 

2.13b) and ultimately low PCE (Figure 2.13d). 
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Figure 2.15 (a) Time-resolved PL and (b) corresponding carrier lifetimes of ATA and ALA 
FAPbI3 films annealed by laser at various power intensities.  
 

 
Figure 2.16 (a) Normalized dEQE/dE as a function of photon energy for determining (b) 
bandgap values as a function of annealing conditions. 
 

The higher prevalence of yellow δ-FAPbI3 phase in lower-laser-power-processed ALA film 

explains the larger bandgap observed in these films (Figure 2.16) possibly due to the presence 

of α-FAPbI3/δ-FAPbI3 junction that has a larger bandgap as reported by Ma et al. The excess 

PbI2 in the ATA film and in the 2.3 kW/cm2 laser processed films is the likely cause for the 

reduced bandgap observed in these films.  

A balance is struck when the laser power density is at 1.7 kW/cm2 producing best performance 

cells whereby the champion cell achieved an efficiency of 21.8%, with a JSC of 24.8 mA/cm2, 

a VOC of 1057.9 mV and a high FF of 82.9% that are of higher values than the cells processed 

by thermal annealing. These are impressive values considering i) the annealing was conducted 

in ambient; ii) the perovskite precursor did not have additional additives for bulk passivation; 

iii) or additional layers for surface passivation. At the time of reporting, this was the highest 
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efficiency achieved by laser annealed perovskite solar cells (Table 1.2b in Chapter 1).  

Preliminary stability test results show that cell stability correlates with cell performance as a 

function of laser annealing power. Stability of the ALA cells improve with laser power (Figure 

2.17a) and peaks at 1.7 kW/cm2. 1.7 kW/cm2 ALA cell is also more stable than an ALA cell 

(Figure 2.17b). An un-encapsulated 1.7 kW/cm2 ALA cell retained 95% of initial efficiency 

after 1000 hours of storage in the dark in 25±5°C and relatively humidity of 25% while the 

ATA counterpart retained only 90% of initial efficiency under the same condition.  

 

 
Figure 2.17 (a) Steady state power output at a fixed voltage near maximum power point of un-
encapsulated ATA and ALA FAPbI3 cells (annealed by laser at various power intensities). (b) 
Ambient stability testing (ex-situ measurement of cells when taken out of storage) of un-
encapsulated ATA and ALA (1.7 kW/cm2) FAPbI3 cells. 
 

2.4 Conclusion 

In summary, the use of CO2 laser annealing was successfully demonstrated for highly efficient 

FAPbI3 p-i-n solar cells. While increasing laser power favours the formation of α-FAPbI3 phase, 

the higher power also drives the volatile organic component in the perovskite film increasing 

the presence of PbI2 related defects. Therefore, when the appropriate laser processing power 

(e.g., 1.7 kW/cm2) was used, high power conversion efficiency (PCE) of 21.8% was achieved 

which was higher than that of the champion cell processed by thermal annealing. Given that 

the annealing was performed in ambient, the perovskite precursor did not have additional 

additives for bulk passivation and the perovskite film did not have additional layers for surface 

passivation, the performance achieved was impressive. At the time of reporting, the PCE 

achieved in this work was the highest for any laser annealed perovskite solar cells. It is 
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anticipated this work will inspire further future development of laser processing for perovskite 

solar cells.  
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Chapter 3 COMSOL Simulation of Temperature Profiles of 

Laser Annealed Perovskite and Hole Transport Layers 

 

3.1 Introduction 

As discussed in Chapter 1, a CO2 laser was chosen in this thesis due to its low photon energy 

minimising damage to the perovskite film. While more details of the laser annealing conditions 

can be found in the next section, one important point to note is that the laser scan rate was set 

at 254 mm/s according to industry standard.1-3 Therefore, the annealing duration was 

dramatically shorted to 1 minute per layer compared to 10 minutes by thermal over the same 

area. In fact, the dwell time for each laser spot beam is only 9.4 ms (Table 3.1) which is 

sufficient to facilitate high quality perovskite crystallisation which is a great advantage for 

industrialisation of this process facilitating high throughput, energy-efficiency while 

maintaining lower substrate and cell temperatures during processing.  

To better ascertain temperature experienced by the substrate during annealing, rudimentary 

measurement was carried out and results were compared with those from a finite element 

simulation was performed using COMSOL Multiphysics software4,5  for a three-dimensional 

(3D) time-dependent heat distribution model.6,7 Such simulation provides a clear picture on 

global and local heat flow at different time scales which is very challenging to obtain in-situ 

during laser processing. At the time of reporting, this was the very first 3D model regarding 

laser annealing in perovskite solar cells.  

 

3.2 Simulation methods 

Table 3.1 summarises the laser processing parameters used for perovskite and and Me-4PACz 

layers experimentally and for temperature profiling simulation. 
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Table 3.1. Laser processing parameters used for perovskite and Me-4PACz layers 
experimentally and for temperature profiling simulation 
 Perovskite Me-4PACz 
Laser power 16 W 17.5 W 
Laser pulse energy density 0.28 J/cm2 0.31 J/cm2 
Pulse repetition rate 5000 Hz 
Scanning speed 254 mm/s 
Dwell time 9.4 ms 
Pulse-to-pulse distance_x direction 50.8 µm 
Pulse-to-pulse distance_y direction 100 µm 
Time gap between two pulses 0.2 ms 

 

Temperature profiling simulation 

The simulation of laser annealing process was conducted using COMSOL Multiphysics. The 
governing equation for temporal and spatial temperature distribution field can be expressed 
as:  
  𝜌𝐶3

4%
45
− ∇(𝑘∇𝑇) = 𝑄  (3.1) 

Where r is the mass density, Cp is the specific heat, and k is the thermal conductivity. Q denotes 

the volumetric heat source generated by the absorption of laser energy by functional layers 

within the device.6-10 The volumetric heat source is delivered as below according to the Beer-

Lambert law: 

  𝑄 = 𝐼 ∙ (1 − 𝑅) ∙ 𝛼 ∙ exp	(−𝛼|𝑧|)   (3.2) 

where 𝐼 is the 2D energy distribution of the Gaussian laser beam, a is the absorption coefficient, 

|z| indicates the depth position in z axis orientation. 

Further, 𝐼 can be calculated with the following equation: 

  𝐼 = 𝐼( ∙ exp	(
6((868*))2(:6:*)))

;<)
)   (3.3) 

where xr and yr are transient spatial coordinates of a laser pulse centre and r represents beam 

radius , while x and y account for the relative coordinates with respect to the beam centre. 𝐼( is 

the source laser beam intensity as expressed below: 

  𝐼( =
;3&
=<&)

  (3.4) 

𝑃( denotes laser power density, while 𝑟( is radius of the laser beam spot. 

Laser processing parameters in Table 3.1 are used for the simulation.  
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3.3 Simulation results 

 
Figure 3.1 (a) Schematic of experimental temperature measurement setup using thermocouple 
attached to the centre of the glass substrate rear. (b) Comparison of simulated and measured 
glass temperature over time at the centre rear. (c) Simulated temperature over time of the front 
perovskite film. Inset: magnified view of the peak temperature region. (d) Schematic and (e) 
simulated temperature of the perovskite film over time at regions A, B, C, and D which are the 
typical locations of solar cells.  
 

Figure 3.1a shows the schematic of the structure used for temperature profiling experiment 

which consists of glass substrate, ITO, Me-4PACz and perovskite layers.  

Figure 3.1b shows the glass temperature overtime at the centre rear from the start of the laser 

processing (t = 0) to the end of the laser processing (t = 61.8s) and after laser processing (t = 

61.8 to 120s). Simulated result (peak temperature = 66 °C) agreed with that measured (peak at 

65 °C), thereby validating the model.  

The temperature at the centre of the front perovskite surface was then modelled. The result in 

Figure 3.1c shows that the peak temperature reached 105 °C while the inset shows periodic 

heating and cooling at a finer time scale that correspond to the laser being turned on and off 

during scanning (Figure 2.2).  

It is important to note that there is a difference of approximately 40 °C between the peak 

temperatures at the bottom of the glass substrate and at the surface of the perovskite film, 

demonstrating reduced temperature experience by the substrate.  
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For the purpose of visualising the temperature profiles from a single laser beam at different 

times of its scanning, simulations were carried out for the edge of the test structure with (Figure 

3.2) and without (Figure 3.3) the perovskite layer.  

Results showed that heat is generated locally by a laser beam (t = 1.0 ms) and is confined to 

the top ~67 µm of the substrate when the perovskite layer is present or ~0.3 mm of the substrate 

when the perovskite layer is absent. The perovskite film reached a higher temperature (~70 °C) 

with a shallower heat profile than the Me-4PACz layer (~32 °C) demonstrating effective laser 

power absorption by the perovskite film.   

