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Abstract 

In the last decade, the lead halide perovskite (LHP) semiconductor materials have drawn enormous 

attention since their exceptional optoelectronic properties and defect tolerance, finding application 

in a variety of optoelectronic devices like solar cells, light–emitting diodes, photodetectors, 

photocatalyst, field–effect transistors, sensors, and lasers. However, the high–temperature, in–

vacuum “hot–injection” synthesis widely employed to produce colloidal solutions of LHP 

nanocrystals (NCs) is challenging to scale up. Room temperature (RT) processes, performed without 

environmental control and in non–hazardous solvents represent a far more attractive proposal. 

Thus, the suitability of deposition methods for large–scale processing and, particularly, the 

identification of suitable green solvents for the synthesis are relevant aspects to consider nowadays. 

The present doctoral thesis is based on a recent alternative route to produce LHP NCs in ambient 

conditions and in eco–friendly solvents using, as perovskite precursors, lead halide nanoparticles by 

laser ablation synthesis in solution (LASiS). Thin films made of the LHP NCs obtained with this 

methodology were deposited by spray coating – the roll-to-roll compatible deposition technique 

selected and optimized within this thesis. The relevant feature of the nanomaterials produced with 

this methodology is the presence of a carbon phase linked to the NCs, which was found to 

significantly decrease the LHP sensitivity towards moisture – one of the main drawbacks of this class 

of perovskite materials. This allowed to perform prolonged electric field application and extensive 

electrical characterizations, not possible for standard solution-processed LHPs, to better investigate 

the reasons behind the current-voltage hysteresis often observed for this material. Several 

applications of LHP NCs by LASiS were investigated, from single–junction perovskite solar cells to 

textured monolithic tandem devices, up to light–emitting devices. Out of these studies, the main 

limitations and future developments of the technique were delineated, proposing LASiS as a 

valuable alternative top–down route for the eco–sustainable synthesis of lead halide nanomaterials 

for optoelectronics. 
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1. The Breakthrough of Lead Halide Perovskites 
 

The purpose of this introduction is to provide the reader with a broad overview of the plethora of 

excellent optical and electronic properties of lead halide perovskites, which have made this class of 

semiconductor materials so popular and object of study for many types of applications in the last 

decade. In addition, their low cost, ease of synthesis and processability made lead halide perovskites 

attractive also outside academia, increasing their commercial appeal, and promoting their 

implementation into optoelectronic devices. 

The intrinsic phase instability, the susceptibility towards environmental factors, the toxicity of some 

of the precursor materials and the hazardous solvents used for the synthesis and depositions of lead 

halide perovskite materials still hinder their commercialization. Although some intrinsic issues have 

still to be solved, many progresses have recently been made to overcome lead halide perovskite 

weak points, with some companies announcing the imminent market entry of their perovskite-

based devices.1 

1.1 Halide Perovskite Materials 

1.1.1.  Crystal Structure 

The term “perovskite” was originally coined for the mineral calcium titanate (CaTiO3), discovered in 

the Ural Mountains in Russia in 1839 by Gustav Rose and named in honor of Count Lev Perovski.2 

Nowadays, perovskites are not only the most abundant solids on the planet (about 38% of those 

present of the Earth’s crust),3 but also one of the most chemically diverse families of crystalline 

materials. Currently, the perovskite library includes about 2000 compounds both natural and 

synthetic, and more compositions are yet to be discovered.4  The typical perovskite structure, 

described by the ABX3 general chemical formula, consists of a 3D framework of corner-shared BX6 

octahedra and A cations occupying the 12-fold coordination site between 8 such octahedra (Figure 

1.1 a).5 Notably, the structural stability of ABX3 perovskite can be semi-empirically predicted by the 

Goldschmidt’s tolerance factor (t):6 

 𝑡 =
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 1.1  

where rA and rB are the ionic radius of the A and B cations respectively, and rX is the ionic radius 

of the X anion. 
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The tolerance factor assesses whether the A site cation can fit within the cavities in the BX3 

framework. t = 1 indicates the case of a perfect fit, corresponding to the ideal cubic perovskite 

crystal structure. However, perovskites generally do form in the range 0.83 ≤ t ≤ 1.10, although their 

crystal structure may be distorted at the ends of the range due to tilting of the BX6 octahedra and 

lowering of the symmetry. 

t > 1.10 and t < 0.85 indicates that the A site cation is respectively too large or too small; this 

generally precludes the formation of the perovskite phase, leading to alternative structures (Figure 

1.1 b). To assess the fit of the B site cation into the X6 octahedron, the octahedral factor µ is usually 

employed, defined as:7  

 𝜇 =
𝑟𝐵

𝑟𝑋
 1.2 

For a stable perovskite structure, the condition 0.42 < µ < 0.90 must be satisfied. A plot of t against 

µ can then be constructed and used as a structure map.8 Such a map assesses the suitability of both 

the A and B site cations for the perovskite structure (Figure 1.1 c), highlighting the stability region 

of perovskite crystal structures. 

Figure 1.1 a) Archetypal ABX3 face centered cubic perovskite lattice.5 b) Schematic depiction of perovskite phases for 
different tolerance factor values.6 c) µ–t map showing the stability area of perovskite structures.8 
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1.1.2 Chemical Composition 

Perovskite materials can be classified into two main groups according to their X-site anion: oxide 

perovskites (X = O2-) and halide perovskites (X = Cl-, Br-, I-). Historically, the oxide perovskites (ABO3) 

have been the most studied ones due to their diverse physical properties, which have found use in 

a wide range of technological applications including memory devices, sensors, capacitors, catalysts, 

electrolytes, refractories, superconductors, etc.9 However, owing to the large electronegativity 

difference between oxygen and transition-metal atoms at the B-site, most oxide perovskites exhibit 

large bandgaps (3–5 eV). On the other hand, the recently discovered remarkable semiconducting 

properties of halide perovskites (ABX3), coupled with their inexpensive and facile fabrication, have 

made them as promising materials for a wide range of optoelectronic applications such as solar cells, 

light-emitting devices, photocatalysts, photodetectors, field-effect transistors, and lasers.10–15 In this 

type of perovskites the A-site cation is either a monovalent organic cation such as methylammonium 

(MA+) and formamidinium (FA+), or an alkali metal cation like Cs+ and Rb+. The B-site cation is a 

divalent transition metal cation, namely Pb2+, Sn2+, and Ge2+, while the X-site anion is a halide ion 

including Cl-, Br- and I-. Since their composition, halide perovskites are also referred to as hybrid 

organic-inorganic perovskites (HOIPs), highlighting that their lattice consists of both organic and 

inorganic A- and B- site cations.  

Figure 1.2 Summary table of the chemical compositions, crystal symmetries and physical properties of hybrid organic-
inorganic perovskite materials.2 
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By extending the X-site from a halide to other anions or molecules, such as chalcogenides (S2-, Se2-), 

nitrides (N3-), azides (N3
-), formates (HCOO-), cyanides (CN-), and thiocyanates (SCN-), other families 

of HOIPs have been discovered in the last years but their physical properties are still under study 

(Figure 1.2).2 A list of abbreviations is reported in an appendix (pp. 242) at the end of the 

dissertation. 

The introduction of additional organic components into the X-site gives another variety of HOIPs 

derivative, namely metal–organic framework (MOF) perovskites. By introducing ions with different 

valence and dimension into halide perovskite lattice, many types of crystal structures can be 

obtained. Similarly to conventional perovskites, HOIPs can be categorized from a structural 

perspective as: ABX3 3D perovskites, A2BX4 2D perovskite, A’mAn−1BnX3n+1 quasi-2D (also called 

Ruddlesden–Popper) perovskite, A2BB’X6 double perovskites, and A3BX anti-perovskite subclasses.16 

Many examples of 2D and double hybrid perovskites have been created, while hybrid anti-

perovskites are still rare. The abundant variations of organic components and metal salts offer 

enormous chemical possibilities for creating HOIPs, reason why this class of materials now spans a 

considerable part of the periodic table. Such a wide compositional variability lead to a plethora of 

functional properties (magnetic, dielectric, electrical, optical, and charge storage) to study.17 For the 

purposes of this discussion, the attention will be now focused on 3D lead halide perovskites (APbX3).  

1.1.3 Optoelectronic Properties 

Lead halide perovskites (LHPs) are semiconductor materials with outstanding optoelectronic 

properties that can efficiently convert both light-into-electricity and electricity-into-light.18,19 With 

respect to the traditional inorganic semiconductors, such as silicon (Si) and gallium arsenide (GaAs), 

LHPs demonstrate comparable long charge-carrier diffusion lengths (1–100 μm) and low exciton 

binding energies (5–50 meV) but moderate, yet balanced, electron-hole mobility (10–100 cm2 V-1 s-

1). The study of the band structure of halide perovskites reveals their direct energy bandgap (EGAP) 

with strong light absorption (absorption coefficients up to 105 cm-1) and radiative recombination 

with quantum efficiencies up to near-unity (Figure 1.3 a-b).20,21 The p–p transitions at band-edge in 

halide perovskites have higher density of states than the p–s transition in GaAs.22 Hence, LHPs can 

absorb the incident light with significantly smaller thickness of an absorber layer than GaAs (0.5 vs 

2 μm, respectively).23 Furthermore, the bandgaps of lead halide perovskites can be tuned over a 

broad range of visible light spectrum via a compositional engineering approach.24  
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While the A- and B-site cations play significant roles in the stability of the perovskites, their optical 

and charge carrier properties are controlled by halide ions and perovskite crystal size. For instance, 

the most intensively investigated methylammonium lead trihalide perovskites (MAPbX3) show 

absorption edges at around 1.6, 2.0, and 2.8 eV for X = I-, Br-, and Cl- respectively.19 Intermediate 

bandgap values can be achieved in the MAPbBrxI3-x and MAPbClxBr3-x mixed-halide phases. The 

photoluminescence (PL) emission properties exhibit the same trend with respect to composition, 

ranging from 790 nm in pure iodide MAPbI3 to 390 nm in pure chloride MAPbCl3 phases. This range 

can be further extended through cation substitution or blending.25 On the A-site cation, MA+ mixed 

with FA+ and Cs+ extends the emission wavelength to about 820 nm and has led to the most recent 

photovoltaic performance breakthroughs.10,26 By mixing Pb and Sn at the B-site, the halide 

perovskite emission spectra can be shifted towards the infrared region, down to more than 

1000nm.27 Cs-based full-inorganic perovskites (CsPbX3) are another type of halide perovskites 

widely investigated for their higher thermal- and in ambient conditions- stability than HOIPs due to 

the absence of volatile and more reactive organic cations.28 Colloidal CsPbX3 perovskite quantum 

dots (QDs), intensively studied for light-emitting diodes (LEDs) application, offer a spectral range 

spanning 410–700 nm through both halide composition and quantum tuning (Figure 1.3 c). Their 

narrow PL spectra, coupled with their continuous spectral tunability, enable a pure color distribution 

covering a wide range on the CIE chromaticity diagram.29  

Figure 1.3 a) Schematic optical absorption of Si, GaAs, and lead halide perovskite materials.23 b) Absorption coefficient 
of a MAPbI3 perovskite thin film compared with other typical photovoltaic materials.21 c) Size- and composition-tunable 
bandgap energies of colloidal CsPbX3 perovskite nanocrystals.29 
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1.1.4 Defect Tolerance 

One of the key features of lead halide perovskites that make them stand-out from other 

semiconductors is their superior defect tolerance, which derives from their unique band structure 

and their ionic lattice.19 The concentration of different defect types is determined by the enthalpy 

of their formation and the growth temperature.30 Despite the overwhelming advantages of LHPs, 

their “soft” crystal structure and the subsequent low defect formation energies are expected to 

introduce relatively large concentrations of defects which are detrimental to the performance of 

optoelectronic devices. However, the defect energy levels in LHPs favor the formation of relatively 

shallow and even benign states, making LHPs tolerant to imperfections (Figure 1.4 a).31 In fact, not 

all defects introduce carrier trapping in a semiconductor; only the ones residing below or above the 

conduction band and valence band edges (i.e., within the energy gap), respectively. On the contrary, 

if a defect energy level resides outside the energy gap of the material, the defect state (called 

shallow trap) is typically considered harmless. This because shallow traps typically only restrict the 

efficient movement of free charges in a semiconductor through trapping and de-trapping processes, 

while the deep traps hinder de-trapping and promote the non-radiative recombination pathways 

(Figure 1.4 b). If traditional inorganic semiconductors (e.g., Si, Ge, III–V materials) normally require 

high-temperature and high-vacuum processing using ultra-pure precursors to minimize the defects 

concentration in their crystal lattice, lead halide perovskites benefit from inexpensive wet-chemistry 

techniques thanks to their good defect tolerance. This, together with the relatively low 

concentration of active charge recombination sites,32,33 render very easy their processability 

allowing LHPs to be solution-processed at relatively low temperatures without affecting their 

remarkable optoelectronic properties. 

Figure 1.4 a) Comparison of typical trap energies relative to the electronic band structure of traditional defect 
intolerant semiconductors (i.e., III–V and II–VI varieties) and defect tolerant lead halide perovskite materials. b) 

Schematic representation of state density in a disordered semiconductor, whereby both radiative (rad.) non-
radiative (non-rad.) recombination can occur.31 
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Moreover, LHPs can be synthesized from solution in a broad variety of forms, from nanocrystals to 

polycrystalline thin films and bulk single crystals, with relative ease thanks to their low formation 

energies.34 Importantly, each form of material has its own advantages to be exploited for certain 

purposes and will be discussed in the next paragraphs. 

1.1.5 Low-Dimensional Lead Halide Perovskites 

Motivated by previously reported nanostructured semiconductor materials, many researchers have 

recently focused on the synthesis of low-dimensional lead halide perovskite nanostructures and the 

investigation of their properties and potential applications. Various low-dimensional LHPs including 

0D nanostructures such as QDs and nanocrystals (NCs), 1D nanostructures such as nanowires and 

nanorods, and 2D nanostructures such as nanoplatelets and layered structures have been reported 

with various synthetic methods and applications (Figure 1.5 a).35,36 Since low-dimensional LHPs are 

synthesized in a single-crystalline state, they have higher crystallinity than conventional poly-

crystalline halide perovskite thin films by solution processes. Higher crystallinity of lead halide 

perovskites means fewer ionic defects and grain boundaries. The former allows to reduce hysteresis 

effects, due to mobile ion species, and to decrease the probability of non-radiative recombination 

processes.37,38 The latter provides higher carriers mobility and better perovskite phase stability 

towards moisture.39,40 Therefore, the devices in which low-dimensional LHPs are implemented show 

superior reliability and stability because they do not present the drawbacks affecting poly-crystalline 

lead halide perovskite thin films. Depending on dimensionality and size, low-dimensional LHPs show 

significantly different optical properties due to the quantum size effects, which heavily affect the 

density of states of electronic structure and their applications (Figure 1.5 b).41,42  

Figure 1.5 a) Schematic of various low-dimensional halide perovskites with related applications. b) Quantum size 
effects on electronic properties in nanostructured semiconductors.47 
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For instance, the absorption properties of LHPs are directly related to parameters of bond angles, 

bond lengths and crystal system of the unit cells. Moreover, at the nanoscale the emission 

wavelength and the charge carrier lifetimes depend on the size of the nanomaterials. Consequently, 

it is important to correlate the structural factors and the properties of lead halide perovskite for not 

only interpreting but also for exploring novel optoelectronic properties of lead halide perovskites, 

further extending the application of these innovative functional materials.12 For sake of time, in the 

next paragraphs the discussion will be mainly focused on lead halide perovskite thin films and 

nanocrystals, how they are synthesized and their application in solar cells and LEDs. 

1.2 Synthesis and Processing 

Different methods for the synthesis of lead halide perovskites in the form of thin films and 

nanocrystals with different compositions have been developed. This section aims to summarize 

them, and to give an overview of the most up-to-date solution processes employed to deposit LHPs 

as thin films to be implement into optoelectronic devices. The ion exchange post-synthetic 

treatment will be also introduced as an key tool to tune the chemical composition of LHP 

nanocrystals, without affecting their size and shape.43,44 

1.2.1 Synthesis of Perovskite Nanocrystals 

The facile methods for the synthesis of lead halide perovskite NCs with different dimensions and 

shapes have aroused huge research interest in recent years. Among all the possible bottom-up and 

top-down approaches to synthesize LHP nanocrystals,45 this paragraph will introduce some of the 

most diffused wet chemistry processes including hot injection, ligand-assisted reprecipitation, 

ultrasonic-assisted method, and spray synthesis.46–48 

Hot-Injection 

Colloidal synthesis of lead halide perovskite nanocrystals by hot injection method was firstly 

reported by Protesescu et al.49 This method takes advantage of the ionic nature of chemical bonding 

in CsPbX3 compounds and it is the most employed synthetic route to produce LHP nanocrystals. 

Their crystallization is achieved by reacting lead halides (PbX2) and Cs-oleate in a high-boiling-point 

organic solvent such as octadecene at 140 – 200 °C. Long-chain organic ligands such as oleic acid 

and oleyl amine are employed to confine the crystal size of the resulting nanocrystals (Figure 1.6 a). 

Most of the crystal growth occurred within the first few seconds after the injection of Cs-oleate into 

PbX2 in octadecene owing to the fast nucleation and growth kinetics. The crystal size of the CsPbX3 
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NCs fabricated by this process depends on the reaction temperature rather than the reaction time. 

Thus, by tuning the temperature and the ligands introduced in the solution, the size and shape of 

the LHP nanocrystals can be precisely controlled, respectively.50 Lead halide perovskite NCs by hot 

injection exhibit strong and narrow PL emissions, with near-unit quantum yield.51 However, this 

method is not suitable for the synthesis of hybrid organic-inorganic perovskite (HOIP) nanocrystals 

owing to the low stability of organic cations (MAX) at high temperature.  

Ligand-Assisted Reprecipitation 

The synthesis of HOIP nanocrystals was performed for the first time by Schmidt et al.52 In this work, 

MAPbBr3 nanocrystals were obtained at room temperature by employing octyl ammonium bromide 

and octadecyl ammonium bromide as organic capping ligands. As a result, these halide perovskite 

nanocrystals showed bright PL emissions with a quantum efficiency (i.e., the ratio between emitted 

photons and absorbed photons) of 20%. The ligand-assisted reprecipitation method for the 

fabrication of LHP nanocrystals was further developed by Zhang and co-workers.53 In their work, 

lead halide perovskite NCs were simply obtained by vigorously stirring a LHP precursors solution 

including PbX2, MAX, N,N-dimethylformamide (DMF), and long-chain organic ligands such as n-

octylamine and oleic acid in a poor solvent such as toluene or hexane (Figure 1.6 b). The quantum 

efficiency of the perovskite nanocrystal prepared by ligand-assisted reprecipitation was reported to 

be up to 70%. Later, Deng et al. adopted this strategy for the synthesis of all-inorganic CsPbX3 halide 

perovskite NCs, achieving quantum efficiency values up to >80%.54 It should be noted that, as for 

NCs by hot injection method, the LHP nanocrystals morphology can be tuned from nanodots to 

nanosheets and nanowires by changing the type and concentration of organic ligands.35,47 

Ultrasonic-Assisted Method 

The ultrasonic-assisted methods show potential for large-scale production due to the polar solvent-

free fabrication. Song et al. first reported ultrasound-based synthesis of colloidal APbX3 perovskite 

NCs at room temperature (where A = Cs+, MA+, or FA+; X = I-, Br-, or Cl-).55 The perovskite precursors 

solution was prepared by adding halide salts and oleyl amine to toluene; then the reaction vessel 

was placed in a high-density probe-type ultra-sonicator to produce LHP nanocrystals (Figure 1.6 c).56 

Bals, Urban, Polavarapu and colleagues developed a polar-solvent free synthesis method for CsPbX3 

perovskite NCs with high quality, which was based on direct tip sonication of the combination of 

capping ligands and precursor salts in a non-polar solvent under ambient conditions.57 Later, Rogach 

et al. used a top-down approach to synthesize monodisperse MAPbX3 NCs (with X = I-, or Br-) with 
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quantum efficiency up to 70 % and remarkably improved stability. In their work, organic and 

inorganic perovskite precursors are mixed under ultrasonication with oleic acid and oleyl amine to 

quickly form bulk MAPbX3. The latter is then broken into perovskite NCs under continuous 

ultrasonication with the assistance of ligands, acting as coordinating solvents.58  

Spray Synthesis 

Ogale et al. used an electro-spray method to synthesize MAPbX3 NCs, where a bath of the 

antisolvent (with or without a capping agent) in a metal-electrode container was used as the 

substrate.59 Their method was similar to ligand-assisted reprecipitation but applying a high electric 

field to the droplets of precursor solution, which broke them into a jet of nanodroplets. These fell 

into toluene, resulting in rapid perovskite crystallization leading to MAPbX3 NCs. The capping agent, 

in this case oleyl amine, contributed to the formation of 2D sheet-like layered perovskites by 

intercalation via host-guest chemistry. Later, Lin in et al. developed a novel spray-synthesis method 

by combining the traditional synthesis of LHP nanocrystals with the spray pyrolysis principles (Figure 

1.6 d).60 A perovskite precursors solution in DMF, together with oleic acid and oleyl amine organic 

ligands, was sprayed in toluene and then purified by centrifugation and redispersion in hexane. 

Importantly, the so-obtained colloidal MAPbBr3 NCs solution showed quantum efficiency close to 

Figure 1.6 Lead Halide Perovskite nanocrystals synthetic methods. Schematic representation of the a) hot injection, b) 
ligand-assisted reprecipitation,48 c) ultrasonic-assisted,56 and d) spray synthesis techniques.60 
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100% even in the solid-state neat film. A quantum efficiency of 28 % was obtained once MAPbBr3 

NCs film was implemented in an LED device. This approach was recently extended also to other 

MAPbX3 nanocrystals compositions by ligand-optimized ion-exchange method.61 

1.2.2 Ion Exchange Post-Synthetic Treatment 

The ionic and “soft” nature of LHPs lattice, which endows its relatively low formation energy, is 

beneficial for the post-synthetic management of their chemical compositions.62 Post-synthetic ion 

exchanges preserve the overall NCs size and shape, allowing for compositionally tunable materials.43 

Generally, the ion exchange is controlled by two mechanisms: diffusion (outward or inward the 

crystal lattice) and ion exchange reaction. In this process, the ions present in the environment (solid, 

liquid or gas phase) diffuse and exchange with the counterpart of parent crystalline compound to 

form into a novel crystal lattice with completely or partly exchanged ionic components.63 The 

common vertex connection of [BX6]4– octahedron in LHP lattice has larger lattice gap than that of 

common edges and common planes. Such structural characteristics not only enable perovskite 

materials to maintain structural stability with a great quantity of lattice defects, but also facilitate 

the diffusion and migration of ions in perovskite lattice making ion exchange post-synthetic method 

an effective way to tune LHP nanocrystals composition (Figure 1.7 a).63 This is why, for instance, the 

full compositional tuning in lead halide perovskite NCs is more versatile than ion exchange in 

conventional metal chalcogenide ones, where cation exchange is easier to control than anion 

exchange.64 In LHP nanocrystals, the A-site, B-site cations and X anion can be partially or fully 

exchanged with other similar but foreign ions: Cs+ with Rb+, FA+ or MA+; Pb2+ with Sn2+,Cd2+, and 

Zn2+; Br- with Cl-, Br- with I-, and vice versa (Figure 1.7 b).44  

Figure 1.7 a) Schematic diagram of vacancy diffusion in LHP crystal lattice.63 b) Schematic showing ions exchange of LHP 
NCs, enabling a bandgap tuning over the whole visible spectrum (as shown in the inset).44 
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Additionally, cation- or anion exchange in LHP nanocrystals can be tuned arbitrarily over the full 

compositional range, even if some parts of this compositional space may be more difficult to achieve 

in thin-film counterparts. By manipulating A- or B-site cations via post-synthetic transformations, 

new halide perovskite NCs which cannot be directly synthesized may be obtained, and their ambient 

stability can potentially be improved.65 Moreover, complex compositions in a wider range with 

simultaneous A- and X-site alloying can be realized in a single post-synthetic step.66 The simplest 

post-synthetic alloying of LHP nanocrystals can be achieved either by mixing two different 

compositions of nanocrystals synthesized individually (e.g., combining CsPbCl3 with CsPbBr3 NCs), 

or by exposing nanocrystals to salts containing A, B, or X ions (for example by exposing CsPbCl3 to 

oleyl ammonium bromide).67,68 Other examples of post-synthetic transformations include photo-

induced anion exchange of CsPbX3 nanocrystals in dihalomethane solution.69 

In comparison with singly charged highly mobile halide ions, the rigid cationic sublattice increases 

the difficulty of such cation-exchange transformations either in solution or solid state. This is why 

the post-synthetic A-site alloying has been developed only in the last years.70 Regarding the B-site 

cations, there are still no successful reports of full-range B-site exchange in LHP NCs (particularly 

interesting for the synthesis of Pb-free halide perovskite materials),71 and it has been suggested that 

such an exchange is facilitated by X-site vacancy migration.72  

1.2.3 Perovskite Thin Films Deposition 

The most decisive factor in determining the performance of perovskite-based devices is the quality 

of LHPs film. Its properties like morphology, uniformity, crystallinity and phase purity depend upon 

the processing techniques which have a direct impact on the performance of the devices in which 

perovskite films are implemented.73,74  

Single-step deposition 

Single-step deposition is the most widely used technique because of the simplicity and low-cost 

requirement (Figure 1.8 a). In this technique, the precursor solution is generally deposited by spin 

coating onto a substrate. Here, the organic and inorganic salts are mixed in an aprotic polar solvent 

with high boiling point and low vapor pressure like DMF, dimethyl sulfoxide (DMSO), γ-

Butyrolactone, and N-methyl-2-pyrrolidone, resulting in a precursor solution. Due to strong ionic 

interaction among halogen anions and metal cations, a uniform and crystalline lead halide 

perovskite layer can be obtained. The formation of such a good-quality layer is due to the convective 
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self-assembly and the evaporation of solvent occurred during the spinning.75 After the precursor 

solution is spin-coated over the substrate, a thermal annealing is generally performed at 80-150 °C 

depending on the precursor solution composition. However, simply spin coating never yields 

uniform and homogeneous layer over large areas. Despite this deposition method requires a very 

low number of processing steps, making the procedure cheap and easy to execute, it usually forms 

a non-uniform layer with pinholes due to slow crystallization. 

The antisolvents assisted crystallization method was then developed to solve this issue, costituting 

an efficient yet simple method to prepare high-quality LHP film by manipulating the nucleation and 

crystal growth process.76 This method is nowadays the most widely used method to synthesize LHP 

thin films on the lab scale. The process is analogous to 1-step deposition method, with the additional 

step of an antisolvent (i.e., a liquid in which the solute is insoluble, such as chlorobenzene or 

toluene) dripping onto a wet perovskite film to trigger sudden homogeneous nucleation. The 

perovskite solution around the nucleated crystal seeds is in a dynamic state and continuously 

transports perovskite solutes for the formation of bigger grains as the solvent evaporates.77  

2-Step Deposition 

The uncontrollable growth of LHP films along with the variable morphology for grown crystals was 

be also overcome by using a 2-step deposition approach (Figure 1.8 b).78 In this technique, a first 

solution of inorganic perovskite precursors (PbX2) is spin coated on a substrate. Secondly, the 

inorganic layer is converted to lead halide perovskite thin film upon reaction with a solution 

Figure 1.8 Example of a) one-step and b) two-step spin-coating procedures for MAPbI3 perovskite thin film formation.78 

c) Summary of most up-to-date preparation techniques for lead halide perovskite thin films.80 
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containing the organic precursors (AX). As for the 1-step method, the resulting film is then annealed 

to complete perovskite crystallization. Although this method produces perovskite films with a better 

coverage of the substrate as compared to the one-step deposition method, it does have some 

shortcomings. The main drawback arises from the correlation between surface roughness and grain 

size. As the grain size increases in LHP thin films by two-step deposition method, the surface 

roughness also increases. Once implemented in a working device, a rough perovskite film with larger 

grain size leads to high leakage current and high surface recombination losses, whereas a smooth 

film with small grain suffers small carrier lifetime and short diffusion length. Therefore, an 

appropriate composition must be fixed. Moreover, in the case of a non-complete conversion of 

inorganic perovskite precursors, the residual PbX2 reduces the light absorption and hinders carrier 

transport which further degrades the performance of perovskite-based solar cells. To tackle these 

issues, the solvent engineering technique was applied to LHP precursors solution and a wide range 

of different deposition techniques than spin coating was investigated (Figure 1.8 c).79,80  

1.2.4 Scalable Coating Methods for Large-Area Perovskite Films 

Solution-processed lead halide perovskite materials have shown remarkable achievements for 

application in optoelectronic devices. One of the important contributions to the great advance 

involves the establishment of fundamental solution chemistry.81 The “solvent engineering 

technique”, including precursor–solvent interaction in solution and dropping anti-solvent onto lead 

halide perovskite films have been proved as significant keys to control the nucleation and crystal 

growth of the perovskites. This allows to achieve uniform, crystalline and pinhole-free surface 

morphology over larger areas, heavily influencing the performance the perovskite-based devices.79 

Also, a combination of environmental conditions, rheology, and drying microfluidics processes can 

all influence the final material-phase quality and morphology and must be considered and optimized 

depending on which the solution process involved.82 The scalability of a deposition processes is 

important too. The most used solution processes for LHPs thin films deposition compatible with roll-

to-roll setups are briefly reported below.83,84 

Blade-Coating 

In the blade-coating deposition method, a blade is used to spread perovskite precursor solution 

(also called “ink”) on substrates to form wet thin films (Figure 1.9 a). The film thickness is controlled 

by several factors, including the concentration of the precursor ink, the gap between the blade and 

substrate, and the speed at which the blade moves across the substrate. This technique can be 
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adapted for continuous fabrication with roll-to-roll setups, in which the blade is stationary and 

flexible substrates on a roller are in motion.85 The ink waste is substantially reduced compared with 

spin coating, especially in continuous roll-to-roll deposition. 

Slot-Die Coating 

Slot-die coating is similar to blade coating but uses an ink reservoir with a thin slit to apply perovskite 

precursors solution over the substrate (Figure 1.9 b). The ink flow can be better controlled in slot-

die coating, but this method normally requires larger quantities of ink to fill the ink reservoir and 

supply pipe and thus is generally less suitable for use in the development of new ink chemistries. 

However, slot-die coating shows better yield and reproducibility than blade coating when the ink is 

already fully developed. Thus, it has more potential to be applied in roll-to-roll fabrication in the 

near future.86  

Spray Coating 

In spray coating technique, a nozzle is used to disperse tiny liquid droplets onto substrates (Figure 

1.9 c). Spray coating can be further classified according to the method used for generating droplets, 

such as pneumatic spraying (through fast gas flow), ultrasonic spraying (through ultrasonic 

Figure 1.9 Other than traditional spin-coating (a) technique, scalable solution deposition methods for the roll-to-roll 
fabrication of perovskite-base devices are available, including b) blade coating, c) slot-die coating d), spray coating, e) 
inkjet printing and f) screen printing.81 
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vibration) or electro-spraying (through electrical repulsion). Pneumatic spraying and ultrasonic 

spraying are commonly used for compact oxide layer deposition in perovskite solar cells. The LHP 

layer can also be deposited by ultrasonic spraying.87,88 Droplet size and placement are random in 

the spraying process, and several droplets need to overlap in a local area to ensure full coverage of 

the substrate. Furthermore, new droplets can dissolve the already deposited materials, adding to 

the processing complexity. Keeping the substrate at an elevated temperature during spraying 

increases the rate of solvent evaporation and suppresses the redissolution of deposited material. 

The balance between solvent removal and material redissolution can be controlled by carefully 

tuning the solvent ratio and substrate temperature.  

Inkjet Printing 

In inkjet printing, nozzles are used to disperse the perovskite precursors ink with a fine control of 

the droplet size and trajectory (Figure 1.9 d). Miniaturized nozzles and a short distance between the 

nozzles and substrate enable a very high lateral resolution, as already widely demonstrated in digital 

printers. This patterning ability is suitable for printing electronics, with several attempts in 

perovskite solar cells by inkjet printing have already been made.89 However, whether inkjet printing 

is suitable for the high-volume, large-area production of perovskite solar modules will mainly 

depend on the printing speed and the device structure. 

Screen Printing 

In screen printing, a patterned mesh screen is used to hold and transfer ink to the substrate (Figure 

1.9 e). This method has good patterning ability with a lateral resolution, but lower than inkjet 

printing one. The unwanted area of the mesh screen is blocked by the exposed photo-sensitive 

polymer emulsion, and the open holes of the mesh hold the viscous ink as a squeegee spreads ink 

across the screen. The ink is then transferred to the substrate to form the desired pattern. The 

thickness of the resulting film is determined by the mesh size and thickness of the emulsion layer. 

Screen printing is usually used to deposit film 1–10 μm thick, and it has been used to fabricate 

mesoporous scaffolds and carbon back electrodes in perovskite solar cells.90  

1.3 Perovskite-Based Optoelectronics 

Halide perovskites have emerged as a class of most promising and cost-effective semiconductor 

materials for next generation photoluminescent, electroluminescent and photovoltaic devices. 

Their exceptional optoelectronic properties (Section 1.1.3) make these materials superior to the 
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classical semiconductors such as silicon. Most importantly, the simple synthesis of halide 

perovskites in the form of high-quality thin films, single crystals, nanocrystals, and other low-

dimensional materials has attracted both researchers all over the world to develop novel functional 

perovskite materials with unique properties to exploit for countless purposes.91 Other than their 

extensively use in photovoltaics,92 nowadays halide perovskites are studied for many optoelectronic 

and electronic applications, including LEDs,93 photocatalysts,94 photodetectors,95 field-effect 

transistors,96 lasers,97 memories,98 batteries,99 and sensors.100 For discussion purposes, next 

paragraphs will be focused only on perovskite- solar cells and LEDs devices. 

1.3.1 Solar Cells 

Working Principles 

In a photovoltaic (PV) process the first step is light absorption by a semiconductor material, which 

produces a splitting of the electrons (e-) and holes (h+) at quasi-Fermi levels. The difference between 

these two levels is the maximum free energy available, which can be used to produce work only 

after the second photovoltaic step, the charge separation.101 It is required to contact each quasi-

Fermi level independently by charge-selective contacts, namely electron- and hole- transporting 

material (ETM and HTM, respectively). Consequently, the photovoltage limit depends on the 

selective contacts and how its selectivity is obtained.102 Typically, in a solar cell an intrinsic light-

absorbing semiconductor is contacted by a couple of doped layers: p and n, respectively (Figure 1.10 

a). In dark conditions with no applied bias the Fermi level equilibrates along the complete device. 

As the p-doped (i.e., HTM) and n-doped (i.e., ETM) layers present higher and lower work functions 

(WF), respectively, the equilibration produces a built-in potential.103 Due to the intrinsic nature of 

the light-absorbing layer sandwiched between HTM and ETM, their bands are inclined along its 

complete thickness with an electrical field acting in the intrinsic region. Consequently, the contact 

selectivity is basically produced by the electrical field that pushes electrons and holes to n-doped 

and p-doped contacts, respectively.101 Here, the drift current plays a determinant role in charge 

separation and collection. The inclination of the band is affected by the applied bias and the light 

photocarrier generation. Under illumination at open circuit, the Fermi levels splitting produces flat 

band conditions where the electrical field is removed and consequently the collection driving force 

cancelled, annulling the photocurrent (Figure 1.10 b). In this case, the open-circuit voltage (VOC) is 

limited by the WF of the contacts.103 This model has been used to explain the VOC in amorphous Si 

solar cells and originally in organic solar cells.101 
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Nevertheless, the presence of an electric field is not the only way to obtain contact selectivity. It can 

also be attained by a preferential kinetic exchange at one selective contact of carriers of one kind 

while the other kind is blocked. For instance, in dye-sensitized solar cells (DSSCs) the light is 

absorbed by a dye molecule layer and e- are selectively injected into the conduction band of a 

semiconductor while h+ are blocked due to the band alignment (Figure 1.10 c). In the same way, the 

h+ are injected into an HTM. In this case, the VOC is limited by the difference of quasi-Fermi levels at 

the electron- and hole-selective contacts. Here, the difference in WF is absorbed in thin interfacial 

layers, such as the transparent conduction oxide interface in the case of DSSCs. 

Si solar cells have a similar selectivity mechanism where the band bending produced by the p-n 

junction is limited to a very narrow interfacial layer, significantly thin in comparison with the whole 

absorber thickness.102 In the early days of DSSCs there was an intense debate about the 

photovoltage-determining mechanism in these kinds of cells. Between the two models presented 

(Figure 1.10 b-c) it was demonstrated that is the one attributing contact selectivity to the kinetic 

exchange of photogenerated carriers (e-, h+) that rules sensitized devices.104 Regarding the more 

recent perovskite solar cells, despite they were derived from DSSCs (Figure 1.11)105 it is not straight-

forward to determine the working mechanisms. Up-to-date PSCs employ a planar architecture, in 

which LHP photoactive layer is sandwiched between charge-transport materials (CTMs, i.e., ETM 

and HTM).75 A list of abbreviations is reported in an appendix (pp. 242) at the end of the dissertation. 

Several published works vary the work function of the contacts in PSCs with a broad dispersion of 

results.106 Contacts influence the perovskite light-absorbing layer itself, hampering a fair comparison 

among PSCs prepared with different techniques and on different contacts.101 In this sense, it is 

difficult to decouple the effect of the contact and the effect of the change of morphology. 

Figure 1.10 Energy band diagram at open circuit conditions for a p-i-n solar cell under a) dark condition and c) 
illumination. c) Energy diagram of organic- and perovskite solar cells.101 
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Moreover, the deposition of the contact onto the absorber could also influence the upper part of 

the perovskite layer; and those changes, even in a very thin region of the perovskite interface, can 

produce significant effects.107 Ravishankar et al. demonstrated that the VOC of PSC was not affected 

despite the use of CTMs with huge difference in WF, highlighting a minor role of the built-in electrical 

field.108  

In contrast, VOC is generated by the Fermi level splitting at the perovskite layer, where each selective 

contact follows the quasi-Fermi level of respective carrier in the perovskite layer. This has important 

consequences in the working principles of PSCs as quasi-Fermi level splitting, and consequently the 

VOC are controlled by light absorption and carrier recombination (Figure 1.10 c). If electrical fields 

are not playing a major role, mostly flat bands should be expected in the perovskite layer with 

transport dominated by diffusion. If the selective contact follows the LHP Fermi level and is 

influenced by the perovskite layer, they should not be treated as a mere series of connected systems 

but as parallel interrelated layers, to consider in future PSCs models. Despite the working principles 

that determine the photovoltage of perovskite solar cells are not as clear as those defining their 

photocurrent, the photovoltage is one of the most fascinating properties of PSCs due to the high 

open-circuit voltage (VOC) obtained with this material if compared to other PV technologies.101,109 

 

Figure 1.11 Structural evolution of PSC technology (dimensions not in scale). Starting from the electrolyte-based 

mesoscopic and solid state (ss) DSSC, where the electrolyte is replaced with an organic p-type hole conductor, PSCs 

evolved from sensitized solar cell by implementing: (i) nanodot perovskite, (ii) mesoporous scaffold with a thin and 

continuous layer of perovskite, (iii) perovskite capping layer of perovskite, and (iv) finally a perovskite thin film is 

sandwiched between charge-transport layers (the most up-to-date planar architecture).105  
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Figures of Merit 

The efficiency of a solar cell to convert light-into-current, called photo-conversion efficiency (PCE), 

can be determined by the product of three photovoltaic parameters: short-circuit current (ISC), 

open-circuit voltage (VOC), and fill factor (FF).110,111 This corresponds to the ratio between electrical 

power produced by a solar cell (POUT) and incident power of sunlight (PIN): 

 PCE =
𝑃𝑂𝑈𝑇

𝑃𝐼𝑁
= FF 

𝑉𝑂𝐶𝐼𝑆𝐶

𝑃𝐼𝑁
 1.3 

The FF is a key parameter to evaluate the performance of a solar cell simply by looking at its current-

voltage (I-V) curve (Figure 1.12 a).112 It is defined as:111  

 FF =  
𝑉𝑀𝑃𝐼𝑀𝑃

𝑉𝑂𝐶𝐼𝑆𝐶
 1.4 

where VMP and IMP are the current and voltage at maximum power point, respectively. This ratio 

corresponds to the deviation from ideality of a solar cell, comparing its actual power with the power 

it would produce with no series resistance (RSERIES) and infinite shunt resistance (RSHUNT).113 Ideally, 

the FF should be as close as possible to 1. The optimization of the PV performance requires the 

maximization not only of FF, but also JSC and VOC parameters. Although these three values are 

interrelated, each one is mostly influenced by different physical properties and processes 

determining the final values.101 For instance, in a device the maximum photocurrent is limited by 

light absorbing material’s EGAP, but non-optimum charge collection and loss mechanisms can reduce 

it (Figure 1.12 b).114  

Figure 1.12 a) Typical J-V curve of a solar cell in dark (black line) and under light (red line) conditions. FF is geometrically 

defined as the ratio between the highlighted and the hatched areas, respectively. PMAX represents the maximum power 

output of the solar cell.112 b) Typical charge transfer and recombination processes in a perovskite solar cell: 1) 

photoexcitation and free carriers (e-,h+) generation; 2) charge diffusion; 3) injection of photogenerated e- into CTLs; 4) 

radiative decay leading to PL (φm: quantum yield for emission); 5) auger recombination; 6) bi-molecular recombination; 

7) trap-assisted nonradiative mono-molecular recombination; 8) back charge transfer at CTL/LHP interface; 9) non-

radiative charge recombination at ETM/HTM interface; 10) surface recombination.114 
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As a result, establishing the working principles of each photovoltaic parameter helps not only to 

understand the device but to further improve its performance.115 While single-junction PSC 

efficiencies skyrocketed from 3.8% in 2009 to over 25% in 2020,116 this is still well below the 

thermodynamic limit of about 31% for MAPbI3 perovskite material or the Shockley–Queisser limit 

(≈ 33%).31 Evidently, there is still room for improvement and a large portion of this possibility resides 

in the negative influence of traps. Following the approaches adopted for DSSCs, it appears to be two 

separate trends for the types of scientific breakthroughs which have been driving up the PCE of 

perovskite-based solar cells (Figure 1.13). Between 2013 and 2016, solvent engineering and refining 

grain formation, together with compositional tuning for suitable bandgaps and stability, facilitated 

massive gains in device performance.117,118 The large technological advances made during this early 

development were realized via improved materials processing, to harness the intrinsic potential of 

LHPs within photovoltaics.27  

More recently, since 2016, researchers have had to shift their focus toward trap management, in 

the interest of harnessing the remaining potential efficiency contained in LHP solar cells. For this, 

reducing the trap populations (both intrinsic and extrinsic), and their negative influence on devices, 

has seen a steady, albeit slower, rise in efficiencies.119 A lack of precise control over the 

crystallization process will introduce some unwanted defects. By using a template to control crystal 

growth, larger grain size and oriented microstructure can be obtained with an efficiency of 21%.118 

Figure 1.13 Overview of recent progress in single-junction perovskite solar cell efficiency, identifying the key 

technological advances.31 The red circle indicates the current efficiency record (25.5%) confirmed by the National 

Renewable Energy Laboratory (NREL).26 
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Interstitial and antisite defects in LHP may be responsible for non-radiative recombination. Through 

the introduction of additional iodide ions into the organic cation solution, the efficiency record was 

advanced decreasing deep traps (interstitial and antisite defects) in the bulk and achieving an 

efficiency over 22%.119 In 2017, the record was further updated to 22.6% using fluorene-terminated 

materials as hole transport layer, passivating interfacial traps.120 As surface defects often result in 

deep mid-gap traps for charge carriers,31 surface trap passivation strategies allowed further 

improvements with an efficiency of 23.3% in 2018.92,121 As of now, the new efficiency record of 

25.5% was recently confirmed by National Renewable Energy Laboratory (NREL).26 

Multi-Junction Solar Cells  

In the past decade the Si photovoltaic module manufacturing costs have continued to diminish so 

extensively that nowadays the cost of a module amounts to less than half the overall PV installation 

cost. Therefore, increasing the overall power output of a PV module per unit area represents the 

best way to continue to drive down the overall cost of installed PV generated electricity.122 Multi-

junction (tandem) solar cells show great potential of breaking the Shockley−Queisser theoretical 

efficiency limit of 33.7% for single-junction solar cell, which becomes ∼46% for two-junctions solar 

cells.123 In a tandem solar cell, single-junction solar cells are stacked on one another, typically with 

a top wide band gap solar cell absorbing high-energy photons and a bottom narrow band gap solar 

cell absorbing low-energy photons. This allows a broader region of wavelength absorption (Figure 

1.14 a), which mitigates the hot carrier thermalization loss and achieves higher PCE than single-

junction solar cells.124 

Crystalline Si solar cells suits very well the role of low bandgap bottom cell due to their suitable 

bandgap of 1.1 eV, high VOC of up to 750 mV, low cost, and high efficiency.125 On the other hand, 

finding its ideal wide-bandgap partner is more difficult. III–V solar cells have been proposed for their 

high efficiency and tunable bandgap, and tandem cells together with Si have recently demonstrated 

efficiencies > 32%.126 However, the high manufacturing costs of III–V solar cells hinder their large-

scale deployment. A possible answer in terms of high efficiency and low cost came with the 

emergence of perovskite solar cells.127 LHP solar cells present several advantages that make them 

highly interesting for their use as a top cell in silicon-based tandem solar cells, already reaching a 

PCE above 29%.26,128 Their exceptional optoelectronic properties are well suited for tandem 

applications, including a high absorption coefficient, low sub-bandgap absorption, and a steep 

absorption edge.21 
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Moreover, perovskite solar cells offer bandgap tunability throughout a wide spectral range,24 high 

VOC,129 high defect tolerance, long charge carrier diffusion lengths,130 and photon recycling.131 

Importantly, PSCs combine excellent optoelectronic properties and high efficiencies with the 

potential for low-cost processing and Earth-abundant constituent elements.132,133 Reported 

fabrication protocols for PSCs include a variety of deposition techniques 134,135 based on solution 

processes, such as spin coating,136 blade-coating,137 or slot-die coating,138 as well as vacuum-based 

methods, such as thermal evaporation,139 or chemical vapor deposition.140 

A perovskite-silicon tandem solar cell can be made in several configurations,141 each of them having 

specific advantages and disadvantages. The simplest tandem device architecture from a process 

development point of view is the mechanically stacked four-terminal tandem (Figure 1.14 b). The 

two subcells are fabricated independently, stacked on top of each other and contacted individually 

(in series). This has the advantage of process simplicity and lower sensitivity towards spectral 

variations, but at the same time optimum transparency of the contacts in different spectral 

Figure 1.14 a) Quantum efficiency and reflection spectra of perovskite-silicon tandem solar cell with parasitic 

absorptions and reflection losses highlighted. The blue curve refers to the contribute of perovskite top cell, the red curve 

refers to the one of Si bottom cell.200 b) Four-terminal (4T), c) two-terminal (2T),141 and d) textured tandem architecture 

employed to reduce optical losses in the device.149 
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ranges.125 During operation the two subcells work independently, reducing the constraints on the 

choice of the top cell bandgap.142 However, using four terminals implies also doubling all the power 

electronics, which increase the overall cost. As a possible solution to this problem, monolithic 

tandem modules have been proposed, using only two-terminals and arranging the cells in 

submodules connected in parallel (Figure 1.14 c).141 Their high efficiency potential results from a 

gain in photocurrent due to reduced parasitic absorption due to contacts (they do not require the 

two intermediate transparent conductive oxide electrodes, needed in the four-terminal design). 

