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Περίληψη 

Η παρούσα διατριβή περιέχει φασματοσκοπικές μελέτες δύο υποσχόμενων συστημάτων 

κολλοειδών νανοκρυστάλλων (CNCs). Το πρώτο και το μεγαλύτερο μέρος της διατριβής, 

δηλαδή τα κεφάλαια 4, 5 και 6, επικεντρώθηκαν σε PbS CNCs, λόγω της ωριμότητας της 

χημείας των υλικών και της υψηλής προοπτικής για μια τεχνολογία φωτοανιχνευτών 

υπέρυθρου φωτός. Παρά κάποιες πρώιμες επιτυχίες σε συσκευές φωτοανιχνευτών και 

ηλιακών φωτοκύτταρων, οι υψηλές προσδοκίες δεν είχαν εκπληρωθεί κατά τη στιγμή που 

ξεκίνησε αυτή η διατριβή, κυρίως λόγω των φτωχών ηλεκτρικών ιδιοτήτων των PbS CNCs 

στην στερεά κατάσταση. Η ηλεκτρονική μεταφορά μεταξύ νανοκρυστάλλων 

παρεμποδίζεται από τα τυπικά μονωτικά, οργανικά επιφανειοδραστικά μόρια που 

διακοσμούν την επιφάνειά τους. Η παρουσία τέτοιων μορίων είναι κρίσιμη καθώς 

παρέχουν αποτελεσματική παθητικοποίηση της επιφάνειας και κολλοειδή σταθερότητα 

στα CNCs. Για να παρακαμφθεί το πρόβλημα, διάφορες στρατηγικές διερευνήθηκαν 

εκείνη τη χρονική περίοδο. Στην παρούσα εργασία, έχουμε επικεντρώσει τις φωτοφυσικές 

μας μελέτες στη διερεύνηση λειτουργικών στερεών PbS CNCs που παράγονται μέσω 

τριών υποσχόμενων μεθόδων που βασίζονται στην: (i) ανάμιξη των CNCs με αγώγιμα 

πολυμερή σε ετεροδομές, (ii) διεργασίες ανταλλαγής επιφανειοδραστικών μορίων στην 

υγρή φάση που αντικαθιστούν τα μονωτικά οργανικά με αγώγιμες ανόργανες ενώσεις (iii) 

χημικές μεθόδους που εφαρμόζονται κατά τη διάρκεια ή μετά την διαδικασία σύνθεσης για 

την επίτευξη ηλεκτρονικού εμπλουτισμού του υλικού. 

Στο τελευταίο μέρος της εργασίας, η μελέτη εξετάζει νέους CNCs βασισμένους στην 

οικογένεια των περοβσκιτών αλογονούχου μολύβδου. Οι περοβσκίτες εμφανίστηκαν τα 

τελευταία χρόνια ως μια οικογένεια ημιαγωγών υλικών με εξαιρετικές οπτοηλεκτρονικές 

ιδιότητες. Νανοδομές περοβσκιτών επιδεικνύουν ακόμη πιο εντυπωσιακές ιδιότητες, 

ιδιαίτερα σε εφαρμογές εκπομπής φωτός. Στη παρούσα εργασία αναλύονται δύο 

ενδιαφέρουσες πτυχές της φωτοφυσικής ανθεκτικών νανοκρυστάλλων ιωδιούχου 

μολύβδου φορμαδινίου (FAPbI3) που συντέθηκαν πρόσφατα. Συγκεκριμένα μελετάται 

φασματοσκοπικά η  σημαντικής επιβράδυνση του χρόνου χαλάρωσης θερμών φορέων και 

η εξαιρετικά αποτελεσματική οπτική ενίσχυση των υλικών αυτών με παλμούς διέγερσης 

νανοδευτερολέπτων. Η έρευνα επιδεικνύει τις υψηλές δυνατότητες αυτών των νανοϋλικών 

για νέες εφαρμογές σε θερμά ηλιακά κύτταρα και λέιζερ υψηλής απόδοσης. 
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Abstract 