As the laser is moved along, cooling can be observed in the original starting position and the 

cooling is most effective in the perovskite film compared to the Me-4PACz film (c.f., Figures 

3.2 & 3.3 for t > 20 ms). For spatial temperature profiling, four regions A, B, C, and D (Figure 

3.1d) were selected which are the typical locations of solar cells. Laser scanning commenced 

near region A, progressed to B, and then C and finished near region D. It is clear from the 

results (Figure 3.1e) that the peak temperatures experienced by the regions are slightly 

different: Tpeak_D > Tpeak_C > Tpeak_B > Tpeak_A although the difference is small. E.g., 

Tpeak_D - Tpeak_A < 5°C indicating a small amount of heat transfer from laser-scanned-area 

to non-laser-scanned area. This implies is that for future laser processing optimisation, laser 

beam power for regions C and D can be further adjusted or reduced to account for heat transfer 

from regions A and B to reach the target crystallization temperature. Alternatively, scanning 

speed can also be increased, reducing overall laser processing time to reduce heat flow between 

regions. In addition, the model can be used to facilitate new material engineering that 

incorporates additives in the perovskite film to enhance laser power absorption or the addition 

of a buffer layer in the cell structure specifically for enhancing laser power absorption. Such 

optimisation and new cell designs, aided by the developed 3D model validated by experiments 

can be conducted in the future.  

Nevertheless, it can be concluded that i) heat was localised to the top surface leaving the glass 

substrate at lower temperature; ii) cooling occurred upon departure of the laser beam; and iii) 

heat was reasonably localised to the vicinity of the laser beam are advantageous for temperature 

sensitive substrates. 
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Figure 3.2 Simulated temperature profiles of glass/ITO/Me-4PACz/perovskite at t= (a) 1.0 ms, 
(b) 10.5 ms, (c) 22.7 ms, and (d) 31.7 ms.  
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Figure 3.3 Simulated temperature profiles of glass/ITO/Me-4PACz at t= (a) 1.0 ms, (b) 10.5 
ms, (c) 22.7 ms, and (d) 31.7 ms.  

 

3.4 Conclusions 

Macroscopic and localised time-dependent temperature profiles were modelled using a 3D 

finite element analysis based on COMSOL Multiphysics. The model verifies that localised 

annealing is achieved with most of heat confined to the top surface of the substrate. It is shown 

that the perovskite film is more effective in absorbing laser power absorption and in cooling 

compared to Me-4PACz. The modelled substrate temperature agreed with that measured, 

confirming lower glass substrate temperature (~65 °C) during laser annealing compared to 100 

°C in the case of conventional hot-plate annealing. Results are promising for low substrate 

temperature manufacturing process in mass production.  
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Chapter 4 All-Laser-Annealed Wide Bandgap Perovskite 

Solar Cells 

4.1 Introduction 

As discussed in Chapter 1 Section 1.3.3, efficient wide bandgap perovskites (bandgap > 1.70 

eV) are essential for tandem, but many suffer from open-circuit voltage losses (WOC) limiting 

efficiencies achievable by tandem devices. As discussed, WOC can be reduced by a well-

designed and appropriately fabricated hole transport layer (HTL) enables energy level 

alignment and perovskite/HTL interface with reduced surface passivation. While self-assembly 

mono-layer (SAM) type HTLs have become popular in the state-of-the-art high efficiency 

perovskite single junction and tandem solar cells, prior to this thesis, there has been no report 

on laser processing of SAM HTL for perovskite solar cells.  

Therefore, this chapter develops effective laser annealing processes in ambient for fabricating 

(4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz) SAM HTL and WBG 

1.80 eV FA0.8Cs0.2PbI1.8Br1.2 perovskite layers.  

 

4.2 Experimental methods 

Materials 

Materials and solvents used in this chapter were identical to those in Chatper 2 (see Section 

2.2). In addition, methylammonium chloride (MACl) was purchased from GreatCell Solar 

Materials. (4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me-4PACz) and lead 

bromide (PbBr2) were purchased from TCI.  

 
Laser annealing 

Laser annealing conditions from chapter 2 and laser processing parameters from Table 3.1 were 

also used in this chapter except for the laser power ratio. In this chapter, the ratio was optimized 

to be 32%, giving a power density of ~1.4 kW/cm2 for the wider bandgap perovskite layer in 

this chapter.   

For the search of optimum laser power for Me-4PACz annealing, 5%; 15%; 25%; 35%; 45%; 
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55%; 65%; 75%; 85%; 95%; 100% of the maximum power setting were used initially and 

complete device performances were compared to determine the optimized laser power ratio, 

which was 35% and the optimal power was 17.5 W.   

Device fabrication 

ITO glass substrate cleaning process in this chapter is identical to that in Chapter 2 except the 

last step whereby rinsed and dry substrates were treated by oxygen plasma for 2 minutes.  

Hole transport layer solution was prepared by dissolving Me-4PACz into a mixture solvent of 

methanol:dimethylformamide (DMF) (95:5 vol%), with a concentration of 0.5 mg/mL. The 

Me-4PACz solution was deposited onto the ITO substrates by spin coating, at a spin rate of 

4000 rpm for 16s. The film was then either annealed on a hot plate at 85 °C for 10 minutes 

within a N2 filled glove box (GTA) or transferred out of glovebox for ambient laser annealing 

(ALA) – see details above.  

Wide bandgap perovskite (WBG) FA0.8Cs0.2PbI1.8Br1.2, (with potassium hexafluorophosphate 

(KPF6) and MACl additives) solution was prepared by mixing FAI (206.4 mg), cesium iodide 

(CsI, 77.9 mg), PbBr2 (276.6 mg), PbI2 (692 mg), KPF6 (4.0 mg), and MACl (1.0 mg)  in a 

DMF (900 μL):NMP (100 μL) binary solvent. The corresponding concentration was 1.5 M. 

WBG perovskite precursor solution was stirred with a vortex mixer at room temperature for 30 

min before use. 80 μL of WBG perovskite precursor solution was spin-coated onto the Me-

4PACz layer with an acceleration of rate of 400 rpm/s, and a spin rate of 4000 rpm for 50s. 15s 

into the spin coating, N2 gas quenching (at a pressure of ~100 psi) was applied. The deposited 

WBG perovskite precursor film was then either annealed on a hot plate within a N2 filled glove 

box (GTA) at 100 oC, for at least 10 minutes or transferred out of glovebox for ambient laser 

annealing (ALA) – see details above.  

Finally, LiF (1.0 nm), C60 (20 nm), BCP (6 nm) and Cu (100 nm) were deposited sequentially 

using a thermal evaporator.   

 

Device and film characterizations 

Methods for current density-voltage (J-V) measurements; external quantum efficiency (EQE) 

measurements; light intensity-dependent VOC measurements; scanning electron microscopy 

(SEM); X-ray diffraction (XRD) measurements; steady-state and time-resolved 

photoluminescence measurements; determination of carrier lifetimes; and X-ray photoelectron 

spectra (XPS) and depth-resolved XPS measurements used in this chapter are identical to those 

in Chapter 2.    

Fully fabricated solar devices were used for current J-V, EQE, light-intensity-dependent VOC 
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measurements.  

Test structures of perovskite/Me-4PACz/ITO/glass were used for SEM, XRD, optical 

absorption and photoluminescence measurements.  

 

4.3 Results and discussions 

 
Figure 4.1. Schematic of process flow for fabricating wide bandgap perovskite solar cells 
utilising laser annealing for both the hole transport layer and the perovskite layer. 

  

To demonstrate ambient laser annealing (ALA) for fabricating both the Me-4PACz and the 

perovskite layers for WBG perovskite cells, the process sequence and cell structure illustrated 

in Figure 4.1 was developed. After ALA, depositions of lithium fluoride (LiF), fullerene (C60), 

bathocuproine (BCP) to facilitate electron transport to the copper (Cu) electrode were carried 

out to complete cell fabrications. For comparisons, control cells were also fabricated using hot-

plate thermal annealing in a N2 filled glove-box (GTA) for both the Me-4PACz and the 

perovskite layers or for the Me-4PACz layer only. 
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Figure 4.2 Performance of devices annealed by glovebox thermal annealing (GTA) for both 
hole transport (H) and perovskite (P) layers (grey); ambient (relativity humidity of 30 to 40%) 
laser annealing (ALA) for both layers (orange); and a combination of GTA and ALA for H and 
P layers, respectively (green). Distributions: (a) short-circuit current density (JSC), (b) open-
circuit voltage (VOC), (c) fill factor (FF), and (d) power conversion efficiency (PCE) for GTA 
(H) + GTA (P) cells; GTA (H) + ALA (P) cells; and ALA (H) + ALA (P) cells. (e) Light current 
density-voltage (J-V) and(f) external quantum efficiency (EQE) plots of the champion devices 
in each category. (g) Light-dependent VOC for representative cells in each category. (h) Plot of 
PCEs of laser-annealed perovskite solar cells reported1-8 compared to our work.  
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Table 4.1 Summary of average and champion device performances. ALA devices were 
processed under relativity humidity of 30 to 40%. 