Despite this advantage, the two-terminal approach has more constraints with respect to the device 

processing. Moreover, as the VOC varies logarithmically with light intensity, a voltage-matched 

connection can be more resilient toward spectral variations compared to a current-matched one.125 

Practically, the perovskite and silicon subcells need to be electronically coupled, where the 

interfacial structure should guarantee efficient charge recombination of majority carriers (collected 

from each subcell) in the so-called recombination layer, without inducing minority-carrier 

recombination.143 Other tandem concepts were demonstrated, such as three-terminal,144 spectral 

splitting systems,145 reflective tandems,146 and the more advanced bifacial tandems.147 Despite the 

way the subcells are connected together, textured architectures has been recently investigated to 

further increase the PCE of tandem devices.148 Since the high number of layers stacked on top of 

each, reflection losses are non-negligible in tandem solar cells (Figure 1.14 a). As a result, additional 

antireflection coatings are usually applied on top of multi-junction devices. However, because this 

involves additional processes, a technique that allows to void such steps is required. Textured 

surfaces allow to avoid the use of antireflection materials, both limiting the reflection losses and 

enhancing light-trapping in tandem solar cells (Figure 1.14 d).149 These effects are the more evident 

as the degree of texturing employed (e.g., one-side, double-side, or fully textured architecture).150 

1.3.2 Light-Emitting Diodes  

Working Principles 

In simplest p-n junction LED device, light is emitted when e- and h+ that flow as majority carriers are 

injected across the junction and recombine at or near the junction causing radiative recombination 

to take place.111 This is a diffusion-driven process near the junction as opposed to the drift 

mechanism that underlies solar cell operation.18 LED efficiency is limited by two main factors 

namely: (i) non-radiative recombination, in which electron-hole pairs recombine but do not 

generate a photon; (ii) limited optical outcoupling, in which not all the generated photons leave the 
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device. Since radiative recombination processes are favored in direct-gap semiconductors, such 

materials are generally chosen for most practical LEDs. Compared with early-stage incandescent and 

fluorescent lamps, LEDs have gained commercial acceptance because of their high luminous 

efficiency, low energy consumption, and long operational life. The discovery of the 

electroluminescence phenomenon in the early 20th century, based on a silicon carbide - metal 

Schottky junction, can be considered a precedent of LEDs.151 Then, LEDs based on homogenous p–

n junctions (also referred to as homojunctions) were processed and developed rapidly (Figure 1.15 

a, b).111 In homojunction LEDs, by applying a forward bias the energy barrier between p-type and n-

type semiconductors is reduced. Then, e- and h+ are respectively injected from the n- and p-type 

semiconductors, which induces radiative recombination accompanied by the release of photons. 

The homojunction structure is an early-stage LED structure, which suffers from photon reabsorption 

loss caused by the same bandgap of p- and n-type semiconductors.151 LEDs based on heterogeneous 

p–n junction (also referred to as a heterojunction) formed by two semiconductors with different 

bandgaps were later developed (Figure 1.15 a, c). The heterojunction structure is suitable for 

avoiding reabsorption of photons.  

Figure 1.15 Basic structure and working principle of LEDs. a) Device structure of p–n junction LEDs, including the energy 

level diagrams of b) homojunction and c) heterojunction LEDs at equilibrium and operating states.  d) Device structure 

of double heterojunction LED, with the corresponding e) energy level diagrams at equilibrium and operating states.151 
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In such LEDs, a wide bandgap semiconductor is used as the charge injection source, and the narrow-

bandgap semiconductor serves as light emission source. In this configuration, e- and h+ have 

different energy barriers through the junction. The light emission in heterojunction LEDs only occurs 

in the narrow-bandgap semiconductor at a suitable operating voltage. Owing to the low energy of 

photons emitted by the narrow-bandgap semiconductor, this will not cause absorption in the wide 

bandgap semiconductor.151 

Therefore, using a wide-bandgap semiconductor as the light exit window can effectively reduce the 

photon reabsorption loss in LEDs. However, both heterojunction and homojunction LEDs suffer from 

insufficient utilization of injected carriers. Since the diffusion length of the carrier is greater than the 

thickness of the active layer, some injected carriers pass directly through the active layer and reach 

the electrode surface without recombination, which results in loss of efficiency in the form of 

leakage current.151 Thus, carriers are expected to be confined within the active layer to improve the 

utilization rate of injected carriers. This idea inspired the emergence of double heterojunction LEDs 

(Figure 1.15 d, e) with a sandwich structure, where wide bandgap p- and n-type semiconductors 

serve as the HTM and ETM, respectively, and the narrow-bandgap semiconductor serves as the 

active layer. During the operation, e- and h+ are injected into the active layer from the ETM and HTM, 

respectively. Then, photons are emitted through the radiative recombination of electron–hole 

pairs.151 Therefore, the double heterojunction structure can improve the utilization of injected 

carriers, reason why all state-of- the-art LEDs, including LHP ones, are based on this device 

architecture.152,153 

Figures of Merit 

In light emission application, external quantum efficiency (EQE) serves as the key figure of merit 

under consideration that requires maximization. EQE depends on several parameters, that can be 

expressed as follow:154 

 𝐸𝑄𝐸 = 𝑓𝑏𝑎𝑙𝑎𝑛𝑐𝑒  ×  𝑓𝑒−ℎ  ×  𝜂𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒  ×  𝑓𝑜𝑢𝑡−𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔  1.5 

where fbalance is the probability of balanced charge injection, fe−h is the probability of forming 

correlated electron–hole pair or exciton from each pair of injected carriers, ηradiative is the probability 

of radiative recombination for each electron–hole pair, and fout−coupling is the photon escaping 

probability. ηradiative is usually known as photoluminescence quantum yield (PLQY) and can be 

expressed as the ratio of the radiative to the total recombination rates: 
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 𝑃𝐿𝑄𝑌 =
𝑛𝑘2

𝑘1 +  𝑛𝑘2 +  𝑛2𝑘3
  1.6 

where n refers to the carrier density, while k1, k2 and k3 are the coefficients of the first-order 

monomolecular recombination, second-order bimolecular recombination, and third-order Auger 

recombination respectively.155 Approaches to ensure high PLQY of emitting materials such as 

complete control of film morphology,156 chemical composition of the emitter,157 as well as suitable 

interface engineering aimed at defect reduction at interfaces and grain boundaries 158  led to almost-

unity PLQY in lead halide perovskites.159 Thus, maximizing both fbalance and fe−h via device engineering 

is essential to further enhance EQE of perovskite LEDs. In general, the choice of electron- or hole- 

injection layers are adopted from the well-studied solution-processed organic LEDs (OLEDs) or 

conventional QDs-based LEDs. Indeed, with internal quantum efficiency (IQE, defined as product of 

fbalance, fe–h and ηradiative) almost reaching its limits, efficient light out-coupling management strategies 

will play a major role in the future to amplify EQE of LEDS. Strategies to enhance fout-coupling include 

modifications to the design of materials and interfaces from optics point of view.155  

Perovskite LEDs 

In addition to their remarkable PV performance LHPs also possess excellent luminescence 

performance. Despite perovskite LEDs have adopted similar emitter and device configuration as 

OLEDs, they highlighted the advantage of photon recycling due to the small Stokes shift for 

perovskite emitters as compared to organic ones (Figure 1.16 a).160 Such process can be exploited 

to boost the fout-coupling and overall device performances, with many strategies that have already 

been employed.155 In addition, organic emitters generally possess high exciton binding energies that 

severely limits the PLQY due to the non- emissive nature of spin-triplet excitons.161 Accumulation of 

triplet excitons at high carrier densities leads to optical losses within the system.162 On the contrary, 

such limitations do not exist in lead halide perovskites due to reduced excitonic interactions. In 

addition, owing to smaller emission linewidths and facile bandgap tuneability, LHPs materials seem 

to provide a clear advantage in devices over OLEDs becoming promising candidates for applications 

in high-performance light-emitting diodes.151 With the advent of colloidal lead halide perovskite QDs 

in 2015 163 with very high PLQY and higher exciton bounding energies than perovskite bulk 

counterparts,164 colored perovskite LEDs based were achieved in the same year.64,165 At present, 

EQEs of 21.3%, 21.63%, and 12.3% were achieved for red, green, and blue QDs-perovskite LEDs, 

respectively.166–168 Thanks to their narrowband emission, wide color gamut (Figure 1.16 b), near-

unity PLQY, and cost-effective solution processability QDs-perovskite LEDs have recently attracted 
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considerable interest for their potential applications in high-definition displays (Figure 1.16 c-d). 

However, QDs present high surface energy and defect density owing to the large surface–volume 

ratio, which reduces the optical performance and stability of the NCs. Recently, some strategies, 

such as ligand exchange, doping, core-shell structures, and self-assembly have been proposed to 

improve luminescence performance and stability of NC-perovskite LEDs.151,169  

1.4 Challenges and Future Perspectives 

Despite lead halide perovskites have emerged as prospective materials for high-efficiency, and 

inexpensive next generation optoelectronics in the last years, their poor stability in ambient 

conditions and under electric field still hinders their applications.28,170 Moreover, the toxicity of lead 

contained in LHP films and suitable ways to achieve sustainable large-area production need to be 

considered before commercialization.171 Recently, many technological improvements have been 

made to improve both stability and scalability of the perovskite-based devices,172 including 

interfacial modification, charge transport layers engineering, strategies on avoiding lead 

contamination, and compositional and solution engineering approaches for large-scale 

production.173 The next paragraphs will elucidate the main strategies and countermeasures that 

have been adopted to counter the drawbacks of LHP materials in the last years. 

Figure 1.16 Absorption and PL spectra of 8-nm colloidal CsPbBr3 NCs, exhibiting quantum-size effects and highlighting 
very small Stokes shift. b) PL spectra of CsPbX3 NCs plotted on CIE chromaticity coordinates (black points) compared 
with common colour standards (LCD television - dashed white line, and NTSC television - solid white line), reaching 140% 
of the NTSC colour standard. c) Operation principle of a QD LCD display, showing blue emission from standard InGaN 
LEDs transmitted by the diffuser into a polymer film containing LHP NCs, undergoing partial conversion into green and 
red PL. d) Schematic of a three-color LED pixel with LHP NCs as the emissive layer. LEDs have fewer layers in their device 
architecture than LCDs and can therefore afford thinner devices and make more efficient use of the light.93 
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1.4.1 Long Term Stability  

Despite lead halide perovskites have been proposed as next-generation semiconductors, their 

stability remains a challenge. Inorganic LHPs has emerged as an alternative to hybrid organic-

inorganic ones, due to their higher intrinsic and thermal stability.28 However, inorganic lead halide 

perovskites undergo degradation too, affecting device performance significantly.28,174 Therefore, 

there is an urgent need to gain insights into the chemical stability and instability in both hybrid and 

inorganic LHPs, which will help in developing high-performance perovskite optoelectronic devices 

sufficiently durable for real-world applications.175 There are four different key factors influencing 

the stability of lead halide perovskites: (i) environmental moisture, (ii) photoinduced degradation, 

(iii) thermal stability, and (iv) electric field effects.170,176 It is useful to underline how degradation 

mechanisms in a perovskite-based device also involve other components (e.g., charge transport 

layers, contacts) and not only the photoactive perovskite layer itself.177 

Tolerance to Humidity 

Moisture induces reversible and/or irreversible degradation of HOIPS films in which water 

molecules easily penetrate the perovskite structure and form intermediate hydrate phases.178 This 

because water forms strong hydrogen bonds with organic A-site cations,179 weakening its bond with 

the PbI6 octahedra and allowing a faster deprotonation of the organic cation. Such mechanism 

makes external stressors such as heat and electric field to be more effective at degrading the LHP 

phase.180 Furthermore, water molecules protonate iodides creating volatile hydroiodic acid (HI) and 

generating yellow-colored lead iodide as a decomposition product (Figure 1.17 a).181 Several 

approaches to enhance moisture stability of LHP materials have been developed, including 

compositional tuning and modification of the device stack.170 For the former, lattice strain induced 

by halide substitution,182 minimization of the organic cation volatilization by mixing A-site cations,183 

and the incorporation of hydrophobic 2D lead halide perovskites into 3D ones 184 to passivate grain 

boundaries 185 and/or modifying the top surface 186 proved to be valuable strategies to minimize 

moisture-induced LHPs degradation. Regarding the stack modification of the perovskite-based 

device, thin oxide buffer layers deposited onto perovskite surface,187 hydrophobic materials 

employed as charge transport materials,188 mesoporous structures,189 encapsulation techniques,190 

and the use of micrometer-thick carbon top electrodes 191 have shown to ensure an impressive 

enhancement in device stability in ambient conditions (from a few days up to years) and under 

prolonged thermal stress.192 
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 Stability under Illumination 

Since light exposure can accelerates photooxidation and moisture-induced degradation of LHPs 

(Figure 1.17 c-e),170,174,176 the influence of light on LHP optoelectronics should be considered in the 

absence of any other environmental factors. Many reports showed the high stability of encapsulated 

perovskite solar cells working for hundreds of hours under light exposure.193,194 On the contrary, 

without encapsulation significant changes occur in LHP films during illumination, including halides 

segregation, ions migration, and compositional degradation.195–197 Recently, a photodecomposition 

reaction mechanism for lead halide perovskites has been proposed, in which X- halide anions in the 

perovskite lattice are oxidized by photogenerated h+ resulting in coupled formation of X neutral 

halogen interstitials and halide vacancies.195 This process can provoke irreversible decomposition to 

metallic lead, neutral halogens (X), and AI species if the generated X species are removed via 

sublimation or reactions at the perovskite interface with other materials.198,199 Though not yet fully 

explored for all compositions and device architectures, there is likely to be a correlation between 

the phenomenon of light-induced halide vacancy creation and the light-induced ionic migration and 

segregation.175 Charge-transport materials also play a role, by hindering or further enhancing light-

induced cation segregation in LHP layers.200,201 Despite all these parameters to take into account, 

promising results have already been obtained, with many research groups demonstrating over 1000 

hours of operation under illumination with negligible drops in the performance of perovskite-based 

devices.198,202  

Figure 1.17 Schematics illustrating representative degradation pathways induced by moisture, heat, and light in 
perovskite solar cells. a) hydration of MAPbI3 perovskite and its decomposition in MA and HI; b) perovskite phase 
transition due to thermal stress; c) Photoactivated mechanisms for halide and cation vacancy migration; d) Dissociation 
mechanism of MA+ due to the capture of a photogenerated electron; e) Oxygen-induced formation of deep trap states 
at mesoporous electron transport layer surface/interface under UV rays; f) Au− and I− ionic diffusion across the device.92 
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Such impressive photostability has been obtained by opportunely selecting the charge-transport- 

and contact layers,195 as well as by adopting 2D-3D perovskite structures to suppress ion diffusion 

and vacancy migration.202  

Thermal Stability 

Understanding how the LHPs stability scales with temperature is important for four main reasons: 

(i) an annealing step is usually required to form perovskite thin films and contacts, (ii) module 

encapsulation processes typically exceed 140 °C for a certain period of time, (iii) solar cells can reach 

> 60 °C in hot climates,203 and (iv) testing at high temperature accelerates chemical reactions and 

degradation processes that may occur on the time scale of years in the field.175 LHPs thermal stability 

depends on its composition and dimensionality, as well as on the device architecture in which the 

material is implemented.175,204 While structural stability over the operational temperature range of 

−15 to 65 °C is a prerequisite for LHPS thermal stability,205 resistance towards thermally activated 

chemical decomposition and reactions must also be achieved for stable perovskite-based devices. 

In fact, lead halide perovskites with a high structural stability (i.e., t close to 1, Section 1.1.1) such 

as MAPbI3, may have poor thermal stability reverting to a non-photoactive phase, segregating into 

several phases or generating reactive species (Figure 1.17 b).206,207 This motivated researchers to 

stabilize alternative composition of LHPs via A-site,70,208 B-site (less diffused),209 and/or X-site mixing 

strategies.210 The extremely broad range of potential perovskite compounds presents new research 

opportunities in exploration and refinement of perovskite phases, especially in verifying the 

thermodynamic stability of many mixed-cation and mixed-anion compounds.211,212 Under a device 

point of view, additional layers can improve thermal stability of the LHP layer itself, but requires to 

take into account the possibility of mobile ions (mainly I- and Br-) diffusion into the contact layers.213 

Organic HTMs are prone to thermal instability, especially when additives are used to improve their 

conductivity. This has motivated the use of either more stable oxide contact layers 194,214 or 

alternative dopant-free organic transport layers.215 Moreover, metal contacts are notoriously 

susceptible to halides,216 creating stability problems due to metal or halides diffusion at elevated 

temperatures and under light. These issues have been drastically reduced in “hole-conductor free” 

architectures made by infiltrating porous layers of carbon, ZrO2, and TiO2 with LHP precursor ink, 

which has been shown remarkable stabilities (more than 10000 hours under standard 

conditions).186,217 This topic will be further addressed in Chapter 4. 
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Bias Effects 

Although there are few works focused on the study of electric-field effects on the stability and 

performance of LHP optoelectronics,218,219 the perovskite response under bias is an important 

aspect to investigate since it can simulate and reproduce the working conditions of a device. 

Applying an electric field to halide perovskite materials significantly impacts their carrier separation, 

changes direction of the photoinduced currents and generates switchable photovoltaic effect.220,221 

Considering the archetypal case of MAPbI3 perovskite, applying a bias leads to the orientation of 

MA molecules and thus the diffusion of ions in MAPbI3 lattice.222 Then, anions and cations 

accumulate on different side of halide perovskites, and the internal electric field generated by the 

diffused ions affects photocarrier separation (Figure 1.18 a-b). This process is like the phenomenon 

induced by the light-induced electric field.223 Whereas, if symmetrical electrode is applied, the 

internal electric field controls directly the direction of photo-generated current, which is the origin 

of the exchangeable photovoltaic effect (Figure 1.18 c-d).  Such charge redistribution and moving 

ions under bias in LHPs not only undermine their stability,180 but also brings with it the difficulty in 

achieving reliable evaluations of device performances due to the occurrence of I–V hysteresis.224 

Figure 1.18 Sketch of defect migration and their impact on the operational mechanism of a perovskite solar cell. a) 
Charge carriers’ separation driven by the photogenerated potential (EPh), along with the even distribution of point 
defects and random orientation of MA cations. b) Point defects migration and the reorientation of MA cations in 
response to the photogenerated field (EPh), together with the developed of an internal electric field (Eint). c,d) Switchable 
current as a function of the applied external field (Eext).222 
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Among the different mechanisms that can dominate it, nowadays I-V hysteresis in LHPs (thus their 

sensitivity towards electric-field) can be reduced and even eliminated via various strategies 

including stabilizing the perovskite lattice through compositional engineering,225 improvement in 

morphology,226 reducing traps, and optimizing the charge transport process.224 This lead to LHP 

optoelectronic devices with long-term stability, as well as to more reliable and unified procedures 

and protocols to test perovskite solar cells.227,228 

Lead Toxicity 

In recent years, significant efforts have been spent to develop lead-free halide perovskites and 

perovskite derivative absorber materials to both improve the sustainability and the bandgap 

tunability of this promising next generation semiconductors.22,229 However, optoelectronics based 

on these materials showed significantly inferior performances as compared to their LHP 

counterparts so far.230 Generally, there are two categories for Pb replacement using either 

homovalent elements such as Sn and Ge, or heterovalent elements such as Bi and Sb. The 

heterovalent replacement category can be further divided into two subcategories, namely ion-

splitting and ordered vacancy (Figure 1.19).22 While homovalent replacements lead to perovskite 

phase instability, the heterovalent Pb replacements lead to degraded electronic properties mainly 

due to the reduction on electronic dimensionality. Consequently, not all the superior optoelectronic 

properties of lead halide perovskites are maintained in the lead-free counterpart. These are the 

reasons that reside in the inferior photovoltaic performances of Pb-free PSCs reported in the 

literature as compared to those implementing LHPs.22  

Sn(II) is the most obvious candidate for Pb replacement because both possess lone-pair s 

orbitals.231,232 Such replacement shows both desirable and unwanted effects. Compared to MAPbI3, 

the absorption spectrum of MASnI3 shows a reduced bandgap and higher absorption coefficients in 

the visible light region, making it more suitable for both efficient single-junction and tandem solar 

cell applications.233,234 However, the high-energy-lying Sn 5s2 states make the Sn-I bonds easy to 

break, forming high-density Sn vacancies and causing the easy oxidation of Sn (II) to Sn (IV). 

Therefore, tin halide perovskites are extremely unstable to air and moisture.235 To overcome the Sn 

oxidation issue, different strategies have been investigated such as the addition of SnF2 to SnI2 to 

the precursor solutions,236 the replacement of MASnI3 with FASnI3 to improved film morphology and 

electrical properties,237  and the reduction in dimensionality of the Sn perovskite phase.238 
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Thanks to a suppressed Sn oxidation processes, as well as a slower crystallization rate to produce 

pinhole-free and highly oriented tin perovskite layer, tin PSCs have emerged as a promising 

candidate for eco-friendly PV technology in the past few years. Despite their efficiency has increased 

rapidly from about 6% in 2014 to more than 13% in 2020,233 they are still far from the > 25% PCE of 

lead counterpart. Other strategies to replace Pb with Ge or by heterovalent replacements have been 

recently investigated and applied to PSCs, but still with poor results.  PCE around 7% was reached 

in the case of homovalent Pb replacement with Ge,239 while only a few % were obtained with 

heterovalent substitutions.22,230 Beyond perovskite solar cells, lead-free halide perovskites have 

been proposed as valuable alternatives for optoelectronic applications, such as photodetectors, 

photocatalysts, and FETs.240–242 Apart from device performance, the major hurdle in lead-containing 

devices is in case of their failure, in which Pb could be dispersed into the soil and enter in the food 

chain. Since there is a zero tolerance on lead in the human organism, this health hazard is a critical 

obstacle for commercialization.243 It was recently shown how Pb contained in LHPs is more 

dangerous than other sources of lead contamination already present in the ground as it is ten times 

more bioavailable,244 pointing out the necessity for a systematic screening of the environmental 

impact of different perovskite compositions to drive the application of these materials towards a 

sustainable market. 

Figure 1.19 Schematic illustration of the approaches and consequences of potential Pb replacement.22 
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Interestingly, different strategies to recycle 245 and/or capture 246 lead in failed devices such in-situ 

metal immobilization have been recently investigated to get efficient lead immobilization and non-

leaching LHP optoelectronics (Figure 1.20). Water-induced lead precipitate formation reagents,246 

steric hindrance,247 ion-exchange materials, and high surface-area adsorbents 248 have been 

proposed to be incorporated in LHP solar panels.  

1.4.2 Safety and Sustainability 

Other than Pb toxicity, the lack of a robust, green processing technology for high-throughput 

production of efficient LHP optoelectronics (especially PSCs) on a large scale is still one of the major 

obstacles in their application and commercialization. For this reason, achieving scalable and 

sustainable fabrication of next generation perovskite-based devices is now at the top of the agenda 

for both academia and industry.249,250 Such a goal is very difficult to handle since it involves all the 

steps required from materials synthesis to the device fabrication.251 It is necessary both to develop 

greener synthesis and fabrication methods,252,253 as well as to verify and to control their impact on 

LHP film uniformity, defects and impurities, charge transport and recombination, and the device 

performance and stability.254 Moreover, the choice of solvent to use for LHP synthesis and 

processing is limited since lead halide precursors are scarcely soluble or insoluble in most solvents, 

and only non-polar or low-polarity solvents can be used as effective antisolvents during the 

antisolvents assisted crystallization method (Section 1.2.3). In fact, the most efficient solvents for 

preparing uniform LHP thin films such as polar, aprotic DMF, DMSO, and N-methyl-2-pyrrolidone 

are highly toxic and carcinogenic substances. 

Figure 1.20 Sketch of strategies for Pb capturing in failed PV devices. a) In-situ metal immobilization strategy for lead 
perovskite-based optoelectronics. b) Typical architecture of a carbon-stacked PSC in which the in-situ metal 
immobilization materials could be implemented in various configurations: c,d) into the transparent electrodes; e,f) into 
the photoactive layer; g,h) the non-transparent conductive electrodes.246 
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Although DMSO is less dangerous to handle, the high surface tension of LHP precursors-DMSO 

solutions results in wrinkled perovskite films, which deteriorate the device performance.255 γ-

Butyrolactone, another good candidate for the preparation of perovskite precursors solution, is a 

regulated chemical in many countries and its industry usage is restricted due its psychotropic 

effects. Also, the most used antisolvents, such as toluene and chlorobenzene are highly toxic and 

volatile, which are not suitable for large-scale fabrication and need to be replaced. For the selection 

of environmentally friendly solvents and antisolvents for fabricating high-quality LHP films three 

main aspects need to be carefully considered: the formation of a stable, homogeneous and high 

concentrated precursors solution, an uniform coating of the substrate, and the facile transformation 

to pinhole-free perovskite layers.254,256 Solvent properties like the dielectric constant, dipole 

moment, atomic charge, volume, and mass influence the solubility of lead halides perovskite 

precursors. The Hansen solubility parameters mode,257 based on dispersion, intermolecular dipole 

interactions, and hydrogen bonding between a solute and a solvent molecule, has been used to 

predict the dissolving ability of a solvent toward PbX2 powders.251 Moreover, to help chemists with 

the selection of sustainable solvents to use for their experiments, many pharmaceutical companies 

and institutions have brought out broad-ranging, data-rich solvent selection guides.258,259 Several 

solvent parameters were carefully evaluated for the safety, health, and environmental (SHE) 

hazards, such as flammability, explosibility, flash point, boiling point, biodegradability, 

carcinogenicity, mutagenicity, and reprotoxicity.  

Following this direction, much effort has been devoted to developing greener fabrication routes of 

LHP thin films in the last years, such as the preparation of environmentally friendly perovskite 

precursors solutions via solvent engineering,260 and the use of green antisolvents like anisole, 

methoxybenzene and ethyl acetate.261,262 Furthermore, the development of a novel molten salt 

approach opens up a new, versatile perovskite thin film processing concept that obviates the 

necessity of using toxic antisolvents or solvents commonly used in the fabrication of LHP inks.263,264 

Molten salts are characterized by high conductivity, wide electrochemical window, non-volatility, 

non-flammability, and excellent chemical and thermal stabilities.265 Remarkably, they also exhibit 

flowability, which enables the uniform spreading of the perovskite precursors solution on the 

substrate to form dense LHP layers. Very recently, an environmentally friendly RT molten salt, 

methylammonium acetate, was used to prepare high-quality perovskites in ambient atmosphere.266 

Methylammonium acetate is a green ionic liquid with high viscosity and negligible vapor pressure. 

The strong hydrogen bond interactions between methylammonium acetate molten salt forms and 



 Chapter 1 – The Breakthrough of Lead Halide Perovskites  

38 
 

LHP precursors lead to much more stable solutions than those obtained in DMF/DMSO. Additionally, 

the methylammonium acetate precursors solution contains a high concentration of uniformly 

distributed micelles, which favored a homogeneous crystallization of the lad halide perovskites. 

Subsequently, dense, pinhole-free perovskite layers were prepared by a simple one-step method 

with good reproducibility without the use of any antisolvent even at relative humidity over 80%. 

Thus, molten salt approach overcomes the limitations of traditional solvents. More importantly, the 

new fabrication routes are compatible with the scalable solution processing methods such as spray 

coating, inkjet printing, and slot die coating, which can effectively reduce the manufacturing cost of 

LHP devices. Different strategies to produce ETMs and HTMs in more-sustainable ways have been 

developed too, aimed to implement less-toxic, halogen-free, and dopant-free solvents.253,267,268  

Regarding low-dimensional LHPs such as NCs and QDs, recent developments in greener and RT 

synthesis and purification protocols have been proposed, closely evaluating the suitability of 

particular techniques for industry (Figure 1.21).252 Polar solvent-free RT methods have been 

developed, yielding to LHP NCs of comparable quality to high-temperature approaches.269 The initial 

weakly binding carboxylic acid/amine ligands have been replaced by strongly binding ligands such 

as quaternary ammonium halides, multidentate carboxylic-, phosphonic-, and sulfonic acids, and 

zwitterionic ligands such as long-chain soy lecithin.252,270 Highly branched “entropic” ligands could 

substantially enhance colloidal stability of perovskite NCs,271 so that highly concentrated dispersions 

of such NCs can be reliably stored/transported for long time. Moreover, given the current lack of 

Pb-free halide perovskite NCs with comparable properties of Pb-containing ones, researchers are 

getting more and more careful to ensure that all the other chemicals utilized to synthesize, purify, 

disperse and to deposit the LHP NCs are as safe and sustainable as possible. Cyrene represents an 

appealing alternative to DMF in the case of polar solvent route, while Limonene and p-Cymene 

represent attractive candidates to substitute toluene, the most common non-polar reaction media 

used both as reaction solvent and dispersing agents for LHP NCs. Regarding the purification step of 

nanocrystals, toxic Diglyme could be effectively replaced by Octanone and Isopropyl acetate.252  

All the achievements listed above have considerable practical relevance for the development of 

high-quality LHP materials by greener fabrication methods for optoelectronics. However, several 

challenges still need to be overcome. First, the replacement of toxic solvents by greener ones is 

limited to specific perovskite compositions, and further research is required to ensure the universal 

application of green solvents for preparing perovskite inks. 
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For instance, despite 2D Ruddlesden-Popper and Cs-doped/alloyed LHPs are outstanding candidates 

for many applications due to their very good stability (Section 1.4.1), further research is required to 

dissolve these perovskites using suitable green solvents and/or molten salts and to deposit them by 

coating or printing techniques compatible with roll-to-roll large-scale manufacturing processes.254 

Moreover, the crystallization thermodynamics of LHPs need to be in depth investigated to obtain 

large-scale high-quality thin films by sustainable processes.251,254 Second, since devices are expected 

to have a long working life (for instance ≥ 25 years for solar panels), reliability assessment is crucial 

for LHP devices by these new methods.272,273 The large grain size of the perovskites thin films 

prepared using greener antisolvents (such as ethyl acetate and methoxybenzene)274,275 can reduce 

the amount grain boundaries, thereby preventing the penetration of oxygen and water into the 

perovskite phase.276,277 In addition, molten salt-processed perovskites exhibit high stability, which 

can be attributed to the presence of fewer defects at the grain boundaries and surface 

passivation.266 However, the comprehensive effects of external stressors such as light, temperature, 

humidity, and interfacial reaction between the functional layers on the stability of PSCs need to be 

systematically investigated (Section 1.4.1). Since 2D or 2D/3D mixed LHPs are much more stable 

than 3D counterparts,184,278 such materials prepared by novel molten salt approach may provide 

robust perovskite-based devices due to improving in grain boundaries. 

Figure 1.21 Outline summarizing the recent progress (red) and future directions (green) toward commercially viable 
lead halide perovskite nanocrystals.252 
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2. Nanomaterials by Laser Ablation under Liquids 

The intrinsic properties of nanoparticles (NPs), even combined with other materials, disclose several 

applications where one can achieve miniaturization (e.g., of electronic equipment), weight 

reduction (e.g., an increased material efficiency) and/or improved functionalities of materials (e.g., 

higher durability, conductivity, thermal stability, solubility, reduced friction, selective molecular 

detection).1,2 Bottom-up and top-down procedures are the two approaches used for the synthesis 

of nanomaterials.3 The former methods, typically chemical, include a self-assembling process that 

leads to the formation of nanostructures.4 Instead, top-down approaches use macroscopic starting 

structures that are externally controlled by the processing down to nanostructures.5 Nanomaterials 

produced by laser–matter interaction usually follows the second approach and make them a hot 

research topic in material science, with applications ranging from quantum computers to cures for 

cancer.6–8  

Many studies, focused on the laser interaction with hard, soft, and smart materials, also look to the 

understanding of the fundamental mechanisms involved in laser processing.9 Such laser techniques 

for the production of nanomaterials also enable the processing of materials for energy 

applications.10–12 The characteristic of nanoparticles obtained by laser ablation in liquid/solution is 

their purity since they do not need stabilizing molecules or polymers because particles are charged 

and coulomb interaction among them makes stable their solutions.  Nowadays, the interest towards 

the pure and electrostatically stabilized nanocolloids is well recognized.8,13–15 Laser synthesis of 

colloids, powered by robust, high-power lasers, appears to be a key enabling process that is 

chemically clean and sustainable (since it usually operates in water or in organic liquids under 

ambient conditions),8,15 and appealing for industrial manufacturing of functional nanomaterials.  

Laser ablation of solid targets under a liquid medium (LAL, laser ablation under liquid) for usual 

syntheses and sometimes also LASiS (laser ablation synthesis in solution) when a controlled liquid 

phase composition is specified can be realized to fabricate nanostructures with various 

compositions (such as metals, alloys, semiconductors, oxides, hydroxides, carbides, and polymers) 

and morphologies (such as nanoparticles, nanocubes, nanorods, and nanocomposites).8,16 At the 

same time, it does not require the use of toxic, hazardous, or pyrophoric chemical precursors nor 

long reaction times, high temperatures, or multi-step chemical synthetic procedures for 

nanomaterial synthesis. Thus, LAL is an eco-friendly and laboratory safe method. Moreover, laser 
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post-irradiation of suspended nanomaterials can be applied to further modify their size, shape, and 

composition.17,18 Recently, LAL has been developed to prepare nanomaterials with special 

morphologies, microstructures, and phases, and to achieve one-step formation of various 

functionalized nanostructures in the pursuit of novel properties and applications. The method can 

be applied with an almost unlimited combination of target materials and solutions, leading to the 

direct synthesis of NPs in a medium of choice. 

The  generation of NPs with LAL brings some challenging aspects, such as the fabrication of NPs with 

a specific size and shape, the reduction of polydispersity and the increase of productivity.18 Despite 

some unsolved problems, several strategies have been proposed to overcome them. For example,  

the initial low productivity of LAL has been remedied, reaching NPs production rates of several 

grams per hour.19 In addition to LAL, Laser Melting in Liquids (LML), Laser Fragmentation in Liquids 

(LFL), and Pulsed Laser photoreduction/oxidation in Liquids (LPL) offer alternative routes to obtain 

colloids with controlled nanoparticles size.8 A list of abbreviations is reported in an appendix (pp. 

242) at the end of the dissertation. 

Together with the development of new strategies to increase NPs productivity, future efforts will 

be directed to further improve the surface properties of the NPs, since each application requires a 

different surface/interface chemistry. The nanomaterials used in the present thesis were produced 

by LASiS and, in this chapter, an overview of the fundamentals of pulsed laser ablation in solutions 

will be presente.20,21 The high complexity and multiple time-scale transient physics and chemistry 

typical of the laser ablation synthesis under a solvent will be remarked,22–24 providing some hints on 

promising applications of NPs by laser ablation in liquid.  

2.1 The Technique 

2.1.1 Basic Concepts of Laser Ablation under liquid 

From the invention of the first laser in 1960 by Maiamn on,25 lasers have been widely used in a range 

of science and technological fields, among which the laser-assisted fabrication of functional 

nanomaterials is one of the significant application. The ablation of the target material upon laser 

irradiation is a very complex process. The incident laser pulse penetrates the surface of the material 

within a certain penetration depth, depending on the laser wavelength and the refraction index of 

the target material and is typically in the range of 101 nm. The strong electrical field generated by 

the laser pulse is sufficient to quickly remove electrons from the bulk of the penetrated volume 
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(e.g., within 10 ps for a ns laser pulse).26 The free electrons oscillate within the electromagnetic field 

and can collide with the atoms of the bulk material, thus transferring some energy to the lattice. 

The irradiated surface is then heated up and vaporized.26 At a sufficient high laser flux, the material 

is typically converted to plasma containing various energetic species including atoms, molecules, 

electrons, ions, clusters, particulates, and molten globules at high temperature, pressure and 

density. Subsequently, the large pressure difference between the initial plasma seed produced by 

the laser beam and the liquid environment causes a rapid expansion of a plasma plume, which cools 

down, following a nearly adiabatic and transonic process.27 

The laser-target interaction can be designed in different environments to fabricate various 

nanomaterials. While first nanomaterials by laser ablation date back to 1965, when thin films were 

produced in vacuum chambers by pulsed laser deposition (PLD),28 laser ablation in liquid technique 

was firstly investigated only in the ‘90s.29 Since then, LAL has been developed into an important 

method to prepare metal, semiconductor, and even polymer NPs.18 LAL technique is somewhat 

different from other laser ablation approaches operating in vacuum or gaseous environments 

because the liquid medium both provides some effective controlling parameters for fabrication and 

greatly affects the morphology and microstructure of the products. Indeed, interesting shape and 

size modifications of NPs prepared by laser post irradiation have been observed.18 The amazing 

prospects emerging from the interaction of matter with light have inspired numerous research 

groups to focus their work on the laser generation and modification of NPs in liquid and on the 

properties and applications of nanomaterials produced by LAL.16 

2.1.2 Nanoparticles Formation Mechanism 

Laser ablation under liquid to produce nanostructures is based on the ejection of material by a laser 

pulse irradiating a solid target immersed in liquid. The laser-matter interaction and the consequent 

ablation are strongly dependent on the irradiance and the duration of the pulse, on the liquid, on 

the sample geometry and morphology as well as on the focusing condition. 18,22,30 For a general 

viewpoint of the complexity of the sequence of processes involved in NPs generation by ns-pulsed 

laser ablation under a liquid  one can consider the following time sequence: (i) laser ablation and 

plasma induction, (ii) energy exchange from plasma to the liquid and (iii) consequent generation of 

the cavitation bubble and release of particles from the bubble to the solvent (Figure 2.1).  
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Laser-Matter Interaction 

With respect to laser ablation in vacuum or gaseous environment,23 only a portion of the laser pulse 

reaches directly the target surface, while most of its energy is spent in electron heating by inverse 

bremsstrahlung.16 Differently to what can be observed in a gas medium, as a consequence of the 

water incompressibility, the ablated material is strongly confined and reaches high density. This 

effect decreases the penetration of the laser through the plasma during the initial stage of 

expansion, inducing the propagation of gradient of temperature in the plasma. Optical,  electrical  

and morphological properties of the target affect the initial interaction of the material with the laser 

pulse, and, for example, a metallic target needs lower ablation irradiance with respect to a 

semiconductor one. If an irradiance well above the breakdown threshold is used the LAL can be 

assumed congruent, and similar plasma behavior can be observed. The mechanisms concerning the 

evolution of the ejected material after laser ablation are strongly correlated to the duration of the 

laser pulse. 