Spectroscopic  studies  on  two  promising  for  optoelectronics,  semiconducting  colloidal 

nanocrystal  (CNCs)  systems  are  reported.  The  first  and  greater  part  of the  work, 

namely Chapters 4,5 and 6  is concentrated  on  PbS  CNCs,  owing  to  the  maturity  of  

the  material’s  chemistry  and  the prospect  for  a  PbS-based  infrared  light  sensing  

technology.  Despite some  early solar cell and photodetector demonstrations, the high 

promises were not met at the time that this thesis was initiated, mainly due to the poor solid 

state transport  properties  of  PbS  CNCs.  Dot-to-dot electronic communication  is  

inhibited  by  the  typically  long  insulating  organic  ligands  used  to decorate  their  

surface.  The  presence  of  such  ligands  is  critical  as  they  provide  efficient passivation  

of  the  surface  and  colloidal  stability  to  CNCs.  To circumvent the problem various 

strategies were explored at the time. In the present work, we focused our photophysical 

studies on the investigation of functionalized PbS CNC solids produced via three 

promising approaches based on: (i) mixing the CNCs with conductive polymers, (ii) ligand 

exchange processes that replace the insulating organic with conductive inorganic moieties 

and (iii) chemical approaches applied during or post-synthetically to achieve subtitutional 

electronic  material doping.    

The last part of the work  is  related  to studies  of new  CNCs based  on  the  family  of  

lead  halide  perovskites.  Perovskites emerged the last years as semiconducting materials 

with   extraordinaire optoelectronic properties. Nanoscale analogues of perovskites and in 

particular perovskite CNCs exhibit even more impressive properties, especially related to 

photonics. Herein work on two interesting aspects of the photophysics of recently 

synthesized robust formamidinium lead iodide (FAPbI3) CNCs, are reported.  

Spectroscopic  evidence  of  a  significant  slowdown  of  the  hot  carrier  cooling time  

and  highly  efficient  optical  amplification in the nanosecond regime are  discussed.  The 

work demonstrates the high  potential  of  such  nanomaterials  for  novel  applications  in  

hot  solar  cells  and  high performance lasers. 

 

 

 

 



vii 
 

List of Publications  

A. Publications directly related to the thesis work: 

1. “Efficient Optical Amplification in the Nanosecond Regime from Formamidinium Lead 
Iodide Nanocrystals”, P. Papagiorgis, A. Manoli, L. Protesescu, C. Achilleos, M. Violaris, 
K. Nicolaides, T. Trypiniotis, M. I. Bodnarchuk, M. V. Kovalenko, A. Othonos, G. Itskos, 
ACS Photonics, 5, 907, (2018) 

2. “Long-Lived Hot Carriers in Formamidinium Lead Iodide Nanocrystals”, P. 
Papagiorgis, L. Protesescu, M. V. Kovalenko, A. Othonos, G. Itskos, J. Phys. Chem. C, 
121, 12434, (2017) 

3. “The Influence of Doping on the Optoelectronic Properties of PbS Colloidal Quantum 
Dot Solids”, P. Papagiorgis, A. Stavrinadis, A. Othonos, G. Konstantatos, G. Itskos, 
Scientific Reports 6, 18735 (2016) 

4. “Photophysics of PbS Quantum Dot Films Capped with Arsenic Sulfide Ligands” D. 
Tsokkou, P. Papagiorgis, L. Protesescu, M. Kovalenko, S. A. Choulis, C. Christofides, G. 
Itskos, A. Othonos, Advanced Energy Materials, 3, 1490, (2013) 

5. “Size-Dependent Charge Transfer in Blends of PbS Quantum Dots with a Low-Gap 
Silicon-Bridged Copolymer” G. Itskos, P. Papagiorgis, D. Tsokkou, A. Othonos, F. 
Hermerschmidt, S.P. Economopoulos, M. Yarema, W. Heiss, S. Choulis, Advanced Energy 
Materials, 3, 1490, (2013) 