Annealing Avg. / Best JSC (mA cm-2) VOC (V) FF (%) PCE (%) 

GTA(H)+GTA(P) Average 16.5±0.1 1.30±0.01 79.6±1.2 17.1±0.3 

Champion 16.6 1.30 80.5 17.4 

GTA(H)+ALA(P) Average 17.5±0.2 1.34±0.01 82.4±0.6 19.3±0.2 

Champion 17.5 1.35 82.4 19.5 

ALA(H)+ALA(P) Average 17.4±0.2 1.34±0.01 82.3±1.1 19.3±0.2 

Champion 17.4 1.35 84.2 19.8 
 

Results are shown in Figure 4.2 and Table 4.1. The ALA process when applied to the 

perovskite layer increased average device PCE by 2.1% absolute for the champion device due 

to the improvements in all electrical parameters. While ALA when applied to both layers did 

not improve the average device PCE further, it is clear that ALA does not result in any 

detrimental effect to the HTL either. The ALA process even though conducted in ambient 

(relativity humidity of 30 to 40%) did not increase the spread of electrical parameters either.  

Notably, at the time of reporting, this was the first for 1.80 eV perovskite cell fabricated by 

laser annealing (Figure 4.2h). In addition, the VOC, FF and PCE achieved by the all-ALA 

champion cell were also the highest for WBG (1.80 eV) perovskite cells (Figure 4.3).  
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Figure 4.3. Cell parameters of reported WBG perovskite cells in the last 3 years. Values are 
also listed in Table 4.2.  
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Table 4.2  Cell parameters of reported WBG perovskite cells in the last 3 years. 
Year Eg (eV) JSC (mA/cm2) VOC (V) FF (%) PCE (%) WOC (V) Ref. 
2024 1.81 17.5 1.351 82.7 19.6 0.459 9 
2023 1.78 17.7 1.350 83.1 19.8 0.430 10 
2022 1.80 17.4 1.263 79.7 17.7 0.537 11 
2024 1.78 17.5 1.350 82.0 19.4 0.430 12 
2024 1.78 17.2 1.310 83.0 18.7 0.470 13 
2023 1.80 18.1 1.230 82.8 18.5 0.570 14 
2024 1.78 18.1 1.290 79.7 18.6 0.490 15 
2023 1.79 17.3 1.330 83.9 19.3 0.460 16 
2024 1.79 17.4 1.350 83.1 19.5 0.440 17 
2025 1.78 18.1 1.373 84.7 21.1 0.407 18 

 

 
Figure 4.4. (a) Absorbance (b) dEQE/dE spectra for GTA and ALA perovskite/ Me-4PACz 
stacks and complete solar cells, respectively. 
 

The JSC increase in laser annealed perovskite cells (Figure 4.2a) correlated with the relatively 

broadband improvement in the corresponding external quantum efficiencies (EQE) (Figure 

4.2f) and absorption coefficients (Figure 4.4a). This is due to the improved film quality in the 

laser annealed perovskite films with enlarged grain size (cf. Figures 4.5e & 4.5f with Figure 

4.5d). Large grain size has been previously observed in laser annealed films compared to hot-

plate annealed perovskite film.5, 19 As discussed in Chapter 2, laser annealing facilitated rapid 

solvent evaporation, nucleation, crystallization and grain growth that is not restricted the 

growth can extend to regions that are not yet irradiated as opposed to grain growth induced by 

hot-plate that self-limits as neighbouring grains impinge on each other. This can be seen in the 

cross-sectional scanning electron microscopy images of ALA perovskite films (Figures 4.5b&c) 

when compared to the GTA perovskite film (Figures 4.5a). It is clear that larger columnar grains 

can be observed in ALA perovskites and when on ALA HTL, the grains were vertically 

continuous. ALA perovskites on the other hand exhibit smaller equiaxed like vertically dis-
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continuous grains. 

 

 

 
Figure 4.5 Cross-sectional SEM images of perovskite films on Me-4PACz processed by (a) 
GTA (H)+GTA(P), (b) GTA(H)+ALA(P) and (c) ALA (H)+ALA(P). Scale bar = 500 nm..  
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Figure 4.6 Scanning electron microscopy (SEM) images of perovskite films on Me-4PACz 
processed by (a) GTA (H)+GTA (P), (b) GTA (H)+ALA (P) and (c) ALA (H) + ALA (P). Scale 
bar = 500 nm. (d-f) Distribution of grain sizes for perovskite films in (a)-(c). (g) X-ray 
diffraction (XRD) patterns of the same films. Corresponding (h) intensities of the perovskite 
(111) (top), (110) (middle), (100) (bottom) diffraction peaks; (i) full-width at half-maxima 
(FWHM); and (j) Intensity ratios of (110)/(111), (100)/(111), and (100)/(110). 
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Figure 4.7 Scanning electron microscopy (SEM) images of perovskite films on Me-4PACz 
processed by (a) GTA (H)+GTA (P), (b) GTA (H)+ALA (P) at positions A, B, C, & D as 
illustrated in Figure 3.1d. Scale bar = 500 nm. (e-h, m-p) Distribution of grain sizes for the 
same films. 
 



 
 

64 

 
Figure 4.8 (a) X-ray diffraction (XRD) patterns of perovskite films on Me-4PACz processed 
by GTA (H)+GTA (P) (green) and ALA (H)+ALA (P) (orange) over regions A&B, of C& D as 
illustrated in Figure 3.1d. Corresponding (b) intensities and (c) full-width at half-maxima 
(FWHM) of the perovskite (111) (top), (110) (middle), (100) (bottom) diffraction peaks. (d) 
Intensity ratios of (110)/(111), (100)/(111), and (100)/(110).  
 

The observed larger columnar grains in laser annealed perovskites help explain the better 

crystallinity as characterised by X-ray diffraction (XRD) measurements (Figure 4.6g). The 

peaks for the key crystalline phases ((100), (110) and (111)) showed enhanced intensity (Figure 

4.6h) and reduced full width at half maximum (FWHM) (Figure 4.6i) in laser annealed 

perovskites that also have increased preference to the (100) crystal orientation (Figure 4.6j). 

The laser annealed films are also relatively uniform showing similar grain sizes (Figure 4.7) 

in and crystallinities (Figure 4.8) at different locations of the film. 

The better perovskite film quality therefore led to reduced defect-related non-radiative carrier 

recombination in the associated solar cells which can be seen in the results of their light-

dependent VOC measurements (Figure 4.2g) showing the reduction in ideality factor from ~1.7 

to ~1.4 in ALA cells.  
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The reduced defect-related non-radiative carrier recombination is also supported by significant 

increase in steady-state photoluminescence (PL) (Figure 4.9a) and significant increase in 

carrier lifetimes (Table 4.3 obtained from Figure 4.9b) in ALA perovskites that explain the 

increase in VOC in the corresponding cells.   

The very small red shift observed in the PL peak in ALA perovskites and in the bandgap of the 

corresponding cells can be explained by the increase in iodine-to-lead and iodine-to-bromine 

ratios (I/Pb, I/Br) in the ALA perovskites compared to the GTA one (Table 4.3) extracted from 

results of x-ray photoelectron spectroscopy (XPS) (Figure 4.10).  

 

 
Figure 4.9. (a) Steady-stage and (b) time resolved photoluminescence curves for GTA and ALA 
films. 
 
Table 4.3 Fitted lifetimes from measured time-resolved photoluminescence (TrPL) (Figure 
4.9b) of GTA and ALA perovskite/ Me-4PACz stacks. 

Annealing t1/ns A1/% t2/ns A2/% Effective lifetime/ns 
GTA(H)+GTA(P) 1.3 84.4 135.0 12.7 127.0 
GTA(H)+ALA(P) 16.3 60.3 396.9 33.8 370.8 
ALA(H)+ALA(P) 15.5 60.3 395.6 34.3 371.1 

 

 
Figure 4.10 The deconvoluted high-resolution X-ray photoelectron spectroscopy (XPS) 
spectra of (a) Pb 4f, (b) I 3d, (c) Br 3d for GTA and ALA films. The both Pb 4f and Br 3d peaks 
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are at lower binding energies in ALA perovskites compared to those in GTA perovskites, 
suggesting less uncoordinated Pb and Br ions20-22  while there are negligible differences 
between the I 3d peaks in the ALA or GTA perovskites. 
 

Table 4.4 Calculated averaged relative atomic ratio of I/Pb, Br/Pb, I/Br based on XPS results 
in Figure 4.10.  

Annealing I/Pb ratio Br/Pb I/Br 
GTA(H)+GTA(P) 2.49 1.65 1.51 
GTA(H)+ALA(P) 2.60 1.68 1.55 
ALA(H)+ALA(P) 2.67 1.69 1.58 

 

4.4 Conclusion 

In this work, an all-laser-annealing for wide bandgap (1.80 eV) perovskite solar cell fabrication 

using a low photon energy CO2 laser was successfully demonstrated, for the first time. The 

laser process dramatically reduced annealing time by a factor of 10 and reduced temperature 

experienced by the substrate. The laser annealed devices produced low voltage loss (WOC) of 

0.45 V. The high open circuit voltage (VOC) of 1.35 V and high-power conversion efficiency 

(PCE) of 19.8% were the highest for 1.80 eV perovskite cells at the time of reporting. This was 

due to significant enhancement in perovskite crystal size, crystallinity resulting in reduced 

defect related non-radiative recombination in laser perovskite films and devices. 

