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Abstract - Motivation 

Conventional semiconductors are based on rigid crystalline structure materials like Si, Ge GaAs etc. 

Such materials are fabricated through relatively costly techniques that demand high vacuum and 

temperatures. Their processing also requests rather complex techniques and due to their rigidity, they 

hinder applications that demand flexibility. The last decades functional materials that are soft and can 

be fabricated with alternative and simpler methods have appeared; an important such family are the 

solution processed materials. Their versatility allows deposition in almost any substrate with methods 

such as inkjet printing, spray coating and roll to roll deposition. A great group of such materials are 

colloidal nanocrystals (CNCs). They exhibit outstanding optical properties and through the fast 

advancing colloidal chemistry their characteristics can be tailored through quantum confinement 

effects, enabling a further leap for breakthrough achievements in colloidal NC. In this project a 

relatively new class of CNC materials known as lead halide perovskite nanocrystals (PNCs) are 

studied. They demonstrate outstanding optical properties including near unity PL quantum yields 

(QY), wide colour emission gamut via changes in their composition or through quantum confinement 

effects, highly saturated colour emission due to their emission’s narrow linewidth and facile colloidal 

synthesis in ambient condition, making them an exceptional candidate for optoelectronics.  

In particular for light harvesting applications, the most promising and robust PNCs are currently the 

Formamidinium Lead Iodide (FAPbI3) nanocrystals. Such PNCs have emerged recently as 

outstanding absorbers and emitters in the near-infrared however their oleic-acid capping ligands are 

weakly bound at the NC surfaces making such NCs prone to sintering in the solid state. The aim of 

the project is to turn this liability into functionality by implementing temperature and laser 

illumination to explore whether extensive and controlled sintering of such NCs into larger, conductive 

nanostructures suitable for the active region of light harvesting devices can be obtained. At the same 

time, a parametric study to comprehensively investigate the impact of post-treatment via thermal and 

laser illumination effects on the optical properties of FAPbI3 films is reported. A series of optical and 

microscopy techniques are implemented to monitor the effects of annealing and sintering in the 

structural and electronic properties of the FAPbI3 PNCs.   

 

 

 

 

 

 

 

 

 

 

 

 



3 

 

Table of Contents 

Acknowledgements ................................................................................................................................. 1 

Abstract - Motivation .............................................................................................................................. 2 

1. Introduction ..................................................................................................................................... 4 

2. Theoretical background................................................................................................................... 5 

2.1 Optical Properties of Semiconductors ..................................................................................... 6 

2.1.1 Interband absorption ....................................................................................................... 6 

2.1.2 Light Emission in semiconductors .................................................................................. 8 

2.1.3 Excitons ......................................................................................................................... 10 

2.2 Introduction to Colloidal Nanocrystals ................................................................................. 12 

2.3 Lead Halide Perovskite Nanocrystals ................................................................................... 13 

2.4 Sintering methods of Nanomaterials ..................................................................................... 16 

2.4.1 Light induced sintering ................................................................................................. 17 

2.4.2 Thermal annealing sintering .......................................................................................... 18 

2.4.3 Chemical process of sintering ....................................................................................... 19 

3. Experimental Methods .................................................................................................................. 21 

3.1 Film Processing ..................................................................................................................... 21 

3.2 Spectroscopic Techniques ..................................................................................................... 22 

3.2.1 Optical Absorption ........................................................................................................ 22 

3.2.2 Photoluminescence Setup ............................................................................................. 24 

3.2.3 Photoluminescence Quantum Efficiency ...................................................................... 28 

3.2.4 Fluorescence Microscopy ............................................................................................. 31 

3.3 Sintering Techniques ............................................................................................................ 32 

3.3.1 Light Annealing ............................................................................................................ 32 

3.3.2 Thermal annealing......................................................................................................... 32 

4. Results and Discussion ................................................................................................................. 33 

4.1 Sample preparation ............................................................................................................... 33 

4.2 Data analysis ......................................................................................................................... 34 

4.3 Spectroscopy of thermal annealed FAPbI3 NC films ............................................................ 35 

4.4 Spectroscopy of laser annealed samples ............................................................................... 43 

5. Conclusions and Future work ....................................................................................................... 45 

6. References ..................................................................................................................................... 46 

 



4 

 

1. Introduction  

Conventional electronics are based on epitaxial crystalline semiconductors such as silicon (Si) and 

gallium arsenide GaAs, which are benefitted through decades of research. They exhibit excellent 

electrical properties; stability (both photo- and thermal stability), highly efficient emission and 

absorption have dominated for commercial optoelectronic applications. However, ultrahigh vacuum 

and high temperature techniques are required for device fabrication. These are relatively costly and 

elaborate methods which raise the cost and complexity of such devices. Furthermore, they are not 

suitable for applications where the surface of the substrate needs to be curved or flexible because of 

their rigid crystalline structure. 

The rise of solution based organic, inorganic and hybrid semiconductors provides a promising 

alternative to rigid, traditional semiconductors, with niche applications in electronics and 

optoelectronics. (1) (2) (3) (4) (5)  The potential of low fabrication cost is offered by the solution-

based deposition such as dip coating, inkjet printing and spray coating that takes place typically in 

ambient conditions without the need of high vacuum or high temperature environments. From the 

large family of solution processed materials, colloidal nanocrystals (CNCs) are attractive due to their 

nano-scale size and the versatility on producing CNCs with different shape, size and composition with 

high accuracy. (6) CNCs’ physical size (1-100nm) is comparable to carriers or excitons (elector-hole 

pairs) wavefunction dimensions. As a result, new phenomena and properties such as super magnetism, 

surface plasmon resonance and size dependent energy gap (Eg) manifest. (7) (8) (9) Using colloidal 

chemistry, CNCs can be fabricated and processed through inexpensive solution processed techniques 

at ambient conditions. The hot-injection technique facilitates the synthesis of high quality CNCs with 

narrow size distribution and optoelectronic properties such as narrow and bright luminescence. (7) 

Other advantages of CNCs include tuneable electronic structure, low thermal conductivity and high 

absorption and luminescence efficiency. Considering all these, CNCs are very desirable for 

commercial applications, such as photovoltaic and lighting applications. (7) (10) (11) (9) 

Lead halide perovskites (LHPs) in the form of CNCs, have attracted recently great attention due 

to their unique optical versatility, high photoluminescence quantum yields and facile synthesis. 

LHP NCs have a ‘soft’ and predominantly ionic lattice, and their optical and electronic properties 

are highly tolerant to structural defects and surface states. (12) Promising applications for LHP 

NCs related to lighting, displays, single photo sources, light harvesting etc. have already emerged 

however challenges related to the structural and thermodynamic stability of such NCs (13) have 

to be tackled, before they can be implemented as novel building blocks of optoelectronic devices. 

(14) 
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2. Theoretical background  

There are three large groups of solids:  conductors, insulators and semiconductors. Those categories 

are classified based on the band structure of the material. In solid state, electron energy levels form 

bands of allowed energies, separated by forbidden bands. The valence band (VB) is the highest energy 

band that has all its states occupied by electrons. The conduction band (CB) is first highest partly 

occupied or unoccupied energy band. The energy gap (Eg) is the energy difference between the 

aforementioned bands, namely valence and conduction band. There are no allowed states of energy 

within the gap. Electrons in a filled band cannot move to other states within the same band due to the 

Pauli principle. The only way to move would be to be excited into one of the empty higher energy 

bands. On the other hand, electrons in a partly filled band can move to the available (electron-free) 

states within that band.  

In conductors (metal), the valence and the conduction bands overlap, so the energy gap is zero. Thus, 

electrons need very little amount of energy to stay in the CB. The VB is only partially filled, or (if it is 

filled), the next allowed empty band overlaps with it. In insulators the VB is filled with electrons, the 

CB is empty, and the gap is very wide (about 3.5 to 6 eV). Finally, semiconductor have moderately 

large energy gaps (between approximately 0.2 and 3.5 eV). An important feature of semiconductors is 

that their conductivity can be increased and controlled by doping with impurities and/or gating with 

electric fields. Doping and gating move either the conduction or valence band much closer to the 

Fermi level, and greatly increase the number of partially filled states. All these are depicted by the 

diagram in Figure 2.1. Here valence and conduction bands of the three material categories are 

presented along with their respective band gaps. 

 

Figure 2.1: Schematic illustration of energy bands of (a) Insulators, (b) Semiconductors and (c) Conductors. 

(15) 
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2.1 Optical Properties of Semiconductors 

 

2.1.1 Interband absorption  

The absorption edge of semiconductors is caused by the onset of optical transitions across the band 

gap of the material which as mentioned in the previous section lies in a broad spectrum range from 

near infrared to ultraviolet. The optical transitions that occur when electrons are excited between 

bands is called interband absorption. The understanding of interband absorption requires the 

application of quantum mechanical treatment of the light-matter interaction. Relevant to this thesis is 

the case of interband absorption between the CB and the VB. A simplified energy diagram of two 

separated bands is shown at Figure 2.2.  

 

 

 

 

 

 

 

 

Figure 2.2: Interband optical absorption between an initial state of energy Ei in an occupied lower band and a 

final state at energy Ef in an empty upper band. The energy difference between the two bands is Eg. (8) 

 

The transitions between these two bands follow the quantum mechanical selection rules. For an 

optical transition to take place there must be an electron in the lower band (initial state), which can 

absorb a photon’s energy to be promoted to the final energy band (final state). Furthermore, the final 

state in the upper band must be available based on the Pauli exclusion principle. This applies for 

example in the transitions across the fundamental band gap of a semiconductor. More specifically, a 

semiconductor is characterized by a filled valence band and an empty conduction band.  Therefore, a 

photon can be absorbed to excite an electron from the VB to the CB as shows the Figure 2.1 and the 

law of conservation of energy implies that: 

 𝐸𝑓 = 𝐸𝑖 + ħ𝜔 (2.1) 

In the above equation, Ef is the energy of the final sate in the CB, Ei is the energy of the initial state in 

the VB and ħ𝜔 is the energy of the absorbed photon. At the same time, we must keep in mind that 

there is a continuous distribution of energy states within the VB and the CB thus interband transitions 

will be possible over a continuous range of frequencies (energies) as well. The upper and the lower 

energy limits of each band set the range of the frequencies. 
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The minimum energy difference between the final energy state and the initial energy state is equal to 

the energy gap of the semiconductor. We can say that ΔΕmin= Ef - Ei = Eg. This shows a threshold 

behaviour of the absorption. The energy which must be provided for an interband transition is ħ𝜔 ≥ 

Eg. As a result, there is a continuous absorption spectrum from the low energy threshold at Eg to an 

upper value determined by the extreme limits of the participating bands. The excited electron (e-) 

leaves its initial state in VB unoccupied, which is equivalent to the creation of a hole (h+) in the VB. 