Figure 2.1 Schematics of the laser ablation in liquid process at different timescales. The time frames give an insight into 
the different characteristic times of the main physical process in laser ablation in liquid-phase for fs- and ns-laser pulses: 
(i) energy transfer from the laser-excited electron gas to the lattice (100 ps), (ii) phase transition of the target (> 102 ps), 
(iii) plasma lifetime (100 µs), and (iv) bubble lifetime (102 ms).22 
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Ideally, with a laser pulse duration < 101 fs (Figure 2.1 a), the effect of the interaction of the laser 

pulse with the ejected material can be neglected and the evolution of the ablated material can be 

investigated with atomistic models.31 On the contrary, when the laser pulse is long and interacts 

with the ablated material, as in the case of ns-pulses (Figure 2.1 b), further ionization and electron 

heating can be expected and the role of plasma becomes dominant. In these cases kinetics models 

coupled with fluid dynamics are required for a full description of the phenomenon.32 

The Plasma Phase 

The plasma phase plays an important role, in particular for ns-pulses. Laser Induced Plasma (LIP) in 

liquid can be temporally and spatially investigated by Optical Emission Spectroscopy, which allows 

to estimate plasma parameters,33–35 such as density and temperature, as well as to observe the 

features of plasma dynamics (Figure 2.2). From OES measurements it was observed that in the core 

of the plasma there is a decrease in temperature. 36,37 As a matter of fact, the high pressure of the 

plasma under liquid confinement condition allows the condensation of the materials at higher 

temperatures than those in standard condition. This observation indicates that NPs can be formed 

in the bulk of the plasma and not only at its borders where the plasma quickly cools because of the 

rapid exchange of energy with the surrounding liquid.38 Interaction between plasma and liquid 

phases may result in the appearance of unusual phases since products quickly quench from very 

high temperatures.39–41 Considering that the material at plasma borders condensates in particle and 

that this region is out of equilibrium, particles with various sizes and shapes can be formed. 

On the contrary, particles formed in the bulk of the plasma, where thermodynamic equilibrium 

between  growth and evaporation is present, are characterized by a spherical shape with a narrow 

size distribution. The growth mechanism of nanoparticles in the plasma phase during ns-pulsed LAL 

has been investigated with theoretical models, in which the competition between thermodynamic 

condensation and electrostatic growth has been investigated.36 The results suggested that as soon 

as small clusters are formed, they attract electrons in the ps timescale, because of the high-density 

gradient at the initial stage of laser ablation. Consequently, the particles become negatively charged 

and attract positive ions present in the plasma. Electron charging and ion attraction allow the 

particles to grow until the growth rate is balanced by the evaporation process due to the high plasma 

temperature (4000÷6000 K).16,24 In this scenario, the equilibrium between electrostatic growth and 

evaporation determines the nanoparticles dimensions and induces their typical spherical shape 

observed in the LAL process. It has been recently shown that the charging effect of the plasma is 
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involved also in the subsequent steps of LAL process.42,43 In fact, when particles exit the plasma, 

they still show an excess of electrons. This charge (in the order of a few nC for the entire NPs 

produced per laser pulse), allows the repulsion between the particles and preserves the NPs from 

massive aggregation.  

The Cavitation Bubble 

The fast transfer of energy from the plasma to the surrounding water induces the formation of a 

thin layer of vapor around the plasma border with high temperature and high pressure. To reach 

the equilibrium with the liquid, the vapor expands, producing a cavitation bubble (Figure 2.3).44,45 

The bubble quickly expands (101 µs) until it reaches the equilibrium with the surrounding liquid. Due 

to the fast expansion, the liquid at the border of the cavitation is compressed and when the pressure 

of the bubble reaches its minimum, at the maximum of the expansion (102 µs), the bubble is 

compressed, and its shrinking stage begins. During this stage, the bubble increases its pressure again 

and impacts the target, eventually pushing back the material to the target surface (Figure 2.3 a-f). 

There are several models and simulations describing the evolution of a laser-induced bubbles that, 

although not considering the interaction of laser-induced plasma with the vapor inside the bubble, 

they provide acceptable qualitative description of the cavitation bubble evolution.46,47 As a result of 

the charging effect on the NPs produced in the plasma phase, the nanoparticles clouds expand as 

well due to the electrostatic repulsion. If the NPs store enough charge immediately after the plasma 

stage, the induced electrostatic pressure can be higher than the pressure at the liquid/vapor 

boundary. Consequently, NPs exit the cavitation bubble and enter the solution. 

Figure 2.2 a) Image of a laser-induced plasma on a metallic target immersed in water acquired with ICCD camera (Elaser 
= 270 mJ, laser crater size = 1 ± 0.2 mm, λlaser = 532 nm, pulse duration = 6 ns, flaser = 10 Hz, delay time = 40 ns). b) 2D 

temperature map of plasma temperature calculated with data processing.34 
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This phenomenon has been recently investigated in detail in and it has been found that the two 

main streams of NPs ejection occurs (i) immediately after the beginning of the expansion phase and 

(ii) between the collapsing stage and the bubble rebound (Figure 2.3 f).42  Spherical small NPs (10÷20 

nm) are not the only one produced. In terms of mass, the fraction of material converted in this kind 

of nanoparticles is a minor component. Big NPs (102 nm) can be the result of aggregation of smaller 

spherical NPs during the collapse stage of the cavitation bubble and the NPs that are not ejected 

can remain trapped in the bubble and are compressed (because of the high pressure of the collapse 

stage), rearranging in aggregates. Finally, as an intrinsic result of the laser ablation, debris of several 

hundred of nm (102÷103 nm) can be found at the bottom of the ablation cell.   

2.1.3 Control of Size Distribution 

Under laser ablation in liquid, particles in the suspension can transform into smaller sized particles 

of same or different shape, phase, and composition.48–50 Two mechanisms were proposed for the 

resizing/reshaping of the nanostructures and/or their surface modification using laser irradiation in 

liquid media.18 The former is the so-called laser-induced photothermal melting/evaporation 

mechanism, in which the laser induces melting and/or vaporization of particles into atoms or 

molecules,8 which then rearrange into smaller nanostructures with the same/different shapes and 

crystal structures depending on the experimental conditions.51–53 In these situations, the 

melting/vaporization of metal NPs suspended in liquid media provides an efficient pathway for the 

synthesis of alloy NPs. In fact, the irradiation of a mixture of two or more colloids of elemental NPs 

can melt or vaporize them, thus making the formation of their alloys possible upon condensation.  

Figure 2.3 (left) Schematic illustration of the energy loss mechanisms of the laser beam during ns-pulsed laser ablation 
in liquid while leaving a trace on the moving target.44 (right) Schematic diagrams of cavitation bubble dynamics during 
laser ablation of a metal target under water at: a) laser irradiation, b) bubble generation, c) maximum size, d) shrinking, 
e) collapse, and (f) rebound.45 
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The other mechanism is the laser-induced coulombic explosion, which involves ejection of 

photoelectrons or thermal electrons from the surfaces of the target nanostructures, leaving positive 

charges behind on the surface.8 The induced surface charges develop electrostatic repulsion 

between different parts of the primary particles, thus causing the consequent fragmentation of a 

single particle into several smaller ones.48,54,55 The experimental conditions to switch between the 

two mechanisms are quite different (Figure 2.4).8 The melting-evaporation mechanism requires a 

high laser irradiance, which can make the temperature of the particle suspension higher than its 

boiling point. The laser-induced coulombic explosion mechanism requires a matching of the laser 

wavelength with the work function of the target material to eject photoelectrons.16 Fragmentation 

with laser photon energy less than the work function can be induced by picosecond or femtosecond 

laser pulses, in which laser intensity can be high enough to allow multiphoton ionization. Recent 

theoretical investigations suggested that coulomb explosion is dominating for fs laser irradiation, 

while thermal evaporation occurs for ns laser one, even at small excitation wavelength (e.g, 355 

nm).49,56  

Other processes to functionalize and control size and/or morphology of NPs produced by laser 

ablation were investigated, such as the application of external electromagnetic fields,57,58 the 

addition of electrolyte solutions,59 surfactants,60,61 polymers,62,63 and/or biomolecules64 to the liquid 

in which the ablation occurs. In the next chapters synthesis of NPs by laser ablation only in pure 

liquids and these alternative routes are beyond the scope of this discussion. However, even if 

nanoparticles by LAL are referred as ligand/surfactant-free, one should recall that a surface 

chemistry is possible with, for example, oxidations or surface interactions with the solvent 

molecules.8 Such a surface chemistry can be important since it influences, for example, the stability 

of the colloidal solution, which, for many applications, is an important  property of the produced 

Figure 2.4 Schematic illustration of size-reduction and fragmentation mechanisms of NPs in a colloidal solution.8 
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solutions.65,66 At present, a definite protocol, to realize performance-oriented colloidal synthesis, 

and related processing to prepare more isochronous surface modification of metal and 

semiconductor NPs is still not defined. The latter is an urgent request of modern manufacturing 

based on laser ablation to make possible in-situ engineering, thereby opening the way for the 

fabrication of functionalized nanostructures. 

2.1.4 Reactive/Non-Reactive Laser Ablation in Liquid 

Laser ablation in liquid can be divided into two main methodologies: non-reactive and reactive LAL.18 

The former implies that there is no reaction between the ablated species and the surrounding liquid 

medium, and thus the formed nanostructures have the same composition as the applied targets. 

This is the most basic configuration for LAL process and has been extensively exploited.59,67 Silver, 

gold, and platinum metals have low reactivity so that the laser ablation of these metals in most 

liquids is very likely to generate their corresponding elemental NPs.63 The LAL of more reactive metal 

targets (such as Zn, Cd, Cu, Ti, Al, Mg, Pb, and Fe) usually generates compound NPs through the 

reaction of a created plasma with the liquid. However, if the generation rate of the plasma species 

is high and the time for their clustering into particles is small, then the reaction between the species 

inside the plasma dominates over the reaction between the plasma species and liquid medium at 

the plasma/liquid interface. Under such conditions, active metal particles68 or active metal 

core/metal compound shell particles69 are produced by non-reactive LAL.  

On the other hand, reactive LAL implies reactions between the ablated species and the liquid 

medium, and thus the formed nanostructures have a different composition from that of the targets. 

Obviously, this greatly expands the product composition spanning oxide, hydroxide, carbide, sulfide, 

nitride, and composite nanostructures that can be smartly designed via the reaction between 

selected targets and liquid media. Laser induced plasma from a target material can heat the 

surrounding liquid medium turning it to plasma state, and the two plasmas can react intensely to 

form metal compound nanostructures. The LAL of active metals in water or alcohols produces their 

hydroxides as the primary product.70,71 These hydroxide seeds then either become dehydrated into 

oxide by losing water through hydrothermal reaction processes,72 or become clustered to form 

hydroxide NPs.73 Moreover, the simultaneous flow of oxygen in the close vicinity of a laser-produced 

plasma plume can modify the final products by increasing the oxygen content in the NPs, 

oxide/hydroxide ratio in nanocomposites, and the NPs crystallinity, while decreasing the NPs 
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dimension and sharpening their size distribution.73,74 It is worth to report that, irrespective of the 

liquid media used, smaller NPs were shown to incorporate higher concentration of impurities.75 

Besides metal and metal compound NPs, LAL approach has also been applied to fabricate 

nanostructures with more complex structures.18 The technique showed potential as a relatively 

simple, versatile, and promising technique for the synthesis of diverse nanostructures with different 

chemistries and morphologies, hollow and core/shell NPs,76,77 heterostructures,78 1D nanowires,79 

2D layered nanocomposites,80 and the nanoarchitectures derived from them.81  

2.1.5 Relevant Applications 

Many applications have been developed starting from nanoparticles obtained by LAL; those 

relevant to the present thesis are reported in the following paragraph.  

Semiconductor NPs for Luminescence Applications 

Laser ablation in liquid has been widely applied for the fabrication of luminescent semiconductor 

NPs, which have attracted much attention due to their broad range of interesting 

applications.8,50,82,83 Because of the possibility of non-equilibrium thermodynamic situations present 

in the LAL process (transient plasma process with high temperatures and pressures, ultrafast 

chemical reactions, high-rate thermal quenching), high-density defects, uncommon micro-

structures, and metastable phases have been often reported for LAL-generated NPs.84 That is why 

semiconductor NPs, such as ZnO, Si, SiC, and W2C, prepared by this technique have been reported 

to exhibit unique photoluminescence properties that are different from those observed from NPs 

by conventional methods.85–87 The strong violet photoluminescence peaks (425 nm) of Zn/ZnO 

core/shell NPs prepared by LAL is an example.88 Indeed, while the most typical emission of ZnO 

appears as a green band (520-550 nm), the ZnO emission in the violet-blue spectral range is very 

rare and indicates the existence of unusual defect states due to unique features of LAL as synthetic 

method. The violet-blue light emission demonstrated by the LAL-generated Zn/ZnO NPs and the 

possibility to tune their emission properties within a large spectral range by changing laser ablation 

parameters make such materials very beneficial for applications in light emitters, display devices, 

and biological labelling.8,16,18 Alternatively, LAL can be used to fabricate doped and complex highly 

luminescent oxide NPs (such as sesquioxydes, oxysulfides, silicates, and tantalates)87,89 due to the 

strong ablating ability of laser beam, very useful for applications such as biolabeling or 

anticounterfeit marking.90 Importantly, hybrid inorganic/organic LED made of Si QDs by LAL has 
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shown outstanding performance, with current and optical power densities about 300 times those 

of such devices reported previously.91 More recently, laser ablation in liquid was applied to lead 

halide perovskite materials for LED and solar cell applications, 92–95 confirming the technique as a 

viable and sustainable top-down approach to produce NCs of these promising and innovative class 

of semiconductors. More details will be provided in Chapter 6. 

Other Applications 

Bioconjugated NPs have attracted increasingly more attention as convenient and relevant analytical 

tools for biological and medical applications. If certain surfactants, polymers, or biomolecules are 

added into the liquid medium, both during (in-situ) or after (as post-treatment) laser ablation in 

liquid, the conjugation onto NPs surface can be easily realized.63,64 In this way, many applications 

can be explored by attaching different molecules/species to the naked surface of NPs such as cell 

targeting,96 for sensing and diagnosis,97 for drug monitoring,98 and also for photothermal therapy.99 

In addition, theragnostic nanosystems can be obtained by multiple functionalization approaches.16 

Thanks to its high selectivity and sensitivity, surface enhanced Raman scattering has rapidly grown 

as a powerful tool to detect chemical and biomolecule traces for the environmental pollution 

monitoring.100,101 In this context, because of their purer surfaces, noble metal NPs prepared by LAL 

were demonstrated to perform better as components of surface enhanced Raman scattering active 

substrate when compared with their chemically obtained counterparts, also showing a good 

reproducibility.52,102 

In addition to the above-mentioned applications, various LAL-generated nanostructures can also be 

used in photocatalysis,103 reduction of heavy metal ions,104 gas sensing and ferromagnetic 

response.105,106 One of typical problems faced in catalytic applications of transition metal NPs is their 

instability towards aggregation and formation of larger particles, which changes the catalytic 

properties or even can lead to inactive materials. Very importantly, higher colloidal stability of 

transition metal NPs by LAL can solve the issues of nanoparticles aggregation.107 Moreover, since all 

materials suitable for fluorescent, photoconductive, or energy harvesting applications, as well as 

those used in batteries108 or as bone implants,109  can be converted into their NPs via the laser 

ablation of their pellets or via the laser-induced melting and fragmentation of liquid suspended 

powders, LAL technique has the potential to prepare nanomaterials for a very wide range of 

applications (Figure 2.5).16  
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2.2  Scaling/Control Factors for Laser Ablation under Liquids 

Applications usually need enough colloidal solutions and the parameters for the productivity of 

these solutions need to be well understood. LAL process parameters are adjustable and related to 

the laser (ablation time, laser irradiance, and repetition rate), the optical setup (in particular the 

laser focusing), the ablation chamber (where the liquid over the solid and/or the total volume are 

relevant parameters to evaluate), the fluid flow elements (if present), and the liquid environment 

(density, surface tension and viscosity).16,110,111 The concentration of suspended NPs and the 

dynamics of cavitation bubble generated by the laser pulse are also other important parameters to 

take into account.18 Since the relatively low product yield is one of the main disadvantages 

associated with LAL, NPs productivity need to be optimized. The latter is defined as the volume of 

product achieved in a defined irradiation time (considering energy efficiency, additional reference 

values like the laser power become relevant as well). The only, obvious solution for scaling up LAL-

based synthesis is to optimize the synthesis to get enhanced output. In literature, ablation rate is 

frequently used for productivity comparisons and corresponds to the loss of target volume achieved 

in a defined irradiation time. A process is defined with the input parameters and characterized by 

an output, namely the NPs and their colloidal solutions. In Figure 2.6 is reported a scheme for 

recalling the relevant parameters to take into account in a LAL process.16 Some of them will be 

elucidated in the following sections.  

Figure 2.5 Schematic of fundamentals and up-scaling applications of NPs produced by laser ablation in liquid.16 
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2.1.1 Laser Wavelength 

The laser wavelength essentially influences the ablation rate.112,113 All studies agree, independently 

from the ablated material, that the chosen liquid and the used laser pulse duration led to higher 

ablation yields by using IR laser light compared to UV or Vis. Such difference in productivity is most 

likely caused by NP-induced shielding due to Rayleigh scattering,114 which indeed depends on laser 

wavelength. The NPs absorption cross-section is strictly correlated to wavelength too. For instance, 

NPs of nearly all metals have higher absorption cross-section at UV or Vis wavelengths compared to 

IR one.115 The above wavelength dependences are strongly indicated by the smaller NP diameters 

observed at shorter applied wavelengths,113,116 which may be the result of fragmentation induced 

by subsequent laser pulses during LAL. 

By comparing the concentration of NPs produced by LAL at different process times for IR and Vis 

wavelengths and three different metals it was shown how the respective ablation yield was similar 

for both wavelengths at short process times, while it increased differently with time or NPs 

concentration, although less strongly at short wavelengths.117 These results clearly demonstrate the 

shielding effect of the colloidal NPs. Moreover, the individual light absorption properties of bulk 

materials influence the number of absorbed photons of different wavelengths and provide 

optimums for high ablation rates. However, the optical properties of an irradiated surface 

significantly depend on its temperature,118 roughness,119,120 and oxidation state/degree,121 which 

change differently during LAL and strongly depend on the ablated material. This limits the a priori 

choice of the most productive wavelength for LAL according to the standard light absorption 

spectrum of the material to be ablated. 

Figure 2.6 Graph highlighting the dependence of process parameters relevant to LAL up-scaling.16 
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For example, it may be concluded that higher ablation rates for metals generally occur at UV laser 

wavelengths due to their inter-band absorption.16 However, the productivity at Vis and IR 

wavelengths can be comparable. This can be understood considering the strong dependence of the 

ablation on the laser pulse duration (Figure 2.7 a) and on high colloidal concentrations with higher 

absorbance and/or scattering at short wavelengths  (Figure 2.7 b). The two conditions lead to a small 

dependence of the productivity on the laser wavelength. It should be also noticed that, for 

semiconducting and dielectric materials, the initial ablation rate in absence of a light-extinction 

colloid can be higher at red and near IR wavelengths under specific conditions due to differences in 

the ablation mechanism compared to metals.122,123  

2.1.2 Laser Fluence 

The laser fluence or energy density describes the pulse energy penetrating the area of the effective 

laser spot on the surface of the ablation target. A variation of the laser fluence may be realized by 

either varying the pulse energy,124,125 or the spot area via the working distance (Figure 2.8 a,b).116,126 

Different results by both procedures can occur due to variations of the beam propagation within 

the liquid phase. Furthermore, the distribution of the laser energy density in the spot of a Gaussian 

beam changes. The ablation yield in liquid, as well as in a gaseous environment, follows a logarithmic 

growth when increasing the laser fluence of fs-,127 ps-,128 and ns-pulses (Figure 2.8 c).129 The onset 

of the saturation occurs at lower laser fluences for shorter laser pulse durations,127 which may be 

due to higher laser intensities and the related optical breakdown of the liquid. The lowered thermal 

impact on the material, and therefore stronger independence of laser penetration depths and 

fluence at shorter laser pulse length, may also play a role here. In addition, the type of the ablated 

material influences the onset of the saturation in the ablation rate by different laser fluence 

Figure 2.7 Schematic of the laser ablation of metals in liquids at different wavelengths a) in absence and b) in presence 
of colloidal particles (equal fluences were assumed for all cases). C) Diagram demonstrating the effect of an increasing 
colloidal concentration on the NPs productivity in LAL at different wavelengths (linear scales for both axes).111 
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thresholds and penetration depths.129,130 The conventional definition of productivity in LAL (volume 

ablation per time) can also be related to the applied laser energy. This extended definition allows 

an assessment of the energy efficiency, which seems reasonable from an economic and ecological 

point of view. Both theoretically and experimentally studies demonstrated that a maximum energy 

efficiency of pulsed laser ablation is reached at an optimum fluence, which depends on the material-

specific threshold fluence of laser ablation.131,132-  

2.1.3 Laser Pulse Duration 

The mechanism of laser ablation crucially depends on the pulse duration (Figure 2.9). The influence 

of moderate fluences on the ablation rate of metals in gaseous atmosphere can be well described 

by the two-temperature model for femtosecond and picosecond pulses,133 and by a simple 

evaporation model at longer durations.132 Extensions and refinements of the two-temperature 

model even allow accurate predictions of the ablation rate in the femtosecond-pulsed laser ablation 

of dielectrics.134 Exchanging the gaseous ambient by a liquid causes a more intense cooling of the 

ablation target and of the LIP, which may affect the ablation process but should neither change the 

principal ablation mechanism nor invalidate the describing models. In principle, if a wide-range 

variation of the pulse duration would be possible (keeping the pulse energy constant), a more 

effective use of the energy of single laser pulses should occur at shorter pulse durations due to the 

reduced heat loss. However, the optical breakdown of the liquid in front of the ablation target, as 

well as non-linear optical effects such as the optical Kerr leading to filamentation limits the 

applicable fluence stronger at shorter laser pulses due to their higher intensities.16 Interestingly, it 

was observed a decreasing ablation rate at an increasing pulse duration during the ns-pulsed laser 

ablation of copper in water (Figure 2.9 c),135 although this effect did not occur during laser ablation 

in air. 

Figure 2.8 Illustration of laser ablation of metals in liquids at different fluences varied by a) the pulse energy and b) 
the working distance. c) Diagram demonstrating how the fluence variation caused by different spot sizes (assuming a 
Gaussian beam profile) affects the NP productivity in the high-fluence regime. Axes scale linearly.111 
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This finding confirms the origin of a negative impact of an increasing pulse duration on the ablation 

rate in the presence of the liquid environment. In another study, the absolute and power-specific 

productivity of laser ablation of gold in water was compared for different laser systems,136 applying 

LAL in a liquid flow and with sufficient laser scanning to limit shielding effects. The results showed 

that even though the absolute productivity was the lowest for the low-power laser system, power-

specific productivity was much higher compared to the other systems. Noticeably, while ablation 

rate was found to decrease by increasing the pulse duration in the fs time regime,137,138 the 

threshold fluence for ablation rate becomes constant in the ns timescale.139 Moreover, ablation 

rates become independent from the optical penetration depths using ns-pulses due to the more 

thermal ablation mechanism.140 The thermal nature of the laser ablation intensifies at even longer 

pulse durations. Heat losses get more dominant, and the ablation rate is consequently reduced in 

these conditions.141 In addition, the lifetime of the laser-induced plasma and the pulse duration act 

on a comparable time scale for laser pulses longer than 10÷100 ns, which intensifies a self-induced 

plasma shielding of single laser pulses. In conclusion, an optimum in the pulse duration for achieving 

a maximized ablation rate in LAL exists. It is probably located in the order of picoseconds.124 As the 

productivity limitation at lower pulse durations stems from the optical breakdown of the liquid, the 

optimum of the pulse duration strongly depends on the laser intensity, wavelength, and the liquid.  

2.1.4 Laser Intensity 

Since there is a tight connection between laser intensity, laser fluence and pulse duration, a 

differentiation between each contribution is difficult. The optical breakdown of the liquid 

environment, which may significantly reduce the ablation rate, is usually related to the laser 

intensity. Additionally, self-focusing of the laser beam may be induced by the optical Kerr effect and 

Figure 2.9 Illustration of the laser ablation of metals in liquids at different pulse durations neglecting non-linear effects. 

a) Thermal losses and b) self-shielding by plasma of pulses of different duration regimes. c) Diagram showing how the 

coupling constant of electrons and phonons affects the NPs productivity in LAL, depending on the laser pulse duration 

(y-axis scales linearly). A change in coupling constant was assumed to have no influence on other material properties.111 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

75 
 

consequently increase the laser intensity. This may promote filamentation of the laser beam or an 

optical breakdown of the liquid. However, the intensity thresholds needed for the optical 

breakdown and the filament formation in liquid are comparable for fs-pulsed laser radiation.142 For 

ps-pulses, the intensity threshold for filamentation is generally much higher than for the optical 

breakdown and becomes comparable only at low focusing angles.143 

Due to higher electron densities, plasmas induced by ns-laser pulses more effectively shield later 

irradiation than plasmas induced by ps- or fs-pulses (Figure 2.10 a).144 The intensity threshold for 

the optical breakdown of the liquid environment further depends on the chemical nature and the 

purity of the liquid (Figure 2.10 b). In the case of linear hydrocarbons, it was found a decrease in the 

breakdown threshold for an increasing chain length or molecular weight using IR, ns-pulses.145 This 

is probably due to the increasing absorption cross-section of the hydrocarbons. The threshold 

intensities for the optical breakdown of different hydrocarbon aromatics at IR, nanosecond pulses 

are in the range of 25-50 kJ/cm2.16,146 Regarding impurities, it was demonstrated how particulate 

impurities in water and different alcohols act as seeds for the plasma formation in the laser-induced 

optical breakdown of the liquids.147 In addition, the presence of soluble species also significantly 

reduces the intensity threshold of a liquid for its breakdown.148,149 It must be assumed that NPs act 

as solutes or impurities in this context. In summary, the optical breakdown of the liquid environment 

in absence of an ablation target must be excluded for the applied laser parameters in LAL. Thereby 

it needs to be considered that colloidal particles and dissolved species reduce the breakdown 

threshold. Therefore, it should always be checked if an optical breakdown of the liquid occurs during 

LAL.  

Figure 2.10 Illustration of the optical breakdown of the liquid during the laser ablation of metals in liquids at different 
intensities, neglecting non-linear effects. Dependence of the occurrence of the optical breakdown on the a) laser pulse 
duration and b) on the colloid concentration.111 
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2.1.5 Spatial Inter-Pulse Distance 

The interaction of laser pulses with laser-induced plasma, bubble and particle species limits the NPs 

production in LAL. Whereas the shielding of a laser pulse by the self-induced plasma can only be 

reduced by using shorter pulse lengths, shielding effects induced by previous laser pulses can be 

reduced procedurally. The strategy is to spatially separate successive laser pulses by adjusting the 

interplay of the laser spot size, the scanning speed (moving target) and the pulse repetition rate to 

avoid shielding caused by the previous pulse (Figure 2.11).125–127,150,151 Regarding ns-pulsed IR laser 

ablation in liquid, it was found that LAL productivity can be increased by reducing the spatial overlap 

of successive laser pulses by increasing the scanning speed.125 The maximum productivity is reached 

at a specific inter-pulse distance achieving a full pulse separation, while a linear decrease in 

productivity was observed at higher distances. The thermal heating of the ablation target also 

influences the optimal inter-pulse distance.16  

2.1.6 Liquid Environment 

The relative motion,152 layer height,124,153 and physicochemical nature113,154 of the liquid 

environment influence the productivity in LAL (Figure 2.12). A flowing liquid homogenizes the LAL 

products compared to a static fluid environment.137,138 Despite the productivity of LAL can be 

optimized by varying the flow velocity of the liquid,19 a dilution of the colloid must be accepted in 

parallel if LAL is applied continuously. The increase in productivity is probably caused by a faster 

transport of shielding species away from the ablation zone and an overall reduction of the 

concentration of shielding species. Consequently, the improvement of the productivity must 

saturate at a specific flow rate. Interestingly, the height of the liquid layer on top of the ablation 

target also has an impact on the productivity.124,155 

Figure 2.11 illustration of a) a too short and b) an optimum inter-pulse distance during laser ablation of metals in liquids. 
c) Diagram showing the relative effects of different laser pulse durations on the dependence of the productivity on the 
inter-pulse distance (both axes scale linearly).111 
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Confinement effects are assumed to be a reason for the generally higher productivity at lower liquid 

layer heights (e.g., shock waves generated in the ablation process could be reflected to the target 

from the liquid/air interface). In addition, the experimental implementation must also be 

considered. Especially for long ablation times and batch setups, the exponential absorption of the 

laser radiation by the nanoparticle colloid, described by the Beer–Lambert law, will be much 

stronger at high liquid levels. The compensation of the change in beam propagation induced by the 

refraction at the air/liquid interface is also important when changing the liquid layer height.131 The 

productivity-limiting effect of explosive vaporization of the liquid at a critical minimum of the liquid 

layer height must also be considered.156 The impact of the physicochemical nature of the liquid on 

the LAL yield is more complex. By comparing the ablation rate in the ns-pulsed, IR laser ablation of 

metals in different solvents at similar laser fluences, similar ablation rates were found in some 

solvents such as alcohols and acetone, while very different in others such as ethylene glycol and n-

hexane.157,158 The fundamental reasons for those differences in productivity remain unclear.  

However, the reduced productivity could be correlated to intensified shielding of the laser beam by 

persistent bubbles.153 The size and dwell time of cavitation bubbles depend on the viscosity of the 

liquid. Consequently, a higher viscosity promotes shielding and reduces the ablation rate. However, 

some low-viscous liquid (e.g., ethyl acetate) does not follow trend. Other factors such as the vapor 

pressure or the specific heat of vaporization should be considered to make the shielding by 

persistent bubbles more predictive.16 In addition, no significant difference was found in the 

ablation-effective spot diameter and the amount of reflected laser energy. However, the plasma 

radiation in different liquids qualitatively mirrored the productivity. To summarize, the productivity 

of LAL can be improved by applying a liquid flow, by choosing a low liquid level, and by performing 

Figure 2.12 Illustration of the effect of a) the liquid flow rate and b) the liquid layer height on the productivity in the 
laser ablation of metals in liquids. c) Diagram showing the relative effects of different liquid layer heights on the 
dependence of the productivity on the volume flow rate (both axes scale linearly). Continuous lines show the effect of 
lower liquid layer height on the productivity, while dashed line shows the effect of a too low liquid layer height 
compared to the solid line, respectively.111 
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LAL in water. In specific cases, water undesirably alters the properties of the NPs, for instance, by 

oxidation. Low-viscous organic solvents like ethanol or acetone represent the best alternatives in 

such a case.  

2.1.7 Target Geometry 

There are three dimensions to vary on the geometry of a bulk ablation target. By reducing single 

dimensions of a bulk to sizes comparable to the laser spot, the available target geometries include 

foils, wires, and particles. Many authors investigated the impact of the dimensional reduction of the 

ablation target on the productivity. A decrease in the productivity was observed when ablating 

metal foils with thicknesses < 0.1 mm immersed in aqueous solution,159 finding debris of the metal 

in the so-obtained colloids (Figure 2.13 a). LAL of wires led to ablation rates higher by a factor of 15 

if compared to the bulk target.160 A confinement of heat in the wire and differing cavitation bubble 

dynamics were named to cause the improved productivity (Figure 2.13 b).155 

In conclusion, a higher productivity of laser ablation in liquid can be accessed when ablating 

macroscopic metal targets compared to thin foils (Figure 2.13 c). However, the highest LAL 

productivity in ns-pulsed metal ablation should be achievable with wires due to heat confinement. 

An optimal wire diameter exists, probably in dependence on laser parameters. Heat confinement in 

the ablation target plays a minor role in ultrashort-pulsed laser ablation of metals, making wire 

ablation less advantageous in such conditions. 

Figure 2.13 Illustration of a) the effect of target thickness in the laser ablation of metals in liquids and b) the influence 
of laser pulse duration on the heat confinement in thin targets. c) Diagram demonstrating the relative effects of 
different laser pulse duration on the dependence of the productivity on the ablation target thickness (both axes scale 
linearly) The arrow and thinner line indicate the effect of longer pulse duration on productivity, while the vertical solid 
line in the center marks the penetration depths of the laser pulse into the target material.111 
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2.1.8 Other Relevant Parameters 

The amount of productivity-effective process parameters and variables in laser ablation in liquid is 

extensive and hard to cover due to the variety and the existing cross-dependencies between the 

parameters and variables. In addition, the relevant literature does not provide the data required for 

a productivity evaluation in a full-range parameter variation, not even for a single laser system. 

Furthermore, important studies on the impact of the pulse duration on the productivity investigated 

only one material and one liquid environment, in which neither scanning of the laser beam nor a 

liquid flow were applied.128 Other important aspects to consider are the limitations given by the 

equipment and the desired product. In the specific cases in which oxidation states or NPs size 

distributions are required, laser ablation probably needs to be performed at specific laser 

parameters and in a particular liquid. However, there is an optimum set of laser parameters of a 

specific laser system for each combination of ablation material and liquid environment. Ideally, this 

set is experimentally evaluated in each case productivity plays a major role. 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

80 
 

References 
 

(1)  Ealias, A. M.; Saravanakumar, M. P. A Review on the Classification, Characterisation, Synthesis of 
Nanoparticles and Their Application. IOP Conf. Ser. Mater. Sci. Eng. 2017, 263 (3), 0–15. 
https://doi.org/10.1088/1757-899X/263/3/032019. 

(2)  Neri, G.; Fazio, E.; Mineo, P. G.; Scala, A.; Piperno, A. SERS Sensing Properties of New Graphene/Gold 
Nanocomposite. Nanomaterials 2019, 9 (9), 1–13. https://doi.org/10.3390/nano9091236. 

(3)  Wolfsteller, A.; Geyer, N.; Nguyen-Duc, T. K.; Das Kanungo, P.; Zakharov, N. D.; Reiche, M.; Erfurth, 
W.; Blumtritt, H.; Kalem, S.; Werner, P.; et al. Comparison of the Top-down and Bottom-up 
Approach to Fabricate Nanowire-Based Silicon/Germanium Heterostructures. Thin Solid Films 2010, 
518 (9), 2555–2561. https://doi.org/10.1016/j.tsf.2009.08.021. 

(4)  Bera, D.; Qian, L.; Tseng, T. K.; Holloway, P. H. Quantum Dots and Their Multimodal Applications: A 
Review. Materials (Basel). 2010, 3 (4), 2260–2345. https://doi.org/10.3390/ma3042260. 

(5)  Benjamin Damilano, Pierre-Marie Coulon, Stéphane Vézian, Virginie Brändli, Jean-Yves Duboz, J. M. 
and P. A. S. Top-down Fabrication of GaN Nano-Laser Arrays by Displacement Talbot Lithography 
and Selective Area Sublimation. Appl. Phys. Express 2019, 12, 045007–045012. 
https://doi.org/10.7567/1882-0786/ab0d32. 

(6)  Kuzmin, P. G.; Shafeev, G. A.; Bukin, V. V.; Garnov, S. V.; Farcau, C.; Carles, R.; Warot-Fontrose, B.; 
Guieu, V.; Viau, G. Silicon Nanoparticles Produced by Femtosecond Laser Ablation in Ethanol: Size 
Control, Structural Characterization, and Optical Properties. J. Phys. Chem. C 2010, 114 (36), 15266–
15273. https://doi.org/10.1021/JP102174Y. 

(7)  Szefler, B. Nanotechnology, from Quantum Mechanical Calculations up to Drug Delivery. Int. J. 
Nanomedicine 2018, 13, 6143–6176. https://doi.org/10.2147/IJN.S172907. 

(8)  Zhang, D.; Gökce, B.; Barcikowski, S. Laser Synthesis and Processing of Colloids: Fundamentals and 
Applications. Chem. Rev. 2017, 117 (5), 3990–4103. https://doi.org/10.1021/acs.chemrev.6b00468. 

(9)  Malinauskas, M.; Žukauskas, A.; Hasegawa, S.; Hayasaki, Y.; Mizeikis, V.; Buividas, R.; Juodkazis, S. 
Ultrafast Laser Processing of Materials: From Science to Industry. Sci. Appl. 2016, 5, e16133–e16146. 
https://doi.org/10.1038/lsa.2016.133. 

(10)  Petridis, C.; Savva, K.; Kymakis, E.; Stratakis, E. Laser Generated Nanoparticles Based Photovoltaics. J. 
Colloid Interface Sci. 2017, 489, 28–37. https://doi.org/10.1016/j.jcis.2016.09.065. 

(11)  Zang, X.; Jian, C.; Zhu, T.; Fan, Z.; Wang, W.; Wei, M.; Li, B.; Diaz, M. F.; Ashby, P.; Lu, Z.; et al. Laser-
Sculptured Ultrathin Transition Metal Carbide Layers for Energy Storage and Energy Harvesting 
Applications. Nat. Commun. 2019, 10. https://doi.org/10.1038/s41467-019-10999-z. 

(12)  Xie, B.; Wang, Y.; Lai, W.; Lin, W.; Lin, Z.; Zhang, Z.; Zou, P.; Xu, Y.; Zhou, S.; Yang, C.; et al. Laser-
Processed Graphene Based Micro-Supercapacitors for Ultrathin, Rollable, Compact and Designable 
Energy Storage Components. Nano Energy 2016, 26, 276–285. 
https://doi.org/10.1016/j.nanoen.2016.04.045. 

(13)  Tsuji, T.; Yahata, T.; Yasutomo, M.; Igawa, K.; Tsuji, M.; Ishikawa, Y.; Koshizaki, N. Preparation and 
Investigation of the Formation Mechanism of Submicron-Sized Spherical Particles of Gold Using 
Laser Ablation and Laser Irradiation in Liquids. Phys. Chem. Chem. Phys. 2013, 15 (9), 3099–3107. 
https://doi.org/10.1039/C2CP44159D. 

(14)  Pyatenko, A.; Wang, H.; Koshizaki, N.; Tsuji, T. Mechanism of Pulse Laser Interaction with Colloidal 
Nanoparticles. Laser Photon. Rev. 2013, 7 (4), 596–604. https://doi.org/10.1002/LPOR.201300013. 

(15)  Kucherik, A. O.; Ryabchikov, Y. V.; Kutrovskaya, S. V.; Al-Kattan, A.; Arakelyan, S. M.; Itina, T. E.; 
Kabashin, A. V. Cavitation-Free Continuous-Wave Laser Ablation from a Solid Target to Synthesize 
Low-Size-Dispersed Gold Nanoparticles. ChemPhysChem 2017, 18 (9), 1185–1191. 
https://doi.org/10.1002/CPHC.201601419. 

(16)  Fazio, E.; Gökce, B.; De Giacomo, A.; Meneghetti, M.; Compagnini, G.; Tommasini, M.; Waag, F.; 
Lucotti, A.; Zanchi, C. G.; Ossi, P. M.; et al. Nanoparticles Engineering by Pulsed Laser Ablation in 
Liquids: Concepts and Applications. Nanomaterials 2020, 10 (11), 1–50. 
https://doi.org/10.3390/nano10112317. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

81 
 

(17)  Gonzaíez-Rubio, G.; Liz-Marza, L. M. Reshaping, Fragmentation, and Assembly of Gold Nanoparticles 
Assisted by Pulse Lasers. Acc. Chem. Res. 2016, 49, 678−686. 
https://doi.org/10.1021/acs.accounts.6b00041. 

(18)  Zeng, H.; Du, X. W.; Singh, S. C.; Kulinich, S. A.; Yang, S.; He, J.; Cai, W. Nanomaterials via Laser 
Ablation/Irradiation in Liquid: A Review. Adv. Funct. Mater. 2012, 22 (7), 1333–1353. 
https://doi.org/10.1002/adfm.201102295. 

(19)  Streubel, R.; Bendt, G.; Gökce, B. Pilot-Scale Synthesis of Metal Nanoparticles by High-Speed Pulsed 
Laser Ablation in Liquids. Nanotechnology 2016, 27, 205602. https://doi.org/10.1088/0957-
4484/27/20/205602. 

(20)  Lam, J.; Lombard, J.; Dujardin, C.; Ledoux, G.; Merabia, S.; Amans, D. Dynamical Study of Bubble 
Expansion Following Laser Ablation in Liquids. Appl. Phys. Lett 2016, 108, 074104–074108. 
https://doi.org/10.1063/1.4942389. 

(21)  Itina, T. E. On Nanoparticle Formation by Laser Ablation in Liquids. J. Phys. Chem. C 2011, 115, 5044–
5048. https://doi.org/10.1021/jp1090944. 

(22)  Huang, H.; Zhigilei, L. V; Kanitz, A.; Kalus, M.-R.; Gurevich, E. L.; Ostendorf, A.; Barcikowski, S.; 
Amans, D. Review on Experimental and Theoretical Investigations of the Early Stage, Femtoseconds 
to Microseconds Processes during Laser Ablation in Liquid-Phase for the Synthesis of Colloidal 
Nanoparticles. Plasma Sources Sci. Technol. 2019, 28, 103001–103034. 
https://doi.org/10.1088/1361-6595/ab3dbe. 

(23)  Schwenke, A.; Wagener, P.; Nolte, S.; Barcikowski, S.; Nolte, S.; Barcikowski, S. Influence of 
Processing Time on Nanoparticle Generation during Picosecond-Pulsed Fundamental and Second 
Harmonic Laser Ablation of Metals in Tetrahydrofuran. Appl Phys A 2011, 104, 77–82. 
https://doi.org/10.1007/s00339-011-6398-9. 

(24)  Kim, M.; Osone, S.; Kim, T.; Higashi, H.; Seto, T. Synthesis of Nanoparticles by Laser Ablation: A 
Review. KONA Powder Part. J. 2017, 2017 (34), 80–90. https://doi.org/10.14356/kona.2017009. 

(25)  MAIMAN, T. H. Stimulated Optical Radiation in Ruby. Nature 1960, 187, 493–494. 
(26)  Hashida, M.; Mishima, H.; Tokita, S.; Sakabe, S. Non-Thermal Ablation of Expanded 

Polytetrafluoroethylene with an Intense Femtosecond-Pulse Laser. Opt. Express 2009, 17, 13116–
13121. 

(27)  Chakraborty, S.; Sakata, H.; Yokoyama, E.; Wakaki, M.; Chakravorty, D. Laser-Induced Forward 
Transfer Technique for Maskless Patterning of Amorphous V2O5 Thin Film. Appl. Surf. Sci. 2007, 254 
(2), 638–643. https://doi.org/10.1016/j.apsusc.2007.06.066. 

(28)  Turner, A. F.; Smith, H. M. Vacuum Deposited Thin Films Using a Ruby Laser. Appl. Opt. 1965, 4 (1), 
147–148. https://doi.org/10.1364/AO.4.000147. 

(29)  Neddersen, J.; Chumanov, G.; Cotton, T. M. Laser Ablation of Metals: A New Method for Preparing 
SERS Active Colloids. Appl. Spectrosc. 1993, 47 (12), 1959–1964. 
https://doi.org/10.1366/0003702934066460. 