The demonstrated laser annealing technique not only enables faster and more energy-efficient 

fabrication but also holds promise for scalable, high-throughput manufacturing of perovskite 

solar cells. Future studies could further optimize laser parameters to enhance film quality and 

investigate the long-term stability of laser-annealed devices, paving the way for broader 

adoption of laser processing in perovskite photovoltaics. 
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Chapter 5 Laser-Annealed Organic Photovoltaic (OPV) 

and Perovskite-OPV Tandem Solar Cells 

5.1 Introduction 

As discussed in Chapter 1 Section 1.3.4, while there has been a growing interest in developing 

laser processes for perovskite1-8 or organic solar cell fabrication9-11. In addition, the ability of 

conducting annealing in ambient lowers the barrier to industrial translation. Out of the 50 

perovskite-OPV tandem solar cells reported at the time of the writing of this thesis, there are 

only two that were annealed in the ambient (Table 5.1) and there is none that uses laser 

annealing for all the layers in the  tandem (Table 5.1). 

Therefore, this chapter demonstrates the use of ambient laser annealing (ALA) for the 

fabrication of PM6:Y6 OPV and perovskite-OPV tandem solar cells for the first time.  
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Table 5.1. Annealing methods used and JEQE of each sub-cell for reported perovskite-OPV tandem solar cells. “NR” = not reported.  

Perovskite-OPV Tandem Perovskite OPV Annealing Ref 

VOC (V) JSC (mA /cm2) FF (%) PCE (%) VOC (V) JSC (mA /cm2) FF (%) PCE (%) JEQE (mA 
/cm2) VOC (V) JSC (mA /cm2) FF (%) PCE (%) JEQE (mA 

/cm2) Method Atmosphere  

2.10 14.7 80.0 25.1 1.37 16.1 84.2 18.5 14.5 0.85 26.2 74.5 16.7 14.5 Thermal Glove box 12 
2.10 14.4 76.6 23.2 1.29 18.1 79.7 18.6 14.3 0.86 27.2 76.3 17.9 14.1 Thermal Air 13 
2.10 14.7 80.5 25.1 1.30 16.6 84.6 18.2 14.5 0.86 28.1 78.4 18.9 14.5 Thermal Glove box 14 
1.90 13.9 70.5 18.2 NR NR NR NR 12.9 NR NR NR NR 12.9 Thermal Glove box 15 
1.52 10.1 67.0 10.2 0.92 14.1 70.0 9.1 10.1 0.66 14.7 68.0 6.6 10.2 Thermal Glove box 16 
1.63 13.1 75.1 16.0 1.03 15.6 70.6 11.4 NR NR NR NR NR NR Thermal Glove box 17 
1.90 13.1 83.1 20.6 1.10 16.1 83.1 14.7 13.1 0.84 25.1 77.0 16.3 13.1 Thermal Glove box 18 
1.95 12.5 75.6 18.4 1.27 13.5 84.8 14.5 12.3 0.78 25.7 71.8 14.4 12.5 Thermal Glove box 19 
1.85 11.5 71.0 15.1 1.22 16.0 76.0 14.9 10.7 0.77 23.4 69.6 12.5 10.8 Thermal Glove box 20 
1.96 13.3 80.8 21.1 1.21 15.8 81.6 15.5 12.8 0.83 26.1 74.0 16.0 12.7 Thermal NR 21 
2.06 14.8 77.2 23.6 1.26 17.9 78.9 17.8 14.3 0.85 26.8 74.8 16.8 14.4 Thermal Glove box 22 
1.92 12.6 79.0 19.2 1.08 16.2 80.0 14.0 14.4 0.86 25.2 72.0 15.6 14.5 Thermal Glove box 23 
2.22 12.7 76.0 21.4 1.40 15.2 83.2 17.8 11.9 0.84 26.6 75.6 16.9 11.9 Thermal Glove box 24 
2.01 12.0 76.9 18.6 1.30 14.7 73.5 14.0 12.5 0.83 26.5 75.2 16.6 12.0 NR NR 25 
2.15 13.4 80.3 23.2 1.36 15.3 80.4 16.7 13.1 0.84 26.6 76.9 17.3 13.0 Thermal Glove box 26 
2.10 14.9 78.4 24.3 1.21 19.6 80.7 19.2 14.5 0.84 28.3 78.4 18.7 14.5 Thermal Glove box 27 
2.22 13.1 79.5 23.1 1.42 15.1 82.5 17.7 12.4 NR NR NR NR 12.8 Thermal Glove box 28 
2.10 13.6 77.6 22.3 1.26 18.1 83.4 18.9 13.7 0.83 26.5 75.7 16.7 13.5 Thermal Glove box 29 
2.10 14.2 77.7 23.2 1.35 15.1 83.7 17.0 14.3 0.80 26.4 71.8 15.2 14.1 Thermal Glove box 30 
2.10 14.4 83.0 25.1 1.36 17.4 83.5 19.6 14.6 0.84 28.3 78.4 18.7 14.5 Thermal Glove box 31 
2.10 13.9 76.9 22.4 1.31 15.8 82.9 17.2 14.0 0.81 26.9 71.9 15.5 13.5 Thermal NR 32 
1.85 13.8 70.5 18.0 1.18 18.1 67.1 14.3 14.6 0.71 24.9 62.8 11.1 13.3 Thermal Glove box 33 
2.07 13.9 77.3 22.3 1.26 16.6 80.4 16.9 13.8 0.83 26.3 73.3 16.1 13.8 Thermal Glove box 34 
1.88 15.7 74.6 22.0 1.25 16.9 83.0 17.6 15.8 0.65 28.6 69.2 12.6 15.5 Thermal Glove box 35 
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2.15 14.0 80.0 24.0 1.34 15.6 81.0 16.8 14.1 0.87 26.7 75.0 17.5 14.1 Thermal Glove box 36 
2.14 14.4 78.7 24.4 1.33 14.7 84.0 16.4 14.2 0.86 27.6 76.9 18.3 14.2 Thermal Ambient 37 
2.12 14.1 75.0 22.3 1.33 16.4 80.9 17.7 13.1 0.83 26.4 75.0 16.4 12.2 Thermal Glove box 38 
2.14 14.2 80.7 24.5 1.35 16.8 83.3 18.9 14.2 0.85 26.2 75.7 16.9 14.2 Thermal Glove box 39 
2.15 12.8 84.0 23.0 1.35 17.1 85.4 19.7 14.3 0.85 27.4 72.3 16.8 12.1 Thermal Glove box 40 
2.15 14.4 81.7 25.2 1.35 17.5 82.7 19.6 14.4 0.84 26.6 74.4 16.6 14.2 Thermal Glove box 41 
1.85 13.9 70.5 18.2 NR NR NR NR 12.9 NR NR NR NR 12.9 Thermal Glove box 42 
2.21 14.4 81.8 26.1 1.36 16.3 83.3 18.5 14.1 0.86 27.5 75.4 17.7 14.1 Thermal Glove box 43 
2.21 14.7 79.5 25.9 1.45 15.7 76.3 19.2 14.2 0.86 28.3 77.6 18.9 14.0 Thermal Glove box 44 
2.23 15.0 75.8 25.3 1.40 15.8 78.5 17.4 14.4 0.87 25.6 75.5 16.8 14.7 Thermal Glove box 45 
2.24 14.9 80.0 26.4 1.37 16.2 80.3 17.8 14.5 0.92 26.7 78.9 19.4 14.2 Thermal NR 46 
2.10 14.7 81.1 25.1 1.33 17.7 81.2 19.1 14.1 0.84 27.3 75.4 17.3 14.0 Thermal Glove box 47 
2.11 13.9 79.0 23.2 1.30 18.5 83.0 20.1 13.6 0.85 26.8 71.0 16.2 13.5 Thermal Glove box 48 
2.09 14.4 80.9 24.3 1.27 16.5 81.6 17.1 14.2 0.84 28.4 75.0 18.0 14.3 Thermal Glove box 49 
2.22 13.3 84.1 24.7 1.37 16.9 81.9 18.9 13.5 0.86 25.7 78.4 17.3 13.4 Thermal Glove box 50 
2.14 14.3 82.2 25.2 1.34 16.9 82.4 18.6 14.1 NR NR NR NR 14.1 Thermal Glove box 51 
2.12 15.2 82.1 26.5 1.32 17.5 82.3 16.1 15.0 0.84 27.7 74.3 17.3 14.9 Thermal Glove box 52 
2.09 14.6 76.0 23.2 1.33 17.2 80.4 18.3 14.0 0.80 28.1 69.2 15.6 14.6 Thermal Glove box 53 
2.14 13.9 81.0 24.1 1.32 15.5 83.2 17.0 13.3 0.84 25.8 75.9 16.4 13.0 Thermal NR 54 
2.11 14.1 81.0 24.0 1.36 16.5 84.9 19.0 13.6 0.80 27.7 72.7 16.2 13.3 Thermal Glove box 55 
2.05 13.4 76.8 21.0 1.25 14.3 79.4 14.2 13.3 0.83 26.3 73.8 16.1 13.3 Thermal Glove box 56 
2.13 14.3 81.7 24.8 1.32 16.2 83.4 17.6 14.4 0.84 27.7 77.7 18.0 14.3 Thermal Glove box 57 
2.05 14.9 82.3 25.3 1.29 17.7 85.0 19.4 14.8 0.82 28.2 78.4 18.1 14.9 Thermal Glove box 58 
2.16 15.4 79.4 26.4 1.36 16.1 83.8 18.4 15.2 0.83 29.1 76.7 18.5 15.2 Thermal Glove box 59 
2.13 14.4 83.6 25.6 1.33 16.6 82.5 18.2 14.5 0.85 27.4 78.6 18.3 14.5 Thermal Glove box 60 
2.16 13.4 79.3 23.2 1.36 15.6 78.8 16.7 13.3 NR NR NR 15.9 13.3 Thermal NR 61 
2.10 14.3 79.6 24.0 1.34 18.0 83.4 20.2 14.1 0.85 27.4 72.3 16.8 13.9 Laser Ambient This work 
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5.2 Experimental methods 