Therefore, the interband process leads to the creation of an electron-hole pair. 

 

 

 

 

 

 

 

Figure 2.3: Interband transitions in solids. The vertical arrow represents the photon absorption process, while 

the wiggly arrow in part (b) represents the absorption or emission of a phonon. (8) 

 

As discussed above, the interband absorption rate depends on the band structure of the solid. Figure 

2.3a shows the E-k diagram of a solid with a direct gap and the Figure 2.3b shows the E-k diagram of 

an indirect gap material. The main difference between the two categories is the relative positions of 

the minimum of the CB and the maximum of the VB in the Brillouin zone. In a semiconductor with a 

direct gap, the minimum of CB and the maximum of VB occur at the zone centre where k=0.  

Contrary, in an indirect gap material, typically the maximum of the VB is at the centre of the zone at 

k-0, but the minimum of CB occurs at some other value of k which is usually close to the zone edge. 

The quantities and equations concerning such transitions are displayed in Table1.1. 

 

Table 1.1: Conservation of energy and momentum at an direct/indirect gap semiconducor 

 

Direct gap Momentum Energy 

Initial  pi =  ħkphoton + ħkVB ≃ 0 𝐸𝑖 = ℎ𝑣𝑝ℎ𝑜𝑡𝑜𝑛  + 𝐸𝑉𝐵 

Final  pf =  ħkCB = 0 𝐸𝑓 =  𝐸𝐶𝐵 

Conservation  𝑝𝑖 = 𝑝𝑓 ℎ𝑣𝑝ℎ𝑜𝑡𝑜𝑛  =  𝐸𝐶𝐵 − 𝐸𝑉𝐵 = 𝐸𝑔 

Indirect gap Momentum Energy 

Initial  𝑝𝑖 =  ħ𝑘𝑝ℎ𝑜𝑡𝑜𝑛 + ħ𝑘𝑉𝐵  +  ħ𝑘𝑝ℎ𝑜𝑛𝑜𝑛  

≃  ħ𝑘𝑝ℎ𝑜𝑛𝑜𝑛 

𝐸𝑖 = ℎ𝑣𝑝ℎ𝑜𝑡𝑜𝑛  ±

 ℎ𝑣𝑝ℎ𝑜𝑛𝑜𝑛  + 𝐸𝑉𝐵 * 

Final  𝑝𝑓 = ħ𝑘𝐶𝐵 𝐸𝑓 = 𝐸𝐶𝐵 

Conservation  𝑘𝑝ℎ𝑜𝑛𝑜𝑛  ≃  ħ𝑘𝐶𝐵 ℎ𝑣𝑝ℎ𝑜𝑡𝑜𝑛 =  𝐸𝑔  ±  ℎ𝑣𝑝ℎ𝑜𝑛𝑜𝑛 

*(+ for phonon absorption, – for phonon emission) 
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2.1.2 Light Emission in semiconductors   

Light can be emitted by spontaneous emission of a photon when excited electrons in excited states 

drop down to a lower level by radiative transitions; the energy of the photon is equal to the energetic 

difference of the two states. This radiative emission process is call luminescence. One of the 

mechanisms of luminescence is the re-emission of light caused after absorbing a photon of higher 

energy and thus is called photoluminescence. For luminescence to occur, injected electrons (electrons 

occupying the CB) must first lose energy via phonons, cooling down to the bottom of the CB, while 

injected holes, cool respectively to the top of the VB. Injection of electrons-holes can be obtained by 

light, electric field or other electrons. 

The illustration in Figure 2.4 gives an overview of the main processes that occur when light is 

emitted from a solid.  

 

 

 

 

 

 

 

 

 

Figure 2.4: General scheme of luminescence in a solid. The radiative emission has a lifetime τR and the non-

radiative emission has a time constant τNR (8) 

 

 The spontaneous emission rate for radiative transitions is determined but the Einstein A coefficient. 

The radiative emission rate is given by: 

  

      (
𝑑𝑁

𝑑𝑡
)

𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑣𝑒
=  −𝐴𝑁               (2.2) 

where N is the population of the upper level at time t. As a result, the rate equation is: 

where τR = A-1 is the radiative lifetime of the transition.  

The alternative pathway between the excited state and the ground state indicates the possibility of 

non-radiative recombination. For example, the electron can lose its excess of energy as heat by 

emitting phonons or by transferring energy to impurities or defects called traps. These non-radiative 

𝑁(𝑡) = 𝑁(0)𝑒−𝐴𝑡 = 𝑁(0)𝑒−𝑡/𝜏𝑅 (2.3) 
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processes usually have a small lifetime than the radiative transitions. The total rate of radiative and 

non-radiative processes is given by: 

(
𝑑𝑁

𝑑𝑡
)𝑡𝑜𝑡𝑎𝑙 = −

𝑁

𝜏𝑅
−  

𝑁

𝜏𝑁𝑅
=  −𝑁(

1

𝜏𝑅
−

1

𝜏𝑁𝑅
) 

  (2.4) 

 

The luminescent efficiency or quantum efficiency ηR can be calculated by the ratio of radiative 

emission rate to the total deexcitation rate:  

𝜂𝑅 =
𝐴𝑁

𝑁(
1
𝜏𝑅

+
1

𝜏𝑁𝑅)

=
1

1 + 
𝜏𝑅

𝜏𝑁𝑅

 

  (2.5) 

 

 

 

 

For direct gap materials, the photons are emitted when the electrons are at the bottom of the CB 

recombine with holes at the maximum of VB.  In most cases they exhibit strong emission and their 

radiative lifetime is short with typical values in the range of 10-8 – 10-9 s (Figure 2.5a). For indirect 

gap materials, the transition must involve the absorption or emission of a photon to conserve 

momentum (Figure 2.5b). The involvement of the phonon makes this process much less likely to 

occur resulting in far slower emission rate in indirect band gap materials compared to direct band gap 

ones. The fact that radiative recombination is slow in indirect band gap materials also means that, 

under most circumstances, radiative recombinations will be a small proportion of the total 

recombination making indirect semiconductors ‘bad’ emitters.  

 

 

 

Figure 2.5: Schematic diagram of the interband luminescence in: (a) a direct gap semiconductor and (b) an 

indirect gap semiconductor. (8) 

 

(a) (b) 
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2.1.3 Excitons 

The absorption of a photon by an interband transition excites an electron in the CB and a hole in the 

VB. Those two particles have opposite charges and are excited at the same point in space, thus a 

mutual attraction Coulomb interaction arises. This interaction typically results in the formation of a 

bound electron-hole pair of neutral charge called exciton. The electron and the hole have a stable orbit 

around each other in this formation. Excitons are observed in many crystalline and amorphous 

materials. They can be distinguished into two basic types: (8) 

• Wannier – Mott excitons, also called free excitons.  

• Frenkel excitons, also called tightly bound excitons.  

Wannier -Mott excitons typically exist in crystalline semiconductors while the Frenkel excitons are 

found in insulators and molecular crystals. The two types of excitons are illustrated in Figure 2.6. 

Their binding energy is the main difference between the two types. The Wannier – Mott excitons are 

weakly bound excitons with small binding energy ~ 10 meV and a Bohr radius ~ 10nm. Their orbit 

encircles many atoms as a result of the dielectric screening of the electron-hole electrostatic 

interaction. They are delocalized and can freely move via diffusion throughout the crystal which 

explains the alternative name free excitons.  On the other hand, the Frenkel excitons are strongly 

bound excitons with large binding energy ~ 100-1000 meV and a tight Bohr radius ~ 1nm. They are 

formed in materials with low dielectric constant such as molecular compounds. Frenkel excitons are 

highly localized to a specific atom, molecule or aggregate; they are less mobile than free excitons and 

typically move by hoping from an atoms’ site to another.  

 

 

Figure 2.6: Schematic representation of Wannier-Mot Exciton (left) and Frenkel Exciton (right). The red 

continuous line represents the way the two exciton types move through a crystal. (16) 

 

Bohr’s model is a simple approximation that can be used to describe the spectrum of the free excitons. 

In applying the Bohr model, we must consider the fact that electron and hole are moving through a 
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medium with a dielectric constant εr and that the exciton mass is equal to the reduced mass μ given 

by:  

 1

𝜇
=

1

𝑚𝑒
∗ +

1

𝑚ℎ
∗  

(2.6) 

The standard results of the Bohr model for a hydrogenic system of two particles can be used 

considering the above. The principal quantum number n is used to characterize the bound states and 

the energy spectrum is given by: 

 

𝐸(𝑛) = −
𝜇

𝑚0

1

𝜀𝑟
2

𝑅𝐻

𝑛2
=

𝑅𝑦

𝑛2
 

(2.7) 

Here RH is the Rydberg energy of the hydrogen atom (-13.6eV) and Ry is the exciton Rydberg energy, 

being equal to –(μ/m0εr
2) ∙RH. 

The radius of the exciton is given by:  

 
𝑟𝑛 =

𝑚0

𝜇
𝜀𝑟𝑛2𝑎𝛨 = 𝑛2𝑎𝑏 (2.8) 

Where αH is the Bohr radius of the hydrogen atom (5.29 x10-11 m) and αb is the exciton’s Bohr radius 

that is equal to (m0εr/μ) ∙aH.  

In direct gap semiconductors a general pattern is observed, with Rx tending to increase and αb to 

decrease as the Eg of the material increases. The reason of this behaviour is the fact that εr tends to 

decrease and μ to increase as the band gap increases. The excitation dispersion is shown in Figure 

2.7. The graph contains the hydrogen-like set of exciton states with En=Eg -RX/n2 at k=0, having a 

parabolic E(k) dependence that describes the translational centre-of-mass-motion of the exciton. For n 

large, the exciton spectrum approaches the continuum of unbound electron-hole states. An exciton 

creation can be formed at the inter crossing of the exciton and the photon dispersion to satisfy energy 

and momentum conservation. The photon dispersion is a straight line with high slope as evidenced by 

the equation E = pc where p is the photon momentum and, c is the speed of light. This event can be 

described as a conversion of a photon into an exciton. 