B. Publications not directly related to the thesis work: 

1. “Emission from the stable Blatter radical”, G. Karecla, P. Papagiorgis, N. Panagi, G. A. 
Zissimou, C. P. Constantinides, P. A. Koutentis, G. Itskos, Sophia C. Hayes, New Journal 
of Chemistry, 41, 8604, (2017) 
2. “The influence of additives in the stoichiometry of hybrid lead halide perovskites”, I. 
Burgués-Ceballos, A. Savva, E. Georgiou, K. Kapnisis, P. Papagiorgis, A. Mousikou, G. 
Itskos, A. Othonos, S. A. Choulis, AIP Advances 7, 115304 (2017) 

3. “Suppressing Deep Traps in PbS Colloidal Quantum Dots via Facile Iodide 
Substitutional Doping for Solar Cells with Efficiency >10%”, A. Stavrinadis, S. Pradhan, 
P. Papagiorgis, G. Itskos, G. Konstantatos, ACS Energy Lett. 2 (4), 739 (2017) 

4. “Lead Halide Perovskites and Other Metal Halide Complexes As Inorganic Capping 
Ligands for Colloidal Nanocrystals” D. N. Dirin, S. Dreyfuss, M. I. Bodnarchuk, G. 
Nedelcu, P. Papagiorgis, G. Itskos, M. V. Kovalenko, Journal of American Chemical 
Society, 136, 6550, (2014) 

5. “Inkjet printing processing conditions for bulk-heterojunction solar cells using two high-
performing conjugated polymer donors”, F. Hermerschmidt, P. Papagiorgis, A. Savva, C. 
Christodoulou, G. Itskos, S. A. Choulis, Solar Energy Materials and Solar Cells 130, 474, 
(2014),  

 



viii 
 

Contents  
List of Publications ......................................................................................... vii 

A. Publications directly related to the thesis work: ........................................ vii 

Table of Figures: .............................................................................................. xi 

Table of Tables: .............................................................................................. xix 

Chapter 1: Introduction and Motivation ....................................................... 1 

Chapter 2: Theoretical Background .............................................................. 3 

2.1 Quantum confinement ............................................................................................. 3 

2.2 Excitons ................................................................................................................... 4 

2.3 Low Dimensional Systems: Density of States and Electronic Levels .................... 7 

 Electronic States in low dimensional systems ................................................. 8 2.3.1
2.4 Weak and strong confinement regimes ................................................................. 12 

2.5 Optical Transitions in a Two Level Quantum System .......................................... 15 

2.6 Interband Optical Transitions ................................................................................ 19 

 Interband Absorption ..................................................................................... 19 2.6.1

 Photoluminescence ........................................................................................ 24 2.6.2
2.7 Colloidal Nanocrystals (CNCs)............................................................................. 26 

2.8 Recombination in Semiconductor CNCs .............................................................. 28 

2.9 PbS CNCs.............................................................................................................. 30 

2.10 Lead Halide Perovskite CNCs .............................................................................. 32 

Chapter 3: Experimental Methods .............................................................. 35 

3.1 Optical Absorption ................................................................................................ 35 

3.2 Transient Absorption (Pump –Probe) ................................................................... 37 

3.3 Photoluminescence ................................................................................................ 39 

3.4 Variable Stripe method for optical gain measurement .......................................... 44 

3.5 Emission Quantum Efficiency Measurements ...................................................... 45 

3.6 Film Processing ..................................................................................................... 49 

3.7 Electrochemistry ................................................................................................... 50 



ix 
 

Chapter 4: Hybrid Heterojunctions of PbS CNCs with a low gap 

conjugated copolymer ..................................................................................... 51 

4.1 Determination of the Energy Level Alignment ..................................................... 54 

4.2 Spectroscopic Characterization ............................................................................. 57 

Chapter 5: Spectroscopy of PbS Quantum Dots Functionalized by Metal 

Chalcogenide Complexes ................................................................................ 66 

5.1 PbS CNCs decorated by (NH3)3AsS3 Ligands ...................................................... 67 

 Steady-state and Transient Absorption Studies ............................................. 67 5.1.1

 Photoluminescence Spectroscopy .................................................................. 75 5.1.2