Materials 

Materials and solvents used in this chapter are identical to those in Chapters 2 and 4 (see 

Sections 2.2 and 4.2). Cellulose acetate butyrate (CAB), potassium hexafluorophosphate (KPF6) 

and cesium iodide (CsI) were purchased from Sigma-Aldrich. Pre-patterned ITO glasses with 

a sheet resistance of 8 Ω/sq were bought from Wuhan Jinge Solar Energy Technology Co. Ltd. 

Laser annealing 

Laser annealing conditions from Chapter 2 and laser processing parameters from Table 3.1 

were also used in this chapter except the laser head motion in x- and y-direction for the PM6:Y6 

OPV layer was at a speed of 304 mm/s. Different optimized laser power ratios (40%) and 

different optimal power (20.0 W) were used for the perovskite layer. Same optimized laser 

power ratio (35%) and optimal power (17.5 W) was used for MeO-2PACz:Me-4PACz. For the 

PM6:Y6 OPV layer, the optimized laser power ratio was and 20% and the optimal power was 

10.0 W. 

During laser processing optimisation for the PM6:Y6 OPV layer, low (L) laser pulse energy 

density at 0.08 J/cm2 and high (H) laser pulse energy density at 0.30 J/cm2 were also trialled. 

They corresponded to laser power ratio at 10% and laser power at 5 W for “L” or laser power 

ratio at 30% and laser power at 15 W for “H”.  

Table 5.2 summarises the laser processing parameters including laser pulse energy density 

(J/cm2) used.   
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Table 5.2. Optimized laser processing parameters used for perovskite, MeO-2PACz:Me-
4PACz and PM6:Y6 OPV layers 
 Perovskite MeO-2PACz: Me-4PACz PM6:Y6 
Laser power (W) 20 17.5 10 
Laser pulse energy density (J/cm2) 0.36 0.31 0.15 
Pulse repetition rate (Hz) 5000 6000 
Scanning speed (mm/s) 254 304 
Dwell time (ms) 9.4 7.9 
Pulse-to-pulse distance (µm) 50.8 50.8 
Time gap between two pulses (ms) 0.20 0.17 

 
Device fabrication 

Wide bandgap perovskite device: 

Same ITO glass substrate cleaning process was carried out as Chapter 4.  

Hole transport layer solution was prepared by mixing MeO-2PACz and Me-4PACz solutions 

in a volume ratio of 40%:60%. The two respective solutions were prepared by dissolving into 

a mixture solvent of methanol:dimethylformamide (DMF) (95:5 vol%), with a concentration 

of 0.5 mg/mL. The MeO-2PACz:Me-4PACz solution was deposited onto the ITO substrates by 

spin coating, at a spin rate of 4000 rpm for 16s. The film was then either annealed on a hot 

plate within a N2 filled glove box (GTA) at 85 °C for 10 minutes or transferred out of glovebox 

for ambient laser annealing (ALA) – see details above.  

Cellulose acetate butyrate (CAB) solution was prepared by dissolving in DMF with a 

concentration of 0.01 mg/mL and stirred with vortex mixer for at least 5 days before use. Wide 

bandgap perovskite (WBG) FA0.8Cs0.2PbI1.8Br1.2, with potassium hexafluorophosphate (KPF6) 

and CAB additives, solution was prepared by mixing FAI (206.4 mg), CsI (77.9 mg), PbBr2 

(276.6 mg), PbI2 (692 mg), KPF6 (4.0 mg) in CAB-DMF (900 μL) : NMP (100 μL) binary 

solvent. The corresponding concentration was 1.5 M. WBG perovskite precursor solution was 

stirred with a vortex mixer at room temperature for 30 min before use. 80 μL of WBG 

perovskite precursor solution was spin-coated onto the Me-4PACz layer with an acceleration 

of rate of 400 rpm/s, and a spin rate of 4000 rpm for 50s. 15s into the spin coating, N2 gas 

quenching (at a pressure of ~100 psi) was applied. The deposited WBG perovskite precursor 

film was then either annealed on a hot plate within a N2 filled glove box (GTA) at 100 °C for 

10 minutes or transferred out of glovebox for ambient laser annealing (ALA) – see details 

above.  

LiF (1.0 nm), C60 (20 nm), BCP (6 nm) were then deposited sequentially on the annealed 

(GTA/ALA) perovskite film using a thermal evaporator. To complete cell fabrication as a single 
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junction, Cu (100 nm) is deposited via thermal evaporation using an evaporation mask. The 

active area of the cell was 0.0706 cm2. For tandems, following steps were carried out.  

OPV on perovskite for tandem: 

After the fabrication of wide bandgap perovskite device, tin (IV) oxide (SnO2) was deposited 

by thermal atomic layer deposition (ALD) in an Arradiance GEMStar reactor. 

Tetrakis(dimethylamino)tin(IV) (TDMASn) was used as the Sn precursor and was held at 60 

°C in a stainless-steel container. Water was used as an oxidant and was delivered from a 

stainless-steel container at room temperature, the precursor delivery manifold’s temperature 

was set to 115 °C. The TDMASn/purge1/H2O/purge2 times were 1s/10s/0.2s/15s with 

corresponding nitrogen flows of 30sccm/90sccm/90sccm/90sccm to the deposition chamber at 

80 °C. A 34 nm SnO2  thin film was formed after 200 cycles.  

0.5 nm (nominal, as read out by thickness monitor) Au was then deposited using thermal 

evaporation. A 10 nm molybdenum oxide (MoOX) thin film was deposited on the pre-cleaned 

substrates via thermal evaporation.  

To prepare the binary OPV precursor, PM6 and Y6 were mixed in a 1:1.5 mass ratio and added 

to 730 µL of chloroform (15 mg/mL) with the addition of 3.7 µL of 1-chloronaphthalene (CN) 

as an additive, and mechanically stirred overnight at room temperature inside the glovebox. 

The precursor solution was spin-coated on MoOX coated substrate at a spin rate of 5000 rpm 

for 15 s. This was followed by an annealing step of 10 minutes at 100 °C temperature or laser 

annealing in ambient – see details above.  

Afterwards, 20 nm C60 and 6 nm BCP were sequentially deposited via thermal evaporation. 

Finally, 100 nm Cu was thermally evaporated on the substrate using an evaporation mask. The 

active area of the cell was 0.0706 cm2. The single junction OPVs were fabricated using the 

same processes but deposited on ITO-glass substrates. 

For encapsulating solar cells for thermal stability tests (60 °C in N2 filled glove box), the poly-

isobutylene (PIB) based polymer “blanket” approach62,63 was used. After tandem cell 

fabrication completion, the edge of the cell was cleaned mechanically. The PIB based polymer 

was then applied to the entire device with a cover glass, except for ITO area acting as 

feedthrough for positive and negative contacts. After PIB application, the sample was pressed 

for 30 minutes. 

Device and film characterizations 
Same equipment from Chapters 2 and 4 was used for current density-voltage (J-V) 



 
 

76 

measurements. Conditions were similar except the scanned voltage ranges were -0.1 – 1.4 V, -

0.1 – 1.0 V and -0.1 – 2.2 V for single junction perovskite, organic and tandem solar cells, 

respectively. 

Same methods from Chapters 2 and/or 4 were used for steady-state power output, and light 

intensity-dependent VOC measurements; determination of the activation energy of 

recombination current Ea; scanning electron microscopy (SEM); Atomic force microscopy 

(AFM), X-ray diffraction (XRD) measurements; steady-state and time-resolved 

photoluminescence measurements; determination of carrier lifetimes; and X-ray photoelectron 

spectra (XPS) and depth-resolved XPS measurements.  

While same methods from Chapters 2 and/or 4 were used for external quantum efficiency (EQE) 

measurements, bias illumination from very bright LEDs with emission peaks of 850 and 

460 nm were used for the wide bandgap perovskite and narrow bandgap OPV subcells, 

respectively, for the EQE measurement of perovskite-OPV tandem solar cells.  