(30)  Amendola, V.; Meneghetti, M. Laser Ablation Synthesis in Solution and Size Manipulation of Noble 
Metal Nanoparticles. Phys. Chem. Chem. Phys. 2009, 11 (20), 3805–3821. 
https://doi.org/10.1039/b900654k. 

(31)  Shih, C.-Y.; Streubel, R.; Heberle, J.; Letzel, A.; Shugaev, M. V; Wu, C.; Schmidt, M.; Gökce, B.; 
Barcikowski, S.; Zhigilei, L. V. Two Mechanisms of Nanoparticle Generation in Picosecond Laser 
Ablation in Liquids: The Origin of the Bimodal Size Distribution. Nanoscale 2018, 10, 6900–6910. 
https://doi.org/10.1039/c7nr08614h. 

(32)  Giacomo, A. De; Casavola, A. R.; Colonna, G.; Capitelli, M.; Pascale, O. De. Experimental and 
Theoretical Investigation of Laser-Induced Plasma of a Titanium Target. Appl. Opt. Vol. 42, Issue 30, 
pp. 5963-5970 2003, 42 (30), 5963–5970. https://doi.org/10.1364/AO.42.005963. 

(33)  Chemin, A. A.; Lam, J.; Etan Laurens, G.; Trichard, F.; Motto-Ros, V.; Ledoux, G.; Itězslavıtˇıtězslav 
Jar´y, V. ´; Jar´y, J.; Laguta, V.; Nikl, M.; et al. Doping Nanoparticles Using Pulsed Laser Ablation in a 
Liquid Containing the Doping Agent. Nanoscale Adv. 2019, 1, 3963–3972. 
https://doi.org/10.1039/c9na00223e. 

(34)  Gökce, B.; Streubel, R.; Barcikowski, S. Continuous Multigram Nanoparticle Synthesis by High-Power, 
High-Repetition-Rate Ultrafast Laser Ablation in Liquids. Opt. Lett. 2016, 41 (7), 1486–1489. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

82 
 

https://doi.org/10.1364/OL.41.001486. 
(35)  Wagener, P.; Barcikowski, S. Laser Fragmentation of Organic Microparticles into Colloidal 

Nanoparticles in a Free Liquid Jet. Appl Phys A 2010, 101, 435–439. https://doi.org/10.1007/s00339-
010-5814-x. 

(36)  Dell, M.; De Giacomo, A.; Kohsakowski, S.; -,  al; Hermann -, J.; Taccogna, F.; Dell, M.; Rutigliano, M.; 
Valenza, G.; De Giacomo, A. On the Growth Mechanism of Nanoparticles in Plasma during Pulsed 
Laser Ablation in Liquids. Plasma Sources Sci. Technol 2017, 26, 045002–045011. 
https://doi.org/10.1088/1361-6595/aa595b. 

(37)  Gornushkin, I. B.; Dell’Aglio, M.; Motto-Ros, V.; Pelascini, F.; De Giacomo, A. Investigation on the 
Material in the Plasma Phase by High Temporally and Spectrally Resolved Emission Imaging during 
Pulsed Laser Ablation (PLAL) in Liquid for NPs Production and Consequent Considerations on NPs 
Formation. Plasma Sources Sci. Technol. 2019, 28 (8), 085017. https://doi.org/10.1088/1361-
6595/AB369B. 

(38)  Zeng, H.; Zhi, C.; Zhang, Z.; Wei, X.; Wang, X.; Guo, W.; Bando, Y.; Golberg, D. “White Graphenes”: 
Boron Nitride Nanoribbons via Boron Nitride Nanotube Unwrapping. Nano Lett. 2010, 10, 5049–
5055. https://doi.org/10.1021/nl103251m. 

(39)  Liu, P.; Cao, Y. L.; Wang, C. X.; Chen, X. Y.; Yang, G. W. Micro-and Nanocubes of Carbon with C 8-like 
and Blue Luminescence. Nano Lett. 2008, 8 (8), 2570–2575. https://doi.org/10.1021/nl801392v. 

(40)  Hu, S.; Sun, J.; Du, X.; Tian, F.; Jiang, L. The Formation of Multiply Twinning Structure and 
Photoluminescence of Well-Dispersed Nanodiamonds Produced by Pulsed-Laser Irradiation. Diam. 
Relat. Mater. 2008, 17 (2), 142–146. https://doi.org/10.1016/j.diamond.2007.11.009. 

(41)  Hu, S.; Zhang, J.; Yang, J.; Liu, J.; Cao, S. Theoretical Analysis of the Formation of Face-Centered Cubic 
Si Nanocrystals by Magnetron Sputtering. Appl. Phys. Lett 2011, 99, 151901. 
https://doi.org/10.1063/1.3651485. 

(42)  Dell’Aglio, M.; De Giacomo, A.; Dell’Aglio, M.; De Giacomo, A. Plasma Charging Effect on the 
Nanoparticles Releasing from the Cavitation Bubble to the Solution during Nanosecond Pulsed Laser 
Ablation in Liquid. ApSS 2020, 515, 146031. https://doi.org/10.1016/J.APSUSC.2020.146031. 

(43)  Lauterborn, W.; Vogel, A. A. Shock Wave Emission by Laser Generated Bubbles - Bubble Dynamics 
and Shock Waves; Delale, C. F., Ed.; Springer, 2013. https://doi.org/10.1007/978-3-642-34297-4_1. 

(44)  Reich, S.; Letzel, A.; Gökce, B.; Menzel, A.; Barcikowski, S.; Plech, A. Incubation Effect of Pre-
Irradiation on Bubble Formation and Ablation in Laser Ablation in Liquids. ChemPhysChem 2019, 20 
(8), 1036–1043. https://doi.org/10.1002/CPHC.201900075. 

(45)  Takata, T.; Enoki, M.; Chivavibul, P.; Matsui, A.; Kobayashi, Y. Effect of Confinement Layer on Laser 
Ablation and Cavitation Bubble during Laser Shock Peening. Mater. Trans. 2016, 57 (10), 1776–1783. 
https://doi.org/10.2320/matertrans.M2016150. 

(46)  Brenner, M. P.; Hilgenfeldt, S.; Lohse, D. Single-Bubble Sonoluminescence. Rev. Mod. Phys. 2002, 74 
(2), 425. https://doi.org/10.1103/RevModPhys.74.425. 

(47)  Casavola, A.; De Giacomo, A.; Dell’Aglio, M.; Taccogna, F.; Colonna, G.; De Pascale, O.; Longo, S. 
Experimental Investigation and Modelling of Double Pulse Laser Induced Plasma Spectroscopy under 
Water. Spectrochim. Acta - Part B At. Spectrosc. 2005, 60 (7–8), 975–985. 
https://doi.org/10.1016/j.sab.2005.05.034. 

(48)  Giusti, A.; Giorgetti, E.; Laza, S.; Marsili, P.; Giammanco, F.; Pontecorvo, B. Multiphoton 
Fragmentation of PAMAM G5-Capped Gold Nanoparticles Induced by Picosecond Laser Irradiation at 
532 Nm. J. Phys. Chem. C 2007, 111, 14984–14991. https://doi.org/10.1021/jp072611k. 

(49)  Werner, D.; Hashimoto, S. Improved Working Model for Interpreting the Excitation Wavelength-and 
Fluence-Dependent Response in Pulsed Laser-Induced Size Reduction of Aqueous Gold 
Nanoparticles. J. Phys. Chem. C 2011, 115, 5063–5072. https://doi.org/10.1021/jp109255g. 

(50)  Zeng, H.; Yang, S.; Cai, W. Reshaping Formation and Luminescence Evolution of ZnO Quantum Dots 
by Laser-Induced Fragmentation in Liquid. J. Phys. Chem. C 2011, 115, 5038–5043. 
https://doi.org/10.1021/jp109010c. 

(51)  Mafuné, F.; Kohno, J.-Y.; Takeda, Y.; Kondow, T. Formation of Gold Nanonetworks and Small Gold 
Nanoparticles by Irradiation of Intense Pulsed Laser onto Gold Nanoparticles. J. Phys. Chem. B 2003, 
107, 2589–12596. https://doi.org/10.1021/jp030173l. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

83 
 

(52)  Mafuné, F.; Kohno, J.-Y.; Takeda, Y.; Kondow, T. Formation of Stable Platinum Nanoparticles by Laser 
Ablation in Water. J. Phys. Chem. B 2003, No. 107, 4218–4223. https://doi.org/10.1021/jp021580k. 

(53)  Singh, S. C.; Mishra, S. K.; Srivastava, R. K.; Gopal, R. Optical Properties of Selenium Quantum Dots 
Produced with Laser Irradiation of Water Suspended Se Nanoparticles. J. Phys. Chem. C 2010, 114, 
17374–17384. https://doi.org/10.1021/jp105037w. 

(54)  Yamada, K.; Tokumoto, Y.; Nagata, T.; Mafuné, F. Mechanism of Laser-Induced Size-Reduction of 
Gold Nanoparticles as Studied by Nanosecond Transient Absorption Spectroscopy. J. Phys. Chem. B 
2006, 110, 11751–11756. https://doi.org/10.1021/jp061020b. 

(55)  Muto, H.; Miyajima, K.; Mafuné, F. Mechanism of Laser-Induced Size Reduction of Gold 
Nanoparticles As Studied by Single and Double Laser Pulse Excitation. J. Phys. Chem. C 2008, 112, 
5810–5815. https://doi.org/10.1021/jp711353m. 

(56)  Pyatenko, A.; Yamaguchi, M.; Suzuki, M. Mechanisms of Size Reduction of Colloidal Silver and Gold 
Nanoparticles Irradiated by Nd:YAG Laser. J. Phys. Chem. C 2009, 113, 9078–9085. 
https://doi.org/10.1021/jp808300q. 

(57)  Liu, P.; Wang, C. X.; Chen, X. Y.; Yang, G. W. Controllable Fabrication and Cathodoluminescence 
Performance of High-Index Facets GeO2 Micro-and Nanocubes and Spindles upon Electrical-Field-
Assisted Laser Ablation in Liquid. J. Phys. Chem. C 2008, 112, 13450–13456. 
https://doi.org/10.1021/jp802529r. 

(58)  Liu, P.; Cao, Y. L.; Chen, X. Y.; Yang, G. W. Trapping High-Pressure Nanophase of Ge upon Laser 
Ablation in Liquid. Cryst. Growth Cryst. Des. 2009, 9 (3), 1390–1393. 
https://doi.org/10.1021/cg800633j. 

(59)  Skov, K. S.; Blanka, ^; Ckov, V.; Turpin, P.-Y.; Thorel, A.; Proch, M. Laser Ablation of Silver in Aqueous 
Solutions of Organic Species: Probing Ag Nanoparticle-Adsorbate Systems Evolution by Surface-
Enhanced Raman and Surface Plasmon Extinction Spectra. J. Phys. Chem. C 2011, 115, 5404–5412. 
https://doi.org/10.1021/jp110907d. 

(60)  Cristoforetti, G.; Pitzalis, E.; Spiniello, R.; Ishak, R.; Muniz-Miranda, M. Production of Palladium 
Nanoparticles by Pulsed Laser Ablation in Water and Their Characterization. J. Phys. Chem. C 2011, 
115, 5073–5083. https://doi.org/10.1021/jp109281q. 

(61)  Muniz-Miranda, M.; Gellini, C.; Giorgetti, E. Surface-Enhanced Raman Scattering from Copper 
Nanoparticles Obtained by Laser Ablation. J. Phys. Chem. C 2011, 115, 5021–5027. 
https://doi.org/10.1021/jp1086027. 

(62)  Petersen, S.; Barcikowski, S. In Situ Bioconjugation: Single Step Approach to Tailored Nanoparticle-
Bioconjugates by Ultrashort Pulsed Laser Ablation. Adv. Funct. Mater. 2009, 19 (8), 1167–1172. 
https://doi.org/10.1002/ADFM.200801526. 

(63)  Petersen, S.; Barchanski, A.; Taylor, U.; Klein, S.; Rath, D.; Barcikowski, S.; Laser, ‡ ‡; Hannover, Z. 
Penetratin-Conjugated Gold Nanoparticles-Design of Cell-Penetrating Nanomarkers by Femtosecond 
Laser Ablation. J. Phys. Chem. C 2011, 115, 5152–5159. https://doi.org/10.1021/jp1093614. 

(64)  Zeng, H.; Cui, J.; Cao, B.; Gibson, U.; Bando, Y.; Golberg, D. Electrochemical Deposition of ZnO 
Nanowire Arrays: Organization, Doping, and Properties. Sci. Adv. Mater. 2010, 2 (3), 336–358. 
https://doi.org/10.1166/SAM.2010.1096. 

(65)  Fischer, M.; Hormes, J.; Marzun, G.; Wagener, P.; Hagemann, U.; Barcikowski, S. In Situ 
Investigations of Laser-Generated Ligand-Free Platinum Nanoparticles by X-Ray Absorption 
Spectroscopy: How Does the Immediate Environment Influence the Particle Surface? Langmuir 
2016, 32, 8793−8802. https://doi.org/10.1021/acs.langmuir.6b00685. 

(66)  Simã, T.; Chevallier, P.; Lagueux, J.; Cô, M.-F.; Rehbock, C.; Barcikowski, S.; Fortin, M.-A.; Guay, D. 
Laser-Synthesized Ligand-Free Au Nanoparticles for Contrast Agent Applications in Computed 
Tomography and Magnetic Resonance Imaging. J. Mater. Chem. B 2016, 4, 6413–6427. 
https://doi.org/10.1039/c6tb01162d. 

(67)  Yang, S.; Cai, W.; Liu, G.; Zeng, H. From Nanoparticles to Nanoplates: Preferential Oriented 
Connection of Ag Colloids during Electrophoretic Deposition. J. Phys. Chem. C 2009, 113, 7692–7696. 
https://doi.org/10.1021/jp901961h. 

(68)  Singh, S. C.; Gopal, R. Zinc Nanoparticles in Solution by Laser Ablation Technique. Bull. Mater. Sci 
2007, 30 (3), 291–293. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

84 
 

(69)  Singh, S. C.; Swarnkar, R. K.; Gopal, R. Zn/ZnO Core/Shell Nanoparticles Synthesized by Laser 
Ablation in Aque-Ous Environment: Optical and Structural Characterizations. Bull. Mater. Sci 2010, 
33 (1), 21–26. 

(70)  C. Singh, S.; Gopal, R. Drop Shaped Zinc Oxide Quantum Dots and Their Self-Assembly into Dendritic 
Nanostructures: Liquid Assisted Pulsed Laser Ablation and Characterizations. Appl. Surf. Sci. 2012, 
258, 2211–2218. 

(71)  Huang, C.-N.; Bow, J.-S.; Zheng, Y.; Chen, S.-Y.; New, •; Ho, J.; Shen, P. Nonstoichiometric Titanium 
Oxides via Pulsed Laser Ablation in Water. Nanoscale Res. Lett. 2010, 5, 972–985. 
https://doi.org/10.1007/s11671-010-9591-4. 

(72)  Zhang, X.; Zeng, H.; Cai, W. Laser Power Effect on Morphology and Photoluminescence of ZnO 
Nanostructures by Laser Ablation in Water. Mater. Lett. 2009, 63, 191–193. 

(73)  Singh, S. C. Effect of Oxygen Injection on the Size and Compositional Evolution of ZnO/Zn(OH) 2 
Nanocomposite Synthesized by Pulsed Laser Ablation in Distilled Water. J. Nanoparticle Res. 2011, 
13, 4143–4152. https://doi.org/10.1007/s11051-011-0359-2. 

(74)  Singh, S. C.; Gopal, R. Laser Irradiance and Wavelength-Dependent Compositional Evolution of 
Inorganic ZnO and ZnOOH/Organic SDS Nanocomposite Material. J. Phys. Chem. C 2008, 112, 2812–
2819. https://doi.org/10.1021/jp0753676. 

(75)  Golightly, J. S.; Castleman, A. W. Analysis of Titanium Nanoparticles Created by Laser Irradiation 
under Liquid Environments. J. Phys. Chem. B 2006, 110, 19979–19984. 
https://doi.org/10.1021/jp062123x. 

(76)  Jim enez, E.; Abderrafi, K.; Abargues, R.; Vald es, J. L.; Martı, J. P. Laser-Ablation-Induced Synthesis of 
SiO 2-Capped Noble Metal Nanoparticles in a Single Step. Langmuir 2010, 26 (10), 7458–7463. 
https://doi.org/10.1021/la904179x. 

(77)  Amendola, V.; Amans, D.; Ishikawa, Y.; Koshizaki, N.; Scirè, S.; Compagnini, G.; Reichenberger, S.; 
Barcikowski, S. Room-Temperature Laser Synthesis in Liquid of Oxide, Metal-Oxide Core-Shells, and 
Doped Oxide Nanoparticles. Chem. - A Eur. J. 2020, 26 (42), 9206–9242. 
https://doi.org/10.1002/CHEM.202000686. 

(78)  Bajaj, G.; Soni, R. K. Synthesis of Composite Gold/Tin-Oxide Nanoparticles by Nano-Soldering. J. 
Nanoparticle Res. 2010, 12, 2597–2603. https://doi.org/10.1007/s11051-009-9836-2. 

(79)  Mollah, S. Laser Synthesis of Iron Oxide Nanowires. Asian J. Chem. 2009, 21, 10–12. 
(80)  He, C.; Sasaki, T.; Zhou, Y.; Shimizu, Y.; Masuda, M.; Koshizaki, N. Surfactant-Assisted Preparation of 

Novel Layered Silver Bromide-Based Inorganic/Organic Nanosheets by Pulsed Laser Ablation in 
Aqueous Media. Adv. Funct. Mater. 2007, 17 (17), 3554–3561. 
https://doi.org/10.1002/ADFM.200700081. 

(81)  Lin, X. Z.; Liu, P.; Yu, J. M.; Yang, G. W. Synthesis of CuO Nanocrystals and Sequential Assembly of 
Nanostructures with Shape-Dependent Optical Absorption upon Laser Ablation in Liquid. J. Phys. 
Chem. C 2009, 113, 17543–17547. https://doi.org/10.1021/jp907237q. 

(82)  Yang, S.; Zeng, H.; Zhao, H.; Zhang, H.; Cai, W. Luminescent Hollow Carbon Shells and Fullerene-like 
Carbon Spheres Produced by Laser Ablation with Toluene. J. Mater. Chem. 2011, 21, 4432–4436. 
https://doi.org/10.1039/c0jm03475d. 

(83)  Chang, M.; Cao, X.; Zeng, H. Electrodeposition Growth of Vertical ZnO Nanorod/Polyaniline 
Heterostructured Films and Their Optical Properties. J. Phys. Chem. C 2009, 113, 15544–15547. 
https://doi.org/10.1021/jp903881d. 

(84)  Zeng, H.; Duan, G.; Li, Y.; Yang, S.; Xu, X.; Cai, W. Blue Luminescence of ZnO Nanoparticles Based on 
Non-Equilibrium Processes: Defect Origins and Emission Controls. Adv. Funct. Mater. 2010, 20 (4), 
561–572. https://doi.org/10.1002/ADFM.200901884. 

(85)  Zeng, H.; Cai, W.; Li, Y.; Hu, J.; Liu, P. Composition/Structural Evolution and Optical Properties of 
ZnO/Zn Nanoparticles by Laser Ablation in Liquid Media. J. Phys. Chem. B 2005, 109, 18260–18266. 
https://doi.org/10.1021/jp052258n. 

(86)  Zeng, H.; Li, Z.; Cai, W.; Cao, B.; Liu, P.; Yang, S. Microstructure Control of Zn/ZnO Core/Shell 
Nanoparticles and Their Temperature-Dependent Blue Emissions. J. Phys. Chem. B 2007, 111, 
14311–14317. https://doi.org/10.1021/jp0770413. 

(87)  Yang, S.; Cai, W.; Zeng, H.; Li, Z. Polycrystalline Si Nanoparticles and Their Strong Aging Enhancement 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

85 
 

of Blue Photoluminescence. J. Appl. Phys. 2008, 104, 023516–023520. 
https://doi.org/10.1063/1.2957053. 

(88)  Zeng, H.; Cai, W.; Hu, J.; Duan, G.; Liu, P.; Li, Y. Violet Photoluminescence from Shell Layer of Zn/ ZnO 
Core-Shell Nanoparticles Induced by Laser Ablation. Appl. Phys. Lett. 2006, 88, 171910–171912. 
https://doi.org/10.1063/1.2196051. 

(89)  Yang, S.; Cai, W.; Zhang, H.; Xu, X.; Zeng, H. Size and Structure Control of Si Nanoparticles by Laser 
Ablation in Different Liquid Media and Further Centrifugation Classification. J. Phys. Chem. C 2009, 
113, 19091–19095. https://doi.org/10.1021/jp907285f. 

(90)  Kumar Gupta, B.; Haranath, D.; Saini, S. Facile and Rapid Synthesis of Highly Luminescent 
Nanoparticles via Pulsed Laser Ablation in Liquid. Nanotechnology 2009, 20, 445605–445612. 
https://doi.org/10.1088/0957-4484/20/44/445605. 

(91)  Xin, Y.; Nishio, K.; Saitow, K.-I. White-Blue Electroluminescence from a Si Quantum Dot Hybrid Light-
Emitting Diode. Appl. Phys. Lett. 2015, 106, 201102–201106. https://doi.org/10.1063/1.4921415. 

(92)  Amendola, V.; Fortunati, I.; Marega, C.; Abdelhady, A. L.; Saidaminov, M. I.; Bakr, O. M. High-Purity 
Hybrid Organolead Halide Perovskite Nanoparticles Obtained by Pulsed-Laser Irradiation in Liquid. 
ChemPhysChem 2017, 18 (9), 1047–1054. https://doi.org/10.1002/cphc.201600863. 

(93)  Lamberti, F.; Litti, L.; De Bastiani, M.; Sorrentino, R.; Gandini, M.; Meneghetti, M.; Petrozza, A. High-
Quality, Ligands-Free, Mixed-Halide Perovskite Nanocrystals Inks for Optoelectronic Applications. 
Advanced Energy Materials. 2017. https://doi.org/10.1002/aenm.201601703. 

(94)  Rosa-Pardo, I.; Rando-Brotons, M.; Pocoví-Martínez, S.; Galian, R. E.; Pérez Prieto, J. Laser Ablation 
of Hybrid Perovskite Bulks into Nanoparticles: Adamantylammonium Halides as Ligands and Halide 
Sources. ChemNanoMat 2019, 5 (3), 328–333. https://doi.org/10.1002/cnma.201800621. 

(95)  Sansoni, S.; De Bastiani, M.; Aydin, E.; Ugur, E.; Isikgor, F. H.; Al-Zahrani, A.; Lamberti, F.; Laquai, F.; 
Meneghetti, M.; De Wolf, S. Eco-Friendly Spray Deposition of Perovskite Films on Macroscale 
Textured Surfaces. Adv. Mater. Technol. 2020, 5 (2). https://doi.org/10.1002/admt.201901009. 

(96)  Bertorelle, F.; Pinto, M.; Zappon, R.; Pilot, R.; Litti, L.; Fiameni, S.; Conti, G.; Gobbo, M.; Toffoli, G.; 
Colombatti, M.; et al. Safe Core-Satellite Magneto-Plasmonic Nanostructures for Efficient Targeting 
and Photothermal Treatment of Tumor Cells. Nanoscale 2018, 10, 976–984. 
https://doi.org/10.1039/c7nr07844g. 

(97)  Tedesco, A. Del; Piotto, V.; Sponchia, G.; Hossain, K.; Litti, L.; Peddis, D.; Scarso, A.; Meneghetti, M.; 
Benedetti, A.; Riello, P. Zirconia-Based Magnetoplasmonic Nanocomposites: A New Nanotool for 
Magnetic-Guided Separations with SERS Identification. ACS Appl. Nano Mater. 2020, 3, 1232−1241. 
https://doi.org/10.1021/acsanm.9b01982. 

(98)  Lucio Litti, Andrea Ramundo, Francesca Biscaglia, Giuseppe Toffoli, Marina Gobbo, M. M. A Surface 
Enhanced Raman Scattering Based Colloid Nanosensor for Developing Therapeutic Drug Monitoring. 
J. Colloid Interface Sci. 2019, 533, 621–626. 

(99)  Litti, L.; Rivato, N.; Fracasso, G.; Bontempi, P.; Nicolato, E.; Marzola, P.; Venzo, A.; Colombatti, M.; 
Gobbo, M.; Meneghetti, M. A SERRS/MRI Multimodal Contrast Agent Based on Naked Au 
Nanoparticles Functionalized with a Gd(III) Loaded PEG Polymer for Tumor Imaging and Localized 
Hyperthermia. Nanoscale 2018, 10, 1272–1278. https://doi.org/10.1039/c7nr07398d. 

(100)  Sharma, B.; Frontiera, R. R.; Henry, A. I.; Ringe, E.; Van Duyne, R. P. SERS: Materials, Applications, 
and the Future. Mater. Today 2012, 15 (1–2), 16–25. https://doi.org/10.1016/S1369-
7021(12)70017-2. 

(101)  Pilot, R.; Signorini, R.; Durante, C.; Orian, L.; Bhamidipati, M.; Fabris, L. A Review on Surface-
Enhanced Raman Scattering. Biosensors 2019, 9 (2). https://doi.org/10.3390/bios9020057. 

(102)  Procházka, M.; Mojzeš, P.; Stěpánek, J.; Vlčková, B.; Turpin, P.-Y. Probing Applications of Laser-
Ablated Ag Colloids in SERS Spectroscopy: Improvement of Ablation Procedure and SERS Spectral 
Testing. Anal. Chem. 1987, 69, 5103–5108. 

(103)  Zeng, H.; Cai, W.; Liu, P.; Xu, X.; Zhou, H.; Klingshirn, C.; Kalt, H. ZnO-Based Hollow Nanoparticles by 
Selective Etching: Elimination and Reconstruction of Metal Semiconductor Interface, Improvement 
of Blue Emission and Photocatalysis. ACS Nano 2008, 2 (8), 1661–1670. 
https://doi.org/10.1021/nn800353q. 

(104)  Yang, S.; Cai, W.; Liu, G.; Zeng, H.; Liu, P. Optical Study of Redox Behavior of Silicon Nanoparticles 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

86 
 

Induced by Laser Ablation in Liquid. J. Phys. Chem. C 2009, 113, 6480–6484. 
https://doi.org/10.1021/jp810787d. 

(105)  Niu, K. Y.; Yang, J.; Kulinich, S. A.; Sun, J.; Du, X. W. Hollow Nanoparticles of Metal Oxides and 
Sulfides: Fast Preparation via Laser Ablation in Liquid. Langmuir 2010, 26 (22), 16652–16657. 
https://doi.org/10.1021/la1033146. 

(106)  Niu, K. Y.; Yang, J.; Kulinich, S. A.; Sun, J.; Li, H.; Du, X. W. Morphology Control of Nanostructures via 
Surface Reaction of Metal Nanodroplets. JACS 2010, 132, 9814–9819. 
https://doi.org/10.1021/ja102967a. 

(107)  Gelesky, M. A.; Umpierre, A. P.; Machado, G.; Correia, R. R. B.; Magno, W. C.; Morais, J.; Ebeling, G.; 
Dupont, J. Laser-Induced Fragmentation of Transition Metal Nanoparticles in Ionic Liquids. JACS 
2005, 127, 4588–4589. https://doi.org/10.1021/ja042711t. 

(108)  Takeshi Tsuji, Yuuichi Tatsuyama, Masaharu Tsuji, Kenta Ishida, Shigeto Okada, J. Y. Preparation of 
LiMn2O4 Nanoparticles for Li Ion Secondary Batteriesby Laser Ablation in Water. Mater. Lett. 2007, 
61, 2062–2065. 

(109)  Musaev, O. R.; Dusevich, V.; Wieliczka, D. M.; Wrobel, J. M.; Kruger, M. B. Nanoparticle Fabrication 
of Hydroxyapatite by Laser Ablation in Water. J. Appl. Phys. 2008, 104, 084316–084320. 
https://doi.org/10.1063/1.3000666. 

(110)  Semaltianos, N. G. Nanoparticles by Laser Ablation. Crit. Rev. Solid State Mater. Sci. 2010, 35 (2), 
105–124. https://doi.org/10.1080/10408431003788233. 

(111)  Waag, F. Laser Synthesis of Metallic and Oxidic Transition Metal , Multi-Element Nanoparticles for 
Catalytic Applications, 2019. https://doi.org/10.17185/duepublico/71120. 

(112)  Kyu Kim, M.; Higotani, T.; Takao, T.; -, A.; Tsuji, M.; Tanoue, T.; Tanaka, A.; Hamagami, T.; Tsuji, T.; 
Iryo, K.; et al. Preparation of Metal Colloids by a Laser Ablation Technique in Solution: Influence of 
Laser Wavelength on the Efficiencies of Colloid Formation. Jpn. J. Appl. Phys. 2000, 39 (10A), 981–
983. 

(113)  Kim, Jinil Kim, D. Amaranatha Reddy, R. M. K. The Influence of Laser Wavelength and Fluence on 
Palladium Nanoparticles Produced by Pulsed Laser Ablation in Deionized Water. Solid State Sci. 
2014, 37, 96–102. 

(114)  Strutt, H. J. W. On the Scattering of Light by Small Particles. Lond. Edinb. Dublin Philos. Mag. J. Sci 
2009, 41 (275), 447–454. https://doi.org/10.1080/14786447108640507. 

(115)  Creighton, J. A.; Eadon, D. G. Ultraviolet–Visible Absorption Spectra of the Colloidal Metallic 
Elements. J. Chem. Soc. Faraday Trans. 1991, 87 (24), 3881–3891. 
https://doi.org/10.1039/FT9918703881. 

(116)  Intartaglia, R.; Bagga, K.; Brandi, F.; Walters, R.; Bourianoff, G.; Atwater, H.; Belomoin, G.; Therrien, 
J.; Smith, A.; Rao, S.; et al. Study on the Productivity of Silicon Nanoparticles by Picosecond Laser 
Ablation in Water: Towards Gram per Hour Yield. Opt. Express 2014, 422, 3117–3127. 
https://doi.org/10.1002/adhm.201300157. 

(117)  Schwenke, A.; Wagener, P.; Nolte, S.; Barcikowski, S.; Nolte, S.; Barcikowski, S. Influence of 
Processing Time on Nanoparticle Generation during Picosecond-Pulsed Fundamental and Second 
Harmonic Laser Ablation of Metals in Tetrahydrofuran. Appl. Phys. A 2011, 104, 77–82. 
https://doi.org/10.1007/s00339-011-6398-9. 

(118)  Chan, P. W.; Chan, Y. W.; Ng, H. S. Reflectivity of Metals at High Temperatures Heated by Pulsed 
Laser. Phys. Lett. A 1977, 61 (3), 151–153. https://doi.org/10.1016/0375-9601(77)90275-4. 

(119)  Xie, J.; Kar, A. Laser Welding of Thin Sheet Steel with Surface Oxidation. Weld. J. 1999, 78, 343–348. 
(120)  Ai, H.-V.; Beaglehole, D.; Hunderi, O. Study of the Interaction of Light with Rough Metal Surfaces. I. 

Experiment. Phys. Rev. B 1970, 2, 309–321. 
(121)  Patel, R. S.; Brewster, M. Q. Effect of Oxidation and Plume Formation on Low Power Nd-Yag Laser 

Metal Interaction. J. Heat Transf. 1990, 112, 170–177. 
(122)  Sikora, A.; Grojo, ) D; Sentis, M. Wavelength Scaling of Silicon Laser Ablation in Picosecond Regime. 

J. Appl. Phys. 2017, 112, 045702–045711. https://doi.org/10.1063/1.4994307. 
(123)  Nedialkov, N. N.; Atanasov, P. A.; Sawczak, M.; Sliwinski, G. Ablation of Ceramics with Ultraviolet, 

Visible, and Infrared Nanosecond Laser Pulses. XIV Int. Symp. Gas Flow, Chem. Lasers, High-Power 
Lasers 2003, 5120, 703–708. https://doi.org/10.1117/12.515847. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

87 
 

(124)  Sharif Abdullah Al-Mamun; Reiko Nakajima; Takamasa Ishigaki. Effect of Liquid Level and Laser 
Power on the Formation of Spherical Alumina Nanoparticles by Nanosecond Laser Ablation of 
Alumina Target. Thin Solid Films 2012, 523, 46–51. 

(125)  Sattari, R.; Sajti, C. L.; Khan, S.; Barcikowski, S. Scale-up of Nanoparticle Production during Laser 
Ablation of Ceramics in Liquid Media. 27th Int. Congr. Appl. Lasers Electro-Optics 2008, N204. 
https://doi.org/10.2351/1.5061412. 

(126)  Wagener, P.; Schwenke, A.; Chichkov, B. N.; Barcikowski, S. Pulsed Laser Ablation of Zinc in 
Tetrahydrofuran: Bypassing the Cavitation Bubble. J. Phys. Chem. C 2010, 114, 7618–7625. 
https://doi.org/10.1021/jp911243a. 

(127)  Sebastian Kohsakowski; Antonio Santagata; Marcella Dell’Aglio; Alessandro de, G.; Stephan 
Barcikowski; Philipp Wagener; Bilal Gökce. High Productive and Continuous Nanoparticle Fabrication 
by Laser Ablation of a Wire-Target in a Liquid Jet. Appl. Surf. Sci. 2017, 403, 487–499. 

(128)  Daria Riabinina; Mohamed Chaker; Joelle Margot. Dependence of Gold Nanoparticle Production on 
Pulse Duration by Laser Ablation in Liquid Media. Nanotechnology 2012, 23, 135603–135606. 

(129)  Wang, J.; Blau, W. J.; Bärsch, N.; Jakobi, J.; Weiler, S.; Barcikowski, S. Pure Colloidal Metal and 
Ceramic Nanoparticles from High-Power Picosecond Laser Ablation in Water and Acetone. IOP Publ. 
Nanotechnol. Nanotechnol. 2009, 20, 445603–445611. https://doi.org/10.1088/0957-
4484/20/44/445603. 

(130)  Preuss, S.; Demchuk, A.; Stuke, M. Sub-Picosecond UV Laser Ablation of Metals. Appl. Phys. A 1995, 
61, 33–37. 

(131)  Men Endez-Manj, A.; Wagener, P.; Barcikowski, S. Transfer-Matrix Method for Efficient Ablation by 
Pulsed Laser Ablation and Nanoparticle Generation in Liquids. J. Phys. Chem. C 2011, 115, 5108–
5114. https://doi.org/10.1021/jp109370q. 

(132)  B. Neuenschwander; B. Jaeggi; M. Schmid; G. Hennig. Surface Structuring with Ultra-Short Laser 
Pulses: Basics, Limitations and Needs for High Throughput. Phys.  Procedia  2014, 56, 1047–1058. 

(133)  Anisimov, S.; Kapeliovich, B. L.; Perelman, T. Electron Emission from Metal Surfaces Exposed to 
Ultrashort Laser Pulses. J. Exp. Theor. Phys. 1974, 66, 375–377. 

(134)  Jiang, L.; Tsai, H.-L. A Plasma Model Combined with an Improved Two-Temperature Equation for 
Ultrafast Laser Ablation of Dielectrics. J. Appl. Phys. 2008, 104, 093101–093108. 
https://doi.org/10.1063/1.3006129. 

(135)  Tetsuo Sakka, Satoru Masai, Kazuhiro Fukami, Y. H. O. Spectral Profile of Atomic Emission Lines and 
Effects of Pulse Duration on Laserablation in Liquid. Spectrochim. Acta Part B 2009, 64, 981–985. 

(136)  Dittrich, S.; Streubel, R.; Cormac Mcdonnell, ·; Huber, H. P.; Barcikowski, S.; Gökce, · Bilal. 
Comparison of the Productivity and Ablation Efficiency of Different Laser Classes for Laser Ablation 
of Gold in Water and Air. Appl. Phys. A 2019, 125, 432–441. https://doi.org/10.1007/s00339-019-
2704-8. 

(137)  Schille, J.; Schneider, L.; Lickschat, P.; Loeschner, U.; Ebert, R.; Exner, H. High-Pulse Repetition 
Frequency Ultrashort Pulse Laser Processing of Copper. J. Laser Appl. 2015, 27, S28007–S28012. 
https://doi.org/10.2351/1.4906482. 

(138)  B. Jaeggi; B. Neuenschwander; M. Schmid; M. Muralt; J. Zuercher; U. Hunziker. Influence of the 
Pulse Duration in the Ps-Regime on the Ablation Efficiency of Metals. Phys. Procedia 2011, 12, 164–
171. 

(139)  Hashidaa, M.; A.F. Semeroka; O. Gobertb; G. Petitec; Y.Izawad; J.F-. Wagner. Ablation Threshold 
Dependence on Pulse Duration for Copper. Appl. Surf. Sci. 2002, 197–198, 862–867. 

(140)  Tünnermann, A.; Wellegehausen, B.; Chichkov, B. N.; Momma, C.; Jacobs, H.; Welling, H.; Nolte, S. 
Ablation of Metals by Ultrashort Laser Pulses. J. Opt. Soc. Am. B 1997, 14 (10), 2716–2722. 
https://doi.org/10.1364/JOSAB.14.002716. 

(141)  Hanon, M. M.; Akman, E.; Oztoprak, B. G.; Gunes, M.; Taha, Z. A.; Hajim, K. I.; E. Kacar; Gundogdu, 
O.; Demir, A. Experimental and Theoretical Investigation of the Drilling of Alumina Ceramicusing 
Nd:YAG Pulsed Laser. Opt. Laser Technol. 2012, 44, 913–922. 

(142)  Liu, W.; Kosareva, O.; Golubtsov, I. S.; Iwasaki, A.; Becker, A.; Kandidov, V. P.; Chin, S. L. Applied 
Physics B Femtosecond Laser Pulse Filamentation versus Optical Breakdown in H2O. Appl. Phys. B 
2003, 76, 215–229. https://doi.org/10.1007/s00340-002-1087-1. 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

88 
 

(143)  Alfred Vogel, Kester Nahen, Dirk Theisen,  and J. N. Plasma Formation in Water by Picosecond and 
Nanosecond Nd:YAG Laser Pulses—Part I: Optical Breakdown at Threshold and Superthreshold 
Irradiance. IEEE J. Sel. Top. Quantum Electron. 1996, 2 (4), 847–860. 

(144)  Hammer, D. X.; Jansen, E. D.; Frenz, M.; Noojin, G. D.; Thomas, R. J.; Noack, J.; Vogel, A.; Rockwell, B. 
A.; Welch, A. J. Shielding Properties of Laser-Induced Breakdown in Water for Pulse Durations from 5 
Ns to 125 Fs. Appl. Opt. 1997, 36 (22), 5630. https://doi.org/10.1364/ao.36.005630. 

(145)  Yoshino, K.; Fujii, H.; Inuishi, Y. Laser-Induced Breakdown in Organic Liquids. J. Phys. D. Appl. Phys. 
1977, 10, 1975–1984. 

(146)  Kei Toyota; Satoru Nakashima; Tadashi Okada. Near-Infrared Laser-Induced Breakdown of Liquid 
Benzene. Chem. Phys. Lett. 2000, 323, 323–328. 

(147)  Tatiana Kovalchuk; Gregory Toker; Valery Bulatov; Israel Schechter. Laser Breakdown in Alcohols and 
Water Induced by 1064nm Nanosecond Pulses. Chem. Phys. Lett. 2010, 500, 242–250. 

(148)  Daniel X. Hammer, Robert J. Thomas, Gary D. Noojin, B. A. R.; Paul K. Kennedy,  and W. P. R. 
Experimental Investigation of Ultrashort Pulse Laser-Induced Breakdown Thresholds in Aqueous 
Media. IEEE J. Quantum Electron. 1996, 32 (4), 670–678. 

(149)  N.F. Bunkin, S. I. B. Role of a Dissolved Gas in the Optical Breakdown of Water. Quantum Electron. 
2006, 36 (2), 117–124. https://doi.org/10.1070/QE2006v036n02ABEH013113. 

(150)  Hahn, A.; Barcikowski, S.; Chichkov, B. N. Influences on Nanoparticle Production during Pulsed Laser 
Ablation. ournal of Laser Micro/Nanoengineering 2008, 3 (2), 73–77. 
https://doi.org/10.2961/jlmn.2008.02.0003. 

(151)  M A Valverde-Alva, T García-Fernández, E Esparza-Alegría, M Villagrán-Muniz, C Sánchez-Aké, R 
Castañeda-Guzmán, M B de la Mora, C. E. M.-H. and J. L. S. L. Laser Ablation Efficiency during the 
Production of Ag Nanoparticles in Ethanol at a Low Pulse Repetition Rate (1–10 Hz). Laser Phys. Lett. 
2016, 13, 106002–106007. https://doi.org/10.1088/1612-2011/13/10/106002. 

(152)  Resano-Garcia, A.; Battie, Y.; Koch, A.; Naciri, A. E.; Chaoui, N. Influence of the Laser Light Absorption 
by the Colloid on the Properties of Silver Nanoparticles Produced by Laser Ablation in Stirred and 
Stationary Liquid. J. Appl. Phys. 2015, 117, 113103–113109. https://doi.org/10.1063/1.4915277. 

(153)  Kalus, M.-R.; Bärsch, N.; Streubel, R.; Gökce, E.; Barcikowski, S.; Gökce, B. How Persistent 
Microbubbles Shield Nanoparticle Productivity in Laser Synthesis of Colloids – Quantification of Their 
Volume, Dwell Dynamics, and Gas Composition. Phys. Chem. Chem. Phys. 2017, 19 (10), 7112–7123. 
https://doi.org/10.1039/C6CP07011F. 

(154)  Oliveira, M.; Nogueira, R.; MacHado, A. V. Synthesis of Aluminium Nanoparticles in a PP Matrix 
during Melt Processing: Effect of the Alkoxide Organic Chain. React. Funct. Polym. 2012, 72 (10), 
703–712. https://doi.org/10.1016/J.REACTFUNCTPOLYM.2012.06.022. 

(155)  Giacomo, A. De; Dell’Aglio, M.; Santagata, A.; Gaudiuso, R.; Pascale, O. De; Wagener, P.; Messina, G. 
C.; Compagnini, G.; Barcikowski, S. Cavitation Dynamics of Laser Ablation of Bulk and Wire-Shaped 
Metals in Water during Nanoparticles Production. Phys. Chem. Chem. Phys. 2013, 15 (9), 3083–3092. 
https://doi.org/10.1039/C2CP42649H. 

(156)  Y. Jiang, P. Liu, Y. Liang, H.B. Li, G. W. Y. Promoting the Yield of Nanoparticles from Laser Ablation in 
Liquid. Appl Phys A 2011, 105, 903–907. https://doi.org/10.1007/s00339-011-6557-z. 

(157)  Cristoforetti, G.; Pitzalis, E.; Spiniello, R.; Ishak, R.; Giammanco, F.; Muniz-Miranda, M.; Caporali, S. 
Physico-Chemical Properties of Pd Nanoparticles Produced by Pulsed Laser Ablation in Different 
Organic Solvents. Appl. Surf. Sci. 2012, 258 (7), 3289–3297. 
https://doi.org/10.1016/J.APSUSC.2011.11.084. 