 

Figure 2.7: Dispersion curves of an exciton and the optical transition corresponding to a photon absorption 

and exciton creation. Ry refers to exciton’s Rydberg energy. (16) 
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2.2 Introduction to Colloidal Nanocrystals 

Colloids are homogeneous non-crystalline substances consisting of large molecules or 

ultramicroscopic particles of one substance dispersed through a second substance. Unlike a solution, 

who’s solute and solvent constitute only one phase, a colloid has a dispersed phase within a 

continuous phase that arise by phase separation. To qualify as a colloid, the mixture must be one that 

does not settle or would take a very long time to settle appreciably. (17) For the purpose of this thesis, 

the solutions used were colloidal nanocrystal solutions. The most common way of synthesis is by 

reacting appropriate molecular precursors.  Typically, they are inorganic salts or organometallic 

compounds. There are several stages to achieve colloidal synthesis. First, a nucleation takes place 

from an initially homogeneous solution. Nucleation is typically followed by the growth of the 

performed nuclei and then the isolation of the particles reaching the desired size from the reaction 

mixture. The most common synthesis technique is called hot-injection as illustrated in Figure 2.8b.  

(18) (19) (12) 

 

   

Figure 2.8: Schematics of nucleation and growth mechanism versus time (a) and illustration of the experimental 

setup of the hot injection method (b). (19)   

Hot injection technique is referred to the fast injection of precursors into a hot solution that contains 

surfactant molecules (ligands). This quick addition of reagents to the hot solvent decreases rapidly the 

temperature of the solution kick-starting the nucleation process (Figure 2.8a). As the precursors 

decompose, monomers are forming creating the nuclei of the desired nanocrystals. The process of 

formation of nuclei stops when the consumption of feedstock by the growing CNCs is getting over the 

rate of precursor addition to the solvent. The time between the formation and the growth of the nuclei 

determines the size distribution of the CNC. However, nucleation and growth can be adjusted by 

changing the temperature, the reaction time and the monomer concentration. Furthermore, 

nanocrystals can be re-dispersed in different solvents and interchange their ligands through post 

synthetic or post deposition ligand exchange techniques. Ligands are molecules that decorate the 

surface of the nanocrystal and determine the solubility and the stability of the CNC solution. Ligands 

also help to control of the size and shape of CNCs during synthesis along with the passivation of 

surface, namely dangling bonds and impurities. The technique has been optimized over the years and 

it can be used to synthesize high quality CNCs with narrow size distribution and precise composition. 

CNCs have tuneable electronic structure owing to the quantum confinement effect with high 

absorption and luminescence efficiency and low thermal conductivity. Such properties make CNC 
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solids promising candidates for active media in lasers (20) (21), photovoltaics (22), biological labels 

(23) , photo catalysts (21), LEDs (24), sensors (25) etc. 

 

2.3 Lead Halide Perovskite Nanocrystals 

Perovskites were named after the Russian mineralogist L. A. Perovski after their discovery by Gustav 

Rose in 1839. The term perovskite refers to any material with the crystal structure of calcium titanium 

oxide CaTiO3. The general crystal structure and chemical formula is ABX3 as seen in Figure 2.9. The 

‘A’ and the ‘B’ are different size cations and usually ‘A’ is larger than ‘B’. The ‘X’ is an anion that is 

bound to the two cations. The ideal cubic symmetry has can be described as consisting of corner 

sharing BX6 octahedra with the A cation in octahedral coordination. The stability of the cubic 

structure has quite strict requirements for the relative ion size. A slight change of the ideal size of the 

cations can produce several lower symmetry distorted versions. The coordination numbers of ‘A’ 

cations, ‘B’ cations or both are reduced in such versions of perovskite nanocrystals. Some examples 

of the structures are presented in Figure 2.9. 

 

Figure 2.9:  Structure of a perovskite with general chemical formula ABX3. The red spheres are X atoms 

(usually oxygens), the blue spheres are B atoms (a smaller metal cation, such as Ti4+), and the green spheres 

are the A atoms (a larger metal cation, such as Ca2+).(a) The undistorted cubic structure; the symmetry is 

lowered to orthorhombic, tetragonal or trigonal in many perovskites. The relative ion size requirements for 

stability of the cubic structure are quite stringent, so slight buckling and distortion can produce several lower-

symmetry distorted versions, in which the coordination numbers of A cations, B cations or both are reduced. 

The tetragonal and orthorhombic phases are most common non-cubic variants.  

 

Perovskites can be divided in two large groups based on their structure elements. The first category is 

the inorganic oxide perovskite, where the anion is oxygen. The second category are the metal halide 

perovskites who have a halide as an anion, for example Cl-, I- and Br-. Furthermore, in this category 

the hybrid perovskites have typically as cation ‘A’ an organic compound like Methylammonium 

(MA), Guanidinium (GA) or Formamidinium (FA). Such hybrid perovskites who are fabricated 

through solution-based techniques have lately emerged as excellent light absorbers for highly efficient 

solar cells, and efficient light emitting applications.  (14) (24) (22)  

https://en.wikipedia.org/wiki/Cubic_crystal_system
https://en.wikipedia.org/wiki/Orthorhombic
https://en.wikipedia.org/wiki/Tetragonal
https://en.wikipedia.org/wiki/Trigonal
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Lead halide perovskites nanocrystals (LHP NCs) have certain advantages over their bulk 

polycrystalline perovskites owing to quantum confinement effects and the particular characteristics of 

the colloidal synthesis. They can exhibit stronger absorption and brighter photoluminescence (PL) 

with narrower linewidth. Their energy gaps can be tuned widely through the visible via both quantum 

confinement and compositional variation using ion exchange reactions. (14) At the same time, they 

exhibit some drawbacks the main of which is their structural and thermodynamics liability. 

An important paradigm about LHP NCs is that as easy as it is to make them, it is just easy to break 

them (26). The main problem is the retention of their colloidal and structural integrity during 

isolation, purification and handling. LHP NCs are terminated oleylammonium bromide and/or 

oleylammonium carboxylate (27).The presence of these components on the surface of the NCs are 

forming an ionic pair: ammonium groups displace a surface A-site cation, whereas carboxylates 

(bromides) act as surface anions. Theses ligands tend to quickly desorb Figure 2.10 (27). Such loose 

ligand binding sets the crystalline structure of the LHP NCs as unstable.  

 

 

Figure 2.10: Structural lability of lead halide-based perovskite NCs. LHP NCs often lose their colloidal 

stability, or even structural integrity, due to the desorption of weakly bound ligands. (26) 

 

Poor thermal stability is another major challenge for nearly all future applications of LHP NCs. The 

lower charges of the constituent ions in halide perovskites (half that of oxides) can alone reduce the 

crystal lattice energy and this leads to lower melting points, Tm (i.e. Tm ≈ 570°C for CsPbBr3 and Tm ≈ 

2000°C for CaTiO3]. (14) Hybrid organic-inorganic LHPs decompose before melting (MAPbI3 at 

around 150–200 °C; FAPbI3 at around 290–300 °C (26)). Similarly, the formation energy of vacancies 

is also reduced. Vacancies are the major type of point defect in halide perovskites. This leads to high 

mobility of halide anions which can be either interpreted as positive (like facile anion exchange) or 

negative (such as photoinduced ion separation, ionic, conduction and related electronic noise, and 

hysteresis in PV cells). (14) Low lattice energy promotes more defects like grain boundaries, 

dislocation stacking faults and twin planes. LHPs NCs are all highly prone to sintering. This sets a 

great challenge for any device architecture relying on the retention of quantum-confined states in a 

densely packed array of LHP NCs or for devices operating at elevated temperatures, such as lasers or 

remote phosphors. (26) 

For the purpose of this thesis, FAPbI3 was selected as the PNC material. FAPbI3 in its bulk single 

crystal form exhibits an energy gap of 1.48eV (~838nm) (28) that enables the absorption of 

significant part of the solar spectrum. In addition, the larger Formamidinium anion gives the 

perovskite crystal a more symmetrical structure and significant better stability than that of CsPbI3 red-

absorbing nanocrystal analogue. Such perovskite conformations are typically found in as-grown 

single crystals (grown above 100 °C) and exhibit thermodynamic instability toward their conversion 
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to a wider-bandgap (yellow) hexagonal 1D phase. The desired 3D polymorphs of FAPbI3 can be 

obtained as metastable phases in thin films, which still undergo phase transformations over several 

hours to several weeks and transform faster when exposed to the ambient atmosphere. On the other 

hand, by downsizing the material, effects on the phase stability of inorganic NCs due to the interplay 

of kinetic trapping (low-T synthesis) and thermodynamics (i.e., surface energy) (29) resulting a cubic 

structure that corresponds to the α-phase of the bulk material. (Figure 2.11) Such PNCs exhibit size 

tuneable bright PL in the red-NIR regime which is promising for applications in LEDs, lasers and 

solar cells. (28) (29) 

 

 

Figure 2.11: (a) Synchrotron XRD pattern (black) and best fit (purple, 2θ range of 3−30°; λ=0.565 483 Å) for 

FAPbI3 NCs using the cubic lattice, yielding a refined cell parameter of a=6.3641 Å. The inset illustrates the 

cubic perovskite structure of FAPbI3 and the off-axis disorder of the I− anions. (b) Left image: typical TEM 

image of FAPbI3 PNCs. Right image: High-resolution TEM images of FAPbI3 PNCs. (29) (c) Absorption and 

PL spectra of FAPbI3 PNCs in a toluene solution. (d) Wide-field PL image of single FAPbI3 PNCs dispersed in 

poly (methyl methacrylate) at room temperature, measured using a 488 nm continuous-wave excitation. The 

colour bar marks the PL intensity measured.  (e) PL spectrum of a FAPbI3 PNC recorded in a confocal mode 

over 5s with an excitation intensity of 6 kW cm−2. The dashed curve shows a Lorentzian profile, which 

reproduces well the high-energy wing of the emission line. It points to an asymmetry of the PL spectrum. The 

spectrum is reproduced with a double-Lorentzian profile (plain red curve), comprising the zero-phonon line and 

an optical phonon sideband red-shifted by 12 meV. f Time trace of the PL intensity of a FAPbI3 PNC, measured 

under an excitation intensity of 2 kW cm−2 and with a bin time of 10 ms. (g) Histogram of time delays between 

consecutive photon pairs detected from the PL of a FAPbI3 PNC under an excitation intensity of 2 kW cm−2. (30) 

  

 

 

(b) 
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Figure 2.12: γTiAl powder processed by HIP(a) and SPS (b). Hot isostatic pressing (HIP) is a manufacturing 

process, used to reduce the porosity of metals and increase the density of many ceramic materials. This 

improves the material's mechanical properties and workability. Spark plasma sintering (SPS) is a pressure-

assisted pulsed-current process in which the powder samples are loaded in an electrically conducting die and 

sintered under a uniaxial pressure. (c) and (d) formation of rods by mechanical sintering, high pressure 

technique. (55) 

2.4 Sintering methods of Nanomaterials  

Sintering processes can be described as processes of compacting and forming a solid mass of material 

by heat, pressure or other external fields, in which low size and/or low dimension solids grow to larger 

sizes and/or dimensionalities. For example, nanocrystals, microcrystals or even powder particles can 

be turned into rods, bulk, etc. via sintering. We can classify the sintering processes as in-situ or post-

synthetic. In-situ processes require chemical change of the surface (crystal facets) properties of the 

building blocks (e.g. NCs) to create higher dimensionality systems during synthesis. Post-synthetic 

processes consist techniques that promote agglomeration and eventually sintering of building blocks 

after synthesis.  