Test structures of perovskite/MeO-2PACz:Me-4PACz/ITO/glass were used for SEM, XRD, 

optical absorption and photoluminescence measurements and AFM. Same type of annealing 

(GTA or ALA) was used for both the perovskite and MeO-2PACz:Me-4PACz layers.  

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy was carried 

out by a Bruker Alpha portable spectrometer using a Platinum ATR single reflection module. 

The temperature-dependent open-circuit voltage measurements were performed in a helium 

atmosphere, using a cryogen-free cryostat (Cryogenics Ltd) and a model 350 temperature 

controller (Lakeshore). The white light source was provided by an OSL2 fibre-coupled 

illuminator (Thorlabs). The open-circuit voltage was measured using a B2901A precision 

source/measure unit (Keysight). The voltage values were recorded at each temperature after 

the value stabilized (~10-15 mins). 

Depth resolved grazing incident X-ray diffraction (GIXRD) measurements were carried out 

using the Panalytical Empyrean system equipped with iCore, dCore, and a 1Der detectors. 

Settings used were 45 kV/40 mA for a scan range of 8 - 40° (2θ), and a step size of 0.033° for 

sample size ~15 mm square. There were 3 scans per sample. The first was a normal θ–2θ scan 

(Bragg-Brentano geometry), for an X-ray penetrate depth of ~500 nm. The second scan had a 

grazing incidence geometry of ω = 0.5°, where X-ray penetration was about 290 nm 

(calculated). For the third scan, the ω angle was 0.3°, for a penetration depth of about 170 nm 

(calculated). The data was processed with HighScore Plus software. Peak profile fitting was 
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performed, and FWHM was measured. The phase identification was carried out on the first 

scans. 

Transient photocurrent (TPC) was measured using a Keysight MSO9254A oscilloscope. The 

520 nm wavelength excitation light was provided by a Thorlabs NPL52B pulsed laser with a 5 

ns pulse width, repetition rate of 1 MHz, and pulse energy of 1.2 nJ. The diameter of the beam 

was approximately 2 mm. 

Temperature profiling simulation 
Same method as that in Chapter 3.  

 

5.3 Results and discussions 

 
Figure 5.1 Evolution of normalised photoluminescence (PL) spectra during 120 minutes of 
continuous measurement for (a) glovebox thermal annealed (GTA), (d) ambient laser annealing 
(ALA) perovskite/MeO-2PACz:Me-4PACz/ITO/glass test structures. (b, e) Snapshots of the 
same PL spectra at t = 0 (solid), 60 (dotted), and 120 (dash) minutes. (c) Temperature profile 
measured at the perovskite surface during thermal annealing. (f) Temperature profile simulated 
for perovskite surface during laser annealing. 
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Figure 5.2 Evolution of normalized photoluminescence (PL) spectra during 120 minutes of 
continuous measurement for (a) glovebox thermal annealed (GTA), (c) ambient laser annealing 
(ALA) perovskite/MeO-2PACz:Me-4PACz/ITO/glass test structures without the use additives. 
(b, d) Snapshots of the same PL spectra at t = 0 (solid), and 120 (dash) minutes. 
 
 

To study the phase stability of the ambient laser annealed (ALA) wide bandgap 1.78 eV 

perovskite films, test structure of perovskite/MeO-2PACz:Me-4PACz/ITO/glass was 

fabricated whereby both the MeO-2PACz:Me-4PACz hole transport layer (HTL) and the 

perovskite layer (with or without the use of additives (see wide bandgap perovskite device 

fabrication details in the Supporting Information) were annealed by laser.  

Steady-state photoluminescence (PL) measurement was then carried out over time. 

Measurement on perovskite/MeO-2PACz:Me-4PACz/ITO/glass test structure annealed by 

conventional hot-plate (thermal) annealing inside a glovebox (GTA) was also carried out for 

comparison. For comparison between ambient laser annealed (ALA) and ambient hot-plate 

(thermal) annealing (ATA) films and devices, see Chapter 2. 

Results in Figures 5.1a & b and 5.2 show significant emission broadening and the emergence 

of longer-wavelength peak during PL measurement in the GTA perovskite film suggesting 

light-induced phase segregation. This is not the case for ALA perovskite film whereby only 

red-shift was observed after 60 minutes of measurement and without further shifting afterwards 

indicating suppressed phase segregation (Figures 5.1d & e). Suppressed segregation is also 
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observed in perovskite film without additives (Figure 5.2). 

According to measured and simulated temperature profiles for the GTA and ALA perovskite 

films, shown in Figures 5.1c & f, respectively, both GTA and ALA films experienced similar 

peak temperatures at ~100 °C. However, the ALA film experienced much more rapid heating 

and cooling rates, averaged at 30220 °C/s and -29473 °C/s, respectively, compared to 4 °C/s 

and -1 °C/s for the GTA film.  

 
Figure 5.3 Evolution of normalised photoluminescence (PL) spectra during 120 minutes of 
continuous measurement for perovskite/MeO-2PACz:Me-4PACz/ITO/glass test structures by 
GTA at (a) 75 °C; (b) 120 °C; (c) 150 °C for the perovskite film. (d-f) Snapshots of the same 
PL spectra measured at t = 0 (solid) and 120 min (dashed). (g-i) Temperature profiles measured 
at the perovskite surface during thermal annealing of the same films. 
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Figure 5.4 Evolution of normalised PL spectra for during 120 minutes of continuous 
measurement for perovskite/MeO-2PACz:Me-4PACz/ITO/glass test structures by ALA at laser 
pulse energy densities of (a) 0.23 J/cm2 (laser power ratio = 25% and laser power = 12.5 W); 
(b) 0.45 J/cm2 (laser power ratio = 50% and laser power = 25W); (c) 0.55 J/cm2 (laser power 
ratio = 60% and laser power = 30W) for the perovskite film. (d-f) Snapshots of the same PL 
spectra measured at t=0 (solid) and 120 min (dashed). (g-i) Temperature profiles simulated for 
perovskite surface during laser annealing.  
 

Results from further experiments showed that rapid heating and cooling contributes to 

perovskite phase stability as shown in Figures 5.3 & 5.4. All GTA perovskite films whether 

annealed at temperatures 75, 120 or 150 °C showed PL broadening (Figure 5.3a-f) during 

measurement due to light-induced phase segregation. All these films experienced slow heating 

rate of less than 6 °C/s and even slow rate of cooling (Figure 5.3g-i). ALA perovskite films 

were also fabricated at three different laser pulse energy densities reaching similar peak 

temperatures (72, 122 and 146 °C). No significant broadening nor secondary PL peak was 

observed during two hours of measurement (Figure 5.4a-f) except for peak-red-shifts observed 

especially in the ALA film processed at low laser pulse energy (Figure 5.4d). All the ALA 

films experienced heating and cooling over a much shorter period of time – tens of milliseconds 
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(Figure 5.4g-i) as opposed to hundreds of seconds (Figure 5.3g-i) for the GTA films. Therefore, 

the 5 orders of magnitude higher heating and cooling rates experienced by the ALA films 

compared to the GTA films is the major contributor to phase stability rather than the annealing 

temperature being the contributor. Similarly, ion migration reduction in mixed halide 

perovskite by laser annealing has been recently reported by Song et al.64 who attributed the ion 

migration reduction to enhanced interaction among the inter-ionic forces in the inorganic 

framework and the optimization of crystallization kinetics resulting from the ultrafast shock 

pressure and rapid heating/cooling thermal effect from laser annealing. 

Apart from better phase stability, ALA perovskite films, compared to GTA films, also produced 

larger grains (Figure 5.5), stronger preference to the (100) crystalline phase (Figure 5.6b-d) 

and fewer PbI2 residues at the surface or within the bulk (Figure 5.6a & 5.7), enhanced light 

absorption (Figure 5.8a), and significantly higher steady-state photoluminescence (Figure 

5.8b) and carrier lifetimes (Table 5.3 & Figure 5.8c). 

 
Figure 5.5 Scanning electron microscopy (SEM) images of (a) GTA- and (b) ALA-films. (c) 
Grain size distributions for films in (a) and (b). Scale bar = 400 nm. 
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Figure 5.6 (a) X-ray diffraction (XRD) patterns of GTA- and ALA-films. (b) Full width at half-
maxima (FWHM) and (c) peak intensities of the perovskite (111) (top), (110) (middle), (100) 
(bottom) diffraction peaks from (a). (d) Intensity ratios of (110)/(111), (100)/(111), and 
(100)/(110). 
 

 
Figure 5.7 Depth resolved grazing incident X-ray diffraction (GIXRD) patterns of (a) GTA 
and (b) ALA perovskite films. 
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Figure 5.8 (a) UV-Vis absorbance spectra, (b) steady photoluminescence (PL) and (c) time 
resolved PL of GTA- and ALA-films. 
 

Table 5.3 Fitted lifetimes from measured time-resolved photoluminescence (TrPL) of GTA 
and ALA perovskite films from Figure 5.8c. 