(158)  Baladi, A.; Sarraf Mamoory, R. Investigation of Different Liquid Media and Ablation Times on Pulsed 
Laser Ablation Synthesis of Aluminum Nanoparticles. Appl. Surf. Sci. 2010, 256 (24), 7559–7564. 
https://doi.org/10.1016/J.APSUSC.2010.05.103. 

(159)  Scaramuzza, S.; Zerbetto, M.; Amendola, V. Synthesis of Gold Nanoparticles in Liquid Environment 
by Laser Ablation with Geometrically Confined Configurations: Insights To Improve Size Control and 
Productivity. J. Phys. Chem. C 2016, 120 (17), 9453–9463. 
https://doi.org/10.1021/ACS.JPCC.6B00161. 

(160)  Messina, G. C.; Wagener, P.; Streubel, R.; Giacomo, A. De; Santagata, A.; Compagnini, G.; 
Barcikowski, S. Pulsed Laser Ablation of a Continuously-Fed Wire in Liquid Flow for High-Yield 



 Chapter 2 – Nanomaterials by Laser Ablation in Solution 

89 
 

Production of Silver Nanoparticles. Phys. Chem. Chem. Phys. 2013, 15 (9), 3093–3098. 
https://doi.org/10.1039/C2CP42626A. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

90 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

91 
 

Chapter 3 

Investigation on Lead Iodide Perovskite Hysteresis and 

Degradation Mechanisms 

 

 

 

InfoMat (2020) 2(6) 1034-1056 

 

 

 

 

 

 

 

 



 

92 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 3 – Investigation on Lead Iodide Perovskite Hysteresis and Degradation Mechanisms 

93 
 

3. Investigation on Lead Iodide Perovskite Hysteresis and 

Degradation Mechanisms1   
 

3.1 The Aim of The Project 

As elucidated in Section 1.4.1, stability and reliability of lead halide perovskite materials are still the 

bottleneck for their extensive industrial application. HOIPs exhibit several weaknesses, mostly 

related to their hybrid organic nature,2 which require further research and solutions to make PSCs 

ready to enter the market. Moisture,3 UV light,4  temperature susceptibility5 and I-V hysteresis are 

the main issues to address for more stable and reliable perovskite-based devices.6–8 The underlying 

causes of I-V hysteresis in lead halide perovskites are still not clear. Several works agreed on 

explaining such hysteretic phenomena by means of ions moving within the perovskite layer,9–12 

while others concluded that the LHPs behave as a ferroelectric material.13–15 Lead halide perovskites 

from solution-ablated precursors have recently proved high stability in ambient conditions and low 

hysteresis, constituting a promising route for more stable and less hysteretic LHPs.16 Indeed, while 

standard solution-processed LHP could not survive extensive electrical characterization and showed 

irreversible degradation in a few hours, laser-ablated derived perovskite proved higher tolerance 

and resistance both to electric field and environmental exposure.  

For this reason in the present work thesis I-V hysteresis, and electric field effects have been 

investigated by means of electrical and optical characterizations of planar devices on archetypal 

methylammonium lead triiodide perovskite CH3NH3PbI3 (MAPbI3) synthesized with laser-ablated 

precursors.1 MAPbI3 from laser-ablated precursors endures prolonged electric field application and 

extensive electrical characterizations, which were not possible for standard solution-processed 

MAPbI3, were performed. In particular, these measurements allowed investigating whether the I-V 

hysteresis is due to ions and/or ferroelectric properties of LHP material by using extremely low scan 

rates. Besides, having MAPbI3 derived from laser-ablated precursors a slower degradation dynamic, 

the effects of the hysteresis on the material were detected too. It was concluded that different 

mechanisms contribute to the I-V hysteresis observed in PSCs and that ion migration is responsible 

for both long term transitory effects and permanent structural changes in the MAPbI3 layer, altering 

the electrical properties of the devices. A model based on the band bending made possible 

explaining the current injection/extraction into/from the hybrid organic-inorganic semiconductor, 

which suggested how these effects are important for the band alignment for a photovoltaics device. 
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These results are useful to better understand the degrading mechanisms in PSCs with different LHPs 

and/or different architectures. 

3.2 Results and Discussion  

Previous works showed that MAPbI3 perovskite exhibits in dark a rectifying current-voltage behavior 

by keeping the devices pre-biased at positive or negative voltages before an I-V scan measurement, 

whereas it was found that such a phenomenon does not occur when the measurements are 

performed after storage or after a pre-biased step at 0 V for a long time.16 Since  MAPbI3 perovskite 

synthesized from lead iodide nanoparticles obtained by laser ablation in solution (LASiS) showed 

higher resistance towards electric field induced degradation, stressful electrical characterizations 

were possible. In this work, MAPbI3 underwent several cyclic current-voltage scans, both at fast and 

very low scan rates. Measuring several scan cycles at different orders of magnitude scan rates 

allowed investigating the temporary/permanent phenomena and testing the LHP robustness to the 

applied electric field. In particular, 0.3 mV/s current-voltage scans were used to detect the steady-

state I-V curves of the device once all transient behaviors terminated. Optical characterizations were 

designed to support and to validate the results, in addition to provide further information for the 

model dynamics. 

3.2.1 Current-Voltage Measurements 

Figure 3.1 summarizes the typical current-voltage scans on interdigitated devices both in dark and 

light conditions (more details regarding the measurement conditions and device structure are 

reported in Section 3.4). Both the fast scan and steady-state curves show hysteresis, despite the 

very low scan rate used in steady-state measurements (Figure 3.1 a).  

Figure 3.1 I-V scans at different scan rates made on interdigitated device a) in dark and b) in light conditions. The dark 
current was reported for comparison. 
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The different response to variable scan rates and the transient nature of the I-V curves eliminate 

the hypothesis of ferroelectric behavior (whether they exist, they are negligible), as it will be better 

explained below. The data at very low scan rate suggest that in addition to some ionic species there 

are others moving species within the material at a much slower pace. The photogeneration 

properties of the device are clearly evaluable in Figure 3.1 b, where the comparison of light and dark 

I-V curves highlighted a more than two orders of magnitude difference in currents. Furthermore, by 

comparing the two plots in Figure 3.1 it is possible to notice how curves measured under 

illumination can be approximated by linear fit, while those measured in dark conditions showed a 

non-linear shape.  

The different currents indicate that photogenerated charge dominate the injected charge under 

light. Ion drift-diffusion within organic-inorganic semiconductors has been widely studied 17–19 and 

the rectifying phenomenon in LHP materials has been explained in several works as the 

consequence of ion drift-diffusion through the active layer, particularly on planar devices.6,11 

However, no one recorded before current-voltage scans with such a low scan rate, which constitutes 

a good approximation of the steady-state condition. Figure 3.2 focuses on the detail of the steady-

state curve around 0 V captured both on cycle #1 (Figure 3.2 a) on a pristine device (i.e., not 

measured neither stressed before), and in cycle #2 (Figure 3.2 b). The insets in Figure 3.2 represent 

the absolute current values in logarithmic scale to emphasize the zero-current crossing voltage for 

each scan.  

Figure 3.2 I-V steady-state scan detail at low voltages. a) The zero-current crossing voltage depends on the scanning 
direction. If the device scanned is fresh and unbiased, the current flex is not present, and the scan starts from 0 A (green 
dashed circle in the inset). b) From 5 to 0 V a positive voltage of 0.24 V remains at zero-crossing current, while a negative 
voltage of -0.22 V remains from −5 V to 0 V (inset highlighting the blue region). The red dotted circles envelop the 
current flexes that are scanning direction dependent.  
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Comparing I-V scans at different cycles, it can be noticed that the steady-state scan on cycle #1 from 

0 V to -5 V on a pristine device has the zero-current crossing voltage at 0 V, while the backward scan 

from -5 V to 0 V crosses around −0.25 V. Then, in cycle #2, during the positive scan at 0 V the current 

is above zero, while the backward scan crosses zero-current at 0.24 V. The same repeats during the 

following cycles from #3 to #5, similarly to what observed in the work by Huang et al.6 Only with 

cycle #7, after leaving the device in storage conditions and unbiased for 5 days, an I-V curve that 

starts with zero-current at zero at 0 V was recorded, showing that the residual voltage is a 

recoverable phenomenon. Such a “reset” of the device is  understandable with a slow diffusion of 

ions within the MAPbI3 layer. The storage, in fact, allows the ions accumulated at the interface with 

the electrodes to diffuse back to their initial isotropic distribution, eliminating the residual zero-

current crossing voltage measured during the steady-state I-V scans. One can also conclude that VDIP 

is not due to ferroelectric domains switching during the scan, since the domains should not reset 

unless there is a change in temperature or applied electric fields and in any case longer relaxation 

times should be present. Furthermore, ferroelectric domains should switch and produce the VDIP 

voltage even with fast scans, which is not the case. 

Thus, the effects due to ferroelectric domains contributing to the observed hysteresis can be 

considered, if present, negligible. This I-V data interpretation agrees with the considerations of 

Beilsten-Edmands et al.,20 who suggested the movement of  ions (Pb2+ and/or MA+) within the 

MAPbI3 layer. One also notes flexes around ± 1.25 V (red dotted circles in Figure 3.2 b) in cycle #2, 

while there are no flexes in cycle #1 (Figure 3.2 a). Like VDIP, flexes are recoverable effects because 

they disappear after the devices are kept in storage conditions for enough time. One can also see 

that their weight on the I-V curves lowers repeating continuous steady-state measurements. These 

effects can be explained considering that, although the storage at 0 V allowed the ions distribution 

into the MAPbI3 layer to be restored, the continuous measurements also induce a degradation of 

the MAPbI3/Au interface. 

3.2.2 Morphological and Optical Analysis 

The top-view scanning electron microscopy (SEM) image of MAPbI3 thin film onto Si substrate shows 

NCs with an average size of 200 nm, having the characteristic rectangular prism of tetragonal 

perovskite lattice (Figure 3.3 a). The cross-sectional SEM image of the same sample shows a compact 

thick film of approximatively 1.3 µm (Figure 3.3 b). No PbI2 spherical particles can be observed in 

SEM images. This is confirmed by the low-intensity peak at 12.6° in XRD pattern related to PbI2 phase 
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(Figure 3.3 c) which has a much lower intensity than the reflection of MAPbI3 (100) plane at 14.1°.16 

Because of the grain size of the spray-coated MAPbI3 thin film (about 200 nm), in an interdigitated 

device there are about a hundred NC (about 20 nm) between two electrodes. This morphology of 

the film favors, according to Huang et al,21 ions migration, which shows smaller activation energy at 

the  grain boundaries than within a single crystal. The migration stops when the drift-diffusion 

process is balanced and, when a bias is applied, ions accumulate close to the electrodes creating a 

charge accumulation at the gold fingers. 

Figure 3.3 Morphological and optical characterization of MAPbI3 film. a) Top view and b) cross-section SEM images. c) 
XRD pattern of MAPbI3 film deposited on zero background silicon. d) Tauc plot made from MAPbI3/glass absorbance 
spectra. e) Ultraviolet Photoelectron Spectroscopy spectrum of MAPbI3/Au electrode highlighting HOMO level with 
respect to the Fermi level (4.53 eV) and higher binding energies region for work functions estimation. 
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Such migration related phenomena were evident in the interdigitated devices we used and were 

not be easily detected in a usual vertical device, where there are only few nanocrystals between 

electrodes, although the phenomenon of ion migration is always present and influences the 

performance of a PV cell .22,23  

The measurements we produced were therefore interesting for giving evidence to a phenomenon 

which is present in  PSC. The measurement of the optical property of MAPbI3 deposited on glass 

allowed its phase characterization. The band gap was found to be 1.52 eV, using a Tauc plot (Figure 

3.3 d), in agreement with the value of solution-processed tetragonal LHP materials.24 From 

ultraviolet photoelectron spectroscopy characterization, the HOMO band level and the Fermi level 

of MAPbI3 material were extrapolated (Figure 3.3 e). The HOMO level was found to be 

approximately 0.9 eV lower than the −4.53 eV estimated Fermi level, whereas the LUMO energy 

level at −3.91 eV. According to these values the material is n-doped, in contrast with values obtained 

from solution-processed perovskites reported in literature.25 It is known that ablation in organic 

solvents determines the presence of graphene/graphite in the ablated materials and the estimated 

Fermi level agrees with this presence, since graphene/graphite shows a work function of 4.4–4.6 

eV.26,27 The introduction of such “doping” materials in MAPbI3 derives from the PbI2 NCs precursors 

by LASiS (Section 3.4.2). In view of the recent studies on carbon-based perovskite solar cells 

highlighting their good long-term stability due to the use of carbon electrodes,28–30 the higher 

stability towards moisture and electric field effects of the present MAPbI3 perovskite can be related 

to the presence of such carbon materials.31–33  

3.2.3 Perovskite Degradation due to Ion Migration 

In addition to give rise to reversible hysteretic behaviors such as the VDIP and flexes in I-V curves, ion 

migration is also responsible for material degradation. The high ion concentration in proximity of 

the electrodes, upon application of a bias, generates a huge electric field that can influence the 

perovskite lattice. 

Effects on I-V curve 

Despite the inert atmosphere and the controlled temperature, the application of a prolonged 

electric field in dark conditions  induces some permanent degradation observable both in dark and 

light curves. In Figure 3.4 a one can notice how the current decreases with time of measurement, 

and during the cycle #5 the injected current is lower than during cycles #2 and #1. The current 

decrease is permanent, and the current does not recover also after storage without a bias. Except 
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the fast scans and the first steady-state scan from 0 V to -5 V during cycle #1, in all the curves the 

VDIP voltage related to the device history, was detected. One also observes that by increasing the 

cycles of characterization, the current flexes tend to vanish and disappear. This effect and the 

current reduction can be ascribed to electric field induced degradation. 

In particular, the application of an electric field for a long time (as is the case for the steady-state I-

V scans) allows ions to migrate and accumulate. The migration stops when drift-diffusion is 

balanced. However, this migration leads to a high concentration of ions in proximity of the 

electrodes. Such a high concentration of ions was suggested as the source of the MAPbI3 

degradation close to the Au contact since it generates a high electric field. The high density of ions 

has a negative effect on the MAPbI3 perovskite, inducing a high stress on its lattice. Therefore, a 

lattice-degraded layer starts surrounding the gold electrodes limiting both the injected current 

(Figure 3.4 a) and the extracted photocharges (Figure 3.4 b). Indeed, the extracted photogenerated 

current is lower in cycle #5 than in fresh devices, but this difference is not comparable with the 

variations in the injected dark current during the respective cycles. Moreover, the extracted 

photocurrent from a fresh device can be approximated by a linear fit, while the photocurrent 

measured on the same device in cycle #5 is considerably different. Finally, the presence of a VDIP 

voltage is still observed in fast I-V scans in light conditions (inset in Figure 3.4 b). 

Figure 3.4 a) Steady-state scans of an ID sample in dark conditions during several cycles. Continuous lines stand for 
scans from 0 V to ± 5 V, while dashed lines for scans from ± 5–0 V. Circles indicate the positive and negative scans during 
cycle #2 measurements, after the first scan of the fresh device (red lines), while the filled squares curves indicate the 
steady-state I-V during cycle #5. b) Fast I-V curves of the same sample under light condition as in a) at different 
measurement steps. Red continuous line is the fresh device; blue dashed line with circles is after the cycle #5 negative 
steady-state scan; orange dot-dashed line is after the cycle #5 positive steady-state scan. The inset in b) underlines the 
presence of a residual built-in voltage in the curves when measuring in light after steady-state scans. 
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VDIP was approximately −0.28 V (dashed blue line with empty circles) when the previous 

measurement was a negative steady-state scan and 0.25 V (orange dashed line with empty triangles) 

in case of a positive steady-state scan.  On the contrary, the fast scan in light on a fresh device or 

after storage crosses the zero-current at 0 V. Although the planar structures of the interdigitated 

devices intensified this phenomenon, the presence of VDIP is in accordance with well-observed long 

time VOC decay occurring in PSCs and with pre-polarization affecting solar cell performance.34 x 

Electric field effects on perovskite lattice 

To verify the hypothesis of the existence of a degraded layer surrounding the electrodes, Raman 

spectra were recorded in different regions of the IDs samples (Figure 3.5). The blue curve represents 

a sample measured on gold fingers after cycle #7 electrical characterization, whereas the red curve 

represents a fresh device measured in an equivalent region and stored unbiased for the same 

amount of time. Raman spectrum of MAPbI3 film at standard conditions did not show any significant 

peaks and this is what can be also observed in the fresh perovskite sample.35,36 On the other hand, 

several peaks appeared in the case of fully characterized device measured on gold electrodes. The 

appearance of such peaks is compatible with the presence of crystalline lead iodide.37 Specifically, 

the peak at 94 cm-1 is due to Pb-I stretching,38 while the peaks at 110 and 215 cm-1 are related to 

first- and second order Pb-I longitudinal modes vibrations, respectively.39 Furthermore, the blue line 

shoulder at 110 cm-1 derives from both lead iodide (PbI2) and methylammonium iodide (MAI).35  

Figure 3.5 Raman characterization of MAPbI3 sprayed on ID substrates on a fresh device and after the cycle #7. Raman 
spectra of PbI2 and MAI precursor powders was added as reference. 
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Additionally, the Raman spectra were measured also between Au electrodes, where MAPbI3 

perovskite was grown on SiO2. Such spectra (green curve) did not show the presence of MAPbI3 

precursors both on a fully characterized and on a fresh device. These results show that the effects 

of ion migration lead to the degradation of the perovskite near to the electrode where migrated 

ions accumulate and the precursors of LHP, namely PbI2 and MAI, are present.40  

3.2.4 Model interpretation of the experiments 

The phenomena generated by the electric field can be understood with a qualitative model. Figure 

3.6 a represents the fresh device unbiased. Here, ions (light blue and gray spheres) occupy their 

initial position in the lattice and are distributed uniformly within the LHP layer and the bands are  

flat. Figure 3.6 b shows the biased device in steady-state condition. In this condition, dipoles are 

generated at MAPbI3/Au interfaces due to charge accumulation. Such dipoles are few nm thick (10–

50 nm)41 and they enhance holes/electrons injection via tunneling. The presence of such dipoles 

produces an effect similar to the functionalization usually adopted in organic devices to promote 

charge injection.42–44 Once the dipoles width is in the order of nm, charges easily cross the potential 

barrier by tunneling. Therefore, the dipole potential barriers are not impeding but promoting the 

charge injection, since the dipole heights are equivalent to shifts of the electrode work functions 

(respectively called ΔφB1 and ΔφB2 in Figure 3.6 b-d). Figure 3.6 c represents the transient condition 

of temporary MAPbI3 band bending occurring when applying a negative voltage (-2.5 V). In this 

transient condition, ions drift-diffusion is unbalanced and there is no tunneling of e+/h+, resulting in 

a lower overall current. This can explain the flexes in the current observed in Figure 3.4 a. These 

observations point to the fact that despite using such a low scan rate as 0.3 mV/s, the resulting scan 

does not represent the final steady-state condition of the device, since transitory phenomena 

persist. Probably, heavy ions (Pb2+ and/or MA+) are responsible for the I-V hysteresis despite the low 

scan rate. 

Finally, Figure 3.6 d shows what happens after the MAPbI3 film is biased for a prolonged time. The 

ions accumulated at the MAPbI3/Au interfaces are responsible for a permanent damage of the 

MAPbI3 perovskite film, which converts back to PbI2 and MAI original precursors. Such degraded 

layer around the gold electrodes limits the current injection. The presence of MAPbI3 degraded 

layers explains the lowering of the dark current and the different shape and decrease of the light 

current with increasing measurement time, shown respectively in Figure 3.4 a,b. 
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3.3 Summary 

Methylammonium lead iodide perovskite material was synthetized starting from spray-coated lead 

iodide nanoparticles precursor obtained by laser ablation technique. From earlier studies, this 

perovskite material proved to be more stable than the standard spin-coated counterpart. Thanks to 

the electrical characterizations performed at different scan rates on interdigitated perovskite 

devices it was possible to recognize the causes at the base of the electrical hysteresis, distinguishing 

between temporary and permanent phenomena generated during the current-voltage 

measurements. Results indicated no (or negligible) ferroelectric phenomenon in methylammonium 

lead iodide perovskite, while ions migration at perovskite grain boundaries has several effects, 

leading to material degradation.  

Figure 3.6 Qualitative model representation of the band diagram without (a) and with (b) biasing the interdigitated 

sample at steady-state conditions. c) Band banding during a transient measurement, in which the tunneling is reduced 

due to the persistence of a dipole generated during the positive steady-state scan. d) Situation occurring under biasing 

after prolonged exposure to high electric field near the contacts, in which the tunneling current is reduced due to higher 

barriers generated by degraded MAPbI3 layers. 
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Following the drift-diffusion law under the effect of applied bias, the ions accumulate at the 

interfaces with the electrodes, generating dipoles in the device. Such dipoles change the band 

alignment of the semiconductor with the electrode work functions, thus changing the current 

injection dynamics. Despite the initial improvement in band alignment that dipoles might induce, 

the high electric field they generate at perovskite/electrode interfaces is destructive and induces a 

degradation mechanism which converts methylammonium lead iodide perovskite layer back to the 

initial precursors (methylammonium iodide and lead iodide). Therefore, insulating degraded layers 

generate around the electrodes, limiting the current injected in dark and extracted in light 

conditions. The presence of these layers was detected both in the current-voltage scans and by 

Raman spectroscopy measurements. 

Finally, a qualitative model describing the bands bending under different conditions was presented 

to explain the dynamics observed in the devices during the current-voltage scans. Although all the 

characterization, observations and models were made on interdigitated devices with a planar 

structure, the same phenomena can also occur in the vertical structures extensively used in 

perovskite solar cells. Thus, this study gives a wiser view of the ion migration effects, providing that 

it must be suppressed to optimize both functionality and reliability of LHP materials, also extending 

perovskite solar cells lifetime. 

3.4 Experimental Section 

3.4.1 Setup and Device Structure 

To limit the electric field induced degradation effects, all the characterization were performed in a 

chamber containing a nitrogen inert atmosphere, set at a controlled temperature of 25 °C. An 

additional external black box including the nitrogen one was used to avoid external light and 

electromagnetic radiation interferences (Figure 3.7 a); both boxes were grounded. A Peltier-based 

temperature controller allowed setting the device temperature from -20 to 80 °C. Planar 

interdigitated devices were fabricated using 10×10mm2 crystalline Si substrates covered by silicon 

oxide and patterned with interdigitated golden electrodes (work-function ΦAu = −5.1 eV). IDs had a 

20 µm MAPbI3 photoactive layer between golden electrodes (Figure 3.7 b). A 10×10mm2 fluorine-

doped tin oxide (FTO)/glass substrate (TEC 7, Sigma-Aldrich) was coated with MAPbI3 perovskite for 

optical characterizations.  
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3.4.2 Device Preparation 

MAPbI3 perovskite layers implemented in IDs and FTO/glass samples were obtained by a two-step 

process. Firstly, a precursor solution of PbI2 nanoparticles (NPs) in anhydrous isopropyl alcohol (IPA) 

was deposited onto the respective substrates by spray coating. Secondly, the PbI2 layers were 

converted into MAPbI3 perovskite by dip coating in 10 mg/ml MAI solution in IPA for 3 minutes, then 

rinsed in anhydrous IPA, and finally in anhydrous dichloromethane. The resulting MAPbI3 films 

thickness was in the order of 1 µm, as observed in SEM cross section profiles (Figure 3.3 b). Lead 

iodide nanoparticles were produced by LASiS. The second harmonic at 532 nm of a pulsed (10 Hz) 

Nd:YAG laser (Quantel) with 9 ns pulse duration was focused on the surface of a lead iodide 

compressed round powder tablet with a fluence of 2 J/cm2. The tablet was placed in a glass vial and 

immersed in anhydrous iodobenzene. LASiS was performed in such conditions for 2 hours, obtaining 

a 70 µg/ml PbI2 NPs colloidal solution. The NPs concentration was estimated via optical extinction, 

as previously reported.16 Finally, the PbI2 nanoparticles in iodobenzene were centrifuged and 

redispersed in anhydrous IPA before spray deposition. The spray coating depositions were 

performed via a home-made system (Figure 3.8) mounting a Professional Dual Action Airbrush Kit 

(nozzle diameter: 2 mm) with gravity feed (ExquizonEU), operating with nitrogen flow at 3 bar (20 

°C) and moved by stepper motors system.  The substrate was positioned vertically, 3 cm far from 

the nozzle tip and kept at 50 °C during the deposition. 1.0 ml of precursor ink was sprayed in air 

under extractor hood (20% relative humidity). The spray coating process was optimized by setting a 

10x10mm2 square pattern, with a step of 0.2 mm and a spray pattern width of about 4 mm.  

Figure 3.7 a) Sketch of the setup developed to run the electrical measurements. b) Representation of the planar 
structure used in this work. 
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3.4.3 Materials Characterization  

MAPbI3 perovskite work function was estimated via Ultraviolet Photoelectron Spectroscopy analysis 

performed using a Kratos Axis UltraDLD spectrometer and a He I (21.22 eV) discharge lamp. The 

Ultraviolet Photoelectron Spectroscopy measurements were conducted on a 55 µm diameter area, 

at pass energy of 10 eV, and with a dwell time of 100 ms. The work function was measured from the 

threshold energy for the emission of secondary electrons during He I excitation. A −9.0 V bias was 

applied to the sample to precisely determine the low kinetic energy cut-off.45 Raman spectroscopy 

measurements were collected by means of a custom setup equipped with an Ar+/ Kr+ gas laser 

(Coherent, Innova 70) tuned for emission at 514.5 nm. The laser was focused on the sample through 

an Olympus BX 41 microscope with a 20× objective (Olympus, MPlan FLN 20×, NA=0.40), while 

Raman scattering diffused by the sample was coupled into the slit of a three‐stage subtractive 

spectrograph (Jobin Yvon S3000) and detected by a liquid nitrogen‐cooled CCD (Jobin Yvon, 

Symphony, 1024×256 pixels, front illuminated). In this configuration, the laser spot diameter was 

about 5 µm. The laser power used during Raman measurements was 250 µW for PbI2 powder, MAI 

powder and MAPbI3 films on SiO2, while 25 µW for MAPbI3 on Au. All these measurements were 

Figure 3.8 Picture of the home-made spray coating system employed in this work to deposit lead iodide precursors 
nanoparticles to be then converted into MAPbI3 perovskite thin films. a) Airbrush, b) sample holder mounted on a hot-
plate, c) nitrogen supply, d) hot-plate controller, e) stepper motors. 
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carried out in standard conditions (25°C, 1 atm). SEM analysis was performed with a Zeiss Sigma HD 

microscope, equipped with a Schottky FEG source  and two detectors for secondary electrons 

(InLens and Everhart Thornley). A low accelerating voltage (1-5 kV) was used to delineate fine 

surface features without inducing conductive coatings that can deleteriously modify the perovskite 

surface morphology. X-ray diffraction (XRD) patterns were recorded in Bragg–Brentano geometry 

with a Bruker D8 Advance diffractometer equipped with a Cu Kα1 anode at operating voltage and 

current of 40 kV and 40 mA, respectively. All the diffraction patterns were measured at RT over an 

angular range between 6° and 60°, with a step size of 0.020° and an acquisition time of 1.0 s. 

3.4.4 Electrical Measurements 

An Agilent B1500 parameters analyzer was used for both the electrical characterizations of the 

devices and the control of the white LED lamp used as light source. High-resolution source 

measurement units were used to measure electrodes current, while a high-power one driven the 

light source. Light measurements were run under a white LED biased to give a light power density 

of about 50 mW/cm2. Current voltage scans were performed with a scan rate of 5 V and 0.3m V/s 

for fast and steady-state scan, respectively. Figure 3.9 a summarizes the experimental conditions 

for the electrical characterization of the samples. 

I-V scan was defined as positive when measured by a forward scan from 0 to 5 V, followed by a 

backward scan from 5 V to 0 V; negative when measured in opposite direction (from 0 to −5 V, then 

from −5 to 0 V). Positive and negative scans were repeated several times and at different scan rates 

to monitor any appreciable differences in the devices behavior related to the characterization itself 

and/or prolonged applied electric field. Figure 3.9 b shows the whole electrical characterization 

procedure followed in this study, including seven cycles of measurements. Starting and ending 

cycles (#1 and #7) are equivalent but were useful to compare the devices at the beginning and at 

the end of the complete characterization. The check cycles (#2, #3, and #4) comprehended only 

steady-state scans to monitor and to test the devices resistance to measurement-induced 

degradation. The full cycle (#5) measures consisted in fast scans, both in light and in dark, after a 

steady-state I-V scan in positive and negative directions. Finally, the storage cycle (#6) was intended 

to let the device rest such that relaxation phenomena could be detected within the ending cycle. 
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Figure 3.9 a) Specifications on the characterization timings, direction, voltage ranges and illumination used for the 
experiments. b) Type and order of the electrical measurements performed for the complete characterization of 
perovskite interdigitated devices. 
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4. PbI2 Nanoparticles as Porous Precursor–Buffer Layer for 

Carbon–Based Perovskite Solar Cells 
 

4.1 The Aim of The Project 

As previously stated in Section 1.4, long term stability of perovskite–based solar cells has been 

extremely improved by adopting “hole–conductor free” architectures, more commonly referred to 

as mesoporous carbon–based perovskite solar cells (mC–PSCs), which proved device stabilities over 

thousands hours 1,2 even at module scale (102 cm2).3,4 In these configurations, a LHP precursor 

solution is infiltrated into thick (≈ 10 µm) mesoporous scaffold made of carbon, the negative contact, 

insulating oxides, acting as spacer between electrodes, and titanium dioxide, the electron transport 

layer (Figure 4.1 a,b). Besides stability, another advantage of mC–PSCs is the possibility to pre–

fabricate large amount of mesoporous scaffolds on glass and then complete the solar cells, by 

infiltrating the perovskite precursors solution from the top, when needed allowing to produce 

devices “on demand”.5 This, together with the low production cost and the full processability of 

stable mesoporous carbon-based PSCs have recently shown the great potential for the development 

of large–scale production processes (Figure 4.1 c).6–9 The capability of mC–PSCs to operate without 

a selective hole transporting layer (HTL) is an advantage over conventional PSCs, often employing 

HTLs fabricated with expensive and unstable organic materials such as spiro–OMeTAD.  

Figure 4.1 a) Structure and b) energy band diagram of mesoscopic carbon–based PSC.10 c) Representation of a roll–to–
roll production line of mC–PSCs using screen–printing, scribing methods, and near–infrared annealing.5 
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However, the hole quasi–Fermi level (EFp), which is predominantly determined by the interaction 

between the perovskite and the carbon electrode, is higher in carbon–based PSCs than in traditional 

planar PSCs due to the higher Femi level of C than the HOMO of the HTM in planar PSCs. A list of 

abbreviations is reported in an appendix (pp. 242) at the end of the dissertation. This causes the 

lower open–circuit voltage (VOC) measured for carbon-based PSCs than that of HTM–based PSCs.9 

In addition, the poor charge selectivity of carbon electrode and the high thickness of the 

mesoporous C layer inevitably lead to lower efficiencies than those of planar PSCs architectures, 

due to a higher probability of photo–generated charges to recombine along and/or at the carbon 

electrode.5 Several optimizations have been made in the last years, mostly aimed at improving the 

perovskite/C interface 10 and the carbon paste formulation for the top electrode fabrication.11,12 

Nevertheless, mC–PSCs efficiencies are still below 16 %,13 far behind the planar counterpart showing 

PCEs up to 25 %.14 Moreover, the constrain of using high T (> 450 °C) for the sintering of mesoporous 

oxide make difficult the deposition of mesoporous carbon–based PSCs over flexible substrates.11,15  

The aim of the project presented in this chapter was to mitigate the above–mentioned obstacles by 

depositing, via spray coating, thin films of PbI2 NPs synthesized by laser ablation synthesis (LASiS) in 

isopropanol (IPA) to be used both as buffer layer, to separate charge transport layers, and precursor 

layer, to be converted into methylammonium lead triiodide (MAPbI3) perovskite photoactive 

material by infiltration of MAI solution in IPA (Figure 4.2). MAPbI3 from ablated–precursors recently 

shown the presence of a graphitic/graphene phase (formed during LASiS) linked to the perovskite 

phase, which proved to reduce both MAPbI3 sensitivity towards humidity and the current density–

voltage (J–V) hysteresis due to ions migration.16,17 With this approach, both perovskite morphology 

and mC–PSCs scalability could be improved thanks to: (i) the possibility to produce MAPbI3 

photoactive layers with bigger grains than those obtained in conventional mC–PSCs;18–21 (ii) a 

simplification of the overall fabrication process of carbon–based PSCs (i.e., mesoporous spacer oxide 

layers are no more needed); (iii) the avoidance of the infiltration step of the perovskite precursor 

solution through the stack (which usually require a robotic mesh deposition technique).22,23 The 

non–use of oxide buffer layers would also help in reducing the number of high–temperature 

fabrication steps to produce mC–PSCs, by avoiding the mesoporous oxide sintering. In addition, the 

sustainability of the whole process would be ensured by avoiding the use of DMF/DMSO toxic 

solvents during the precursors deposition/perovskite conversion, usually necessary to dissolve lead 

halide precursors. 
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In the following paragraphs, optimization processes for laser ablation synthesis and spray coating 

deposition of lead iodide nanoparticles will be presented, up to their implementation in mesoporous 

carbon–based PSCs as spacer/perovskite precursor layer.  

4.2 Results and Discussion  

4.2.1 Preliminary Validation Tests 

A high temperature (300–400 °C) annealing step of carbon–film electrode is usually required to 

remove the non–conductive binders contained in the organic paste,6,15 as well as to effectively 

produce a carbon mesoporous layer.24 Consequently, the underlying PbI2 NPs layer must bear these 

conditions without affecting its morphology since a good porosity is required for a good penetration 

of MAI solution (i.e., a good conversion into MAPbI3 perovskite).25–29 Since the melting point of bulk 

lead iodide (of about 402 °C, presumably lower for the case of nanoparticles)30–32 is close to the 

annealing temperature required for mesoporous carbon electrodes, PbI2 nanoparticles thin film 

must undergo preliminary annealing treatments before proceeding with the subsequent 

experiments. For this reason, PbI2 NPs alcoholic solution, prepared by LASiS in isopropanol, was 

spray–coated onto four 1x1 cm2 FTO/glass substrates to get thin films ≈ 0.5 µm thick. Such films 

were annealed at different temperatures, in the range of 300–400 °C as required for the deposition 

of mesoporous carbon electrode, then characterized to evaluate their optical and morphological 

Figure 4.2 Schematic comparison (not in scale) between a) the typical MAPbI3 synthesis adopted for mC–PSCs, obtained 
by infiltrating a perovskite precursors solution through the stack;6 b) the proposed approach in which MAPbI3 is 
obtained converting a precursor porous layer made of PbI2 NPs by infiltrating MAI solution in alcohol. 
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properties. The MAPbI3 perovskite layers produced by dip coating the annealed PbI2 precursor films 

into a 10 mg/ml methylammonium iodide (MAI) solution in isopropanol were characterize as well 

(Figure 4.3). Further details on PbI2 spray coating depositions and perovskites conversion are 

reported in Section 4.4.1. Figure 4.4 shows the UV–Vis spectra of the so–obtained PbI2 thin films 

and the MAPbI3 perovskite layers produced from them. No variations in the UV–Vis profile of not–

annealed spray–coated PbI2 NPs thin film was observed (Figure 4.4 a), while its upward shift 

compared to the precursor ink UV–Vis spectrum was attributed to a higher NPs light scattering once 

deposited over the substrate. A decrease in the typical lead iodide absorption edge, around 500 nm, 

was registered for the annealed precursor films, up to the complete disappearance of the 

contribution at 400°C.  

A similar trend was noticed in the UV–Vis spectra of perovskite layers obtained from the 

corresponding former samples with an attenuation of MAPbI3 absorption edge, around 780 nm, 

when converted from PbI2 precursor films annealed at high temperatures (Figure 4.4 b). Coherently 

with the trends observed for the UV–Vis absorption edges, a decrease of the typical yellow lead 

iodide coloration was noticed at increasing annealing temperatures (Figure 4.4 c). The same 

phenomenon was reflected in their perovskite counterpart showing a dark brown collared MAPbI3 

when converted from not–annealed PbI2 film, while perovskites with pale colorations were 

produced from precursor layers annealed at higher temperatures (Figure 4.4 d). The yellowish 

regions in the MAPbI3 film obtained by converting precursor films annealed at 350 and 400 °C 

highlighted the presence of PbI2 underneath perovskite. This, together with the disappearance of 

MAPbI3 absorption edge in UV–Vis spectra, pointed out that non–optimal perovskite conversions 

are obtained in these conditions. The perovskite conversion times (i.e., the minimum time require 

for dip coating conversion), reported below each sample in Figure 4.4 d, increased up to the 350 °C 

sample and then decreased in the case of the 400 °C one.  

Figure 4.3 Diagram showing the sequential steps followed for the deposition, the thermal annealing, and the conversion 
of PbI2 and MAPbI3 perovskite thin films, respectively.29 
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This trend was ascribed to a decreased porosity in the PbI2 films annealed at high temperature, due 

to the possible sintering of nanoparticles, with the consequent increase in the infiltration time 

between of MAI precursor during dip coating. The decrease in the perovskite conversion time in the 

case of 400 °C sample was ascribed to the thinning of the lead iodide layer (i.e., a faster conversion 

due to a lower amount of precursor material) due to evaporation processes that start to occur at 

temperature close to the melting point of the material. SEM analysis provided an insight on the 

thermally induced change in morphology of both the precursor thin films and the MAPbI3 perovskite 

layers produced from their conversion (Figure 4.5). Both spray–coated PbI2 NPs and MAPbI3 crystals 

showed an increase in size with the annealing temperature. Lead iodide nanoparticles, with an 

average size of 20–50 nm in untreated samples, increased in size up to 200 nm when annealed at 

300 °C. A poor uniformity and the appearance of uncovered FTO regions were observed for samples 

treated at higher temperatures, with the formation of micrometric clusters (Figure 4.5 a). A similar 

trend, both in size and in substrate coverage was noticed in MAPbI3 layers as well. Perovskite 

nanoparticles of 100–200 nm and 300–400 nm were observed when converted from untreated and 

300 °C PbI2 precursor films, respectively, in line with previous studies.25,33 Both these samples 

showed a good coverage of the FTO/glass without uncovered regions. 

Figure 4.4 UV–Vis spectra of a) spray–coated PbI2 NPs precursor thin films obtained at increasing annealing temperature 
and b) the MAPbI3 perovskite layers obtained from the formers. The typical absorption of PbI2, at about 500 nm, and of 
MAPbI3 perovskite, around 780 nm, are indicated by dash lines in each UV–Vis plot. Pictures of c) lead iodide precursor 
films and d) MAPbI3 layers obtained from their conversion. Longer perovskite conversion times, reported underneath 
each sample in (d), were register when synthesized from PbI2 precursor layers annealed at higher temperatures. 
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On the contrary, a poor substrate coverage was noticed for MAPbI3 layers converted from 

precursors films annealed at 350 and 400 °C, with the formation of bigger perovskite crystals up to 

1 µm lateral size (Figure 4.5 b). Thus, perovskite crystal size is affected by the precursor NPs one 

where bigger PbI2 crystal lead to bigger MAPbI3 crystals, in line with previous reports.34,35 Secondary 

electrons (SE) and back–scattered electrons (BsE) imaging were employed to better distinguish 

between the covered/uncovered regions in perovskite samples (Figure 4.5 c). Photoluminescence 

(PL) measurements are widely used to analyze the quality of lead halide perovskite materials.36–38 

Figure 4.6 a shows the steady–state PL spectra of MAPbI3 films, produced as previously reported 

samples but using glass as substrate to avoid alterations of MAPbI3 emissive properties induced by 

FTO conductive oxide.39,40 

 

Figure 4.5 Top–view SEM images of a) PbI2 NPs spray–coated onto FTO/glass substrates and b) MAPbI3 crystals obtained 

from their conversion. The annealing temperatures of precursor PbI2 films are reported on the left while asterisks 

highlight uncovered FTO regions. c) Secondary electrons (SE) and back–scattered electrons (BsE) images showing the 

different contrast between MAPbI3 perovskite crystals (green circles) and FTO (orange circles), through which it was 

possible to distinguish between covered and uncovered regions of the substrate. 
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A strong emission peak around 780 nm, corresponding to the 1.6 eV bandgap expected for 

MAPbI3,41,42 was registered for perovskite produced from the untreated PbI2 film (black line), close 

to the one obtained for a reference sample (with comparable thickness) prepared by 2–step spin 

coating deposition.43 Details regarding the preparation of the reference spin–coated sample are 

reported in Section 4.4.2. This highlighted the good quality of both the PbI2 precursor NPs produced 

by LASiS in IPA and the MAPbI3 perovskite material synthesized from them. A lower, yet still intense 

PL emission was measured for the MAPbI3 layer converted from the PbI2 NPs annealed at 300°C, 

while poor emissive properties were observed for MAPbI3 synthesized from 350 and 400 °C treated 

precursor samples, respectively. 

No significant differences were observed by comparing the XRD patterns of MAPbI3 perovskites 

obtained from untreated and 300 °C treated PbI2 NPs precursor layers, showing the typical sharp 

reflections of tetragonal perovskite phase (peak at 23.7° related to the (211) reflection)44,45 and just 

a slight increase in the lead iodide contribute (indicated by the (001) reflection at 12.7 °) for the case 

of 300 °C treated sample Figure 4.6 b.46,47 

Based on the optical and morphological results reported above, the annealing treatment at 300 °C 

were selected as a compromise to get uniform and good quality MAPbI3 perovskite films from spray–

coated PbI2 NPs in conditions compatible with mesoporous C electrode depositions.  

Figure 4.6 a) Steady–state PL spectra of MAPbI3 layers on glass obtained by converting spray–coated thin films of PbI2 
NPs annealed at different temperatures. All spectra were normalized over the maximum intensity of a reference MAPbI3 
sample (dash green line), prepared by spin coating deposition. b) Comparison between XRD patterns of 
MAPbI3/FTO/glass samples obtained from untreated and 300 °C treated PbI2 NPs. Orange asterisk indicates the (001) 
reflection of PbI2, while the brown asterisk is related to the (211) typical reflection of tetragonal MAPbI3 phase. Both 
spectra were normalized over the main perovskite (110) reflection at 14.1°. 
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4.2.2 LASiS of High–Volume PbI2 Nanoparticles Colloidal Solutions 

LASiS usually produce low volumes (a few ml) of poor concentrated (µg/ml) colloidal solution of 

nanoparticles (Section 2).48 Even if recent studies showed how the initial low productivity of LASiS 

can been remedied, reaching NPs production rates up to grams per hour,49 the harsh conditions 

required for such high concentrations were not suitable for our purposes. This required an 

appropriate optimization of LASiS procedure to produce higher volumes (>101 ml) of more 

concentrated (≈ mg/ml) PbI2 nanoparticles, a prerogative to spray coating larger–area thin films to 

implement into mC–PSCs and convert into MAPbI3 photoactive material. By standard LASiS 

procedure for obtaining PbI2 nanoparticles inks, 16 4.0 ml of PbI2 NPs ink in IPA with a concentration 

of about 0.2 mg/ml are obtained by LASiS within 20 minutes. Details regarding LASiS setup and the 

followed procedure for the estimation of lead iodide NPs colloidal solutions concentration are 

reported in Section 4.4.3. Higher yields can be achieved by increasing the ablation time, the solvent 

volume, and/or the laser fluence. However, high fluences can both damage the target and cause 

laser ablation of the low–boiling high–vapor pressure alcoholic solvent (e.g., flames), reducing the 

safety of LASiS process. The appearance of a contribute between 20–30° was observed in the XRD 

pattern of PbI2 NPs when a fluence of 8 J/cm2 was employed for the synthesis (Figure 4.7).  