Among these sintering techniques, one or more of a number of the following ways are utilised, 

depending on the nature of the materials, to achieve sintering: mechanical techniques subject 

materials to high pressures (Figure 2.12 c, d), while electric field techniques such as spark plasma 

sintering (SPS) or pulsed electric sintering take advantage of the material’s inherent polarity through 

exposure to high-intensity EM fields (Figure 2.12 a, b).  

 

 

 

 

 

 

 

 

 

 

 

Another type of sintering method is via techniques using light, where materials can be sintered 

through exposure to an intense light beam. While the aforementioned techniques have found their 

niches in the literature, thermal annealing and chemical techniques such as ligand stripping and/or 

exchange are the most common sintering processes for LHP NCs. For the purposes of this thesis, a 

combination of light induced sintering and thermal annealing is used. 

(c) (d) 
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2.4.1 Light induced sintering 

In laser sintering processes, particles absorb the energy of a focused light beam which is typically a 

laser. The laser beam generates localized heat via the photothermal effect, resulting in sintering. The 

heat is transferred from the top ‘seeds’ to the underlying nanoparticles, typically without damaging 

the material. The laser induced sintering process is influenced by the following main parameters: (i) 

The wavelength of the laser beam, which can be set from HUV to IR range, (ii) the pulse duration that 

can be set from femtoseconds to continuous wave, (iii) the irradiation time, (iv) the irradiation energy 

density that can be tuned via the laser’s fluence or by changing the spot size of the laser beam, (v) the 

sintering environment i.e. ambient, vacuum, nitrogen etc. In the presented work, parameters (i), (iii) 

and (iv) have been explored.    

Light-induced sintering has in principle certain advantages. The agglomeration is based on 

photothermal reaction which generally don’t cause change to the chemical composition of the 

material. Another opportunity that is been offered is the reductive sintering (i.e. CuO or NiO to Cu or 

Ni films) in which the composition of the material is changed intentionally. There is also a variety and 

versatility of equipment/experimental schemes that can be used in this process. Laser sintering gives 

the ability to create any pattern shape and size. Also, it provides the capability to sinter mediums 

deposited on thermally volatile substrates while it is a relatively simple easy and controllable 

procedure. However, like all techniques it has some disadvantages with the main one related to the 

relative low throughput of the method.     

Time‐resolved transmission traces suggested that the coalescence time for melted nanoparticles is at 

nanosecond scale as shown in Figure 2.13(a), and this value is reasonably in agreement to the 

molecular simulation result. Practically, single laser sintering involves many nanoparticles, and the 

overall process should be examined in a more macroscopic perspective. It is suggested that silver 

nanoparticle film under continuous wave‐laser irradiation goes through certain steps of initial contact, 

neck growth, and coalescence for complete sintering, and the macroscopic coalescence time measured 

from pump‐and‐probe technique is around 10 ms. (31) This value is in accordance with the time lag 

between laser irradiation and conductive metal electrode formation that was measured by transient 

resistance change during the laser irradiation on silver nanoparticle ink as shown in Figure 2.13(b) 

(32). A parametric study over laser power and scanning speed is often conducted to find the optimum 

sintering condition experimentally. (32) A typical example of the parametric study is shown in Figure 

2.13(c) with silver nanoparticle film on various substrates. Ag nanoparticle ink was coated on three 

different substrates -polyimide (PI), polyethylene terephthalate (PET), and glass -and a parametric 

study in terms of laser power and laser scanning speed was conducted. It is apparent that the status of 

sintered Ag nanoparticle can be distinguished into three categories, and the area subject to higher laser 

power and lower scanning speed shows more complete sintering features. 
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Figure 2.13: (a) Snapshots of the dynamic coalescence process between two gold nanoparticles from molecular 

dynamic simulation. (b) Transient resistance change measurement according to the laser irradiation. (c) 

Parametric study for optimum laser conditions on various substrates. (33)    

 

 

2.4.2 Thermal annealing sintering 

Nanomaterials can also be sintered to larger sizes and/or dimensionalities via thermal annealing.  

First, let’s consider the following semi empirical temperatures (34): 

THűtting = 0.3 Tmelting   (2.9) 

THűtting defines the temperature at which the surface atoms start to exhibit mobility and: 

TTamman= 0.5 Tmelting (2.10) 

TTamman sets an empirical temperature limit in which bulk atoms become mobile and diffuse. 

The general process is described in the illustration below (Figure 2.14). The thermal annealing 

sintering mechanisms can be classified as non-densifying and densifying. Densifying mechanisms 

such as, lattice diffusion from grain boundary (atom from grain boundary diffuses through lattice), 

grain boundary diffusion (atoms diffuse along grain boundary) and plastic deformation (dislocation 

motion causes flow of matter) are referring to atoms which have been moved from the bulk to the 

surface of pores, thereby eliminating porosity and increasing the density of the sample. Non-

densifying mechanisms like, surface diffusion (diffusion of atoms along the surface of a particle), 

vapor transport (evaporation of atoms which condense on a different surface) and lattice diffusion 

from surface (atoms from surface diffuse through lattice), are referring to rearrangement of surface 

atoms to another surface or part of the same surface. 
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Figure 2.14: Schematic illustration of (a) non-densifying mechanism (b) procedure of thermal annealing and (c) 

densifying mechanism. (53)  

Figure 2.15:  Schematic of a ligand stripping method combined with AX salt post-treatment with a view of 

producing a high mobility perovskite NC array. (35) 

 

 

Thermal annealing is a relatively low-cost and simple procedure and it can be achieved with a variety 

of experimental schemes. Typically, the method requires the use of a hot plate, a furnace or a 

microwave oven. Despite the simplicity and the wide use of this technique, the outcome can be in 

some cases uncontrollable because the sintering results in a random orientation, size, shape of the 

agglomerates. As a result, the sintered outcome is not always reproducible due the randomness of the 

nature of the sintering.  

 

2.4.3 Chemical process of sintering 

Chemically induced sintering of nanomaterials is achieved via chemical modifications of the surface 

or the environment. For nanocrystals, three common types of chemical-induced sintering are ligand 

exchange, ligand stripping and incorporation of NCs in matrices. In coordination chemistry, a ligand 

is an ion or molecule that binds to a surface atom to form a coordination complex. The bonding with 

the atom generally involves formal donation of one or more of the ligand’s electron pairs. Ligand 

exchange, also known as ligand substitution, is a type of chemical reaction in which a ligand in a 

compound is replaced by another. 

 

 

 

 

 

 

 

(a)                               (b)                              (c) 
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The ligand stripping method involves the destabilization of colloidal nanocrystals by replacing the 

original capping ligand with a stripping agent, as seen in the example of Figure 2.15 for perovskite 

NCs, in which ligand stripping is used with a view of transforming the insulating NC solids into 

conductive films. The stripping agent binds to the surface of the nanocrystals weakly, thus inducing 

their aggregation into nanocrystal clusters.  

The technique results in red-shifted PL (Figure 2.16 (a)) and quenching of PL intensity. Importantly 

it provides the ability to stack a closed packed layer of PNCs together, resulting in significant higher 

mobility and the highest PCE report on solar cells based on PNCs (Figures 2.16 (b) and (c)).  

 

Figure 2.16: (a) Normalized (norm.) PL of CsPbI3 NC films fabricated with three different sizes as indicated 

by the injection temperature during synthesis of QDs with (pink) and without (blue) FAI treatment. (b) Time-

resolved terahertz photoconductivity measurements of the films of CsPbI3 control sample (blue) compared to 

the FAI-coated CsPbI3 NC films (pink) along with a traditional MAPbI3 (black) thin film and films of 6-nm 

PbSe QDs (orange) and 3-nm PbS QDs (green). (35) (c) J-V characteristics of CsPbI3 NC devices treated 

with FAI (pink), methylammonium iodide (MAI) (green), Formamidinium Bromide (FABr) (yellow), 

Methylammonium Bromide (MABr) (gray), Cesium Iodide (CsI) (dark blue), and neat EtOAc control (blue). 

(35) 
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3. Experimental Methods 

 

3.1 Film Processing 

For the purposes of this thesis, the sample fabrication was carried out through spin coating techniques. 

Spin-coating is used to prepare uniform thin films in the thickness range of nano- to micrometer by 

taking advantage the centrifugal force. The device is called a spin coater, or a spinner. Our laboratory 

is equipped with an Ossila spin coater displayed in Figure 3.1.  

 

 
 

Figure 3.1: Ossila spin coater model used in this thesis. (36) 

 

The two main factors that define film thickness are the spinning speed and the viscosity of the 

solution. Other factors to take account include spin time, solution density, solvent evaporation rate, 

solvent boiling point and the substrate surface wettability, namely the compatibility of the substrates’ 

surface with the solvent.  

 

Spin coating is performed in four steps, deposition, spin up, spin off, and evaporation, as shown is 

Figure 3.2. In the first stage the material is deposited on the surface of a turntable substrate. 

Subsequently the substrate starts to turn at the desired speed (spin up process) and the excess of 

material flung off the side and flattens to the required thickness (spin off process), along with the 

aforementioned processes the evaporation stage occurs creating a solid film out of the solution 

processed material. The applied solution on the turntable is distributed via centrifugal force. High 

spinning speed results in thinner layers. Usually these stages are followed by a drying step, namely a 

higher rotation speed step where the applied layer undergoes complete solvent evaporation. Uniform 

evaporation of the solvent is possible because of rapid rotation. High volatile components are 

removed from the substrate because of the evaporation or simply drying and the low volatile 

components of the solution remain on the surface of the sample. Thickness of the deposited layer is 

controlled also by the viscosity or the concentration of the coating solution. (37) 

 

 
Figure 3.2: Schematic representation of the four stages of spin coating technique: deposition, spin up, spin off, 

and evaporation. (38) 
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Spin coating can produce fine, thin, and uniform coatings, while the main disadvantage is the 

difficulty of coating large areas. The loss of material during spinning is typically lower than other 

methods such as vapor-phase deposition or doctor-blade and it is an inexpensive procedure 

considering that a spin coater is a far cheaper device. Another disadvantage is associated with the 

difficulty of creating multilayers structures of the same material.  