Annealing t1 (ns) A1 (%) t2 (ns) A2 (%) Effective lifetime 
(ns) 

GTA 3.4 39 272.0 55 269.7 
ALA 130.5 38 688.8 57 625.8 

 

These enhanced material properties in ALA perovskites explain the more superior performance 

in the associated wide bandgap 1.78 eV photovoltaic devices (Figure 5.9, Table 5.4 and 

Figure 5.10) compared to the GTA devices. Enhanced light absorption in ALA perovskites 

contributed to higher JSC (Figure 5.9d). Enhancing photoluminescence and carrier lifetimes 

observed in ALA films correlate with higher VOC (Figure 5.9e) and FF (Figure 5.9f) in ALA 

devices. This is due to improved carrier transport (Figure 5.11) and the reduction of trap-related 

carrier recombination in the ALA devices as shown by reduction in the ideality factor (nid) to 

1.16 in a representative ALA device compared to nid=1.36 for a representative GTA device, 

determined from their light intensity-dependent VOC plots (Figure 5.9h). 

It is important to note that device performance improvement does not only come from the 

improvement in the bulk, but also from improvement at perovskite/HTL interface as laser 

annealing was used for both perovskite layer and the HTL. This is evident from the results of 

temperature-dependent VOC measurements (Figure 5.9i), the recombination current activation 

energy (Ea) increased from 1.75 eV for the GTA device to 1.89 eV for ALA device indicating 

that recombination mechanism in the GTA cell is more surface-dominated while for the ALA 

cell, it is more bulk-dominated due to the improvement of the ALA perovskite surfaces. The 

first surface improvement comes from improved perovskite/HTL interface as laser annealing 

was used for both the perovskite layer and HTL in ALA devices. Figure 5.12 shows improved 

contact angle of perovskite precursor solution on an ALA HTL film compared to a GTA HTL. 
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The second surface improvement in ALA devices comes from smoother top perovskite surface 

compared to a GTA perovskite surface (Figure 5.13). 

The advantage of ALA over GTA diminishes when ambient relativity humidity ≥ 70% 

resulting in reduction and large spread for all electrical parameters (Figure 5.14).   

 

Table 5.4 Summary of average and champion GTA and ALA wide bandgap 1.78 eV perovskite 
device performances. ALA devices were processed under relativity humidity of 30 to 40%. 

Annealing Avg. / Best JSC (mA cm-2) VOC (V) FF (%) PCE (%) 

GTA Average 17.5±0.1 1.29±0.01 81.0±0.4 18.4±0.4 

Champion 17.7 1.30 81.7 18.8 

ALA Average 17.9±0.2 1.34±0.01 81.9±1.2 19.6±0.4 

Champion 18.0 1.34 83.4 20.2 
 

 
Figure 5.9 (a) Schematic of wide bandgap 1.78 eV perovskite devices demonstrated. (b) Light 
current density-voltage (J-V) and (c) external quantum efficiency (EQE) plots of the champion 
GTA and ALA devices. ALA devices were processed under relativity humidity of 30 to 40%. 
Distributions of (d) short-circuit current density (JSC), (e) open-circuit voltage (VOC), (f) fill 
factor (FF), and (g) power conversion efficiency (PCE) for GTA and ALA devices. (h) Light-
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dependent and (i) temperature-dependent VOC of representative GTA and ALA devices.  
 

 
Figure 5.10 Steady-state output power of representative GTA (black) and ALA (red) wide 
bandgap 1.78 eV perovskite devices. 
 

 
Figure 5.11 Transient photocurrents (TPC) of representative GTA (black) and ALA (red) wide 
bandgap 1.78 eV perovskite devices. Also shown are calculated carrier extraction times. 
 

 
Figure 5.12 Contact angles of perovskite precursor solution on (a) GTA and (b) ALA HTL. 
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Figure 5.13 Atomic force microscopy (AFM) images of (a) GTA and (b) ALA perovskite films. 

 

 
Figure 5.14 Distributions of (a) short-circuit current density (JSC), (b) open-circuit voltage 

(VOC), (c) fill factor (FF), and (d) power conversion efficiency (PCE) for ALA wide bandgap 

1.78 eV perovskite devices as a function of ambient relative humidity. 
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Figure 5.15 (a) Schematic of PM6:Y6 organic photovoltaic (OPV) perovskite devices 
demonstrated. (b) Light current density-voltage (J-V) and (c) external quantum efficiency 
(EQE) plots of the champion or representative GTA OPV devices and same device by ALA at 
lower, medium and high laser pulse densities. Distribution of (a) JSC, (b) VOC, (c) FF, and (d) 
PCE of GTA and ALA OPV devices annealed at 3 different laser pulse densities. (h) Light- and 
(i) temperature-dependent VOC of representative GTA and ALA devices.  
 

Capitalizing on the advantages of laser annealing, especially the low photon energy of CO2 

laser beam that enables annealing without substantial damage to chemical bonds, laser 

annealing was developed for OPV solar cells based on PM6:Y6 (Figure 5.15) trialling three 

laser energy densities at 0.08 J/cm2 (denoted as ALA_L), 0.15 J/cm2, (denoted as ALA_M) and 

0.30 J/cm2 (denoted as ALA_H). Details of laser power ratios and laser power settings for these 

three conditions can be found in Section 5.2.  

Figure 5.16 shows the Fourier transform infrared (FTIR) spectroscopy for GTA and ALA 

PM6:Y6 films on top of wide bandgap perovskite cells. It can be seen that no chemical bonding 

changes can be observed even at high laser energy density demonstrating the advantage of low 

photon energy of CO2 laser for annealing.  
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Figure 5.16 ATR-FTIR spectroscopy for GTA (black) and ALA (red) PM6:Y6 films on top of 
wide bandgap perovskite cells. 3 different laser energy densities at 0.08 J/cm2 (ALA_L, solid), 
0.15 J/cm2, (ALA_M, dotted) and 0.30 J/cm2 (ALA_H, dash) were used. 
 

 
Figure 5.17 AFM images of PM6:Y6 films on top of ITO glass by (a) GTA and ALA at laser 
energy density at (b) 0.08 J/cm2 (ALA_L), (c) 0.15 J/cm2, (ALA_M) and (d) 0.30 J/cm2 
(ALA_H). 
 

The morphologies of the same GTA and ALA PM6:Y6 films observed under atomic force 

microscope (AFM) are shown in Figure 5.17. ALA PM6:Y6 film processed at the optimal laser 

energy density (with a root-mean-square (RMS) roughness of 0.9 nm, Figure 5.17c) is 

smoother than the GTA film with an RMS roughness = 2.1 nm, Figure 5.17a).  In addition, the 

optimum film exhibits more uniform and homogeneous surface that could be attributed to the 

CO2 laser polishing or smoothing effect on material surfaces.65-67 Lower or higher laser energy 

densities resulted in rougher films (Figure 5.17b&d). The former is due to insufficient energy 

for film smoothening. The latter is due to the formation of pinholes under high irradiation 

density.  

With regards to opto-electronic properties, Figure 5.18 shows that ALA films annealed with 

the optimum laser energy density exhibits the lowest steady-state photoluminescence 

suggesting better exciton dissociation, important for OPV device performance.68, 69 
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Figure 5.18 Steady-state PL spectra of PM6:Y6 films on top of MoOx/ITO/glass:  GTA (black) 
and ALA (red) at laser energy density at 0.08 J/cm2 (ALA_L, solid line), 0.15 J/cm2, (ALA_M, 
dotted line) and 0.30 J/cm2 (ALA_H, dash line). 
 

Table 5.5 Summary of GTA PM6:Y6 OPV device and same devices by ALA performances at 
lower, medium and high laser pulse densities. 

Annealing Avg. / Best JSC (mA cm-2) VOC (V) FF (%) PCE (%) 
GTA Average 26.1±0.3 0.82 ±0.01 71.9±1.3 15.5±0.4 

Champion 26.3 0.83 72.3 15.8 
ALA_L Average 25.8±0.3 0.82±0.01 68.1±1.5 14.5±0.4 

Champion 25.8 0.83 68.8 14.8 
ALA-M Average 27.6±0.3 0.83±0.01 72.3±0.2 16.6±0.2 

Champion 27.4 0.85 72.3 16.8 
ALA_H Average 25.1±0.9 0.82±9.1 68.3±0.5 14.1±0.4 

Champion 25.7 0.82 68.5 14.5 
 
For device demonstrations, control devices annealed by a hot-plate in a N2-filled glove box 

(GTA) were also fabricated for comparison. Device results are shown in Figure 5.15 and Table 

5.5 which agree with trends observed from PM6:Y6 film properties observed above as a 

function of laser energy density. The highest JSC (Figure 5.15) was obtained when medium 

laser energy density was used when the ALA PM6:Y6 is smoothest, that contributed to 

improved FF, more so than VOC.  

The improved FF is likely to be due to the PM6:Y6/C60 interface formed on smoother PM6:Y6 

film. Clues can be found from the light-dependent VOC measurements (Figure 5.15i). The ALA 

PM6:Y6 device with optimum laser energy density produced the highest Ea (1.11 eV) compared 

to those of the GTA PM6:Y6 devices and ALA PM6:Y6 devices indicating their carrier 

recombination are more surface dominated.  