Figure 4.7 XRD patterns of PbI2 nanoparticles produced by laser ablation in isopropanol at difference laser fluence 
values. The red circle highlights the appearance of a contribute between 20–30° when an 8 J/cm2 fluence is set for the 
synthesis. Such contribute was attributed to the formation of amorphous PbI2 and/or carbonaceous species due to 
solvent degradation when LASiS is performed at high laser fluence.50-52 

 



 Chapter 4 – Lead Iodide NPs by LASiS as Precursor–Buffer Layer for Carbon–Based Perovskite Solar Cells 

123 
 

Such contribute was attributed to the possible formation of carbonaceous materials due to the 

solvent degradation when LASiS is performed at too high fluences.50–52 This set 4 J/cm2 as the 

maximum fluence to use to get PbI2 NPs with crystallinity and/or amorphous carbon species. After 

several attempts in which the ablation time, the solvent volume, and the container type (affecting 

the length of the laser optical path to reach the target) were varied, a suitable condition was 

identified for the designated applications.  

Figure 4.8 shows the setup and the conditions used for obtaining 160 ml of 0.6 mg/ml concentrated 

PbI2 NPs ink by LASiS in IPA for 4 hours. The increase in PbI2 NPs solution concentration over time 

was monitored as described in Section 4.4.3, related to the trend of PbI2 absorption edge at 500 nm 

in the UV–Vis spectra (Figure 4.9 a). Even higher concentration, of more than 0.7 mg/ml, was 

achieved by LASiS for 6 hours in the above–mentioned conditions. However, such a high 

concentration led to colloidal solutions with poor stability showing, within 10–15 minutes, fast PbI2 

NPs aggregation. This can be observed with an increase in the scattering contribution at 600–800 

nm in UV–Vis spectra (Figure 4.9 a). This made the sample a non–valuable candidate for the 

subsequent spray coating depositions and set the upper concentration limit for the ligands–free PbI2 

NPs colloidal solutions. On the contrary, good ink stabilities were appreciated for the solutions 

ablated for up to 4 hours (> 48 hours), which just required a 5–minutes bath sonication before 

depositions. 

Figure 4.8 Pictures a) under visible light and b) in dark of the LASiS setup employed for the synthesis of high volume PbI2 
NPs colloidal solutions. b) Volume comparison between the 160 ml colloidal solution obtained in optimized conditions 
and the initial low–volume ink obtained in standard conditions (inset). c) Table summarizing the experimental conditions 
employed for the standard and the optimized high–volume LASiS. 
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A sharp size distribution of lead iodide nanoparticles, in the range of 15–40 nm, was estimated from 

TEM analysis of the ink (Figure 4.9 b,c). These dimensional values are in line with previous SEM 

analysis (Figure 4.5 a) and are optimal for getting porous PbI2 NPs precursor films to implement in 

mC–PSCs. In this way it was possible to increment the ablation yield of one order of magnitude by 

optimizing LASiS conditions, from about 2 mg/hour (4ml of 0.2 mg/ml ink in 20 minutes) to 20 

mg/hour (160 ml of 0.5–0.6 mg/ml ink in 4 hours), paving the way for producing large–area spray–

coated PbI2 nanoparticles thin films. 

4.2.3 Large–area Spray–coated PbI2 NPs precursor thin films 

As remarked in Section 4.1, a thick, porous lead iodide film is needed to effectively act both as 

perovskite precursor layer as well as to separate the contacts of a carbon–based perovskite solar 

cell (Figure 4.2 b). For this reason, the high–volume PbI2 NPs concentrated ink (Section 4.2.2) was 

spray–coated over 2.7x2.7 cm2 FTO/glass to produce thick, uniform, and porous film (Figure 4.10 a). 

Further details on the large–area spray coating conditions of PbI2 NPs are reported in Section 4.4.4. 

Film thickness was determined by combining profilometry and cross–sectional SEM analyses, 

through which an optimal average thickness of about 2 µm was measured by spray coating 20 ml of 

precursor ink (Figure 4.10 b,c). The porosity of PbI2 NPs precursor films, a requirement for its 

subsequent conversion to MAPbI3 perovskite,25–28 was evaluated by Atomic Force Microscopy (AFM) 

and top–view SEM measurements. 

Figure 4.9 a) UV–Vis spectra showing the increase in PbI2 absorption edge with the ablation time. The upward shift in 
600–800 nm range for the 6 hours profile was associated to an increase of scattered light due to NPs aggregation. b) 
NPs size distribution estimated from c) TEM images of the colloidal solution ablated for 4 hours. The black curve in (b) 
indicates the lognormal fit through which it was estimated an average size of 15–40 nm. 
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From Figure 4.11 a it is possible to appreciate the peculiar morphology of the spray–coated lead 

iodide films, highly porous and characterized by micrometric craters on the surface. The formation 

of such craters was ascribed to the coffee ring effect,53 expected for low temperature deposition 

processes (as the spray coatings of this work are). Wide range (20x20 µm) AFM analysis confirmed 

the morphology of PbI2 film observed through SEM, allowing to better analyze the craters depth (up 

to 400 nm) thanks to the high resolution in Z–direction. AFM images were analyzed with WSxM 

software, through with an average roughness of 0.23 μm and a root mean square roughness of 0.28 

μm were calculated. Figure 4.11 b shows the AFM 3D color map of the 20 ml spray–coated PbI2 NPs 

precursor film (Figure 4.11 a).  UV–Vis spectra were also evaluated to get an indication about thin 

thickness, proportional to the PbI2 absorption edge at 500 nm. In this way it was possible to correlate 

profilometry and SEM data with the UV–Vis edges to calibrate the spray coating deposition (Figure 

4.12 a,c). After a thermal annealing at 300 °C, the precursor films were converted into MAPbI3 layers 

by dip coating in 10 mg/ml MAI solution in IPA for 1 minute. 

Figure 4.10 a) Picture of a 2.7x2.7 cm2 PbI2/FTO/glass sample obtained after spray coating 20 ml of the high–volume 
concentrated PbI2 NPs ink. Film thickness estimation by b) profilometry and c) cross–sectional SEM. 

 

 

Figure 4.11 a) Top–view SEM image and b) 3D AFM colour map of the PbI2 NPs film obtained by spray coating 20 ml of 
precursor ink in IPA over FTO/glass. 
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As for PbI2 films, the same thickness analysis by profilometry, SEM and UV–Vis measurements was 

adopted for these samples as well (Figure 4.12 b,d). SEM cross–sectional images showed a 

thickening (of about 2 times) of MAPbI3 film after PbI2 precursor layer conversion, typical of multi–

step perovskite films processing (Figure 4.12 c,d).34,35,54  All these results proved how the adopted 

procedure (Figure 4.3) to effectively produce thick, and homogenous MAPbI3 perovskite layer over 

large areas (Figure 4.12 e).  

4.2.4 Carbon–based Perovskite Solar Cells Assembly 

Once optimized the PbI2 NPs deposition and MAPbI3 conversion (Section 4.2.3) the next, final step 

was to test the effect of applying the C–paste over the stack. As previously reported in Section 4.1, 

the lower efficiencies of mesoporous carbon-based PSCs than traditional planar architectures is 

generally attributed to a higher recombination rate of photo–generated charges along the carbon 

electrode and/or at the perovskite/carbon interface.5,10 For this reason, the carbon paste 

Figure 4.12 UV–Vis spectra of a) lead iodide precursor thin films produced by spray coating different volumes of PbI2 
NPs ink over FTO/glass and b) MAPbI3 perovskite layer obtained by converting the former samples by dip coating. The 
film thicknesses measured by profilometry are reported for each sample in both plots. Cross–sectional SEM image of c) 
lead iodide precursor layer produced by spray coating 20 ml of PbI2 NPs over SiO2/Si substrate (to get a better contrast 
and avoid charging during SEM analysis) and d) MAPbI3 perovskite film obtained by converting the former sample by 
dip coating in MAI solution. The PbI2 precursor films were annealed at 300 °C before perovskite conversions and UV–
Vis and SEM analyses. e) Photograph of the 2.7x2.7 cm2 MAPbI3/FTO/glass sample obtained by converting the 20 ml 
PbI2 precursor layer. 

 



 Chapter 4 – Lead Iodide NPs by LASiS as Precursor–Buffer Layer for Carbon–Based Perovskite Solar Cells 

127 
 

formulation and deposition is crucial for the top electrode fabrication.11,12 Based on a previous 

studies,22,23 a carbon paste by Gwent electronic materials (GEM) was selected as candidate to be 

screen printed onto the lead iodide s precursor layers. A compact TiO2 (c–TiO2) thin layer (≈50 nm) 

was deposited over 2.7x2.7 cm2 FTO/glass by spray pyrolysis using a 10% solution of titanium 

diisopropoxide bis(acetylacetonate) solution in isopropanol and heated at 550 °C for 30 minutes on 

a hotplate.23 2 µm thick lead iodide precursor layer was deposited on c–TiO2/FTO/glass by spray 

coating 20 ml of PbI2 NPs colloidal solution in IPA, as previously described in Section 4.2.3. The 

resulting sample was cut in half using a diamond tip cutter to get 2 pixels out of it. Finally, the GEM 

carbon paste was screen printed onto the middle of the PbI2 NPs/c–TiO2/FTO/glass stack, then 

sintered at 300 °C for 30 minutes (Figure 4.13 a). In this way, mesoporous carbon electrodes of about 

10 µm thickness were produced.22 The so–obtained carbon electrode/PbI2 NPs interface was 

analyzed by Raman mapping, following the procedure of a previous study.23  

Figure 4.13 a) Face–up (left) and face–down (right) pictures of a C(GEM paste)/PbI2 NPs/c–TiO2/FTO/glass sample. b) 
Typical Raman spectrum of a PbI2/c–TiO2/glass sample. The orange asterisk indicates lead iodide contributes, 
respectively at 73, 96, 110 and 214 cm–1, while the green rhombus highlights the titania peak around 198 cm–1. c) Raman 
map of the Carbon/PbI2 NPs/c–TiO2/FTO/glass sample obtained by measuring the maximal intensity between 80 and 
120 cm–1 over a reference baseline. The measurements were carried out through the glass side of the sample, in the 
region indicated with the red dash line in (a). The PbI2 NPs/carbon interface corresponds to the zero value of Y–axis, 
with the region underneath the C electrode placed over the red line. 
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Figure 4.13 b shows the typical Raman spectrum of a PbI2/c–TiO2/glass sample with the lead iodide 

contributes, at 73, 96, 110 and 214 cm–1, and the titania peak at 198 cm–1 (the one at 144 cm–1 is 

convolute within PbI2 peak at 100 cm–1) indicated by orange asterisks and the green rhombus, 

respectively. The Raman map, with the associated color scale bar, is reported in Figure 4.13 c. The 

analysis was carried out through the glass side of the sample around the carbon/PbI2 interface, 

indicated with the red dash line in Figure 4.13 a and corresponding to the zero value of Y–axis in the 

2D map. No lead iodide signals in the Raman shift range between 80 and 120 cm–1 were detected 

underneath the carbon electrode (the region above the red dash line). This suggested a damage of 

lead iodide precursor layer and/or PbI2 NPs dissolution inside the carbon paste during its deposition. 

The same procedure was repeated without treating the C layer at 300 °C for 30 minutes, obtaining 

similar results. For this reason, GEM paste was rejected as non–suitable for our purposes. Based on 

recent studies,55,56 an alternative way for the carbon electrode deposition, in which the carbon paste 

can be directly deposited on the perovskite absorbing layer, was pursued. 

An alternative carbon ink containing ethyl cellulose as highly soluble, low toxic, and cheap polymeric 

binder was used for low temperature carbon top electrode fabrication.57 The prepared ink 

contained 12.5% ethyl cellulose resin in 1 g of 1–butanol, with a 29.4% carbon loading. To better 

investigate the impact of the carbon paste deposition on the morphology of the PbI2 NPs precursor 

layer, 2 batches were prepared in different conditions by: (i) depositing the carbon electrode on top 

of the PbI2 layer, before MAPbI3 conversion by dip coating; (ii) depositing the carbon contact after 

the perovskite conversion. The low–temperature carbon paste was annealed at 70 °C for 5 minutes 

under the extractor hood after its blade–coating deposition. All other conditions were kept 

constant, as previously described. A poor perovskite conversion was observed for those stacks 

obtained by depositing the carbon paste directly on PbI2 NPs, with visible yellow regions underneath 

the carbon electrode highlighting unreacted lead iodide precursor (Figure 4.14 a). 

Better results were achieved by depositing the carbon ink after perovskite conversion, without no 

yellow regions and the typical dark brown color of MAPbI3 perovskite phase all over the surface 

(Figure 4.14 b). This comparison sanctioned the impossibility, in the presented conditions, to obtain 

good samples when the C paste is applied prior the perovskite conversion. As a first batch to analyze, 

10 devices were assembled following this procedure and current density–voltage (J–V) scans were 

registered for each device under AM 1.5 standard illumination conditions. 
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Further details regarding the electrical characterizations are reported in Section 4.4.5. The figures 

of merit calculated from the collected J–V curves are summarized in Figure 4.15 a, while Figure 4.15 

b shows the forward/reverse scans of the best pixel. The lowest photo–conversion efficiency (PCE) 

calculated for these devices was attributed to the low fill factor (FF), in the range of 20–30, and the 

negligible short–circuit current density (JSC), below 0.5 mA/cm2. FF in the range of 65–75 and JSC 

above 20 mA/cm2 are usually measured for carbon-based PSCs. On the other hand, the measured 

open–circuit voltage values, of about 0.9 V on average, and carbon electrode sheet resistance 

(RSHEET), of about 15 Ω/sq, are in line with those reported for efficient carbon-based PSCs in previous 

works.5,8,57 These results highlighted the good quality of the MAPbI3 absorbing layer (i.e., high 

VOC)58,59 and the good conductivity of the carbon top contact (generally comprises between 10–20 

Ω/sq for these architectures), suggesting that the low FF and JSC values are mainly related to issues 

concerning the dynamics of photo–generated charges and/or the carbon/perovskite interface. 

Figure 4.15 a) Box chart reporting the figures of merit (open–circuit voltage VOC, short–circuit current density JSC, fill 
factor FF) extrapolated from the reverse J–V curves of 10 devices assembled in the first batch. Arrows indicate the 
reference axis for each data set. b) Forward and reverse J–V curves of the best pixel. 

Figure 4.14 a) Top–side pictures showing the samples obtained by sequential depositions of PbI2 NPs precursor layers, 
MAPbI3 perovskites, and carbon electrode onto c–TiO2/FTO/glass substrates. b) Bottom–side picture of the final stacks 
obtained by blade–coating the carbon paste before/after MAPbI3 perovskite conversion by dip coating. Wide yellow 
regions, attributed to unreacted lead iodide precursor, are visible in samples obtained with the former procedure. 
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Cross–sectional SEM analysis was performed on the carbon/MAPbI3/c–TiO2/FTO/glass stack to 

inspect the carbon/perovskite top interface, indicated by the green dash line in Figure 4.16. A 

uniform and continuous MAPbI3perovskite film of 2–3 µm was observed underneath the thick 

carbon layer, of about 20 µm. 

No relevant thickness variations were observed along the perovskite film by cross–sectional SEM 

statical analysis, confirming the good conditions in which the spray coating depositions of PbI2 NPs 

were performed (Section 4.2.3). On the contrary, a non–optimal morphology was observed for the 

blade–coated carbon top layer, characterized by micrometric voids in the region close to the 

perovskite interface and a structural inhomogeneity between the top and the bottom side (Figure 

4.16). Based on this observation and by assuming a good charges photo–generation within the 

MAPbI3 absorbing layer, since the good PL emission registered (Figure 4.6 a), the reasons behind 

the low FF and JSC values can be laid on dominant charges recombination phenomena and/or on 

high RSERIES caused by the poor carbon/perovskite interface. The former is responsible for the 

negligible short–circuit current density, thus the negligible photo–generated current density, 

measured in all devices.60,61 The latter is inversely proportional to charge extraction and causes the 

flattening of the J–V curve, resulting in a net decrease of the FF but without affecting the open–

circuit voltage.62–64 Moreover, a S–shaped profile can be noticed in both the forward and reverse 

scan reported in Figure 4.15 b. This non–optimal diode behaviour is generally caused by charge 

extraction/transport barriers at the interface between the absorber and the top selective contact 

65–68 (i.e., the carbon electrode in the specific case). These barriers can also lead to J–V hysteresis 

phenomena, occuring when moving and/or accumulated ionic species are present within the 

perovskite layer under bias.17,69–72 This can explain as well the high hysteresis index,73 in the range 

of 50–65%, calculated for the devices assembled in the first batch.  

Figure 4.16 Cross–sectional SEM images showing the mesoporous Carbon/MAPbI3/c–TiO2/FTO/glass stack at different 
magnifications. 5 µm and 1 µm scale bars are reported in (a) and (b) images, respectively. The green dash lines highlight 
the carbon/perovskite interface. 
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Most of the efficiency losses described so far can be traced back to the poor perovskite/interface 

(Figure 4.16 b),18,74 rather than to the perovskite absorbing layer itself. The bad carbon layer 

morphology can be ascribed first to the carbon ink formulation, based on 1–butanol solvent. During 

the thermal annealing of the blade–coated carbon electrode, the low–boiling, high vapor pressure 

alcohol can have exerted micro–pressures at local level while quickly evaporating and escaping the 

carbon layer, generating the crack, micro–cavities and voids observed in cross–sectional SEM 

images. Moreover, since a downward temperature gradient is generated when the sample is placed 

on the hotplate, the micro–cavities generation due to the quick evaporation of 1–butanol is 

predominant in the bottom part of the carbon electrode. This could explain why these voids are 

concentrated in the region close to the perovskite interface (Figure 4.16 a). 

A pre–heat treatment, performed at lower temperature, and a further optimization of the carbon 

paste formulation, employing higher boiling solvents (compatible with the perovskite underneath 

layer) and deposition, lowering the thickness of the whole carbon top contact (still maintaining a 

low RSHEET), could be valuable solutions to reduce this phenomenon and improve the morphology of 

the carbon top electrode. Different perovskite conversion conditions and/or post–treatments could 

be evaluated as well to improve the morphology of the MAPbI3 layer, further increasing the 

perovskite crystals dimension and/or induce a partially dissolving/re–crystallizing MAPbI3 to reduce 

the film roughness and the number of grain boundaries within it 75,76 (which constitute, together 

with a poor C/perovskite interface, another possible cause for the high charge recombination 

observed in all the assembled stacks). 

4.3 Summary 

In this study, the implementation of lead iodide nanoparticles synthesized by laser ablation in 

isopropanol into mesoporous carbon–based perovskite solar cells (mC–PSCs) was investigated. The 

aim was to deposit, via spray coating, thin films of PbI2 NPs to be used both as buffer layer, to 

separate the charge transport layers, and as a precursor layer, to convert into methylammonium 

lead triiodide (MAPbI3) perovskite photoactive film. With this strategy, both the perovskite 

morphology and the mC–PSCs scalability could be improved, thanks to: (i) the deposition of MAPbI3 

layers with bigger grains than those produced in conventional mC–PSCs; (ii) a simplification of the 

overall fabrication process of carbon–based PSCs by removing the mesoporous oxide spacers, which 

require thermal sintering at high temperatures; (iii) the avoidance of the infiltration step of the 

perovskite precursor solutions through the stack, which usually require a robotic mesh deposition 
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technique. After the preliminary validation tests, the LASiS procedure was optimized to produce 

high–volume concentrated PbI2 NPs colloidal solutions in IPA to be then spray–coated over large–

area (2–7x2.7 cm2) substrates, forming porous precursor films. The MAPbI3 film obtained by their 

dip coating conversion showed a good crystallinity and good emissive properties, comparable to 

those of perovskite materials synthesized by conventional synthetic routes. The first carbon 

electrode depositions using a commercial carbon paste showed an incompatibility with the 

underline PbI2 NPs layer, causing its irreversible degradation. Better results were obtained by using 

a low–temperature carbon paste containing ethyl cellulose resin as non–toxic polymeric binder, 

which proved to be suitable for its blade–coating deposition onto both the PbI2 NPs precursor layer 

and the MAPbI3 perovskite film. The electrical characterization of the first batch of carbon–based 

PSCs obtained with this procedure pointed out good open–circuit voltage (VOC) values, while poor 

fill factors (FF) and negligible short–circuit current densities (JSC). By analyzing the current density–

voltage (J–V) curves and the cross–sectional SEM images of the stacks, the lowest photo–conversion 

efficiencies (PCE) registered in all devices were ascribed to a non–optimal perovskite/carbon 

interface, leading to high RSERIES, poor photo–generated charges extraction and high charges 

recombination/accumulation. Different carbon paste formulations, deposition techniques, and/or 

post–treatment conditions, need to be further investigated and optimized to improve the carbon 

top electrode morphology and the carbon/perovskite interface. Different perovskite conversion 

and/or post–treatment conditions could be evaluated as well to reduce the roughness and the grain 

boundaries density in the MAPbI3 perovskite layer, which constitute the other possible cause for the 

high charge recombination observed in all the assembled stacks. 

4.4 Experimental Section 

4.4.1 2–Step Deposition of MAPbI3 Perovskite Films 

For the preliminary validation tests, the PbI2 NPs colloidal solution prepared by LASiS in isopropanol 

was spray–coated onto four 1x1 cm2 FTO/glass substrates (TEC 7, Ossila) using a home–made spray 

coating system. The substrates were cleaned before depositions following a widely used procedure 

reported in literature77 which involves four ultrasonic bath cleaning steps in 2% v/v Hellmanex water 

solution (15 mins), distilled water (2 x 15 mins), acetone (15 mins), and isopropanol (15 mins), 

respectively, then dried with a nitrogen stream. The home–made spray coater used for deposition 

processes is depicted in Figure 4.17. The system was based on Professional Dual Action 

MicroAirbrush Kit with gravity feed (ExquizonEU), operating with a nitrogen flow heated at 40 °C 
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and at a pressure of 3 bar. Stepper motors, remotely controlled by a LabView software, were used 

for regulating the horizontal and vertical handling of the airbrush, moved at a constant speed of 0.4 

cm/s. The spray tip (0.25 mm nozzle diameter) was located 4 cm far from the substrates, heated at 

100 °C during depositions by a hot plate integrated in the spray coater stage. 

4.0 ml of a 0.2 mg/ml PbI2 NPs ink in IPA was spray coated over the four cleaned substrates, with an 

ink flow of 0.15 ml/min and a 1.5x1.5 cm2 square pattern were set for all the spray–coated samples. 

After depositions, the so–obtained lead iodide precursor films were annealed for 30 minutes at 

different temperatures, respectively of 300, 350, and 400 °C. The reference films did not undergo 

this treatment. Finally, MAPbI3 films were obtained by dip coating the PbI2 samples into a 10 mg/ml 

MAI solution in anhydrous isopropanol for 30–120 seconds, depending on the sample. Each film was 

left immersed for other 20 seconds after that the complete change in color of MAPbI3 was achieved 

(from yellow to dark brown). The perovskite samples were then rinsed in anhydrous isopropanol 

and chlorobenzene. Finally, all the MAPbI3 layers underwent a thermal annealing at 100 °C for 10 

minutes under Argon flow. The whole process was performed under extractor hood at 20°C and 50 

% relative humidity. Both PbI2 and MAPbI3 samples were stored under nitrogen atmosphere in a 

dryer before the subsequent characterizations.  

Figure 4.17 Picture of the home–made spray coating tool employed for the spray coating deposition. a) Nitrogen inlet 
pre–heated by a copper coil placed on a hot plate, b) Mobile support for spray tip positioning, c) micro–airbrush (8 ml 
tank), d) moving stage on x–y axis by stepper motors, e) hot–plate controllers, f) hygrometer with temperature sensor, 
g) AC controller of the resistance place on the airbrush as heating system for the sprayed ink. The setup was located 
under extractor hood, with stepper motors remotely controlled via LabView program. 
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4.4.2 Reference 2–Step Spin–Coated MAPbI3 Thin Films  

The reference MAPbI3 sample depicted in Figure 4.6 (dashed line) was prepared by 2–step spin 

coating deposition following a recent recipe reported in literature.43 1 M PbI2 solution was prepared 

by dissolving 922 mg into 2.0 ml DMF, put on a magnetic stirrer at 800 rpm and heated at 75 °C for 

6 hours. 40 µL of PbI2 solution was spin–coated on 1x1 cm2 FTO/glass substrate at 3000 rpm/min 

for 50 s, followed by thermal annealing at 100 °C for 5 minutes. Once cooled down to room 

temperature, 200 µL of a 0.25 M MAI solution in isopropanol was dropped onto the PbI2 precursor 

film (in the middle) and immediately spin–coated at 1200 rpm/min for 20 seconds. MAI solution was 

prepared before perovskite spin coating conversion by dissolving 80 mg of MAI powders into 2ml 

IPA, stirred at 1000 rpm while kept at 60 °C by a hot plate for 30 minutes. The so–obtained 

perovskite film was finally thermally annealed at 100 °C for 10 mins under Argon flow. The whole 

process was performed under extractor hood in laboratory conditions. 

4.4.3 PbI2 Nanoparticles ink via Laser Ablation in Solution 

The standard LASiS procedure for obtaining PbI2 nanoparticles inks 16 foresees the focalization, at a 

fluence of 2 J/cm2,  of a pulsed beam of 9 ns at 532 nm by a 20 Hz Nd:YAG laser (Quantel Q–Smart 

450 mJ) on the surface of a lead iodide round target place in a glass vial and immersed in 4.0 ml 

isopropanol (Figure 4.18 a). The round pellet target of 1.3 cm diameter was obtained by compressing 

PbI2 powders with a table maker (uniaxial hydraulic press) under a pressure of 10 tons for 10 

minutes. To ensure a uniform erosion of the target by the laser, the PbI2 target was moved at a 

constant speed of 0.5 mm/s by a double–axis (x,y) stepper motors system during LASiS procedure.  

Figure 4.18 a) Sketch diagram of the LASiS process for preparation of the PbI2 NCs ink. b) 4.0 ml vial containing the PbI2 
NCs colloidal solution is isopropanol. c) UV–Vis spectra of PbI2 NCs inks with increasing concentration, obtained at 
increasing ablation time in the same experimental conditions. 
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In this starting conditions, 4.0 ml of PbI2 NPs ink in IPA with a concentration up to 0.3 mg/ml can be 

obtained by LASiS within 20 minutes (Figure 4.18 b,c). The concentration of PbI2 NPs was estimated 

by centrifuging and digesting an aliquot of the ink in DMF, then calculating the concentration value 

through the Lambert–Beer law by evaluating the absorbance peak at 322 nm. The molar absorptivity 

of lead iodide, equal to 7700 M–1cm–1, was estimated using a calibration line made with standard 

solutions of commercial PbI2 powders in DMF.16  

4.4.4  Large–Area Spray–Coated PbI2 NPs precursor films  

The large–area lead iodide precursor films reported in Figure 4.1 a were prepared by spray coating 

the high volume concentrated PbI2 NPs ink in IPA (Section 4.2.2) with the home–made spray coater 

previously described (Figure 4.17). 5, 10, and 20 ml of a 0.6 mg/ml PbI2 NPs precursor colloidal 

solution were spray–coated over 2.7x2.7 cm2 FTO/glass substrates, opportunely cleaned before 

depositions (Section 4.4.1). An ink flow of 0.2 ml/min and a 3x3 cm2 square pattern were set for all 

the spray–coated samples. After spray depositions, the PbI2 precursor films were annealed in the 

optimized conditions at 300 °C for 30 minutes (Section 4.2.1). MAPbI3 films were obtained by dip 

coating the so–obtained PbI2 samples into a 10 mg/ml MAI solution in anhydrous isopropanol for 

60 seconds, followed by a thermal annealing at 100 °C for 10 minutes under dry atmosphere (Argon 

continuous flow). All other unspecified experimental conditions were the same as those reported in 

Section 4.4.1. 

4.4.5 Electrical Device Characterization 

Current density–voltage scans were measured using a class AAA solar simulator (Newport Oriel 

Sol3A) at AM 1.5 100 mW/cm–2 illumination, calibrated using a KG5 filtered reference cell. The solar 

cells area was determined by applying a 0.49 cm2 mask. All devices were light soaked for 3 minutes 

before the J–V sweeps, registered from open–circuit voltage to short–circuit current density 

(forward scan) and vice versa (reverse scan) at a rate of 330 mV/s using a Keithley 2400 source 

meter. CERASOLZER active solder alloy, a lead–free material for low temperature soldering (150 

°C),78 was applied onto the carbon electrode to constitute the top contact for the J–V scans 

measurement. Sheet resistances were measured using a JANDEL RM 3000 Four–Point Probe 

System.57  
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5. Eco‐Friendly Spray Deposition of Perovskite Thin Films on 

Textured Surfaces1   
 

5.1 The Aim of The Project 

The combination of lead halide perovskite photoactive materials with the silicon solar cells 

technology enabled the realization of monolithic perovskite-Si tandem devices with photo-

conversion efficiencies (PCEs) nowadays above 29%,2,3 constituting an effective and promising way 

for perovskite technology entrance into the PV market.4,5 In the monolithic tandem configuration, 

also referred as two-terminal tandem, the PSC is assembled directly on top of a Si bottom cell. Since 

the perovskite top device needs to be fabricated on wafers that feature micron-scale randomly 

distributed pyramidal texture, necessary to minimize reflection losses in tandems,6,7 the use of 

commercial crystalline silicon (c-Si) wafers represents a technological challenge. The PSCs owe their 

great success to their high PCE obtained via solution–deposition techniques, which are cheaper and 

simpler than vacuum-based process for conventional PV device fabrication. Thus, solution-based 

processing of perovskite solar cells compatible with textured substrates is required. Among solution 

processing techniques, spin coating is the most widely employed due to its low cost, ease of access, 

and simplicity in getting high-quality polycrystalline perovskite films.8 However, this technique is not 

suitable for large-scale production and results in high material consumption, not compatible with 

sustainable low-cost processes. Moreover, spin coating the perovskite layer onto textured silicon 

bottom cells represents a challenge by itself which, to date, led to poor coverage of the films 

resulting in low-performing tandems.9,10 At present, two-terminal perovskite-Si tandems are 

realized following two main approaches. In the first case, the perovskite film of the top cell is spin-

coated onto c-Si bottom cell with a mirror-polished flat surface. However, as previously stated this 

causes reflection losses in the device which reduce the overall PCE and require the use of additional 

antireflective coating.11 In the second case, the perovskite layer is deposited on textured Si bottom 

cell via hybrid conversion where the inorganic perovskite precursors, namely lead iodide (PbI2) and 

cesium bromide (CsBr), are thermally evaporated on textured bottom cell and then converted into 

perovskite by spin coating the organic perovskite precursors (formamidinium iodide/bromide, FAI 

and FABr, respectively).10,12 In hybrid conversion, the main obstacle is represented by fine-tuning 

the conversion process. Both the approaches reported above still rely on spin coating as a deposition 

and/or conversion method, a technique with intrinsic low reproducibility and poor coverage control 

once implemented for large-area surfaces. This represents a roadblock for the perovskite-Si tandem 
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commercialization. Indeed, for a successful entry into the PV market, two-terminal tandems need 

to be produced with the standard size of commercial cells (and modules), which for high-efficiency 

c-Si solar cells are currently of 6 inches (pseudo-) squared c-Si wafers.13 

In this work, a sequential eco-friendly (SEF) spray coating technique is presented as an innovative 

method to deposition lead halide perovskite thin films on micron-scale textured Si bottom cells for 

two-terminal tandem applications. The proposed approach completely avoids the use of hazardous 

solvents, commonly used in previously reported studies on spray-coated PSCs.14,15 Spray coating is 

already an established scalable deposition technique which can be easily adopted for many 

applications.16 In this study, such technique was adapted for the deposition of methylammonium 

lead triiodide (MAPbI3) and mixed-cation lead mixed-halide perovskite (CsFAMAPbI3−xBrx) in 

ambient conditions, demonstrating both the versatility and the suitability of the methodology for 

the realization of perovskite films for two-terminal textured tandem devices through bandgap 

tuning. 

5.2 Results and Discussion  

5.2.1 The Sequential Spray Coating Method 

Textured silicon heterojunction (SHJ) solar cells were fabricated as test platforms for the SEF spray 

coating technique (Figure 5.1 a). c-Si wafers were immersed into KOH alkaline solution to obtain 

7÷10 µm randomly distributed pyramids via etching processes, obtaining textured surfaces both at 

the front and back sides (Figure 5.1 b).17 Intrinsic (i) and doped (p,n) amorphous silicon layers were 

deposited via plasma enhanced chemical vapor deposition (PECVD). Indium-tin oxide (ITO) thin films 

were then deposited via sputtering to form the passivating heterojunction contacts at front and 

back sides, as well as the recombination junction18 necessary to electrically couple the top and 

bottom cells in a monolithic tandem device.19 A list of abbreviations is reported in an appendix (pp. 

242) at the end of the dissertation. The SHJ was fabricated in rear-junction configuration to 

accommodate a monolithic two-terminal tandem design, i.e., electrons are collected at the 

illuminated side of the device.20 Finally, a NiOx thin layer was deposited via sputtering onto the 

sunward ITO layer of the textured SHJ bottom cell, to simulate the hole transport layer for the 

inverted (p–i–n) perovskite top cell. More details about the SHJ fabrication are reported in Section 

5.5.2.  
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Sequential eco-friendly spray coating technique consists of two consecutive depositions. Firstly, a 

PbI2 NCs colloidal solution (ink) synthesized by laser ablation in IPA21–26 was spray-coated onto the 

NiOx/SHJ textured bottom cells. Secondly, the so-obtained inorganic precursor layer was then 

converted into MAPbI3 perovskite with a subsequent spray coating of a methylammonium iodide 

solution in ethyl acetate (EA). A similar procedure was adopted also for CsFAMAPbI3−xBrx perovskite. 

In this case, a CsBr aqueous solution was added to the PbI2 NCs ink in IPA as a source of Cs+, with a 

volume ratio of 1:100 between CsBr and PbI2 solutions and a molar ratio of 1:20 between CsBr and 

PbI2 inorganic precursors. Then, the resulting PbI2 NCs-CsBr solution was deposited via spray coating 

on textured SHJ bottom cell. The mixed inorganic precursors layer was finally converted into mixed-

cation lead mixed-halide CsFAMAPbI3−xBrx perovskite by spraying coating a mixed organic 

precursors (namely FAI, FABr, and methylammonium bromide, MABr) solution in EA (Figure 5.2 a,b). 

Both the organic precursors solutions used for MAPbI3 and CsFAMAPbI3−xBrx were prepared by 

dissolving the salts in IPA, then diluting the resulting solutions 1:50 (v:v) in EA. After the SEF spray 

coating process, both MAPbI3 and CsFAMAPbI3−xBrx samples were annealed at 100 °C for 10 min 

under inert conditions (Argon flux) to complete perovskite conversion (Figure 5.2 c). All the 

experiments were performed under extractor hood in ambient condition (25 °C, 50 % relative 

humidity). More details regarding the SEF spray coating procedure are reported in Section 5.5.3. 

With this protocol, the limitations of spin coating deposition technique were avoided without losing 

the benefits of solution processing or relying on expensive vacuum deposition equipment. 

Remarkably, this methodology is compatible with the current industrial PV manufacturing 

standards, paving the way to a scalable, sustainable, and low-cost process required for two-terminal 

tandem commercialization. 

Figure 5.1 a) Schematic representation (not in scale) of the textured Si heterojunction bottom cell. b) Cross-sectional 
SEM image of the textured surface of the randomly distributed silicon pyramids. 



 Chapter 5 – Eco‐Friendly Spray Deposition of Perovskite Thin Films on Textured Surfaces   

147 
 

5.2.2 The lead iodide NCs precursor ink  

To get a perovskite fully coverage of the textured surface of NiOx/SHJ bottom cell, a uniform 

precursor layer must be obtained first. The main advantages in using PbI2 NCs by laser ablation in 

solution (LASiS) are the environmental-friendly solvents used in the process, such as low-boiling 

isopropanol, and the absence of ligands and/or surfactants to stabilize the nanocrystals. On the 

contrary, the use of toxic and hazard high-boiling, aprotic, polar solvents (such as DMF, DMSO and 

N-methyl-2-pyrrolidone) in traditional spray coating of perovskite precursor solutions hinders the 

potential of the technique. Moreover, the PbI2 NCs inks in IPA are stable over days, just requiring a 

sonication treatment before spray depositions if stored for long time (Figure 5.3). Additionally, there 

is no need of any secondary post-treatment processes due to the absence of stabilizers in 

solution,27,28 which greatly simplify the overall deposition process. Further details regarding the 

LASiS setup and the ablation conditions are reported in Section 5.5.1. The typical ultraviolet–visible 

(UV–Vis) absorbance spectrum profile of PbI2 NCs is preserved after spray coating step, showing the 

characteristic absorption edge at 500 nm (Figure 5.4 a).29 In the near infrared (NIR) region, a 

scattering contribution can be observed in the spectrum of the colloidal solution since the average 

dimensions of the PbI2 NCs are several tens of nm (40–60 nm), as estimated from the transmission 

electron microscopy (TEM) and dynamic light scattering analysis (Figure 5.4 b-d).The scattering 

contribution further increases once the lead iodide NCs are spray-coated onto a substrate (Figure 

5.4 a), since larger structures are formed. Figure 5.4 b depicts a TEM image of PbI2 NCs by LASiS 

highlighting their hexagonal shape, typical of PbI2 crystals,29 which testifies their good crystallinity.  

 

Figure 5.2 Sketch of the sequential eco-friendly spray coating process. Spray coating of a) inorganic precursors ink in 
isopropanol, and b) organic precursors solution in ethyl acetate over NiOx/textured SHJ bottom cell (thicknesses not in 
scale). c) Thermal annealing for 10 minutes at 100 °C. Colours: blue for textured SHJ bottom cell, green for NiOx layer, 
yellow for PbI2 NCs/PbI2 NCs-CsBr films, and brown for perovskite films. 



 Chapter 5 – Eco‐Friendly Spray Deposition of Perovskite Thin Films on Textured Surfaces   

148 
 

 

Figure 5.3 PbI2 NCs ink stability over time. Pictures of the ink a) as made, b) after 2 weeks and c) after 2 weeks 
ultrasonicated for 10 minutes. d) UV-Vis spectra of PbI2 NCs ink in the same cases. It is possible to notice how ultrasonic 
treatment can effectively restore both the initial dispersion and UV-Vis profile of PbI2 NCs ink. Such ink recovery is also 
confirmed by looking at the top-view SEM images of e) fresh PbI2 NCs ink, f) PbI2 NCs ink aged for 2 weeks, and g) PbI2 
NCs ink aged for 2 weeks after 10 minutes ultrasonication. 

Figure 5.4 a) UV–vis absorbance spectra of the PbI2 NCs ink in IPA and the mixed PbI2–CsBr ink thin film obtained by 
spray coating such ink on soda-lime glass. b) TEM image of the PbI2 NCs obtained by laser ablation synthesis in 
isopropanol. c) Size distribution of PbI2 NCs by laser ablation in IPA obtained from the analysis of 250 nanoparticles 
observed in TEM images. An average NCs size of 51±9 nm was estimated through lognormal fit. d) Dynamic light 
scattering data, reporting an average size of PbI2 NCs of 64±13 nm with a polydispersity index (PdI) < 0.5. The PbI2 NCs 
ink was sonicated for 3 minutes before the measurement. 
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5.2.3 Optimization of Perovskite Conversion and Deposition  

To form a uniform and continuous inorganic precursor thin film on top of the textured surfaces, PbI2 

NCs/PbI2–CsBr ink spray coating first step was optimized. Figure 5.5 a,b respectively show the top-

view and cross-sectional SEM images of the spray-coated PbI2 NCs ink over the textured surfaces of 

NiOx/SHJ bottom cells in optimized conditions . Both tips and valleys of the pyramids were well 

covered by spraying 2.0 ml of 0.3 mg/ml PbI2 NCs ink in IPA, revealing a conformal coverage of the 

c-Si pyramids. Uncovered areas, particularly on pyram id tips, were observed when using lower 

solution-loading amounts (Figure 5.5 c-e). On the contrary, higher solution-loading films lead to the 

formation of accumulations and/or micrometric thick bridges between pyramids (Figure 5.5 f-h). 

 

Figure 5.5 Top-view and cross-section SEM images of the spray-coated PbI2 NCs thin films onto textured NiOx/ textured 
SHJ bottom cells in various conditions. PbI2 NCs ink concentration was 0.3 mg/ml for all samples. a,b) Uniform and 
conformal coating obtained in optimized conditions. c-e) Degree of coverage of pyramids tip obtained spray coating (c) 
0.5 ml, (d) 1.0 ml and (e) 2.0 ml of PbI2 NCs ink. f-h) Morphology obtained by spray coating (f) 2.0 ml, (g) 3.0ml and (h) 
4.0 ml of 0 PbI2 NCs ink. 
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The latter must be avoided since they complicate the subsequent perovskite conversion, thus 

hampering the performance of the two-terminal perovskite-Si tandem solar cell. Similar results 

were obtained for the case of PbI2–CsBr ink deposition too, in which 2.0 ml solution was confirmed 

as the best ink volume to spray for obtaining a uniform coating of the perovskite precursor film over 

the textured NiOx/SHJ substrates (Figure 5.6). Both the concentration and the volume of the organic 

precursor solutions sprayed over the PbI2/PbI2–CsBr thin films was varied to find out the optimal 

perovskite conversion conditions. The volume loading seemed not to be a relevant parameter by 

itself. What turned out to be more critical was the number of spray coating cycles adopted to 

deposit the organic precursor solutions in EA. To avoid a nonconformal perovskite coating of the 

textured substrate, one-cycle spraying must be adopted to prevent dissolution and recrystallization 

of the perovskite crystals. 