The thickness of the layer depends on many different parameters, and the following equation shows 

how these parameters affect thickness: 

ℎ = (1 −  
𝜌𝛢

𝜌𝛢𝜊
) ∙ (

3𝜂. 𝑚

2𝜌𝛢𝜊𝜔2
)

1
3 

3.1 

where h is thickness, ρA is density of the volatile liquid, η is viscosity of solution, m is rate of 

evaporation, and ω is the angular speed of coating. As evaporation rate is calculated experimentally, a 

simpler equation has been suggested as given below: 

ℎ = 𝐴𝜔−𝛣 3.2 

B is a constant and experimentally calculated parameter. In most of the cases B is somewhere between 

0.4 and 0.7. From this equation, the higher the angular speed of the substrate, the thinner will be the 

film. (39) 

Spin coating is one of the easiest ways to deposit various types of solution processed. Deposition of 

polymers, nanoparticles, and biomaterials is commonly performed via spin coating. Regardless of the 

deposited materials, spin coating usually requires a drying, annealing/baking process. 

 

3.2 Spectroscopic Techniques 

 

3.2.1 Optical Absorption 

Optical absorption is defined by the absorption coefficient a. The absorption coefficient follows the 

Beer- Lampert Law:  

𝐼(𝑧) = 𝐼0 ∙ 𝑒−𝑎𝑧           3.3 

 

Where I(z) is the transmitted light intensity through a liquid or solid sample (in the z direction), I0 is 

the optical intensity at z=0. Another expression of Beer-Lampert Law describing the transmitted light 

intensity is: 

𝐼(𝑧) =  𝐼0 ∙ 10−𝑂.𝐷       3.4 

Here O. D is the optical density.  

Practically, in experiments the measured quantity is the optical density (O.D), redefined as: 

𝑂. 𝐷 =  −𝐿𝑜𝑔(
𝐼(𝑧)

𝐼0
) 

3.4 
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By combining (3.3) and (3.4), the following expression can be obtained: 

 
𝑂. 𝐷 =  

𝑎𝑧

ln (10)
= 0.434 𝑎𝑧 

3.5  

 

In order to calculate the absorption coefficient, the film thickness or the dimension of the vial for the 

case of solutions must be known along with measured O.D from the experiment.  

A typical experimental set up that measures O.D (commonly called UV/Vis) can be seen in Figure 

3.3.  

 

Figure 3.3: Schematic diagram of a typical experimental arrangement to measure transmission from which the 

optical density is calculated. (16) 

 

First, a quasimonochromatic beam is created from a polychromatic (white) light source by spectral 

“filtering” through a monochromator. The light beam is then divided into two beams with identical 

intensity. One of beam is used as the reference bean via which the incident light intensity I0 can be 

measured. For this part of the recording of I0, a transparent vial containing the solvent or a transparent 

substrate depending on the nature of the sample, is placed in the path of the beam. This takes into 

account light scattering or absorption of the substrate, vial or solvent contained in the sample. The 

second beam of light goes through the sample and the intensity of transmitted light I(z) can be 

measured. Both beams are been recorded by a photodetector appropriate for the spectral range so that 

OD can be calculated. 

In the present work, O.D. was measured using is a Perkin Elmer Lambda 1050 spectrophotometer, a 

schematic of which is showed in Figure 3.4. It is equipped with a deuterium (200-320 nm) lamp and a 

tungsten- halogen (>300 nm) lamp. The polychromatic light source (Figure 3.4 (1)) is analysed by a 

double monochromator (Figure 3.4 (2)) with a maximum resolution of 0.05 nm. The quasi-

monochromatic beam passes through a chopper (Figure 3.4 (3)) divided into four quarter. The first 

quarter is a mirror so that the beam can pass only through the reference sample so that the reference 

signal can be measured. The second and fourth quarters are black so that no light reaches the detector 

module and dark (background) signal can be recorded. The third part is blank and allows the light 

beam to pass through the sample (Figure 3.4 (5)). The transmitted light intensity is measured and by 

dividing it with the incident light the transmittivity (thus the O.D.) of the sample can be calculated.  
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Figure 3.4: Illustration of Perkin Elmer high definition L1050 spectrophotometer. The sources (1) are a 

combination of a deuterium (200-320nm) and a tungsten-halogen (300-3350nm) lamp to cover the detection 

range of 200-3300nm. It is equipped with a double monochromator (2) for sharper analysis of the source 

spectrum. The chopper (3) is a plate divided in four parts: a mirror, a blank and two black sections for the 

simultaneous measurement of the sample and the reference beams as well as the background respectively. It is 

also equipped with a light intensity attenuator so that low OD signals can be detected and common beams mask 

to adjust the size of the beam that enables the measurement of samples with small physical size (4). The sample 

chamber (5) enables the position of the sample and a reference, i.e. a vial with the solvent or a substrate. A 

three-detector module consisted from a PMT (covering from 200-1100nm) an InGaAs (800-1900nm) and a PbS 

(1700-3300nm) photodetectors records the transmitted light. (Reprinted from manual)  

 

Small O.D signals can be detected via light intensity attenuators on each beam. In addition, common 

beam mask is used to adjust the size of the beams so that O.D from small size samples can be detect 

without measuring stray light that doesn’t pass through the sample (Figure 3.4 (4)). The transmitted 

light is measured by a three-detector module (Figure 3.4 (6)) consisted from a photomultiplier tube 

(PMT), an InGaAs and a PbS detector covering the range of 200-1100nm, 800-1900nm and 1700-

3300nm respectively defining the working spectral range of the instrument i.e. 200nm to 3300nm. 

 

 

3.2.2 Photoluminescence Setup 

We can investigate the nature, energetics and dynamics of photo excitations using photoluminescence 

(PL) spectroscopy. PL is employed as the main optical method in photophysical studies of CNCs. 

A typical PL setup contains a monochromatic excitation source, for example a laser or a lamp with a 

monochromator, which is used to photoexcite the sample. The setup can be seen in Figure 3.5 below. 

Commonly the materials under study are in the form of solid-state samples such as thin films. These 

films are placed typically in an optical cryostat that allows the variation of the samples’ temperature. 

The detection part of the setup involves a monochromator that spectrally analyses the emitted light 

along with one or combination of detectors that cover the desired spectral region of the samples’ 

emission. A variety of experimental parameters can be varied during PL measurements, providing 

further information about the material. Those parameters include the excitation density (excitation-

depended PL), sample temperature (temperature-depended PL), excitation wavelength (resonant 

versus non-resonant PL) and polarization of the excited and/or detected light (PL anisotropy). 
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Figure 3.5: Schematic representation of a PL experiment. The excitation consists of either (a) an excitation 

lamp spectrally filtered by a monochromator, or (b) an external laser source. The emitted luminescence is 

collected via a second monochromator and detected b (16). 

 

A variation of the PL technique implemented to our studies is excitation photoluminescence (PLE). 

PLE monitors the photoluminescence intensity at a specific wavelength, usually the PL peak, while 

varying the excitation beam’s wavelength. The technique is an analogue of the optical absorption 

spectroscopy that is sensitive though only to absorptive species that yield emissive transitions. Thus, 

the combined information from PLE, absorption and PL can indicate which of the absorbing processes 

result in radiative recombination. For example, we can provide insight on dark and bright excitons, on 

the presence of energy transfer processes or whether there are emissive defect states. 

Finally, time-resolved PL (TRPL) spectroscopy can be applied in order to investigate the 

recombination dynamics of the photo excitations. In a TRPL experiment we temporarily monitor the 

emission of a sample after pulsed excitation. The required sensitivity can be defined by the excitation 

pulse width and the experimental technique.  

In this work, the method of time correlated single photon counting (TCSPC) was used to monitor the 

PNC exciton dynamics. (40) TSCPC is an advanced method to monitor excited state dynamics even 

for very small amounts of substance or weakly emitting materials. (40) (41) Behind TSCPC’s high 

sensitivity is the detection of a single photon per laser pulse. TSCPC is a digital counting technique 

which counts photons that are time correlated with an excitation light pulse. All these set the TSPC 

technique as a widely used method to study dynamic processes in the nano- and sub- nanosecond time 

domain.  Simply describing the technique, the sample is continuously excited by a pulsed source and 

by detecting the first photon emitted after the excitation a probability histogram is formed relating the 

time between the two events.  

Information related to the exciton lifetime, auger, trapping or charge transfer rates of the CNCs can be 

extracted using this technique, due to the sensitivity and temporal resolution of the technique. In our 

lab TR-PL/TCSPC experiments take place in the same set up with the Figure 3-5 by adding 

appropriate fast electronics and various pulsed laser diodes with pulse width of tens of picoseconds. 

The setup exhibits a time-resolution of the order of 50 ps in the visible and 100 ps in the infrared 

region taking into consideration of the response time of the electronics and detectors.  

Typically, the histogram recorded by TCSPC can be described by single or multiexponential decay 

fits as a result of the rate equations that govern the various carrier recombination channels. The fitting 
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of the decays with multiexponential is not trivial due to the correlation of the parameters describing 

the decay of the various processes. The weight/yield of the intensity due to each decay process (j) is 

given by: 

𝜂𝑗 =
𝐴𝑗 𝜏𝑗

 𝛴1
𝑛 𝐴𝑖 𝜏𝑖

 
3.6 

The contribution of any decay is proportional to the product Ai. τi , which is directly connected to the 

area under the intensity decay for the channel with lifetime τi. So, a multi-exponential decay can be 

reproduced via a series of combinations of Ai and τi. In conclusion to calculate the effective or 

average lifetime of the PL recombination one should use the equation: 

𝜏𝑒𝑓𝑓 =
𝛴1

𝑛𝐴𝑗  𝜏𝑖
2

 𝛴1
𝑛 𝐴𝑖 𝜏𝑖

 
3.7 

The above equation considers the weight of each exponential and its correlated lifetime.  

 

Figure 3.6: Drawing of Acton 750i Princeton spectrometer. (Reprinted from manual) 

 

There are two different experimental setups for the study of steady-state photoluminescence. The first 

is based on an Acton750i Princeton spectrometer (Figure 3.6) equipped with a triple grating turret 

containing a 1200, and two 600g/mm gratings for UV-Vis, Vis-IR analysis. The detection part 

consists a thermoelectrically cooled, 1024x256 pixels PIXIS charge-coupled device (CCD) camera 

with spectral response in the range of 300-1000nm and a liquid nitrogen cooled OMA InCaAs array 

(512 pixels) with spectral sensitivity in the range of 900-1700nm. These two detectors allow an 

overlapping large detection spectral range from UV to near-IR. The size of the Acton spectrometer, 

which is 0.75m, enables high resolution spectral analysis which is better that ~0.1nm.  