When higher or lower laser energy densities were used, devices produced sub-optimal values 

across all electrical characteristics (Figures 5.15 d-g) due to reduced film homogeneity (e.g., 

rougher surfaces).   
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Results from light-intensity dependent VOC (Figure 5.15h) followed the same trend as JSC, FF 

and therefore PCE indicating reduced of trap-related carrier recombination (from laser 

annealing especially at optimum laser energy intensity) played a major role in these 

improvements.  

A champion PCE of 16.8% was obtained for the first ambient-laser annealed PM6:Y6 OPV 

cell reported and the PCE is highest for all laser annealed PM6:Y6 OPV cell reported (Figure 

5.19 & Table 5.6). 

  

 
Figure 5.19 Plot of power conversion efficiencies (PCEs) of laser-annealed organic 
photovoltaic cells reported10,11,70-72 compared to our work. 
 

Table 5.6 Cell parameters of reported laser-annealed organic photovoltaic (OPV) cells from 
Figure 5.19 compared to our work. 
Year OPV Laser JSC (mA/cm2) VOC (V) FF (%) PCE (%) Ref. 
2010 P3HT:PCBM Fibre 7.2 0.63 35.5 1.4 10 
2015 P3HT:PCBM Ti:Sapphire 8.7 0.61 54.8 2.9 11 
2016 P3HT:PCBM Nd:YAG 2.2 0.56 22.0 0.3 19 
2017 P3HT:PCBM Ti:Sapphire 10.6 0.62 65.5 4.3 20 
2019 DTS(FBTTh2)2:PCBM Ti:Sapphire 15.9 0.82 67.3 8.8 21 
2024 PM6:Y6 CO2 27.4 0.85 72.3 16.8 This work 
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Figure 5.20 Perovskite-OPV tandem (a) structure schematic, (b) cross-sectional SEM image, 
(c) champion J-V and (d) representative EQE and (e) thermal stability (60 °C in N2 filled glove 
box) of representative ALA and GTA devices. 
 
Table 5.7 Summary of champion GTA and ALA perovskite-OPV tandem performances. 

Annealing JSC (mA cm-2) VOC (V) FF (%) PCE (%) 

GTA 13.9 2.07 78.6 22.6 

ALA 14.3 2.10 79.6 24.0 
 

 
Figure 5.21 AFM images for PM6:Y6 OPV/MoOx/Au/ALD-

SnO2/C60/LiF/perovskite/HTL/ITO/glass processed by (a) GTA(perovskite)+GTA(OPV); (b) 

GTA(perovskite)+ALA(OPV); (c) ALA(perovskite)+ALA(OPV). 
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Figure 5.22 Distributions of (a) JSC, (b) VOC, (c) FF, and (d) PCE of GTA- and ALA- 

perovskite-OPV tandems: 

 
 
Finally, perovskite-organic tandem solar cells (Figures 5.20a&b) was demonstrated whereby 

all annealing was performed by laser for the fabrication of mixed MeO-2PACz:Me-4PACz self-

assembled-monolayer type hole layer, the perovskite layer, as well as the PM6:Y6 OPV layer. 

The all-laser-annealed tandems are smoother (Figure 5.21), and performed better across all 

electrical characteristics (Table 5.7), with narrower distributions (Figure 5.22), demonstrating 

better reproductivity, compared to the hot-plate annealed tandem even though the former was 

annealed in the ambient while the latter was inside a N2 filled glovebox.  

The laser annealed tandem was also more thermal stable (Figure 5.20e). Future work will 

involve further optimisation of the laser annealed OPV cell to reduce current mismatch in the 

tandem (Figure 5.20d) although similar or even higher current mismatch have been observed 

in 19 reported perovskite-OPV tandems, out of the 50 listed in (Table 5.1). 
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5.4 Conclusion 

In this chapter, the first laser annealed perovskite-OPV tandem solar cell and the first laser 

annealed OPV cell based on PM6:Y6 were reported, capitalising on the advantage of laser 

annealing in suppressing phase segregation in wide-bandgap perovskites and in producing 

smoother PM6:Y6 OPV film for improved PM6:Y6/C60 interface. For phase segregation 

suppression in wide bandgap perovskites, it was found that rapid heating and cooling rates, 

rather than annealing temperature were the decisive factor. For laser annealing PM6:Y6 OPV, 

using optimal laser power density was critical for PM6:Y6 film morphology. As a result, a 

champion power conversion efficiency that was the highest for laser annealed OPV cell was 

achieved at the time of reporting. The first laser annealed perovskite-OPV tandem produced a 

champion efficiency of 24% which is impressive given the annealing for all layers (mixed 

MeO-2PACz:Me-4PACz self-assembled-monolayer type hole layer, the wide bandgap 1.78 eV 

perovskite layer, and the PM6:Y6 OPV layer) were conducted in ambient. This work 

demonstrates the tremendous potentials of laser annealing for perovskite tandem solar cells 

especially in mass production given the time savings gained by the laser process. 
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Chapter 6 Conclusion and future outlook 

6.1 Summary including originality, novelty and significance 

The originality and novelty of this thesis lie in the first demonstration of the feasibility and 

effectiveness of CO2 laser annealing for the fabrication of efficient single- and multi-junction 

perovskite solar cells. 

New knowledge generated in Chapter 2 is the strong dependence of laser power on the 

formation of α-FAPbI3 phase and its crystallinity. Using laser power higher than the optimum 

drives out the volatile organic component in the perovskite film increasing the presence of PbI2 

defects. 

Chapter 3 presented the first three-dimensional (3D) simulated macroscopic and localized 

temperature profiles during laser annealing of perovskite and hole transport layers using 

COMSOL Multiphysics. New insights include the visualisation of the shape and depth of the 

laser heated region in time and space.  

The confinement of laser generated heat within the perovskite layer or the hole transport layer 

meant that laser annealing can be applied to more than one layer in the fabrication of perovskite 

solar cells as demonstrate in Chapter 4. A key novelty of this chapter is the development of 

ambient laser annealing for fabricating self-assembly-monolayer type hole transport layer 

(HTL). What was not obvious before is the fact that laser-annealing resulted in a higher quality 

HTL surface for the subsequent perovskite deposition. Laser-annealing of the perovskite layer 

then further improved its quality. The very first all-laser-annealed wide-bandgap perovskite 

solar cell produced a champion open-circuit voltage (VOC) of 1.35 V and a champion power 

conversion efficiency (PCE) that were the highest for a 1.80 eV perovskite single-junction solar 

cell at the time of reporting.  

Chapter 5 uncovered the new knowledge rapid heating and cooling rates, rather than annealing 

temperature were the decisive factor for suppressing phase segregation in wide bandgap 

perovskites. Another discovery was that optimal laser power density was critical for PM6:Y6 

film morphology and smooth PM6:Y6 film resulting in high quality PM6:Y6 /C60 interface 

was the key to performance improvement in laser annealed PM6:Y6 organic photovoltaic 

(OPV) cells producing a champion efficiency that was highest for laser-annealed OPVs at the 

time of reporting.  
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These findings successfully established laser annealing as a viable alternative to conventional 

thermal annealing, offering significant time savings compared to hot-plate annealing. 

Additionally, laser annealing maintains a lower substrate temperature making it a promising 

technique for temperature-sensitive substrates. The temperature modelled developed will be 

useful for future process developments for more complicated cell structures. 

 

6.2 Future work 

To better understand the underlying mechanism for perovskite crystallization, e.g., α -FAPbI₃ 

formation as a function of laser power, future experiments can be conducted to decouple 

thermal and photochemical effects from CO₂ laser such as laser “annealing” of perovskite films 

on cooled substrates.  

Future research can also involve the investigation of larger beam profiles for larger device 

dimensions, while maintaining process uniformity. Such study would be crucial for bridging 

the gap between laboratory-scale demonstrations and industrial-scale production.  

Additionally, simulation model will be extended for the purpose of optimizing laser 

parameters—such as pulse duration, energy density, and scanning strategies, to engineer 

material properties. The aim is to further enhance laser-annealed-film quality, device efficiency 

and reproducibility.  

An important future direction is to explore how laser annealing can enhance the operational 

stability of perovskite devices, with particular focus on the fundamental interactions between 

the laser and the perovskite layer, as well as the role of laser-induced effects on additives. 

Laser annealing can also be further explored for perovskite-perovskite, perovskite-silicon and 

perovskite-CIGS tandems, noting different material systems may involve different laser-matter 

interaction.  

Moreover, it will be advantageous to investigate the use of laser process for flexible and 

lightweight photovoltaic applications that typically employ temperature-sensitive-substrates. 

Such process may increase the viability of niche wearable and portable solar applications. 

Another exciting opportunity is the integration of laser annealing (e.g., via multiple laser heads 

or line beam) with roll-to-roll printing, for scaling of the manufacturing of perovskite solar 

cells.  

 