 Energy Level Model of the Arsenic sulfide capped PbS CNCs .................... 82 5.1.3
5.2 PbS CNCs with K4GeS4 Ligands .......................................................................... 85 

 Energy Level Landscape of K4GeS4-capped PbS Nanocrystals .................... 85 5.2.1

 Mechanism of Exciton-Ligand Interaction .................................................... 91 5.2.2

Chapter 6: Optoelectronic Properties of Bi-doped PbS CNCs ................... 99 

6.1 Optical Properties of Doped Series A and B at Room Temperature ................... 100 

6.2 Temperature-Dependent Luminescence Studies of Series A Samples ............... 103 

6.3 Excitation-Dependent Luminescence and Interpretation of Recombination 
Mechanisms in Series A Samples .................................................................................. 106 

6.4 Temperature-Dependent Transient Luminescence of Series A Samples ............ 111 

6.5 Optical Characterization of Series B Samples and Cumulative Energy Level 
Model for the Doped CNCs ........................................................................................... 114 

6.6 Transient Pump-Probe Characterization of the Doped CNCs ............................. 120 

Chapter 7: Relaxation and Recombination Mechanisms in FAPbI3 

Perovskite Nanocrystals ................................................................................ 126 

7.1 Hot Carrier Relaxation in FAPbI3 Nanocrystal Colloids and Films ................... 126 

7.2 Amplified Spontaneous Emission Studies of FAPbI3 Nanocrystals ................... 137 

 Distinguishing two types of FAPbI3 NC solids ........................................... 138 7.2.1

 Room-temperature Amplified Spontaneous Emission Experiments ........... 147 7.2.2

 Temperature-dependence of the Amplified Spontaneous Emission ............ 152 7.2.3

 



x 
 

Overview and Future Work ........................................................................... 155 

Acknowledgements ....................................................................................... 158 

Bibliography ……………………………………………………………….159 

APPENDIX ……………………………………………………………….170 

A.1 Laboratory Equipment Design ................................................................................ 170 

A.1.1 Vacuum Chamber ........................................................................................... 170 

A.1.2 Spin-Coater ..................................................................................................... 171 
A.2 Hybrid Solar Cells based on MCC-capped CNCs .................................................. 172 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

Table of Figures: 

Figure 2.1: 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. ........................................... 5 

Figure 2.2: Dispersion curves of an exciton and the optical transition corresponding to a photon absorption 
and exciton creation. Ry refers to exciton’s Rydberg energy. (13) .................................................................... 6 

Figure 2.3: Schematic representation of the density of states function for 3D, 2D, 1D and 0D dimensional 
structures. For 2D and 1D the DOS takes account of higher lying sub-bands. The 2D DOS function has a 
clear step function form while the 0D system’s DOS exhibits a δ-function like spectrum. ................................ 8 

Figure 2.4: Schematic of a 10 nm GaAs/AlAs quantum well and the first six wavefunctions. (18) .................... 9 

Figure 2.5: Illustration of the allowed k-values in the 3D k-space for the case of a three 3D infinite cubic 
well................................................................................................................................................................... 10 

Figure2.6: Energy levels of a particle in a spherical infinite well. Energy is scaled in the dimensionless unit 
χnl

2=Enl 2m*R0
2/ ħ2, where χnl values are the roots of the Bessel functions. The states are classified by the 

principal quantum number, n, and by the orbital quantum number, l. Every state is (2l + 1) degenerate. (13)
 ......................................................................................................................................................................... 12 

Figure 2.7: Schematic representation of the evolution of the energy gap (Eg) of a semiconducting 
nanoparticle according its physical size (dashed circle) and the exciton Bohr radius (αB) ............................ 14 

Figure 2.8: Energy diagram of an atomic two level system along with the three ways of interaction between 
light and the system.......................................................................................................................................... 15 

Figure 2.9: Illustration of stimulated and amplified spontaneous emission. After the absorption of photons 
with sufficient energy and the formation of population inversion (left) the medium can relax either via an 
ASE process (top right) which is omnidirectional, non-coherent and non-monochromatic radiation. In the 
presence of a cavity that supports a laser oscillation, the stimulated emission produces coherent, 
monochromatic and directional photons. ........................................................................................................ 18 