PL experiments can also be performed on a modular Fluor log FL3 Horiba spectrophotometer (Figure 

3.7). This setup contains an ozone (O3) free xenon (Xe) 1500W lamp emitting from 220nm to 

1150nm. The provided light from the source is spectrally filtered by a double monochromator which 

includes two 1200g/mm holographic gratings with resolution up to 0.1nm (Figure 3.7). A Si-diode is 

placed at the exit point of the source as a reference signal. We consider the intensity fluctuations of 

the excitation source by using such a reference signal.  



27 

 

 

Figure 3.7: Illustration of the Fluor log FL3 Horiba spectrophotometer. (Reprinted from manual) 

 

The sample is placed in the sample chamber of the instrument and then it is excited by the light 

source. After the excitation of the sample, the emitted light is collected in the front face or right-angle 

geometry. For this measurement we use an iHR32 Horiba spectrometer with a triple grating turret that 

funnels the light into a visible (250-850 nm) TBX photomultiplier tube (PMT) or to a Hamamatsu 

infrared PMT detecting in the range of 950-1700 nm. Both PMTs are thermoelectrically cooled. We 

can replace the continuum excitation source with picosecond pulsed laser diodes and by employing 

fast electronics (right hand side of Figure 3-7), the setup can be used in the TCSPC mode.   
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3.2.3 Photoluminescence Quantum Efficiency 

Luminescence quantum efficiency, also known as quantum yield (η), is typically measured by using 

an integration sphere. Regarding the studies of this thesis, quantum yield is measured using an 

integration sphere-based method involving the acquisition of three spectra : the excitation source in an 

empty sphere, the light resulting from direct excitation of the sample and the light resulting from 

indirect excitation of the sample by scattering light (42) (43) . The experimental set up used is shown 

in Figure 3.9. The sphere’s internal surface and any other component inside the sphere, like the 

sample holder, are coated with a highly light scattering medium with high reflectivity (>95%) in a 

wide spectral range (300-1400nm).   

 

 

Figure 3.8 : Schematic representation of an integrating sphere used for luminescence quantum efficiency 

measurements. The sample (black rectangle) is placed in the centre of the sphere with the capability of rotation 

and height adjustment. It can be directly excited from the excitation source (brown rectangle) and indirectly 

from reflected/scattered beams originating from the sphere’s surface. The shape position and size of the baffle 

(blue colour) is designed is such a way so that no direct light either from the source or the sample is detected. 

(16) 

 

The entrance of the excitation source and the exit of the emitted light are small holes preventing the 

light to leak out of the sphere. A baffle is placed in front of the exit, where the light is collected. The 

size, position and shape of the baffle are selected in such a way so that collected light results from a 

series of reflections on the sphere’s internal surface and not directly from the light source, the sample 

or a single reflection.  

Photoluminescence’s quantum yield is defined as the ratio of emitted photons divided with the 

number of absorbed photons. 

 
𝜂 =

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑚𝑖𝑡𝑒𝑑 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 

3.8 

To measure η, three different experimental arrangements were used, displayed in Figure 3.9. 

The first spectrum is obtained with the sphere empty and the laser beam with integrating area La is 

recorded. The second spectrum is obtained with the sample placed inside the sphere but not on the 

optical path of the exciting beam (indirect case). The spectrum contains the non-absorbed laser beam 

with integrating area Lb and luminescence via indirect excitation of the sample with integrating area 
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Pb. Finally, a direct excitation geometry is implemented and the respective excitation and emission 

spectra with integrating areas of Lc and Pc are recorded respectively (direct case). 

 

 

Figure 3.9: Schematic representation of the three experimental configurations for the QY measurement. In the 

first (a) the excitation source spectrum (d) is measured in the absence of a sample. The second measurement’s 

setup (b) records the spectrum of indirect excitation emission of the sample along with the excitation’s source 

light. The third geometry (c) measures the spectrum (f) under direct excitation of the sample. (16) 

 

By comparing the first two experiments and assuming a fraction μ of the scattered excitation light is 

indirectly absorbed from the sample, then it follows that: 

 𝐿𝑏 = 𝐿𝑎(1 − 𝜇) 3.9 

In the third experiment assuming a fraction A of the incident excitation beam is absorbed then the rest 

(1-A) is transmitted or reflected and scattered from the sphere. A fraction μ of this scattered light will 

be indirectly absorbed by the sample so we can write for Lc that: 

 𝐿𝑐 = 𝐿𝑎(1 − 𝐴)(1 − 𝜇) 3.10 

By combining the two equations the absolute absorbance of the sample can be calculated: 
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𝐴 = 1 −  

𝐿𝑐

𝐿𝑏
 

3.11 

In the second experiment the emitted signal Pb is produced via indirect excitation. The 

amount of scattered light contributing to the emitted light in the third experiment is then: 

 (1 − 𝐴)𝑃𝑏 3.12 

Direct excitation in such case produces an extra term due to emission equal to Lα∙A∙η where η is the 

PL quantum yield. Then the overall emitted photons in such case are equal to: 

 𝑃𝑐 = (1 − 𝐴)𝑃𝑏 + 𝐿𝑎  𝐴 𝜂 3.13 

Consequently, the PL quantum yield η is derived by: 

 
𝜂 =

𝐷𝑖𝑟𝑒𝑐𝑡𝑙𝑦 𝐸𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑛𝑜𝑛𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 
=

𝑃𝑐 − (1 − 𝐴)(𝑃𝑏)

𝐴𝐿𝑎
 

3.14 
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3.2.4 Fluorescence Microscopy  

A fluorescence microscope is an optical microscope that measures the emitted light from a 

sample instead of (or in addition to) scattering, reflection and attenuation or absorption. 

Typical components of a fluorescence microscope setup include a light source (1), excitation 

filter (2), a dichroic mirror (3), the microscope objective lens (4), and the detecting 

camera/sensor (7) (Figure 3.8).  Light from the excitation source (1) illuminates the 

specimen through the objective lens. If a broadband source is used the appropriate spectral 

filter (2) defines the wavelength range of the exciting beam. The PL emitted by the specimen 

is focused to the detector (7) by the same objective (4) that is used for the excitation. Greater 

resolution can be achieved, using an objective lens with higher numerical aperture. Most of 

the excitation light is transmitted through the specimen and only excitatory light reaches the 

objective together with the emitted light, giving a high signal-to-noise ratio. The dichroic 

beam splitter (3) acts as a wavelength specific filter, transmitting fluoresced light through to 

the eyepiece or detector, but reflecting any remaining excitation light back towards the 

source. (44).  

 

Figure 3.10: Schematic illustration of a photoluminescence microscope. Components: (1) Light source, (2) 

Excitation filter, (3) Dichroic mirror (beam splitter), (4) Objective lens, (5) 3D Stage, (6) Sample, (7) 

Camera/Detector, (8) Laser   

 

 

 

 

(3) 
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3.3 Sintering Techniques 

 

3.3.1 Light Annealing  

Light induced sintering measurements were carried out by adjusting a laser (position 8) to the 

fluorescence microscope set up in the way shown in Figure 3.8. Each thin film was divided into 

sixteen segments as shown in Figure 3.11. Using the beam splitter ((9) in Figure 3.8), focusing the 

laser on a specific spot and probing that same spot was achieved without the need for re-aligning the 

laser. Initially, an image of the relevant sample spot was taken before performing the laser annealing 

using the microscope’s camera. The camera was then replaced with an optical fiber connected to the 

Princeton spectrometer set up and the PL of the spot was measured. This process was repeated to 

probe the effect of illumination for different durations of time and excitation densities. Two light 

sources i.e. a UV-405 nm laser and a near-IR - 850 nm laser were employed to probe the annealing 

effect of light wavelength as well as the impact of above and below NC gap illumination. 

 

2 10 2 10 

4 14 4 14 

6 18 6 18 

8 25 8 25 

 

Figure 3.11: Schematic illustration of the thin FAPbI3 NC films and the matrix in which it was divided. The 

numbers in each cell represent the annealing time of the spot in minutes.  

 

3.3.2 Thermal annealing 

A hot plate surface with accurate setting of the plate temperature was brought in direct contact with 

the substrate of the treated FAPbI3 NC films. Four different annealing temperatures of 95oC, 

110oC,125oC and 156oC were studied with annealing time set to 5 minutes; such parameters were 

defined by preliminary studies showing the range of annealing temperature/time that influence the NC 

agglomeration process without completely degrading the material. A forward-looking infrared (FLIR) 

camera was placed above the hot plate (Figure 3.12) to accurately monitor the temperature of the top 

of the hot plate and the films surface. The FLIR camera is a non-contact device that detects infrared 

energy (heat) and converts it into an electronic signal, which is then processed to produce a thermal 

image on a video monitor. The displayed images were taken during the annealing of each sample.  

   

Figure 3.12: Experimental set-up of the hot plate and the FLIR(a). Optical(b) and thermal (c) picture from the 

FLIR camera monitoring the sample’s temperature, which is displayed in the top right corner of (c).  
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4. Results and Discussion  

 

4.1 Sample preparation  

The samples for both thermal and laser induced annealing studies were fabricated using the spin 

coating technique described in section 3.1 Initially the nanocrystal solution was purified and imposed 

to filtering to remove unreacted precursor products and larger dimensionality particles (namely 

microcrystals). Before film deposition, the glass substrates were cleaned in an ultrasonic bath for 30 

minutes using deionized (DI) water. Subsequently the substrates were washed firstly with acetone and 

then with isopropanol (IPA). Such washing process renders the substrate hydrophilic which is 

orthogonal to the hydrophobic NC toluene solution; as a result, no appropriate sticking of the NC 

material and formation of thick and uniform film can be realized.  

To circumvent this problem the substrates were thoroughly dried and submerged in a 1:10 v/v 

Triethoxy(octyl)silane solution in toluene. The silane-based compounds (Figure 4.1 left) contain 

three ethoxy - groups around a Si atom that anchor on to hydroxyl (OH-) groups present on the 

surface of glass as described for the case of triethoxy(propyl)silane in Figure 4.1a-d. After such 

treatment the surface of the substrate is covered with hydrocarbon chains making it hydrophobic and 

ready to accept the oleophilic NC material. 