In fact, best perovskite conversions were obtained when the ink flow was calibrated to guarantee a 

complete second spray deposition step in just one cycle. As expected, at a fixed volume, 

unconverted PbI2 layer at the MAPbI3/NiOx interface (Figure 5.7 a) was observed when spray coating 

MAI organic solutions with a too low concentration (PbI2-MAI molar ratio 2:1), while over 

stoichiometric solutions (PbI2-MAI molar ratio 1:5) resulted in the crystallization of the organic 

precursors excess onto the perovskite films (Figure 5.7 b). The best MAPbI3 perovskite film, showing 

a uniform coating on the textured substrate without any MAI accumulations (Figure 5.7 c), was 

obtained in stoichiometric conditions (PbI2-MAI molar ratio 1:1). In this case, 2.0 ml of 0.3 mg/ml 

PbI2 NCs ink in IPA was spray coated over the NiOx/SHJ substrate and then converted into MAPbI3 

perovskite by a subsequent spray deposition of 1.0 ml of 0.2 mg/ml MAI solution in EA. Interestingly, 

it was noticed how the concentration of MAI solutions can play a role in determining the quality of 

the final MAPbI3 perovskite film. Particularly, MAPbI3 layer with a good precursor conversion and 

bigger grains (up to 700 nm) was obtained by spraying a MAI solution in ethyl acetate with a molar 

Figure 5.6 Top-view SEM images of a) 1.0 ml, b) 2.0 ml and c) 2.5 ml of PbI2 NCs-CsBr ink (0.3 mg/ml) sprayed over 
NiOx/textured SHJ bottom cells. It can be noticed how spray coating ink volumes > 2.0 ml produces bridges between 
pyramids (leading to a non-conformal coverage of the substrate), while lower volumes lead to poor coverage of silicon 
pyramids (especially on pyramids tip). 
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ratio of about 1:1.5 between PbI2-MAI precursors over the PbI2 NCs layer (Figure 5.7 d). Despite this 

improvement in perovskite film morphology, thick bridges among silicon pyramids are present in 

this sample, highlighting the requirement of a lower concentration for the MAI organic precursor 

solution to deposit in the second spray coating step of sequential eco-friendly spray coating method. 

As observed for MAPbI3 thin films by SEF spray coating, a good perovskite conversion and conformal 

coverage of textured substrate was obtained in stoichiometric conditions between inorganic-

organic precursors also for the mixed-cation lead mixed-halide CsFAMAPbI3−xBrx perovskite (Figure 

5.8 c,d). Such film was obtained by spray coating 2.0 ml of 0.3 mg/ml PbI2 NCs–CsBr ink onto 

NiOx/SHJ textured substrate, then converted into perovskite by spraying 2.0 ml of 0.1 mg/ml FAI-

FABr-MABr (3.3:2:1 molar ratio) solution in EA (previously prepared by diluting 1:50 v:v the 5.5 

mg/ml mother solution in IPA). The CsFAMAPbI3−xBrx films obtained by spray coating lower or higher 

volumes (i.e., under or over stoichiometric solutions) of the mixed organic precursors solution led 

to a poor coverage of the pyramids (Figure 5.8 a,b) and thick bridges among pyramid tips (Figure 5.8 

e,f), respectively. 

Figure 5.7 Cross-section SEM images of MAPbI3 perovskite thin films deposited over the NiOx/textured SHJ substrates. 
The samples were obtained converting the PbI2 NCs precursor films (2.0 ml, 3.0 mg/ml) by spray coating 1.0 ml of MAI 
solution in ethyl acetate with different concentrations: a) 0.1 mg/ml, b) 1.0 mg/ml, and c) 0.2 mg/ml. It is possible to 
notice how to obtain both a good perovskite conversion and a conformal coverage of the textured substrate, the 0.2 
mg/ml MAI solution represents the optimal concentration (1:1 precursor molar ratio). d) Top view SEM image of the 
MAPbI3 film obtained by spraying an over-stoichiometric MAI solution (1.0 ml, 0.3 mg/ml). Bigger perovskite crystal 
grains were obtained in this condition, but with thick bridges among silicon pyramids (to be avoided for perovskite-Si 
tandem applications). 
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Both the MAPbI3 and CsFAMAPbI3−xBrx optimized thin films did not present any residual reflections 

related to PbI2/CsBr precursors in XRD patterns (Figure 5.9), proving a complete precursors 

conversion into perovskite phases. Moreover, all the spray-coated perovskite films showed smaller 

crystal grains in SEM images than those reported in literature.30–32 This fact was ascribed to the large 

amount of perovskite nucleation centers provided by the PbI2 precursor NCs used in this study. In 

addition, the use of low-boiling volatile solvents (i.e., IPA and EA) for the SEF spray coating 

deposition processes highly hinders the dissolution and the recrystallization of precursors and 

perovskite, respectively.30 If, on one side, this fact limits the perovskite grain dimensions that one 

can reach with this methodology, on the other side avoiding dissolution/recrystallization processes 

is very useful to get a uniform and conformal perovskite coating of micron-scale textured surfaces. 

Figure 5.8 Top-view and cross-section SEM images of CsFAMAPbI3-xBrx thin films deposited over NiOx/textured SHJ 
substrates. The samples were obtained converting the PbI2 NCs-CsBr precursor films deposited in optimized conditions 
(Figure 5.5 b) by spray coating a,b) 1.0ml, c,d) 2.0ml, and e,f) 3.0ml of FAI-FABr-MABr organic precursor solutions in 
ethyl acetate (0.1 mg/ml). It can be noticed how the CsFAMAPbI3-xBrx obtained by spraying  2.0 ml (c,d) was the best in 
terms of uniform coverage of the textured silicon substrate. Lower amounts of organic precursors led to poor coverage 
(a-d), while higher led to thick bridges between silicon pyramids (c-f). 
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5.2.4 Optical Characterization 

A set of spray-coated perovskite films on textured Si wafers covered by 300 nm of silicon nitride 

(SiNx), deposited via PECVD, was prepared to investigate the optical properties of the samples. To 

isolate the perovskite films from possible electronic interaction with c-Si wafers, the dielectric SiNx 

layer is required. Time-resolved photoluminescence (TRPL) spectroscopy was performed with a 

streak camera on these samples, to collect the spectral shape and time evolution of the PL at once 

for both for MAPbI3 and CsFAMAPbI3−xBrx perovskite films. Figure 5.10 shows the 2D pseudo-color 

graphs for each sample. As a reference sample, a MAPbI3 film spin-coated on quartz substrate was 

prepared. Figure 5.11 a shows the normalized steady-state PL (SSPL) spectra of reference spin-

coated MAPbI3 perovskite (black), spray-coated MAPbI3 (blue), and optimized (orange) spray-coated 

CsFAMAPbI3−xBrx perovskite. Both the spray- and spin-coated MAPbI3 perovskite films exhibited 

emissions centered at 770 nm, which is indicative of a bandgap of 1.61 eV, in agreement with the 

expected value for MAPbI3 polycrystalline films.33,34  

Figure 5.9 XRD diffraction pattern of CsFAMAPbI3−xBrx (orange), MAPbI3 (blue), and PbI2 NCs (black) thin films obtained 
by spray coating deposition onto textured SHJ substrates. The sharp reflection peaks at 33° (red asterisk) are related to 
the textured substrates. The variations in relative intensities of reflection peaks in PbI2 NCs XRD pattern (001 reflection 
is not the most intense, as expected for crystalline PbI2) can be ascribed to preferential orientation effects of the NCs 
onto the substrate.32 

* 

* 
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The CsFAMAPbI3−xBrx perovskite film showed a broader and blue-shifted emission, centered at 736 

nm. This wavelength corresponds to a higher bandgap of about 1.68 eV, typical of mixed-halide 

perovskites with a Br− ratio of about 25 % with respect to I−.35 Such bandgap value is very close to 

the best one (around 1.70 eV) predicted for perovskite-silicon tandem application.36–38 Moreover, 

in agreement with previous results from mixed halide perovskites obtained via LASiS,26,39 the 

CsFAMAPbI3−xBrx emission was stable even after keeping the perovskite sample in ambient 

conditions for many hours without any evidence of dominant phase segregation. On the contrary, 

such a good stability was not observed for non-optimized CsFAMAPbI3−xBrx samples (orange line, 

Figure 5.11 c). The photoluminescence lifetimes of the three samples obtained with a laser 

excitation at 532 nm are shown in Figure 5.11 b. A biexponential fit was used to extrapolate the 

average PL lifetime (τAVG) from the transient decays (more details are reported in Section 5.5). 

Average PL lifetimes of 33 and 21 ns was estimated for the spin- and spray-coated MAPbI3 films, 

respectively. 

Figure 5.10 2D pseudo-colour streak camera images of a) spin-coated MAPbI3 on quartz (reference), b) spray coated 
MAPbI3, c) optimized and d) non-optimized CsFAMAPbI3-xBrx perovskite films deposited on textured SiNx/Si substrates. 
The samples were excited at 532 nm. 
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This reduction of the average lifetime was ascribed to the reduced crystals dimensions in the spray-

coated MAPbI3 sample (as previously elucidated), which increase the recombination rates of 

photogenerated charges at the grain boundaries.40 PL lifetime was further reduced in the 

CsFAMAPbI3−xBrx perovskite sample, with a τAVG of 17 ns. This shortening in PL lifetimes in mixed 

perovskite phases is generally attributed to halides segregation under illumination.41,42 In fact, even 

if mixed cations (Cs+, FA+, MA+) can stabilize the perovskite lattice, increasing the Br- ratio in the 

structure (i.e., widening the perovskite bandgap) reduces the overall PL lifetime. Despite this, the 

optimized CsFAMAPbI3−xBrx perovskite samples showed no evident halides segregation during SSPL 

measurement (Figure 5.11 a,c). To investigate the effects of different perovskite conversion 

conditions on its emissive properties, SSPL and TRPL measurements were performed on samples 

prepared with different spray-coated volume and concentrations of precursor solutions, as 

previously discussed in section 5.2.3. Mixed-cation lead mixed-halide perovskite films made by SEF 

spray coating using a 1:1 molar ratio between inorganic-organic precursors resulted in longer 

Figure 5.11 Normalized a) steady-state PL spectra and b) transient PL decay of reference spin-coated MAPbI3 perovskite 
film on quartz substrate (black), spray-coated MAPbI3 (blue), and spray-coated CsFAMAPbI3−xBrx (orange) perovskite 
films on textured SiNx/Si substrates. All samples were excited at 532 nm with a fluence of 0.5 µJ/cm2. c) Examples of 
non-optimized CsFAMAPbI3−xBrx perovskite resulted to phase segregation (yellow), PL broadening (green), and 
formation of a lower bandgap phase (red). 
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lifetimes (Figure 5.12 a,b), confirming the better perovskite conversion yield and the higher quality 

of the perovskite films obtained in stoichiometric conditions already observed from SEM analysis. 

Additionally, higher volume loading seemed to be beneficial for CsFAMAPbI3−xBrx perovskite, by 

increasing its PL lifetimes (Figure 5.12 c,d). This could be linked to a better and/or more uniform 

coverage of the PbI2/CsBr inorganic precursor layer by the organic precursors spray-coated in the 

second step of SEF spray coating process, confirming that the volume of precursor solution is 

important to get a complete conversion from PbI2 NCs-CsBr to CsFAMAPbI3-xBrx perovskite. In 

parallel, full coverage of the film and higher crystal quality yield to longer PL lifetime.  

Figure 5.12 PL spectra and kinetics of CsFAMAPbI3-xBrx perovskite thin films with different inorganic/organic precursors 
molar ratio (i.e., PbI2-CsBr : MABr-FAI-FABr) and precursors amount (i.e., different volume loading) used for the 
conversion. SSPL and TRPL spectra obtained with a,b) 1.5 and c,d) 2.0 ml organic precursors amount respectively. PL 
spectra show a slight blue shifted emission peak of the perovskite obtained using a higher amount of organic precursors 
(red line), while TRPL measurements confirm that the volume of precursor solution is important to complete the 
conversion from PbI2/CsBr to CsFAMAPbI3-xBrx perovskite. 
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5.3 Further Developments 

5.3.1 The Ultrasonic Spray Coating Technique 

To fully exploit the potential of the SEF spray coating technique, an automated ultrasonic spray 

coating (USC) system was employed for the deposition of large area LHP thin films onto textured 

surfaces. In the next sections, USC depositions of PbI2 NCs-CsBr thin films and their conversion into 

CsFAMAPbI3-xBrx perovskite by SEF ultrasonic spray coating approach will be reported. First results 

regarding the implementation of such CsFAMAPbI3-xBrx photoactive layers inside two-terminal 

textured perovskite-silicon tandem solar cells will be shown as well. Finally, the hybrid perovskite 

conversion approach (i.e., an evaporation deposition, followed by a spray coating one) will be 

introduced, reporting the first attempts to employ this technique for the scalable production of 

efficient two-terminal textured perovskite-silicon tandem devices. 

Ultrasonic spray coating system by Sono-Tek43 was employed for automated large area depositions 

of LHP thin films (further details regarding USC tool and deposition conditions are reported in 

Section 5.5.5). The main difference from the previous home-made airbrush setup relies in the way 

the ultrasonic spray coating tool generates droplets. In micro airbrush the spray plume is generated 

by Venturi effect, forcing the liquid through a small orifice (≈0.1 mm) using high pressure to produce 

spray. A thin needle (0.2-0.3 mm diameter) is moved inward/outward a nozzle, formed by a filled 

cone contained inside a hollow one (Figure 5.13 a). As the needle retracts from its rest position, 

opening the orifice, the ink is sucked inside the nozzle and mixes the with a nitrogen inlet to form a 

cone-shaped aerosol made of sub-millimetric droplets (102 µm diameter).44,45On the other hand, in 

USC system the spray plume is generated by a ultrasonic nozzle which, without high pressure effects 

or small orifice, atomize the ink due to ultrasonic vibrations (60-120 KHz). 

Figure 5.13 a) Schematic of the airbrush system showing a magnification of nozzle in which the needle retraction (red 

circle), actuated by trigger, allows the ink to mix with the N2 gas to form the aerosol. b) Scheme of ultrasonic nozzle and 

spray plume obtained by intersecting the atomized liquid with a deflected gas stream during ultrasonic spray coating. 
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Spray shaping is then achieved by intersecting an atomized liquid plume with a defined gas stream 

(Figure 5.13 b). In this way, the kinetic energy of the spray plume can be controlled independently 

of flow rate. This technology allows to get a more defined spray cone shape and a better atomization 

of the liquid than airbrush, producing micro droplets (101 µm diameter) with a size distribution 

depending on the resonant frequency of the ultrasonic nozzle.15,46  

5.3.2 Spray Deposition of Large-Area Perovskite Films 

Due to bigger substrate area to cover and, above all, the different technical features than micro-

airbrush, a re-optimization of PbI2–CsBr/CsFAMAPbI3-xBrx thin films deposition by ultrasonic spray 

coating over textured NiOx/SHJ bottom cell was necessary. SEM analysis was widely adopted to 

investigate the degree of coverage of the spray-coated samples. Among all the experimental 

parameters of the automated ultrasonic spray tool, the main ones to tune to get a uniform and 

conformal coverage were found to be: (i) the volume loading of the precursors ink, (ii) the height of 

the spray head moving above the substrate, and (iii) the temperature of the substrate. The results 

are resumed in Figure 5.14. The same PbI2 NCs–CsBr precursors ink used in the previous experiments 

made with the airbrush (Section 5.2.3) was employed for the USC depositions as well. The spray 

head speed (20 mm/s), the ink flow rate (1.0 ml/min), and the nitrogen output pressure (6.0 psi) 

were kept fixed for all depositions. Further details about ultrasonic spray coating depositions are 

reported in Section 5.5.5. As shown in top-view SEM images of PbI2 NCs–CsBr thin films by USC, high 

ink volume loadings led to accumulations on pyramid tips, while low ones led to uncovered valleys 

(Figure 5.14 a). 

When the spray head is close to the substrate, precursor NPs accumulations formed on top and in 

between the Si pyramids. A similar effect, but in a minor extent, is observed when the spray head is 

far from the textured surface. An intermediate distance was found to be optimal (Figure 5.14 b). 

Temperature is one of the most important parameters for USC depositions. Substrates are 

commonly heated during USC deposition as a strategy to improve surface-wetting.47 This reduces 

the surface tension of the fluid and thus reduces its contact angle.15 As depicted in Figure 5.14 c, a 

non-conformal coverage was obtained both at low and at high temperatures, with big NPs clusters 

onto the tips and thick bridges between pyramids, respectively. A poor coverage at the pyramid 

sides was noticed in both cases, especially in the valleys. Contrary to expectations, no accumulations 

in the valleys were observed even at low temperature.  
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When a mid-range temperature value, close to the boiling point of isopropanol (equal to 82.5 °C) 

was set on the hot plate heating the substrate, a uniform and conformal PbI2 NCs-CsBr coverage 

was achieved. These results suggest that other than the substrate temperature, the surface 

morphology affects USC deposition as well. In the specific case, it was assumed that texturing can 

induce the ink microdroplets pinning on pyramid tips, leading to a poor coverage if a non-optimal 

temperature is set. Plasma treatments are known to increase the surface energy (i.e., its wettability) 

of the substrates, helping the formation of uniform layers.48–50 Following this indication, further 

improvements were achieved by treating the substrates via O2-Ar plasma etching for 5 minutes 

before USC depositions. As shown in Figure 5.15, this pre-treatment ensured a uniform coverage 

over wide regions, with negligible NPs accumulations on tips and no bridges among Si pyramids of 

the textured SHJ solar cell.   Once uniform and conformal PbI2 NCs-CsBr precursor layers of about 

Figure 5.14 Optimization of the USC deposition of PbI2–CsBr thin films over textured Si heterojunction solar cells. The 
top-view SEM images show the effect of (a) ink volume loading, (b) distance between spray head and the substrate, 
and (c) the temperature at which the substrate is heated on the morphology of the deposited PbI2–CsBr thin films. The 
highlighted parameters indicate the optimal conditions. Each parameter was opportunely optimized by changing one 
parameter per time, following the same chronological order of the figures (i.e., volume, height, and finally 
temperature). All other parameters were fixed for all samples.  
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300 nm were obtained by optimizing the USC parameters discussed above, CsFAMAPbI3-xBrx 

perovskite thin films were produced from them by a subsequent ultrasonic spray coating of organic 

precursors (FAI-FABr-MABr) solution in ethyl acetate. 

As previously reported in Section 5.2.3, one-cycle spraying is necessary to prevent dissolution and 

recrystallization of the perovskite crystals. Moreover, perovskite conversion by SEF spray coating 

was optimal when 1:1 molar ratio between inorganic-organic precursors is employed. For these 

reasons, volume loading and concentration of the organic precursors solution were calibrated to 

guarantee a complete spray deposition of equimolar organic precursors solution in one cycle. The 

ink flow was calibrated coherently. Further details on perovskite conversion by SEF ultrasonic spray 

coating are reported in Section 5.5.5. Figure 5.16 shows the cross-sectional SEM images of 

CsFAMAPbI3-xBrx thin films obtained right after USC of organic precursors over optimized PbI2 NCs-

CsBr precursor layers at different ink concentrations and substrate temperatures.  

2 mg/ml was found as optimal ink concentration to get good perovskite conversion, leadi ng to big 

perovskite grains and a uniform and conformal coverage of the textured NiOx/SHJ bottom cell 

(Figure 5.16 a). On the contrary, incomplete perovskite conversions were noticed when lower ink 

concentrations were employed, leading to unreacted inorganic and organic precursors at the 

bottom and at the top of the perovskite layer, respectively. 

Figure 5.15 Top-view (up) and cross-sectional (bottom) SEM images showing the ultrasonic spray coated PbI2–CsBr thin 
films onto textured SHJ solar cells when the substrate is untreated (left) and treated by O2-Ar plasma etching before 
the precursors deposition (right). 
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Higher ink concentrations caused the formation of organic precursors accumulations at the top of 

the perovskite layer, with a loss of layer uniformity. Temperature played a key role in the 

CsFAMAPbI3-xBrx conversion as well. The USC depositions performed at low temperature (30 °C) led 

to non-optimal perovskite conversions, with organic precursors accumulations on top (Figure 5.16 

b). Conversions executed at temperatures above the boiling point of ethyl acetate (90 °C) led to 

perovskites with small grains and a morphology resembling the one of PbI2 NCs-CsBr precursors 

films. CsFAMAPbI3-xBrx perovskite with big grains and good coverage of textured surfaces was 

achieved by heating the substrate at an intermediate value of temperature. These results suggested 

that a too low temperature causes a poor penetration of FAI-FABr-MABr organic precursors into 

PbI2 NCs-CsBr layer, while a too high temperature (albeit improving the precursors diffusion) led to 

a poor perovskite morphology due to the fast ethyl acetate evaporation. 

Figure 5.16 Optimization of CsFAMAPbI3-xBrx perovskite conversion by USC deposition of FAI-FABr-MABr solution in ethyl 
acetate over optimized PbI2 NCs–CsBr precursors layers. Cross-sectional SEM images showing the effect of: (a) 
concentration of the organic precursors solution, (b) the temperature at which the substrate is heated during 
depositions on the morphology of the perovskite thin films. The two parameters were optimized, following the same 
chronological order of the figures (i.e., ink concentration at first, then substrate temperature), keeping all the other 
parameters fixed. The highlighted parameters indicate the optimal conditions. 
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A mid-range temperature (60 °C) ensures both a good conversion of precursors into perovskite 

phase and a good film morphology over the textured NiOx/SHJ bottom cell. This was confirmed by 

XRD analysis (Figure 5.17 a) performed before thermal annealing on same samples reported in 

Figure 5.16 b. The XRD pattern of CsFAMAPbI3-xBrx perovskite film converted at 30 °C highlighted 

the presence of unreacted PbI2 and hydrated perovskite phases, which can be linked to the 

coordination of unreacted/accumulations of organic species (i.e., MA+, FA+) with moisture (Figure 

5.17 b).51–53 Moreover, the presence of a sharp peak around 33°, related to the textured substrate 

(Figure 5.17 a), indicated a non-optimal perovskite film coverage in these conditions. A lower 

CsFAMAPbI3-xBrx perovskite crystallinity, testified by a decrease in intensity of the main perovskite 

peak (related to the 110 reflection) at 14.1°, was noticed when converted by heating the substrate 

at 90 °C. This is in line with the smaller perovskite grains observed for this sample (Figure 5.16 b). 

No unreacted precursors/hydrated phases were observed in the XRD pattern of the CsFAMAPbI3-

xBrx perovskite layer converted at 60 °C, nor contributes related to the textured substrate. Thus, 50° 

C represented the optimal temperature condition to get a good perovskite conversion by sequential 

USC depositions. In this way, 0.5 - 1 µm thick niform and conformal coatings of CsFAMAPbI3-xBrx 

perovskite by SEF ultrasonic spray coating over textured surfaces were achieved.  

Figure 5.17 a) XRD pattern of CsFAMAPbI3-xBrx perovskite thin films by USC at different temperatures over textured SHJ 
bottom cells. The dash line indicates the contribute at 12.6°, which is attributed to the main (100) reflection of PbI2. The 

contributes at low angles (✱) in 30 °C sample testify the presence of hydrated perovskite phases, while the sharp 

reflection peak at 33° (✦) is related to the textured substrate. Data were normalized with respect to the (110) reflection 
of 60 °C sample. b) Representation of hybrid organic-inorganic perovskite structure in its cubic phase (top), 
monohydrate phase (middle), and dihydrate phase (bottom).51 
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5.3.3 Application in Perovskite-Silicon Tandem Devices 

The final step of the project consisted in testing the CsFAMAPbI3-xBrx perovskite thin films by 

sequential USC into two-terminal fully-textured perovskite-silicon tandem solar cells and in verifying 

their resulting performance. Pictures of the optimized PbI2 NCs-CsBr and CsFAMAPbI3-xBrx thin films 

deposited by USC over textured NiOx/SHJ bottom cell are reported in Figure 5.18 a. Schematics in 

Figure 5.18 b shows the tandem device architecture, highlighting the thickness, the function, and 

the deposition method employed for each layer. 

The perovskite top cell structure was completed as previously reported.38 A thin film (25 nm) of C60 

molecules were deposited on top of the CsFAMAPbI3-xBrx perovskite absorbing layer by thermal 

evaporation, constituting the electron transporting layer. Then, a thin layer (20 nm) of tin (II) oxide 

was deposited by atomic layer deposition as buffer layer, to protect the previous layers from 

subsequent depositions. 100 nm of indium-zinc oxide (IZO), acting as transparent conductive oxide, 

were deposited onto tin oxide by sputtering. 300 nm of silver, the metallic top contact, and 100 nm 

of magnesium fluoride anti-reflective coating were deposited by electron beam evaporation.38 

Figure 5.18 c shows the cross-sectional SEM image of the complete perovskite top cell built onto 

the textured SHJ bottom one. 

Figure 5.18 a) Pictures of optimized PbI2 NCs-CsBr (right) and the CsFAMAPbI3-xBrx (left) thin films deposited by USC over 
4x4 cm2 textured NiOx/SHJ bottom cells. b) Schematics (not in scale) showing the textured perovskite-silicon tandem 
device architecture.38 The thickness (green), the function (black), and the deposition method (blue) employed for each 
layer. c) Cross-sectional SEM image of textured perovskite-Si tandem device. 
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An active area of 1 cm2 was set by masking the devices before Ag and MgF2 depositions. A picture 

of 4x4cm2 two-terminal fully-textured perovskite-silicon tandem device is shown in Figure 5.19 a. 

Five tandem devices of one single pixel each were assembled and characterized as first batch, which 

figures of merit are summarized in Figure 5.19 b. The best device showed a PCE equal to 9 %, which 

J-V curve measured under illumination is reported in Figure 5.19 c. More details regarding the 

characterization of the photovoltaic performance are reported in Section 5.5.8. The low 

performance of tandem devices was principally attributed to the low FF (the ratio between the 

green and the hatched area in Figure 5.19 c), in the range of 40-53, and the low JSC, of 8-12 mA/cm2. 

FF > 75 and JSC of 19-20 mA/cm2 are expected for efficient two-terminal perovskite-silicon tandem 

devices.3,54,55 The issues behind this discrepancy are not simple to identify (especially in multi-

junction solar cells) and can be ascribed to several aspects, which require a deep electrical and 

optical characterization of the devices.56–62 Based on the previous characterizations and on the 

interpretation of J-V curves, an explanation of the factors that can have affected the tandem 

devices, leading to poor PCE, will be provide in the following discussion. Equivalent circuits are 

usually employed for the description of the electrical beviour of a PV devices.63–67 Figure 5.19 d 

reports the equivalent circuit used to interpret the J-V curves measured for the monolithic fully-

textured perovskite-silicon tandem solar cells.  

The SHJ bottom cell, which has been extensively tested and optimized in previous studies,12,68,69 was 

excluded from the discussion since its contribution to performance losses was considered negligible. 

Variations in terms of compoisition, thickness, and of interface between layers of the perovskite top 

cell, even in a few isolated spots, can heavily influence the J-V curve of the whole tandem and, 

consequently, its resulting performance. Locally inhomogeneities of the precursor layer thickness 

and/or of the organic precursors distribution during USC steps can result in regions with a non-

optimal perovskite conversion. These regions can both increase the series resistance,70 e.g. by 

forming layers with a low conducibility, and decrease the extracted photocurrent density (JPh), due 

to a reduced capability of the perovskite absorbing material to convert light into free charges and/or 

a higher probability of photogenerated charges recombination at trap/defect sites.71,72 A high RS is 

testified by the bending in the second part of the J-V curve (from VM up to VOC, Figure 5.19 c), with 

is responsible of a reduction of the FF value, yet not affecting the VOC.73,74 On the other hand, a 

decrease of JPh inevitably lead to a reduced short-circuit current density (JSC), without altering the 

shape of the J-V curve.67,75 In the specific case, the low measured JSC was mainly ascribed to the 

smaller perovskite grain size than those reported in literature (Section 5.2.3).30–32 
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Smaller crystal domains, i.e. higher density of grain boundaries in the perovskite absorbing layer 

increase the non-radiative recombination probability of photogenerated charges.40,76,77 The non-flat 

region in the first part of the J-V curve (from 0 V to VM, Figure 5.19 c), the second contribute to the 

reduction in the FF, is generally attributed to low shunt resistance (RSHUNT). RSHUNT causes power 

losses in solar cells by providing alternative pathways for the light-generated current, leading to the 

reduction of both the amount of current flowing through the solar cell junction and the voltage 

measured at the extremities of the PV device.78,79 A low RSHUNT can be attributed both to damages 

of the underlying layers during the perovskite top cell processing, as well as to a non-optimal 

perovskite coverage in some regions (presumably in the valleys among Si pyramids of the textured 

SHJ bottom cell). An extensive SEM and XRD investigation could provide further information 

regarding these hypotheses. The VOC measured for the devices (1.5-1.6 V) were lower than those 

expected for two-terminal perovskite-silicon tandem (1.8-1.9 V), equal to the sum of the VOC of the 

sub cells connected in series.54 This loss in VOC can be attributed to a combination of a low RSHUNT 

Figure 5.19 a) Picture of the 4x4cm2 two-terminal textured perovskite-silicon tandem device, highlighting the 2x0.5 cm2 

active area (green dot) and the silver top contact (red dot) regions. The bottom contact was underneath the device. b) 

Table reporting the figures of merit of the devices, together with the maximum voltage (VM), current (IM), and power 

(PM). c) Current density-voltage scan of the best tandem device, highlighting the related figures of merit and the 

maximum power point (PM). The curve was measured under illumination in reverse bias (from 1.8 to 0 V), highlighting 

the related figures of merit and maximum power point (PM). d) Equivalent circuit model used to describe the electrical 

behaviour of the two-terminal perovskite-silicon tandem devices, comprising two one-diode models for each sub cell.56 
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and a high dark recombination current density (J0).80 J0 is a measure of the leakage of carriers across 

a p-n junction under reverse bias, caused by carriers recombination in the neutral regions on either 

side of the junction.81 Additionally, the VOC is sensitive towards energy misalignment between the 

perovskite absorbing layer and the charge-transport layers sandwiching it.66,82 Thus, fluctuations in 

perovskite composition, i.e. in electrons and holes quasi-Fermi levels,83 can have a negative impact 

of the VOC measured for the whole tandem device.  

5.4 Summary 

In this study, an innovative sequential eco-friendly spray coating method to deposit metal halide 

perovskite thin films on textured surfaces was presented. By completely avoiding the use of 

hazardous solvents, the SEF spray coating protocol can solve an important step toward the 

commercialization of the perovskite-based solar cell technology. Starting from lead iodide 

nanocrystals precursor solution by laser ablation in isopropanol, it was demonstrated how MAPbI3 

and CsFAMAPbI3−xBrx thin layers can be obtained by spray coating such nanocrystals on textured 

substrates, then converted into perovskite phases by a subsequent spray coating of the organic 

precursors in ethyl acetate. To achieve a uniform and conformal perovskite coating of textured Si 

heterojunction bottom solar cells, used as substrates to mimic the architecture of monolithic 

perovskite-silicon tandem, SEM analysis was widely adopted. Good perovskite coverage was 

obtained once optimized the deposition conditions, with smaller crystal grains than those reported 

in literature. This was ascribed both to the use of PbI2 NCs as perovskite precursors, as well as to the 

low-boiling volatile solvent used in the sequential eco-friendly spray coating process. Different 

conversion conditions and/or perovskite post-treatments could be evaluated to improve the 

morphology of the perovskite thin films while maintaining a conformal and uniform coverage of 

textured substrates, especially to decrease the amount of grain boundaries and increase the grain 

size.84–89 A complete conversion of precursors into perovskite phases was testified by XRD patterns. 

Photoluminescence measurements confirmed the increased bandgap of CsFAMAPbI3−xBrx (1.68 eV) 

respect to MAPbI3 (1.61 eV) due to Br- incorporation into perovskite lattice, which is crucial to get 

efficient perovskite-silicon tandem application.36,37 The innovative deposition approach here 

presented well suits the industrial standards and can be interesting for future large-area monolithic 

perovskite-Si textured tandem fabrication, even by optimizing the spray coating of other layers 

needed in the device architecture. First attempts in this direction were obtained by using an 

automated ultrasonic spray coating system, which was employed for the deposition of large area 
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CsFAMAPbI3−xBrx perovskite thin films by SEF spray coating approach. Preliminary results of working 

fully-textured monolithic perovskite-silicon tandem devices implementing the spray-coated 

CsFAMAPbI3−xBrx absorbing layers, proving the potential of the method, were also presented, and 

interpreted. 

5.5 Experimental Section 

5.5.1 PbI2 NCs ink via Laser Ablation in Solution 

The colloidal solution of PbI2 nanocrystals were produced by LASiS in isopropanol as previously 

reported in Chapter 4 (Section 4.4.3). For the purposes of this work, experimental conditions were 

tuned to produce 4.0 ml of PbI2 NCs ink in IPA with a concentration of 0.3 mg/ml within 20 minutes 

(Figure 4.18 c). The concentration of PbI2 NCs inks were estimated by optical extinction, calculating 

the concentration values through Lambert-Beer law of PbI2 digested in DMF (Section 4.4.3).39  

5.5.2 Silicon Heterojunction Bottom Cell Fabrication 

SHJ solar cells were realized on float zone double-side-textured four inches wafers (250–280 µm 

thick) as reported in a previous study.68 KOH alkaline solution was used for the etching of the raw c-

Si wafers, obtaining randomly distributed pyramidal texturing (Figure 5.1 b).90 The textured wafers 

were then cleaned in RCA1 and RCA2 solutions. PECVD by Indeotec Octopus 2 was employed to 

deposit amorphous intrinsic and doped Si layers. ITO and Ag thin films (150 and 250 nm thick, 

respectively) were sequentially sputtered in the physical vapor deposition (PVD) side of the Octopus 

2 cluster, forming the back contact of the SHJ. To mimic a perovskite-silicon tandem configuration, 

ITO (25 nm) and NiOx (20 nm) thin layers were sequentially deposited by Angstrom EvoVac as 

recombination junction and hole transport layer of the top cell, respectively (Figure 5.1 a). 

5.5.3 The Home-made Micro-Airbrush Spray Coating System 

The sequential spray coating depositions represented in Figure 5.2 were performed by using the 

same home-made spray coating system previously reported in Chapter 4 (Section 4.4.1). An 

optimized ink flow of 0.2 and 0.4 ml/min was set for the first (Figure 5.20 a) and the second (Figure 

5.20 b) spray coating step, respectively. All depositions were performed under extractor hood (20 

°C, 50 % relative humidity), over an area of 1.5×1.5 cm2. After spray depositions, all samples 

underwent a thermal annealing for 10 min at 100 °C under Ar flow.  
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5.5.4 PbI2 NC–CsBr Thin Film on Soda-Lime Glass 

To produce the PbI2 -CsBr thin film reported in Figure 5.4 a, 2.0 ml of PbI2 NCs ink in IPA (0.3 mg/ml) 

mixed with 20 µl of CsBr aqueous solution (0.7 mg/ml) were spray-coated over a soda-lime glass 

(1.5×1.5 cm2) substrate, then heated at 100 °C by a hot plate. The PbI2 NCs–CsBr ink was sonicated 

for 5 minutes before spraying. A constant ink flow of 0.3 ml/min was set for the deposition, 

performed under extractor hood in ambient condition. 

5.5.5 The Ultrasonic Spray Coating Automated Tool 

Figure 5.21 a reports the picture of the ExactaCoat OP2 automated, programmable benchtop 

coating system by Sono-Tek with coordinated XYZ motion control using Windows-based software 

and user-friendly teach pendant with trackball. The versatile system is aimed from R&D to mid-

volume production thin film coatings. The main experimental parameters to tune for ultrasonic 

spray coating deposition of thin films are listed in Figure 5.21 b, with the parameters kept fixed for 

all experiments inside brakets. To ensure a full coverage of the substrates, the spray head was 

moved by following a square grid spray pattern (4x4 cm2) with a line spacing of 4 mm, set by the 

Sono-Tek software interface for all samples (Figure 5.21 c).  To work in safe and controlled 

conditions, the ultrasonic spray depositions were performed in a glovebox, filled with a nitrogen 

atmosphere at 5 mbar overpressure and continuously purified by a circulating system. As for the 

previous depositions by home-made airbrush system (Section 5.5.3), the same PbI2 NCs-CsBr 

solutions were employed as precursor inks for USC depositions as well. 

Figure 5.20 Pictures showing the conversion of a PbI2 NCs-CsBr thin film over soda-lime glass to CsFAMAPbI3-xBrx 
perovskite by spray coating a FAI-FABr-MABr solution in ethyl acetate. The photographs were taken a) during and b) at 
the end of perovskite conversion. 
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To avoid clogging of the ultrasonic nozzles due to the possible formation of aggregates, PbI2 NCs-

CsBr precursor inks were sonicated for 5 minutes before depositions. The ink concentration (0.3 

mg/ml), the spray head speed (20 mm/s) and the ink flow rate (1.0 ml/min) were kept fixed for all 

USC depositions of inorganic precursors thin films, while volume loading, height of spray head, and 

substrate temperature were chosen as main parameters to tune (Figure 5.14). The optimized PbI2 

NCs-CsBr layers were then converted into CsFAMAPbI3-xBrx perovskites by a subsequent USC 

deposition of FAI-FABr-MABr solution in ethyl acetate, prepared following the procedure reported 

in Section 5.2.3. The spray head speed (10 mm/s) and height (6 cm) were fixed, while organic 

precursors concentration and substrate temperature were tuned during the perovskite conversion 

optimization (Figure 5.16). All samples underwent a thermal annealing for 10 min at 100 °C inside 

the glovebox after SEF spray coating procedure.  

5.5.6 Morphological Characterizations 

SEM measurements were performed with a Zeiss Auriga CrossBeam workstation based on a Gemini 

field emission-scanning electron microscope column. The column was equipped with in-lens 

secondary electron and back scattered electron detectors for high resolution and contrast imaging, 

and with an airlock for fast and convenient sample transfer. All SEM measurements were performed 

Figure 5.21 a) Picture of the ultrasonic spray coating automated system located into a glovebox, showing (1) ultrasonic 
Impact nozzles, (2) feeding tubes carrying the nitrogen gas, the ink, and the power supply to the nozzles, (3) XYZ handling 
automated system, moved by brushless DC motors, (4) hot plates used to heat the substrates during/after the spray 
depositions, and (5) syringe pumps connected to the nozzles for the ink supply. b) Table listing the main instrumental 
parameters of the machine with the respective range of values. Values in brackets indicate the fixed parameters 
employed in all experiments. c) Spray pattern used in this work, set using the Sono-Tek software interface. 
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with an accelerating voltage of 5 kV and a working distance of 5 mm. XRD patterns were recorded 

in grazing incidence geometry using a BRUKER AXS D8 ADVANCE Plus diffractometer working with a 

Cu Kα1 anode. The X-Ray source position was fixed to get an incidence angle of 1° and a motorized 

anti-air-scatter screen was mounted during the measurements. All diffraction patterns were 

recorded at room temperature. 

5.5.7 Optical Characterizations 

A Renishaw InVia micro-Raman instrument, equipped with a CCD detector (100 µm slits) and a 

piezoelectric xyz scanning stage, was used to perform steady-state photoluminescence (SSPL) 

measurements. Using a 50× objective, a 633 nm line of He-Ne laser (Renishaw RL63, 13 mW) 

excitation beam was focused on the sample with an output power of 1 µW. To account for small 

intensity fluctuations of the laser output (< 5%), a c-Si internal reference was used before and after 

each SSPL measurement. All SSPL measurements were performed in ambient conditions. A high-

resolution streak camera system (Hamamatsu, C10910) was used for recording time-resolved 

photoluminescence (TRPL) measurements. A 532 nm excitation beam (HELIOS 532-4-125, Coherent 

Inc.) was focused to pump the perovskite samples, which were mounted inside a sealed nitrogen 

chamber to prevent any changes due to exposure to oxygen and humidity. A spectrograph and 

streak camera system were employed to resolve the associated PL emissions spectrally and 

temporally. Data were acquired in photon counting mode using the streak camera software 

(HPDTA), then exported to Origin Pro 2015 for further analysis. All TRPL measurements were 

registered at room temperature. 

5.5.8 Photovoltaic Performance 

Current density-voltage (J-V) measurements were performed at room temperature using WaveLabs 

Sinus 220 LED-based solar simulator with AM 1.5G irradiance spectrum. The light intensity was 

calibrated using a reference Fraunhofer ISE CalLab certified c-Si solar cell. Device measurements 

were performed at 200 mV/s scan speed using a Keithley 2400 source meter, performing a forward 

scan (from -0.1 to 1.8 V) followed by a reverse scan (from 1.8 to -0.1 V). The illumination area of the 

devices was 1.03 cm2, determined by the application of a laser cut shadow mask over the devices 

during the electrical J-V scans. The stabilized power measurements were recorded via a homemade 

LabView-based software. 
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6. Synthesis of CsPbBr3 Nanocrystals by Laser Ablation in 

Alcohol for More Sustainable Perovskite-based 

Optoelectronics1  
 

6.1 The Aim of The Project 

As reported in Section 1.3, lead halide perovskite nanocrystals have attracted great attention in the 

last years, finding application in a variety of optoelectronic devices like light-emitting diodes, solar 

cells, white phosphors, solar concentrators, transistors, photo- and X-ray detectors, gas sensors, and 

quantum information.2–11 In addition, the low cost of the perovskite precursor salts contributed to 

the substantial commercial appeal recently gained by perovskite-based optoelectronics. However, 

the commercial attraction of a new material is also influenced by the synthetic method employed 

for its production. The most widely used approach to produce perovskite NCs in solution is the high-

temperature, in-vacuum “hot-injection” synthesis, which is challenging to scale up (Section 1.2.1).12–

14 Far more economically attractive proposals are represented by room temperature processes, 

performed without environmental control.15–19 Furthermore, the identification of suitable green 

solvents and deposition methods for large-scale processing are other relevant aspects to 

consider.20–23 

In the last decade, many large pharmaceutical and chemical firms have conducted several solvent 

selections based on environmental, health and safety (EHS) evaluations, which have been evaluated 

and collected by researcher to create unified guides.24–26 This sensitivity towards sustainable 

chemical processes led to the creation of the innovative medicines initiative (IMI)-CHEM21 selection 

guide,27 which has been consulted for the solvent selection of this work. Beyond scalability and 

sustainability of the synthetic processes, low-dimensionality and colloidal stability of perovskite NCs 

solutions (referred to as “inks”) are fundamental to get stable and high-emissive inks. The former 

enhances the PLQY, a parameter which could help light-emitting applications, due to the spatial 

charge confinement afforded by nanocrystals dimension.28,29 The latter is usually maintained by a 

shell of organic ligands, whose binding groups interactions with the nanocrystals surface are crucial 

both to colloidal stability as well as surface defect passivation.30–33 However, the conductivity of 

perovskite NCs is strongly affected by the length and branching of the ligand tails when deposited 

as thin films to implement in optoelectronic devices.34,35 Despite short-chain liquid- and solid-state 

ligand-exchange procedures have been proposed to overcome this issue,36–38 the low stability of 
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lead halide perovskite nanocrystals in such post-synthetic processes still hinders their effectiveness 

and further complicate the integration of conductive layer to implement in optoelectronics.33,39–42 

As recalled in the previous chapters, laser ablation synthesis in solution (LASiS) has proven to be a 

viable ligand-free, top-down method to synthesize lead halide perovskite nanocrystals in ambient 

conditions.43–46 In this study, LASiS process was optimized for the synthesis of all-inorganic cesium 

lead tribromide (CsPbBr3) perovskite NCs in eco-sustainable solvents. The effects of different 

commercially available branched aliphatic alcohols on the optical and morphological properties of 

CsPbBr3 nanocrystals colloidal solutions were investigated. Although alcohols are usually found to 

be not beneficial for perovskite NCs in traditional bottom-up synthesis,47–49 in this work it was 

demonstrated how high-emissive CsPbBr3 nanocrystals can be obtained by opportunely selecting 

the dielectric constant and polarity of the alcohol employed for the synthesis. In addition, the lower 

surface tension (i.e., good wettability) and higher vapor pressure of alcohols compared to traditional 

high boiling toxic solvents used for LHP processing could be exploited in sustainable and fast roll-to 

roll compatible solution processing.50–52 Finally, LASiS approach was investigated in other eco-

friendly perovskite antisolvents, including acetates and anisole. 