 

Figure 4.1: On the left: Triethoxy(octyl)silane molecule. On the right: The chemistry of a typical silane surface 

modification reaction: (a) a hydroxylated surface is immersed in a solution containing n-propyl trimethoxy 

silane (nPTMS); (b) one of the methoxy groups of the nPTMS couples with a hydroxyl group releasing 

methanol; (c) two of the methoxy groups on another molecule of the nPTMS have reacted, one with a hydroxyl 

group and the other with a methoxy group from the first nPTMS molecule; (d) a third nPTMS molecule has 

reacted only with a methoxy group. This molecule is tied into the silane film network but is not directly bound to 

the surface. (45) 

 

The treated substrates are subsequently dried and mounted on to the spin coater. 70μL of the 

NC solution was transferred to the substrate using a micropipette and spin coated at 1000rpm 

with 4000rpm/s acceleration for 30 seconds. As described later in the text the samples were 

placed in a vacuum desiccator overnight to ensure the complete solvent evaporation. The 

substrates used in laser induced annealing process were first carved into 16 parts (4x4) as 

shown in the Figure 3.9 with a diamond pen.  
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4.2 Data analysis  

All data from the measurements were analysed with the OriginPro program. OriginPro is a proprietary 

computer program for interactive scientific graphing and data analysis. The optical absorption 

spectrum was obtained using the Perkin Elmer Lambda 1050 spectrophotometer. This spectrometer 

has two detectors, each used to acquire data in a different range of wavelengths. At the wavelength 

where the detectors switch a small jump discontinuity is introduced, owed to the different background 

sensitivity of each detector. The signal was corrected by subtracting the jump’s width from part of the 

spectrum, eliminating the gap. The remaining background signal is removed from the spectrum by 

subtracting the minimum value of the spectrum from all the data points. The graphs of the 1st and the 

2nd derivatives were plotted in order discern the Eg. As an example, Figure 4.2 shows a gaussian 

function along with its first and second derivatives. When the inflection point of the 1st derivative and 

the minimum of the 2nd derivative are at the same point, that point corresponds to the energy gap or, in 

our case, the excitonic absorption peak. 

 

 

Figure 4.2: Examples of a gaussian plot and its derivatives. The blue line indicates the gaussian plot, the red 

line the 1st derivative and the green line the 2nd derivative. The beginning of the axes is the point where are the 

inflection point of the 1st derivative and the minimum point of the 2nd derivative.  

 

The data regarding the photoluminescence (PL) of the studied films were processed in a similar way. 

The measurements of the PL were corrected to account for the absorbance of each sample. 

Specifically, the O.D. at the excitation wavelength of the material was measured during the absorption 

process. Using that O.D. value, the spectrum of PL was divided by the factor (1 − 10−𝑂.𝐷.) that 

defines the absorbed part of the excitation. Background was removed from the spectrum by 

subtracting a spectrum recorded with the excitation source off. The data were acquired in the form of 

intensity as a function of wavelength and were subsequently converted to intensity as a function of 

energy. The following Jacobian was used to convert the data:  

 
𝐼(𝜆)𝑑𝜆 = 𝐼(𝐸)𝑑𝐸 → 𝐼(𝐸) = 𝐼(𝜆)

𝑑𝜆

𝑑𝐸
 

4.1 

Using the equation of photon’s energy:  

 
𝐸 =

ℎ𝑐

𝜆
 

4.2 
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We end up with the following equation:  

 
𝐼(𝐸) = 𝐼(𝜆)

ℎ𝑐

𝐸2
 

4.3 

Where I(λ) is the intensity measured and E is the energy of a photon.  

Normalization of the PL is achieved by dividing all the data by the maximum value. The intensity is 

defined as the area under the curve of I(E). Using the values of the intensity before and after the 

annealing, the enhancement (%) of the material can be calculated. During this process the FWHM and 

the peak position of the emission are also calculated.  PLE was processed with a simpler method. The 

part of the data that overlapped with the excitation source was removed from the spectrum. The 

background was subtracted from the spectrum and the data was normalized by dividing by maximum 

value. TR-PL data were normalized by dividing with the maximum intensity value, typically obtained 

at t=0. The data were plotted in semi-log axes and fitted using the following triple exponential model:  

 𝑦 = 𝑦0 + 𝐴1𝑒
−𝑥

𝑡1
⁄  +  𝐴2𝑒

−𝑥
𝑡2

⁄ +  𝐴3𝑒
−𝑥

𝑡3
⁄    4.4 

Using the values of A1, A2, A3, t1, t2, and t3, the average (effective) PL lifetime teff was calculated via 

the equation 3.7. In all cases, the measurements were taken before and after each sample was 

annealed.  

 

4.3 Spectroscopy of thermal annealed FAPbI3 NC films  

 

Four samples were used for the thermal annealing study, which have been prepared according to the 

method described in section 4.1. The samples were annealed for 5 minutes at four different 

temperatures. The annealing temperature used are shown in the following table: 

Table 4.1: Sample names and their corresponding annealing temperatures. 

Name of the sample Annealing temperature 

S1 95oC 

S2 110 oC 

S3 125 oC 

S4 155 oC 

 

 

Optical density spectra of the FAPbI3 NC films, acquired before and after thermal treatment are 

provided in Figure 4.2. The samples exhibit strong absorption with two main visible features, namely 

the ground state NC excitonic absorption in the vicinity of 750 nm and a second feature around 450 

nm, attributed to PbIx-related absorption. (46) 
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Figure 4.2: OD of samples before (black) and after (red) the implementation of thermal annealing at (a) 95oC, 

(b) 110oC, (c) 125oC and (d) 155 oC. Evidently changes are seen at temperatures >110oC. 

 

No significant change is noted in the absorption spectra of S1 and S2 as can be seen in the figure. The 

O.D. modification becomes pronounced as higher annealing temperatures than 110 oC are 

implemented being visible in S3 and becoming more significant in S4. The thermal-induced changes 

at thermal annealing at 110 oC, appear more pronounced in the short wavelength region, namely the 

300 – 600 nm range, while an overall increase in the absorption strength is observed in S4 after 

annealing at 155⁰C.  

To obtain a closer look at the range corresponding to the nanocrystal energy gap (Eg) Figures 4.3(a)-

(d) are produced; the energy gap is estimated by the first and second derivative of the absorption 

spectra, as elaborated in section 4.2. The analysis is summarized in Figure 4.3(e). The data indicate 

the appearance of a modest red shift i.e. 10-15 meV of the band edge for samples S2 and S3, which 

becomes significantly larger i.e. of the order of 40 meV for annealing at 155 0C. In addition to the 

bathochromic shift, a significant increase of the Urbach tail in S4 is observed. The Urbach tail is an 

exponential band tail below the band edge containing localized electronic and shallow defect states. 
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Figure 4.3: OD spectra at 600-850nm of the samples as a function of energy before (black) and after (red)  the 

implementation of thermal annealing at (a) 95oC, (b) 110oC, (c) 125oC and (d) 155 oC. The dashed line shows 

the wavelength corresponding to an inflection of the 1st derivative and determines the Eg’s wavelength. (e) Eg as 

a function of annealing temperature. The Eg decreases with the increase of annealing temperature. 

 

The absorption study was supplemented by a comparative PL study in the steady-state and time-

resolved regime. Comparative PL spectra for each sample before and after the annealing are shown in 

Figure 4.4. A significant enhancement on the emission is observed in S1 with the PL intensity almost 

doubling in the thermally treated film. As the annealing temperature increases, the enhancement 

progressively decreases and at the highest annealing temperature of 155 oC, substantial quenching of 

the PL occurs. Enhancement quickly drops for annealing temperatures higher than 95 0C and a 

transition to emission quenching is observed for thermal treatment above 125 0C. The PL peak 

position follows a rather complex behavior with a transition from blue to red and back to blue shift as 

annealing temperature increases but in all cases the shift is rather small i.e. smaller than 15 meV there 

is inconsistency with S4 as the gap from the absorption seems to be lower than the PL peak There is a 

notable increase of FWHM in S4 (Figure 4.5c). Regarding the PL line shape, it remains nearly 

unaffected up to 125oC while it considerably broadens when the film is imposed to heating of 155oC.    
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Figure 4.4: PL spectra of the samples as a function of energy before (black) and after (red) the implementation 

of thermal annealing at (a) 95oC, (b) 110oC, (c) 125oC and (d) 155 oC. Rise of the PL intensity at temperatures 

>110oC and quenching of PL intensity for higher temperatures (S4).   

 

 

Figure 4.5: Results extracted from the PL spectra for each sample and plotted as a function of the annealing 

temperature. (a) Enhancement (%) calculated by dividing PL intensity after annealing by the PL intensity before 

multibladed by 100%. Enhancement drops with the rise of the annealing temperature. Maximum enhancement 

at S1. (b) PL Peak position shift: There is no significant change of the PL peak position for S1-3 but there is a 

minor red shift in S4(c) Difference in FWHM: There is no change of FWHM for S1-3. There is a noticeable 

increase of the FWHM in S4.   
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A more precise measurement of the integrated PL emission was performed using PL quantum yield 

(QY) experiments based on an integration sphere method. Three PL spectra were acquired to estimate 

the PL QY: (1) the excitation source in an empty sphere, (2) the light resulting from direct excitation 

of the sample and (3) the light resulting from indirect excitation of the sample by scattering light. The 

values of the quantum yield for all the samples are plotted in Figure 4.6. The average PL QY of the 

four pristine film is estimated to ~13%; the QY exactly doubles after annealing at 95⁰C. For treatment 

at higher temperatures, a gradual decrease of the QY is observed, dropping to values similar with the 

untreated reference films at temperature of 125 0C. Annealing at higher temperatures quenches the PL 

QY by a factor of 2.  
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Figure 4.6: Quantum yield (%) of the four samples at 95oC, 110oC, 125oC and 155oC. The value at 0oC 

annealing temperature is referring to the average QY before annealing.  

 

The effect on the PL dynamics was probed via TR-PL spectra acquired for each sample before and 

after annealing. All spectra were fitted according to the method described in section 4.2. and the 

effective lifetime of the PL recombination was calculated. Raw data and fitted curves, are presented in 

Figures 4.7(a) –(d), while the effective PL lifetime versus annealing temperature is summarized in 

Figure 4.7(e). The effective PL lifetime of the reference film is estimated to ~6.1 ns, modified to ~14 

ns, 7.9 ns, 5.7 ns and 1.8 ns when annealed at 95, 110, 125 and 155 0C, respectively. Interesting the 

thermal-induced modifications of the PL lifetime match well the respected changes in the PL QY. 
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Figure 4.7: On the left: Normalized-signal plots with the fitting multi-exponential decay for each sample before 

and after the annealing: (a)S1, (b)S2, (c)S3, (d)S4. On the right: Plot of teff (black) as a function of the 

annealing time. The teff initially increases (S1) and then gradually decreases with increasing annealing 

temperatures (S4). This comes in agreement with previous studies and PL QY experiments (red).  

 

The aforementioned results are discussed, taking into account the literature (47) (48) (49) reporting on 

the main thermal-induced processes expected in perovskite NCs. Those are summarized below: 

i. Random NC sintering from sub-micron to tens of micron-scale clusters as a result of heat-

induced ligand removal.   

ii. Ligand desorption leads to preferential formation of higher dimensional structures i.e. 

nanowires, nanosheets etc. 

iii. Film microstructure i.e. film morphology and uniformity improvements 

iv. Chemical and/or crystal structure modifications  

It is noted that effects of residual solvent evaporation are not relevant in our study, due to the film 

processing procedure (see section 4.1) that ensures complete drying of the NC solids before the 

experiments. For the data discussion sake, three temperature regimes are defined: 

a) Annealing up to 95 0C:   

The dramatic increase of the PL intensity and PL lifetime relative to the pristine NC film is mainly 

attributed to process (iii) i.e. improvements on the morphological properties and uniformity of the 

spin-coated NC films. Substantial merging of the NCs due to ligand desorption i.e. (i) and (ii) process 

above, will lead to loss of confinement energy and introduction of interfacial defects, resulting in the 

opposite trend to that observed i.e. quenching of the PL efficiency. This is also consistent with the 

absence of bathochromic (red) shifts in the NC band edge and emission for the S1 film. Potential 

crystal structure modifications i.e. a transition from the 3-D perovskite structure to lower dimensional 

2-D, 1-D or 0-D polymorphs cannot typically account for improvements in the photoluminescence 

yield either.  
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(b) Annealing from 95 to 125 0C:   

In this regime potentially all four aforementioned thermal processes may affect the optical properties 

of the studied FAPbI3 NC films. Emission intensity, QY and lifetime are improved compared to 

untreated films as a result of (iii). The systematic red shift of the NC band-edge evidenced by the 

optical absorption results, is evidence of random NC sintering i.e. process (i). On the other hand the 

relative increase of the visible absorption evidenced at 125 0C may be due to thermally induced 

formation of FAPbI3 nanosheets (process ii) (50) or the appearance of perovskite polymorphs of lower 

dimensionalities; both nanosheets and polymorphs exhibit wider bandgaps to those of nanocrystals 

that would explain such absorption modifications.  

(c) Annealing up to155 0C:   

The substantial quenching of the PL intensity, QY and lifetime combined with the increase in the PL 

linewidth, the significant red shift of the NC bandgap and the long Urbach absorption tail point 

towards extended NC sintering (process i). Extended desorption of ligands would lead to the 

appearance of non-radiative centers at the merging areas of the nanocrystal, quenching the emission. 

Loss of confinement due to substantial NC agglomeration accounts for the shift in the gap, while the 

random size of the merged particles explains the long Urbach tail as a result of a distribution of 

absorbing species. The overall increase in the absorption can be explained by the increase of the 

volume density of the FAPbI3 as bulky oleic-acid ligands are thermally desorbed.  

Fluorescence microscopy images of the samples before and after annealing are displayed in Figure 

4.8. Evidently changes in mesoscopic morphology of the films with annealing temperature are 

displayed. Firstly, the pristine sample showed in Figure 4.8 (a) exhibits a relatively smooth surface 

without any signs of NC agglomeration or sintering. As annealing temperature rises to 95oC 

substantial merging of the NCs is evident by relatively small (<1μm) clustered regions due to ligand 

desorption as previously described in this section. As annealing temperature further increases to 110 

oC the size of clusters increases as their concentration (number of clusters per unit area) decreases due 

to lack of material. Last in Figure 4.8 the image for the sample annealed at 155 oC is displayed; here a 

relatively continues matrix of material is evident. The material sinters to create a network of NCs 

inducing the aforementioned changes.  

It is worth to mention that during fluorescence microscopy the exposure time and gain of the camera 

was kept constant to directly correlate the brightness of the images to the PL of the films. Clearly the 

brightness increases at 95oC. As annealing temperature increases the overall emission drops to match 

that of the pristine film. Further increase of annealing to 155oC shows the lowest brightness and thus 

emission. Upon addition the bright matrix of NC material can be seen as well as voids namely 

quenching sites directly connected to dark areas in the image. All these supports the above-mentioned 

discussion for the origin and the evolution of the material structure during annealing.  
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Figure 4.8: Fluorescence microscope images of the samples’ surfaces before (a) after thermal treatment at 

95oC (b), 110oC (c) and 155oC (d). Camera exposure time and gain was the same for each image thus each 

image’s brightness is directly correlated to PL intensity of each sample. All the images show change in 

morphology and the creation of NC agglomerated/sintered regions that increase in size with temperature.   
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4.4 Spectroscopy of laser annealed samples 

Four samples were studied, prepared according to the method mentioned in section 4.1 and illustrated 

in Figure 3.11.  Each spot was laser illuminated for different time duration. For reference and to 

avoid spot to spot variation PL spectra were acquired before and after the illumination to assess 

changes in PL intensity, PL peak and FWHM using fluorescence microscopy. The irradiance (power 

per unit area) was calculated by measuring the power intensity of the illumination source and the spot 

size. Two light sources, a UV-blue - 405nm laser and a near-IR - 850nm laser were employed.  

 

Figure 4.9: Data with illumination source an 405nm laser: 800mW/cm2 (red), 1100mW/cm2 (blue) and 

1400mW/cm2 (green). (a) Enhancement as a function of time. Enhancement rises within the error except for the 

highest energy. (b) PL Peak position shift as a function of time. There is a minor red shift of the peak position. 

(c) Difference in FWHM. There is no significant change of FWHM expect for the highest energy.  

 

The data involving annealing by the 405 nm laser are shown in Figure 4.9. Rather surprisingly, a PL 

enhancement is observed for all excitation densities used up to ~20 min of illumination. Signs of 

emission quenching for longer illumination times are evident, especially for the highest excitation 

laser power used. The observed shift in the PL peak position and PL linewidth are not significant, 

lying within the experimental error. UV laser illumination appears beneficial for the PL for the 

irradiation times/excitations used, possibly due to laser-induced improvement (annealing) in the local 

film morphology and/or light healing of surface traps. Further work is needed to assess such effects, 

combined with the longest illumination duration leads to decomposition of the material as PL 

intensity quenching was observed. Plausible explanation is that intense illumination results in 

detachment of the ligands and exposing the surface of the NC, namely photo-degradation and 

plausibly photo-oxidation.  

The respected results of the laser annealing of the FAPbI3 NC films by a sub-gap near-IR 850 nm 

laser are displayed in Figure 4.10. Compared to UV illumination, the emission enhancement assumes 

values at least 3 times larger, with enhancement reaching as high as 200% for the highest illumination 

density. It is plausible that the heat generated form the infrared laser source is more efficient to 

improve the local microstructure of the NC films; the enhancement values obtained are also more 

comparable to those of the thermal annealing study i.e. PL enhancement data of film annealed at 95 
oC included as wine star in the graph. Similarly, to the 405 nm laser study, no significant PL peak or 

FWHM shift was observed, implying that no significant NC sintering was observed for the 
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illumination densities used. Instead the laser annealing results imply a dominance of the beneficial 

effect of relatively short duration illumination on the local morphology of the NC films. 

 

 

Figure 4.10: Data’s illumination source 850nm laser: 420 mW/cm2 (grey), 600mW/cm2 (red), 800mW/cm2 

(blue) and 1100mW/cm2 (green) and the star corresponds to the data of the sample annealed at 95oC. (a) 

Enhancement as a function of time. Higher enhancement is observed at the highest power. (b) PL Peak position 

shift as a function of time. There is no significant shift of the peak position. (c) Difference in FWHM. There is no 

significant change of FWHM. Generally, there is specific trend in the plots.  
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5. Conclusions and Future work 

In summary, in this study the effect of annealing on a series of spin coated films from FAPbI3 NC 

solutions was demonstrated. Annealing up to 155oC leads to ligands’ desorption, morphological 

transformations (sintering), film improvements in terms of uniformity and morphology, and 

chemical/crystal structure modifications. These transformations affect the optical properties of the 

film. 

It was found that annealing up to 95oC is highly beneficial for the emission properties of the film 

resulting in increase of the PL intensity and PL lifetime relative to the pristine NC film. This is 

predominantly explained by the beneficial effect of annealing on film microstructure including 

morphology and uniformity. As the temperature increase further effects of temperature-induced 

desorption of ligands from the NC surface resulting in random NC sintering, become obvious. 

Increase of temperature up to 155 0C leads to extended sintering and loss of confinement energy with 

a concomitant introduction of interfacial defects. As a result, a red shift of the energy gap, an 

increased Urbach tail, a suppression of the PL QY and lifetime and an increase in the PL linewidth are 

observed, all consistent with extended NC agglomeration effects. In the intermediate temperatures of 

110 and 125 0C a competition between the temperature-induced improvement in the film 

microstructure and the detrimental effects of extended NC sintering can be employed to explain the 

optical property modifications.  

Laser annealing data show weaker modification in the emission properties of the FAPbI3 NCs, with 

insignificant PL peak and PL linewidth shifts for both above gap UV and below gap near-IR 

illumination. Interesting the effect of illumination of the NC films by both types of lasers appears 

beneficial, resulting in PL enhancement for all excitation densities for illumination up to ~20 min. 

This most probably a results of laser-induced improvement (annealing) in the local film morphology 

and/or light healing of surface traps. The improvement is almost 3 times larger for the sub-gap near-

IR 850 nm illumination that generates local heating that more efficient improves the local 

microstructure of the NC films. In fact, the enhancement values obtained are comparable to those of 

the thermal annealing study at 95 oC.  

Future studies of these NCs will include carrying out the thermal annealing treatment in the same film 

i.e. studies referring to 5 versions of the same sample imposed to progressively higher annealing 

temperatures. Furthermore, along with the structural information obtained by fluorescence 

microscopy, more accurate and detailed information about the heat and laser-induced structural 

changes of the NC films will be obtained using a combination of AFM and Raman in future studies. 

Furthermore, the electrical properties (photoconductivity) will be probed on the micron-scale using a 

conductive AFM probe to assess the conductivity properties of the NC sintered regions within the 

thermally treated films. 
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