6.2 Results and Discussion  

6.2.1 The Choice of the Solvents to Employ for the Synthesis 

EHS guidelines were followed to select the green solvents to employ for LASiS,24–27 and the most 

relevant physicochemical solvent properties for perovskite synthesis/processing were evaluated too 

(Figure 6.1).22,53–58 In addition, dielectric constant and relative polarity were considered as main 

parameters when the solvent- or the antisolvent-like behavior towards the lead halide perovskite 

nanocrystals were considered.59–67 The Innovative Medicines Initiative (IMI)-CHEM21 partnership,27 

a European consortium which promotes sustainable biological and chemical methodologies, has 

recently classified alcohols as recommended solvent to use due to their low impact on both human 

health and environment.  Moreover, this class of solvents allows to investigate a wide range of 

dielectric constant and polarity values, moving from the solvent- to antisolvent-regime (Figure 6.2). 

For these reasons, methanol (MeOH), ethanol (EtOH), isopropanol (IPA), tert-butanol (TBA), tert-

pentanol (TPA) and triethyl carbinol (TEC) aliphatic alcohols were selected as non-hazardous 

solvents to use for the synthesis of all-inorganic CsPbBr3 NCs colloidal solutions. Such perovskite NCs 

were obtained by two different approaches, namely “2-step” and “in-situ” conversions.  
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Figure 6.1 Solvent evaluation based on EHS guidelines.53,54 The table reports the main physicochemical properties of 
commonly used perovskite solvents (red) and antisolvents (blue), as well as those of alcohols used in this work (green). 
Solvent properties were classified based on their impact on safety and health, ink processability and their interaction 
with metal halide perovskite materials (boiling point BP, flash point FP, threshold limit value TLV,55,56 viscosity η, vapor 
pressure PV, surface tension σ, dielectric constant ε, donor number DN 

57,58). Ranges of values were reported when no 
reference parameters have been identified in literature. 

Figure 6.2 Graph reporting the dielectric constant as a function of relative polarity of most used solvents (red) and 

antisolvents (blue) for lead halide perovskite synthesis. It is noticeable that, contrary to linear chain alcohols (yellow), 

the use of branched alcohols (green) enables to reach low values of both dielectric constant and polarity. 
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6.2.2 Perovskite Nanocrystals by Two-Step Conversion 

CsPbBr3 perovskite NCs by “2-step conversion” approach were obtained by producing PbBr2 

precursors NCs solutions via laser ablation in alcohol at first, then converted into perovskite NCs by 

adding equimolar (i.e., 1:1 molar ratio) CsBr solutions in EtOH. Ethanol was chosen as solvent to use 

for all conversions (both “2-step” and “in-situ” ones) due to the poor solubility of CsBr in less polar 

alcohols. More details regarding the 2-step synthesis are reported in the Section 6.5.2. Following 

the trend reported in Figure 6.2, the best results were obtained using TPA and TEC, the alcohols 

with the lowest polarity and dielectric constant (i.e., having the most antisolvent-like behavior) 

among those investigated.67 In these alcohols, CsPbBr3 NCs with good optical and morphological 

properties were produced, showing sharp CsPbBr3 perovskite excitonic peaks around 520 nm in the 

UV-Vis spectra (Figure 6.3 a). Narrow and intense PL emission peaks were registered in the steady-

state PL measurements, having full width at half maximum (FWHM) of 18 and 16.5 nm for TPA and 

TEC samples, respectively. 

Figure 6.3 Optical properties of CsPbBr3 NCs synthesized by “2-step conversion” in different alcohols. a) UV-Vis spectra, 

b) steady-state PL measurements, and c) time-resolved PL decays. The reported intensity-averaged lifetimes were 

estimated by three-exponential fit.  
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As previously reported for these perovskite NCs,47,68–70 PL average lifetimes were calculated by 

three-exponential fit of the TRPL decays, equal to 10.2 and 12.6 ns for TPA and TEC samples, 

respectively (Figure 6.3 b,c). More details regarding TRPL decays fit are reported in Section 6.5.3.  

The orthorhombic CsPbBr3 crystal phase was identified in XRD patterns of both samples, without 

contributes associated with unreacted precursors and/or non-perovskite phases (Figure 6.4 a).71,72 

Cubic-shaped NCs with average size of 120‒200 nm were observed in TEM images (Figure 6.4 b).   

 

 

Figure 6.4 a) XRD patterns of CsPbBr3 NCs synthesized by LASiS in different in alcohols. Diffractograms of PbBr2 NCs by 
LASiS in alcohol and CsBr powders are also reported. b) TEM images of CsPbBr3 NCs synthesized by “2-step conversion” 
in different alcohols. Nanoparticles with more amorphous shapes are observed in alcohols with higher polarity and 
dielectric constants (i.e., methanol and ethanol), while cubic-shaped nanocrystals are obtained in alcohols with a more 
antisolvent-like behavior (i.e., tert-pentanol and triethyl carbinol). 
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Moreover, a good colloidal stability was observed in CsPbBr3 nanocrystals in TPA and TEC alcohols 

despite the absence of any ligands in solution. A zeta potential value of 13.2 and 14.1 mV was 

measured for perovskite NCs in TPA and TEC, respectively. This positive surface charge of NCs can 

be attributed to laser-induced surface phenomena. 73,74 In addition, the higher viscosity (η) and 

donor number (DN) of TPA and TEC alcohols compared to the antisolvents commonly used for 

perovskite synthesis (Figure 6.1) help the good colloidal stability of these samples. In fact the former 

is inversely proportional to the nanoparticles precipitation time in solution,75 while the latter 

represents the solvent ability to coordinate Pb2+ Lewis’s acid and, consequently, to passivate the 

surface of LHP nanocrystals.76  

Contrary to TPA and TEC samples, CsPbBr3 perovskite NCs obtained by the “2-step conversion” in 

MeOH and EtOH, the alcohols with most solvent-like behavior towards LHP phase of the set,47,67 

showed poor optical and morphological properties (a list of abbreviations is reported in an appendix 

at the end of the dissertation). No perovskite excitonic peaks were observed in their UV-Vis spectra 

and their emissive properties were very poor (Figure 6.3 a,b). PL emission peaks showed a broader 

FWHM of about 22 and 21 nm for MeOH and EtOH samples, respectively, and quickly faded after 

the addition of CsBr solution in EtOH to the PbBr2 NCs. Accordingly, CsPbBr3 NCs conversion 

struggled to take place in these solvents, showing a fast color change of the solutions from orange 

(the typical color of these perovskite phase) to milky-transparent in a few tens of seconds. From 

TRPL decays, average lifetimes of 1.7 and 2.9 ns were calculated for MeOH and EtOH samples, 

respectively (Figure 6.3 c). TEM analysis showed smaller and amorphous structures compared to 

TPA and TEC samples (Figure 6.4 b), while reflections in the XRD patterns highlighted the formation 

of extraneous Cs-Pb-Br phases (e.g., CsPb2Br5, Cs4PbBr6),77–79 which presence is testified by the 

reflections at low angles (Figure 6.4 a). The poor properties of CsPbBr3 perovskite NCs solutions in 

MeOH and EtOH, can be also related to the PbBr2 precursor NCs in the same alcohols, which also 

showed poor optical and morphological properties (Figure 6.5).80,81 These observations pointed out 

that methanol and ethanol are not good candidates for the eco-sustainable synthesis by LASiS of 

CsPbBr3 NCs colloidal solution. Due to aggregation and precipitation phenomena, it was not possible 

to estimate the zeta potential values for these samples. CsPbBr3 perovskite NCs obtained by the “2-

step conversion” in IPA and TBA showed optical and morphological properties in between the two 

couples of samples previously discussed, showing rectangular-shaped nanocrystals, PL average 

lifetimes of 5.4 and 7.9 ns, PL emission peaks having FWHM of 20 and 18.5 nm, and zeta potential 

values of 11.8 and 13.5 mV, respectively (Figure 6.3 and Figure 6.4).   
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6.2.3 Perovskite Nanocrystals by In-Situ Conversion 

The “in-situ conversion” of CsPbBr3 NCs is a direct synthesis of  the perovskite NCs during LASiS, 

which is obtained by mixing the CsBr EtOH solution together with the ablation solvent before the 

synthesis. The “in-situ conversion” synthesis was not investigated and optimized in MeOH and EtOH 

since poor results were obtained with CsPbBr3 NCs by “2-step conversion” in such alcohols. 

Compared to the “2-step” CsPbBr3 NCs in the same alcohols, the “in-situ” ones showed 

improvements for all parameters. In particular, sharper and more intense perovskite excitonic peaks 

were observed in the UV-Vis spectra and a significant increase in intensity was noticed in the PL 

emissions (Figure 6.6 a,b). 

Figure 6.5 Optical and morphological characterization of PbBr2 NCs precursor solutions by LASiS in alcohols. The typical 
PbBr2 absorption edge at 350 nm can be observed in UV-Vis spectra (a),84 while peaks around 275 nm in MeOH and 
EtOH spectra were attributed to bromo-plumbate complexes in solution.85 The different relative intensities in XRD 
patterns (b) were ascribed to preferential orientation of the NCs onto the substrate and/or to different NCs 
morphologies, as noticed by TEM analysis (c). 
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A slight blueshift can be observed in both Abs edge and PL peak positions when compared to those 

of the respective “2-step” ones (Figure 6.7 a). This observation can be attributed to differences in 

the NCs size, as reported in previous studies.43,82 Longer average PL lifetimes, equal to 12.0 and 17.9 

ns for the syntheses in TPA and TEC, respectively, were estimated from TRPL measurements (Figure 

6.6 c). While the “2-step” samples showed negligible PL quantum yields, a PLQY of 0.7, 2.7 and 15.5% 

was measured for perovskite NCs by “in-situ conversion” in TBA, TPA and TEC, respectively. 

Importantly, the latter sample showed a good PLQY stability over several days under ambient 

conditions, proving the wide time window in which one can process the colloidal solution (Figure 

6.7 b).  

Figure 6.6 Comparison between a) UV-Vis spectra, b) steady-state PL emissions, and c) time-resolved PL decays of 
CsPbBr3 NCs by “2-step” and “in-situ” conversion in different alcohols. The average lifetimes reported in TRPL decays 
were calculated by three-exponential fit.  
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Both lifetimes and PLQY values are in line with previous works on orthorhombic CPbBr3 

nanocrystals.69,72  The negligible PLQY of the “in-situ” sample synthesized in isopropanol can be 

understood as a consequence of the intermediate solvent- and antisolvent behavior of this alcohol 

(Figure 6.2). Higher zeta potential values than those of “2-step” samples were measured for “in-

situ” CsPbBr3 NCs ones (Figure 6.8 a), showing a good colloidal stability over time and a complete 

NPs precipitation in  more than 48 hours. Rosa-Pardo et al. employed laser ablation to induce the 

photofragmentation of bulk hybrid lead halide perovskites, proving that laser irradiation can 

effectively be beneficial for NCs emissive properties.83 Following this observation one can suggest 

that during the “in-situ” synthesis the laser beam, not only produces PbBr2 NCs, but also fragments 

the CsPbBr3 NCs that gradually form in solution as a consequence of the reaction between PbBr2 

precursor NCs and CsBr (Figure 6.8 b,c). This “in-situ” process gave smaller perovskite NCs than 

those obtained by “2-step conversion”, with an average size ranging from 30 to 50 nm and narrower 

size distributions as observed in TEM and dynamic light scattering analysis (Figure 6.9). In contrast, 

the size of CsPbBr3 NCs by “2-step conversion” synthesis were in the range of 80–200 nm, depending 

on the alcohol used for the ablation (Figure 6.4).  

Figure 6.7 a) Table summarizing the results of optical characterizations performed on CsPbBr3 NCs by laser ablation in 
alcohols. The excitonic peak positions (AbsMAX), the PL emissions wavelength (PLMAX) and full width half maximum 
(FWHM), and the intensity-averaged lifetimes (τAVG) calculated by three-exponential fit (τi) of the TRPL decays are 

listed. Data related to CsPbBr3 NCs by “2-step conversion” synthesis are reported with a lighter font. b) PLQY values 
measured over time for the CsPbBr3 NCs by “in-situ conversion” method in different alcohols. All samples were kept in 
ambient conditions under extractor wood during aging. 
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Figure 6.8 a) Table reporting the Z-potential values estimated for CsPbBr3 NCs colloidal solutions by “2-step” and “in-
situ” conversion in alcohols. b) Picture showing the “in-situ” formation of CsPbBr3 NCs during laser ablation in triethyl 
carbinol. c) Picture of the CsPbBr3 NCs colloidal solutions obtained after the synthesis. 

Figure 6.9 a) TEM images of CsPbBr3 NCs by “in-situ conversion” in alcohols. A more defined NCs cubic shape can be 
appreciated moving from IPA to TEC samples. b) Comparison between dynamic light scattering measurements of “2-
step” and “in-situ” CsPbBr3 NCs solutions in alcohols. Each size distribution was averaged over 10 measurements. All 
the perovskite NCs solutions were placed in a sonication bath for 5 min before measurements. An average 
polydispersity index (PdI) of 0.14 and 0.25 was reported for “in-situ” and “2-step” samples, respectively. 
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6.3 Further Investigation 

6.3.1 Synthesis in Other Solvents 

 LASiS production of CsPbBr3 perovskite NCs was further investigated using other eco-sustainable 

perovskite antisolvents, namely ethyl acetate (EA), butyl acetate (BA) and anisole (Figure 

6.1).59,63,64,84 As observed for samples in alcohols, also in acetates, CsPbBr3 NCs with superior optical 

properties are obtained when synthesized “in-situ” rather than by the “2-step” conversion. As 

shown in Figure 6.10 a, the characteristic CsPbBr3 perovskite excitonic peak around 520 nm is 

present in the UV-Vis spectra of “in-situ” samples in EA and BA, while less visible and red-shifted in 

those of “2-step” samples. The PL emission peaks, centered at 524-525 nm, showed an increase in 

intensity of more than 2 times in “in-situ” CsPbBr3 NCs compared to “2-step” ones (Figure 6.10 b).  

In parallel, a reduction in the FWHM was observed, from 20.5 to 20 nm for “2-step” and “in-situ” 

CsPbBr3 NCs in EA, and from 18 to 17.5 nm for the same samples in BA, respectively. 

Figure 6.10 Comparison among a) UV-Vis spectra, b) SSPL measurements, and c) TRPL decays registered for CsPbBr3 

perovskite NCs by “2-step” and “in-situ” conversion in ethyl acetate, butyl acetate, and anisole. Colours of the lines 
shown for TRPL also indicate the spectra of a) and b).  
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Consistently with the PL intensities trend, an increase in the average PL lifetimes calculated from 

TRPL decays was observed when CsPbBr3 NCs were synthesized by “in-situ conversion” in acetates, 

from 8.9 to 13.2 ns for “2-step” and “in-situ” samples in EA, and from 15.2 to 19.8 ns for the same 

samples in BA, respectively (Figure 6.10 c). However, despite the longer τAVG of CsPbBr3 NCs colloidal 

solution in acetates than those of samples in alcohols (Figure 6.7 a), lower PL quantum yields were 

registered for the formers. PLQY values below 2% were measured for the “in-situ” samples in EA 

and BA, while negligible in the case of “2-step” samples in the same solvents. Following the XRD 

analysis, this can be attributed to the lower crystallinity of orthorhombic CsPbBr3 perovskite crystals 

synthesized in acetates (Figure 6.11 a) with respect to those obtained in alcohols (Figure 6.4 a). TEM 

images showed a reduction in nanocrystals size of samples by “in-situ conversion” in EA and BA, in 

the range of 40-80 nm, compared to those produced by “2-step conversion”, of 100-200 nm. (Figure 

6.11 b).  

Contrary to the previous samples synthesized in alcohols and acetates, both “2-step” and in “situ” 

CsPbBr3 NCs made in anisole showed poor optical and morphological properties. UV-Vis spectra with 

negligible perovskite absorption edge, PL emission peaks with low intensities, and short average PL 

lifetimes of 5.4 and 6.7 ns for “2-step” and “in-situ”, respectively, were observed for the syntheses 

in anisole (Figure 6.10). TEM analysis highlighted the presence of nanoparticles with amorphous 

shapes in both “2-step” and “in situ” samples synthesized in anisole (Figure 6.11 b), differing from 

perovskite NCs by LASiS in alcohols and acetates. The intense reflection peaks of PbBr2 and CsBr in 

the XRD pattern of CsPbBr3 NCs obtained in anisole testifies a poor conversion of precursors into 

perovskite (Figure 6.11 a).  

Figure 6.11 a) XRD patterns of the CsPbBr3 NCs by LASiS in ethyl acetate, butyl acetate, and anisole. CsBr and PbBr2 

perovskite precursors are reported for comparison. b) TEM images of CsPbBr3 NCs by “2-step” and “in-situ” conversion 
approaches in the same solvents. 
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This was ascribed to the immiscibility of CsBr solution in EtOH into anisole, limiting the perovskite 

conversion yield in this solvent. A non-flat background can be also noticed in the XRD pattern of 

anisole sample, showing a contribute around 15°. Such a broad peak at low diffraction angles is 

typically attributed to amorphous carbon nanomaterials.85–87 It is known that LASiS can lead to the 

formation of carbon nanostructures when organic solvents are employed for the synthesis.88–90 This 

can be considered another source of difference of the synthesis in anisole and those in other 

solvents. 

In addition, the XRD analysis of PbBr2 precursor NPs by LASiS in anisole highlighted a lower 

crystallinity compared to those synthesized in alcohols (Figure 6.4 a) and acetates (Figure 6.12 a) 

which, consequently, has a negative impact on the final properties of the perovskites. No relevant 

differences were observed in TEM images (Figure 6.12 b) while an increase in the scattering 

contribute in the 400-600 nm region, linked to a worst NPs dispersion (e.g., faster NPs aggregation, 

clusters formation), was observed in the UV-Vis of PbBr2 NCs obtained in anisole (Figure 6.12 c). 

Figure 6.12 a) XRD patterns of PbBr2 precursor NPs by LASiS in ethyl acetate (EA), butyl acetate (BA), and anisole. The 
XRD pattern of PbBr2 target is also reported for comparison. b) TEM images and c) UV-Vis spectra of the same PbBr2 
NPs solutions. An increase in the scattering contribute between 400-600 nm can be noticed the UV-Vis spectrum of 
PbBr2 NCs by LASiS in anisole. 
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6.3.2 PL Quenching due to the Presence of Carbon Dots 

To verify the hypothesis of LASiS-generated C NPs, laser ablation of bare anisole, without the PbBr2 

target, was performed in the same experimental conditions used for the synthesis of CsPbBr3 

perovskite NCs. The characteristic yellow color and absorbance features of carbon dots (CDs) 

colloidal solutions were observed in the UV-Vis spectra (Figure 6.13 a).88,91 The peaks in the 250–

280 region are generally assigned to –* transitions due to the presence of the aromatic C=C 

framework, while the contribute around 350 nm corresponds to n–* transitions as a result of the 

presence of various surface functional groups.92   

The XRD analysis highlighted the same contribute around 15° and 30°, related to amorphous C 

material (as mentioned in the previous paragraph),85–87 in both XRD patterns of CsPbBr3 NCs in 

anisole and the bare ablated solvent, whereas this signals are absent in CsPbBr3 NCs synthesized in 

other solvents (Figure 6.13 b). The confirmation of the presence of LASiS-generated carbon dots 

inside the anisole solutions was obtained by comparing the results of different spectroscopy and 

microscopy techniques. Carbon dots display excitation-wavelength dependent emission, since their 

fluorescence is affected by the electronic bandgap transitions of conjugated π-domains, surface 

defect states, local fluorophores, nanoparticles size, and element doping.93–97 In accordance to this, 

a coherent shift of the PL emission peaks with the excitation wavelength was observed in SSPL 

spectra of the solution obtained ablating anisole (Figure 6.14 a). 

 

Figure 6.13 a) Comparison between the UV-Vis spectra of anisole before (black line) and after (red line) LASiS. The 
photograph in the inset shows the yellow colour of the so-obtained solution. b) Comparison between XRD patterns of 
CsPbBr3 perovskite NCs by LASiS in anisole and the bare ablated solvent. XRD pattern of CsPbBr3 NCs in tert-pentanol 
was reported for comparison. 
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A similar emission trend was observed by analyzing the supernatant of the CsPbBr3 NCs colloidal 

solution by LASiS in anisole (Figure 6.14 b), testifying the CDs formation during LASiS in anisole, 

regardless the presence of the lead bromide target and/or the perovskite nanocrystals. 

Average lifetimes of 4.8 and 4.9 ns, in line with previous studies on CDs emissive properties,97  were 

calculated from PL decays of the ablated anisole and the supernatant of CsPbBr3 NCs solution by 

LASiS in anisole, respectively (Figure 6.14 c). It is easily noticed how these lifetime values are 

equivalent one to another, indicating the presence of similar emissive species in both the solutions. 

In addition, they are close to the average PL lifetimes estimated for CsPbBr3 NCs by “2-step” and “in-

situ” conversions in anisole (Figure 6.10 c). This similarity in lifetime values, as well as the poor PL 

intensities registered for the above-mentioned CsPbBr3 samples (Figure 6.10 b), can be explained 

with a perovskite PL quenching mechanism induced by carbon dots. In fact, CDs can reabsorb the 

CsPbBr3 fluorescence,98 provide recombination centers at the interface with perovskite,79 and/or act 

as hole/electron acceptor species depleting the photogenerated charges in CsPbBr3 NCs.99,100  

Figure 6.14 Emission spectra of a) the solution obtained by ablating bare anisole, b) the supernatant of CsPbBr3 NCs by 
LASiS in anisole. An excitation-wavelength dependence can be appreciated in both cases. c) TRPL measurements 
showing the intensity-averaged lifetimes calculated by three-exponential fit. d) Raman spectra registered for the same 
samples. Raman spectrum of CsPbBr3 NCs by LASiS in TPA is reported for comparison. 
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Moreover, C Dots can absorb the incident radiation during SSPL measurements, i.e., causing a lower 

excitation of the perovskite NCs in solution. However, since a non-optimal perovskite conversion 

was observed for CsPbBr3 NCs synthesized in anisole (Figure 6.11 a), the worsening of their emissive 

properties cannot be entirely attributed to the formation of CDs in solution during laser ablation.  

Attempts to compare the C content in CsPbBr3 NCs by LASiS in different type of solvents were 

conducted by Raman spectroscopy and Energy Dispersive X-Ray (EDX) analysis. Figure 6.14 d 

compares the Raman spectra of CsPbBr3 NCs synthesized in anisole and in tert-pentanol, together 

with the one obtained by ablating bare anisole. The vibrational peaks around 100 cm-1 were 

attributed to CsPbBr3 perovskite,47,101,102 only distinguishable in TPA sample. The main contributes 

to the Raman spectra, around 1350 cm-1, were attributed to the D band associated to 

disorder/defects in the graphite lattice (i.e., sp3 carbon atoms). The G (graphitic) band at about 1580 

cm-1, related to the vibration of sp2 carbon networks,103–105 was convoluted with the D band in the 

analyzed samples. However, the presumable high ratio, >1, between D and G band intensities 

indicated a poor carbon crystallinity/order (i.e., conjugated graphitic frameworks).103,104,106 The big 

difference in intensity of the D band among the analyzed samples can be related to an analogous 

difference in carbon content. This pointed out a much lower presence of C materials in the CsPbBr3 

NCs synthesized in TPA than in CsPbBr3 NCs by LASiS in anisole and the ablated anisole. The 

shoulders at the sides of D band were due to the convolution of additional bands at about 1150, 

1500 and 1620 cm-1, typical of poorly organized carbon nanomaterials and/or microcrystalline 

graphite.96,103 EDX analysis confirmed the C content trend in the same samples analyzed by Raman 

spectroscopy (Figure 6.15).  

Despite no reference standards were used for the measurement and C contaminations due to the 

material itself, the synthetic method, the samples preparation, and the environment are always 

present in all samples (in the order of 10-20 atomic %),107,108 EDX results showed a significant 

increase in carbon content (more than double C atomic %) in the CsPbBr3 NCs synthesized in anisole 

than those by LASiS in tert-pentanol. The carbon-lead atomic ratio (C:Pb) is reported in the tables 

for a better evaluation of the C/CsPbBr3 content in each sample, highlighting a 5-10 times higher 

value in the case of anisole sample than the one synthesized in alcohol.  A further, final confirmation 

of the presence of C dots in anisole samples was obtained by TEM analysis. CDs of 2-6 nm, grouped 

in 15-30 nm clusters were observed in both the ablated anisole and the supernatant of CsPbBr3 NCs 

by LASiS in anisole (Figure 6.16), while no evidence of C nanoparticles were found in CsPbBr3 NCs 

synthesized in alcohols and acetates. 
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Figure 6.15 Tables summarizing the results of EDX analysis (% atomic) performed on CsPbBr3 NCs by LASiS in TPA and 
anisole, as well as on the sample obtained by ablating bare anisole (C Dots). The carbon-lead ratio is reported in each 
table for a better comparison of C/CsPbBr3 content. 

Figure 6.16 TEM images of carbon dots found in the a) solution obtained by ablating bare anisole, and b) supernatant 
of the CsPbBr3 NCs colloidal solution in anisole. Magnified images are reported in the insets, with 10 nm scale bars. 
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In conclusion, the presence of laser-generated C dots in anisole solutions was demonstrated by 

comparing the results of different optical/electron spectroscopies and microscopies. This LASiS side-

effect seemed to be heavy in aromatic solvents (i.e., anisole) while negligible in aliphatic ones (i.e., 

alcohols and acetates), at least in the experimental conditions in which the syntheses were 

performed. 

6.4 Summary 

Laser ablation technique was optimized to produce colloidal solutions of CsPbBr3 all-inorganic 

perovskite nanocrystals in “green” solvents. Environmental, health and safety guidelines were 

followed for the choice of the solvents to test. By opportunely selecting the polarity and the 

dielectric constant of different commercially available branched alcohols it was demonstrated that, 

contrary to what is generally reported for the halide perovskite materials, CsPbBr3 nanocrystals with 

good optical and morphological properties can be synthesized in this class of eco-sustainable, non-

hazardous solvents. The laser beam interaction with the perovskite nanocrystals was found to be 

important, leading to smaller and more emissive CsPbBr3 nanocrystals when synthesized “in-situ” 

during laser ablation rather than in a “2-step” process from laser-ablated PbBr2 precursors 

nanocrystals. Optimized samples showed good crystallinity, high colloidal stability, and high 

emissivity, with intense and narrow PL emissions (FWHM down to 16nm), long PL lifetimes (up to 

17.9 ns), and good PL quantum yields (up to 15.5%) stable over many days under ambient 

conditions. These values are among the best results obtained in literature for orthorhombic CsPbBr3 

nanocrystals produced via top-down approach.  

Laser ablation technique was further investigated and applied to the synthesis of CsPbBr3 

nanocrystals in other green perovskite antisolvents, namely ethyl acetate, butyl acetate, and 

anisole. CsPbBr3 nanocrystals with good emissivity were obtained when synthesized “in-situ” in 

acetates, with PL lifetimes even longer (up to 19.8 ns) than those of samples synthesized in alcohols. 

However, lower PLQYs (<2%) were measured for these samples, attributed to a lower crystallinity. 

On the other hand, laser ablation in anisole produced low-quality CsPbBr3 nanocrystals. The XRD 

analysis highlighted a poor conversion of precursors into perovskite in both “in-situ” and “2-step” 

samples, ascribed to the negligible solubility of CsBr into anisole. The low emissivity observed for 

CsPbBr3 nanocrystals synthesized in anisole was correlated to the formation of C-Dots during laser 

ablation, which presence was demonstrated by comparing the results of different optical and 

electronic analysis. In the conditions in which the syntheses were performed, this phenomenon 
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seemed to be heavy in aromatic solvents (i.e., anisole), while negligible in aliphatic ones (i.e., 

alcohols and acetates). 

The results of this study show how, in proper conditions, laser ablation in solution can be an 

employed as an effective alternative top-down approach to synthesize ligand-free CsPbBr3 

nanocrystals colloidal solutions in “green” solvents, facing the urgent call for more sustainable 

synthesis and/or processing of lead halide perovskite nanomaterials. 

6.5 Experimental Section 

6.5.1 Materials 

All reagents were purchased from Sigma-Aldrich and used without further purification, namely lead 

bromide and cesium bromide (99.999% purity powders), methanol, ethanol, isopropanol, tert-

butanol, tert-pentanol, triethyl carbinol, ethyl acetate, butyl acetate, and anisole (>99% purity, 

anhydrous).  

6.5.2 Perovskite Nanocrystals by Laser Ablation 

2-Step Conversion Method 

In the first step, PbBr2 NCs precursor solutions were produced by LASiS in the selected solvents. The 

third harmonic (355 nm) of a pulsed (20Hz) Nd:YAG laser (Q-smart 450, Quantel) was focused on 

the surface of a PbBr2 round tablet with a fluence of 3 J/cm2 (9 ns pulse duration). The target tablet, 

1.2 mm thick and with a diameter of 13 mm, was obtained by compressing lead bromide powders 

with a uniaxial press hydraulic press under 10 tons for 10 minutes. The so-obtained target was 

placed into a glass vial (14 mm diameter) and immersed in 4.0 ml of solvent (Figure 6.17). To ensure 

a uniform erosion of the target by the laser beam, the vial was continuously moved by an automated 

x-y movement system during the whole process at a constant speed of 0.5 mm/s. LASiS were 

performed for 45 minutes for all samples, obtaining PbBr2 NCs colloidal solutions with a 

concentration of 0.5–0.7 mM.  

The concentration of PbBr2 NCs solutions was estimated by optical extinction in which the lead 

bromide molar extinction coefficient (εPbBr2), of about 6300 M-1cm-1, was calculated from a 

calibration line made from PbBr2 standard solutions in DMF (Figure 6.18). After the synthesis, 

aliquots of PbBr2 NCs solutions were centrifugated for 15 min at 30000 RCF and then their 

precipitates were digested in DMF. 
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The PbBr2 concentrations were then calculated by applying the Lambert-Beer law to the absorption 

peaks at 282 nm of the so-obtained DMF solutions.81  In the second step, CsPbBr3 NCs were obtained 

by mixing 2.0 ml of 0.2 mM PbBr2 NCs diluted solution with 50 µL of 8 mM CsBr ethanol solution for 

30 minutes in a sonication bath. Then. solutions were centrifuged for 4 minutes at 5000 RCF and 

redispersed in the same pure solvent used for LASiS, to get CsPbBr3 NCs colloidal solution without 

impurities. 

Figure 6.17 Laser ablation synthesis in solution (LASiS) of PbBr2 precursor nanocrystals. a) Picture of LASiS process, b) 
lead bromide round pellet (13 mm diameter), and c) picture of PbBr2 NCs colloidal solution in alcohol. 

 

Figure 6.18 Estimation of PbBr2 molar extinction coefficient (εPbBr2). a) UV-Vis spectra of standard solutions prepared 

by dissolving PbBr2 powders in DMF. b) Weighted linear fit made by evaluating the Abs peak at 282 nm in function of 
concentration. By the Lambert-Beer law, εPbBr2 is proportional to the angular coefficient of the calibration line. The 

concentration of PbBr2 NCs colloidal solutions was determined by centrifugating the solutions, digesting the precipitate 
in DMF and then evaluating the Abs peak at 282 nm. 
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In-Situ Conversion Method 

With this method, CsPbBr3 NCs colloidal solution were directly produced during LASiS. Before the 

synthesis, 100µL of 8 mM CsBr solution in ethanol were added to 4.0 ml ablation solvent and then 

vigorously mixed on a vortex for 5 minutes. The ablation duration, in between 60 and 90 min, was 

tuned for each sample to get a complete perovskite conversion with no unreacted CsBr in solution. 

All other experimental conditions/post-treatments were the same as for the “2-step conversion” 

samples previously described. 

6.5.3 Optical Characterizations 

UV-visible spectra were collected with an Agilent Cary 5000 UV−vis−NIR spectrometer using 0.2 cm 

quartz cuvettes. Dynamic light scattering and Z-potential measurements were performed with a 

Malvern Instrument Zetasizer Nano, operating with a 633 nm He−Ne laser. Steady-state and time-

resolved PL measurements were performed with an Edinburgh FLS 1000 UV/Vis/NIR 

photoluminescence spectrometer. SSPL spectra were collected using an excitation wavelength at 

400 nm from Xe lamp and a PMT-850 detector. All spectra were acquired by setting 1 nm step and 

0.5 s acquisition time. TRPL decays were registered following the time-correlated single photon 

counting (TCSPC) method using a pulsed laser diode at 402.6nm and high-speed PMT-850 detector. 

104 peak count and 1024 channels were set for all the measurements. For each sample, the 

intensity-averaged photoluminescence lifetimes was calculated from the three-exponential fit of its 

corresponding TRPL decay, using the following formula:69,109 

 𝜏𝐴𝑉𝐺 =
𝐴1𝜏1

2 + 𝐴2𝜏2
2 + 𝐴3𝜏3

2

𝐴1𝜏1 + 𝐴1𝜏1 + 𝐴1𝜏1
 1.7 

The Ai pre-exponential factor represents the amplitude associated to the lifetime of the ith 

component (τi). Absolute PL quantum yields were measured using an integrating sphere exciting 

the samples at 400 nm with a Xe lamp source. All the samples were diluted to get 0.1 Abs at the 

excitonic peak wavelength. Pristine solvents were used as reference samples, in the same volume 

as the perovskite NCs solution to analyze. Raman spectroscopy measurements were registered with 

an inVia Renishaw microRaman instrument, equipped with a laser diode operating at 785 nm. The 

laser spot diameter was about 5 µm (20x objective). The output laser power was set at 3 mW during 

all Raman measurements, carried out in laboratory conditions. 
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6.5.4 Morphological Characterizations 

TEM images were collected with a FEI TECNAI G2 transmission electron microscope, set at 100kV. 

The average NCs size were estimated by analyzing the images with ImageJ software, measuring the 

diameter of 300-500 nanocrystals. X-ray diffraction patterns were recorded in Bragg–Brentano 

geometry using a BRUKER AXS D8 ADVANCE Plus diffractometer, working with a Cu Kα1 anode. All 

diffraction patterns were recorded at room temperature, with a step size of 0.020° and an 

acquisition time of 1.0 s. The samples were prepared under extractor wood by drop casting the 

perovskite NCs colloidal solution onto a zero diffraction plates of (100) Silicon (Sil'tronix Silicon 

Technologies), kept at 100°C by a hot plate during the depositions. SEM-EDX measurements were 

performed with a Zeiss Sigma HD microscope, equipped with a Schottky FEG source, one detector 

for backscattered electrons and two detectors for secondary electrons (InLens and Everhart 

Thornley). The microscope was coupled to an EDX detector (Oxford Instruments, x-act PentaFET 

Precision) for X-rays microanalysis, working in energy dispersive mode. All EDX measurements were 

performed at 20 kV, analyzing 10 different regions (5x5 µm2) for each sample. AZtec software 

(Oxford Instruments) was used to collect and process the X-ray spectra. 
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7. Conclusions and Future Outlook 
 

The present doctoral thesis is the result of the efforts devoted to establishing profitably 

collaborations with different research groups and laboratories, where a series of processes and 

measurements were performed for a full understanding of perovskite-based device performances. 

In the introductive Chapter 1, an overview of the excellent optical and electronic properties of lead 

halide perovskites is provided to the reader, emphasizing how this class of semiconductor materials 

has been widely studied and processed for many types of optoelectronic applications in the last 

decade. 

Chapter 2 is devoted to describing the “in liquid” and” in solution” laser ablation processes - the 

synthetic route selected to produce nanomaterials in solution for the whole thesis project, reporting 

selected examples aimed at highlighting the main experimental parameters to be controlled for the 

synthesis of nanomaterials. 

Chapter 3 deals with degradation and hysteresis mechanisms of archetypal methylammonium lead 

iodide hybrid organic-inorganic perovskite material. Thanks to electrical characterizations 

performed at different scan rates on interdigitated devices, it was possible to recognize the causes 

behind electrical hysteresis of perovskite, distinguishing between temporary and permanent 

phenomena generated during current-voltage measurements. A qualitative model describing the 

bands bending under different conditions was presented to explain the dynamics observed in the 

devices during the electrical scans. The results indicated no (or negligible) ferroelectric phenomenon 

in the perovskite material, while ions migration at grain boundaries lead to material degradation. 

This study, conducted on planar devices but extendable to vertical ones as well, gives provides a 

wiser view of the ion migration effects proving that it must be suppressed to optimize both 

functionality and reliability of hybrid organic-inorganic perovskite materials and the devices 

implementing them. 

In Chapter 4, the use of lead iodide nanoparticles as porous precursor-buffer layer for carbon-based 

perovskite solar cells was presented. The optimization of the laser ablation in solution process to 

produce highly concentrated nanoparticle colloids and their deposition by spray coating technique 

have been the major results of this investigation, showing the feasibility of the method. It is 

speculated that, by this strategy, the scalability of carbon-based perovskite solar cells can be 
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improved thanks to: (i) a simplification of overall fabrication process by removing the mesoporous 

oxide spacers, which require thermal sintering at high temperatures; (ii) the avoidance of infiltration 

step of perovskite precursor solutions through the stack, which usually require toxic solvents and a 

robotic mesh deposition technique. For these reasons, this investigation constitutes an important 

step towards more sustainable production of carbon-based perovskite solar cell modules. Future 

improvements will include different perovskite conversion and/or post–treatment conditions to 

reduce the roughness and the grain boundaries density in the perovskite layer, identified as the 

main causes of the high charge recombination observed in the assembled solar cells. 

The spray deposition of perovskite thin films on textured surfaces for tandem solar cell devices is 

the main topic of Chapter 5. The use of laser-produced nanocrystals as perovskite precursors 

allowed to follow and optimize an eco-friendly procedure. Perovskite thin films with optimal 

bandgap, controlled thickness, and conformal coverage were obtained by sequential micro-airbrush 

and ultrasonic spray-coating deposition techniques. The novel fully-automated deposition protocols 

presented in this study well suits the industrial standards and constitutes a viable way for future 

large-scale perovskite-silicon tandem solar cells fabrication. Next steps will involve the further 

optimization of spray coating deposition of perovskite thin films, to achieve flatter covering, as well 

as the optimization of ultrasonic spray coating of the other layers required to complete the tandem 

stack. 

Finally, Chapter 6 deals with the optimization of laser ablation in solution process to produce ligand-

free high-emissive colloidal solutions of all-inorganic cesium lead bromide perovskite nanocrystals 

for LED applications. By opportunely selecting the dielectric constant and the polarity of the solvents 

employed for the synthesis, it was demonstrated that alcohols can be employed for the eco-

sustainable synthesis of perovskite nanomaterials. “In-situ” synthesis proved to be a more effective 

synthetic route than “2-step” one, providing colloidal solution of cesium lead bromide perovskite 

nanocrystals with better optical and morphological features. This investigation showed how, in 

proper conditions, laser ablation in solution can be an employed as an effective alternative top-

down approach to synthesize ligand-free colloids in “green” solvents, facing the urgent call for more 

sustainable synthesis and processing of lead halide perovskite nanomaterials. The technique has 

also been extended and optimized to other green solvents, such as acetates and anisole. The results 

highlighted how aromatic solvents cannot be used for the synthesis due to the formation of carbon 

dots, acting as quenching species in solution, during laser ablation. 
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List of Abbreviations 

µ Octahedral Factor 

AFM Atomic Force Microscopy 

CD Carbon Dot 

c-Si Crystalline Silicon 

CTM Charge-Transport Material 

DMF Dimethyl Formamide 

DMSO Dimethyl Sulfoxide 

DSSC Dye-Sensitized Solar Cell 

e- Electron 

EA Ethyl Acetate 

EDX Energy Dispersive X-Ray 

EF Quasi-Fermi Level 

EGAP Energy Bandgap 

EQE External Quantum Efficiency 

ETM Electron-Transporting Material 

FA+ Formamidinium 

FABr Formamidinium Bromide 

FAI Formamidinium Iodide 

FF Fill Factor 

FTO Fluorine-doped Tin Oxide 

FWHM Full Width at Half Maximum 

h+ hole 

HOIP Hybrid Organic-Inorganic Perovskite 

HOMO Highest Occupied Molecular Orbital 

HTM Hole-Transporting Material 

IPA Isopropyl Alcohol 

IQE Internal Quantum Efficiency 

ISC Short-Circuit Current 

ITO Indium-Tin Oxide 

I-V Current-Voltage 

IZO Indium-Zinc Oxide 

JM Maximum Current Density 

J-V Current Density–Voltage 

LAL Laser Ablation under Liquid 

LASiS Laser Ablation Synthesis in Solution 

LED Light-Emitting Diode 

LHP Lead Halide Perovskite 

LUMO Lowes Unoccupied Molecular Orbital 

MA+ Methylammonium 

MABr Methylammonium Bromide 

MAI Methylammonium Iodide 

MAPbI3 Methylammonium Lead Triiodide 

mC-PSC Mesoporous Carbon-based Perovskite Solar Cell 
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NC Nanocrystal 

NIR Near Infrared 

NP Nanoparticle 

OLED Organic Light-Emitting Diode 

PCE Photo-Conversion Efficiency 

PECVD Plasma Enhanced Chemical Vapor Deposition 

PIN Incident Power 

PL Photoluminescence 

PM Maximum Power 

POUT Output Power of Solar Cell 

PSC Perovskite Solar Cell 

PV Photovoltaic 

PVD Physical Vapor Deposition 

QD Quantum Dot 

QY Quantum Yield 

RSERIES Series Resistance 

RSHEET Sheet Resistance 

RSHUNT Shunt Resistance 

RT Room Temperature 

SEF Sequential Eco-Friendly 

SEM Scanning Electron Microscopy 

SHE Safety, Health, and Environmental 

SHJ Silicon Heterojunction 

SSPL Steady-State Photoluminescence 

t Tolerance Factor 

TEM Transmission Electron Microscopy 

TRPL Time-Resolved Photoluminescence 

USC Ultrasonic Spray Coating 

UV-Vis Ultraviolet–Visible 

VM Maximum Voltage 

VOC Open-Circuit Voltage 

WF Work Function 

XRD X-Ray Diffraction 
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“Don’t give up. Usually, it is the last key 

on the ring which opens the door.”  

(Paulo Coelho) 