Figure 2.10: Interband optical absorption in solids with direct (a) and indirect (b) band gab. Vertical arrow 
represent the absorption of photon as horizontal wiggly arrow the absorption or emission of a phonon....... 20 

Figure 2.11: Band structure of a typical direct gap four-valent semiconductor near k=0. E=0 corresponds to 
the top of the valence band, while E=Eg to the bottom of the valence band. Four bands are displayed: the 
heavy hole (hh) band, the light hole (lh), the split-off hole (so) band and the electron (e) band. Also two 
transitions are displayed 1 and 2, which correspond to a hh and a lh transition respectively. ....................... 23 

Figure 2.12: General illustration of the photoluminescence process in a solid. .............................................. 24 

Figure 2.13: Schematics of nucleation and growth mechanism versus time (a) and illustration of the 
experimental setup of hot injection method (b). (29) ....................................................................................... 26 

Figure 2.14: Colloidal quantum dot of lead (silver color) sulfide (yellow color) with passivation by oleic acid 
molecules (chains that extend beyond the crystal). (31) .................................................................................. 27 

Figure 2.15 :  Recombination channels that manifest in colloidal semiconductors. ........................................ 29 

Figure 2.16 : Crystal structure of rock salt PbS (a). Calculated band gap structure of PbS at 73K. 
Reproduced from Madelung, O. Semiconductors: Data Handbook. Springer, 3rd edition, 2004. The red 
arrow indicates the band gap.(b) ..................................................................................................................... 30 

 



xii 
 

Figure 2.17: Absorption spectra of various size PbS CNCs (a) (34). (b) Conventional heart rate detector (on 
middle finger) and a PbS NC:MWCNTs detector (on index finger). (35) (c) A flexible PbS NC 
photoconductor gas sensor fabricated on paper (36) (d) Picture of flexible PbS CNC solar cell.(b) (37)( e) 
integrated PbS NC-based imaging arrays. (38) ............................................................................................... 31 

Figure 2.18: NREL photovoltaic rfficirncy chart. (41)..................................................................................... 32 

Figure 2.19: Structure of a lead halide perovskite with a chemical formula ABX3.(left) 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+). Pictured is the undistorted cubic structure; 
the symmetry is lowered to orthorhombic, tetragonal or trigonal in many perovskites. On the left part of the 
figure various solutions of CsPbX3 NCs (X=Cl, Br, I) are displayed (a). Their corresponding emission (b) 
and absorption spectra (c). (43; 42) ................................................................................................................ 33 

Figure 2.20: (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 disorderof the I− anions. d) typical TEM image of 
FAPbI3 NCs; (c) High-resolution TEM images of FAPbI3 NCs. (45) ............................................................ 34 

Figure 3.1: Schematic diagram of a typical experimental arrangement to measure transmission from which 
the optical density is calculated. ...................................................................................................................... 36 

Figure 3.2: 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’s 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. ........................................ 37 

Figure 3.3: Schematic demonstration of the experimental arrangement of the pump probe setup. ................. 38 

Figure 3.4: Example of pump and probe pulses (left) showing the delay (Δt) induced from the translation 
stage with length (Δx). On the right hand side the signal of the two cases i) photo induced absorption (red(1)) 
and state filling (green(2)) along with their respective schematic representations. ........................................ 38 

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 by appropriate photodetectors. .................................... 40 

Figure 3.6: Drawing of Acton 750i Princeton spectrometer. ........................................................................... 42 

Figure 3.7: Illustration of the Fluorolog FL3 Horiba spectrophotometer. ...................................................... 43 

Figure 3.8: Schematic illustration of the variable stripe method used for the determination of net optical gain. 
The round laser spot is focused into a stripe with the help of a cylindrical lens. The stripes’ length is adjusted 
by a variable slit and is focused on the edge of the sample where the ASE signal is collected with the help of 
an optical fiber. ................................................................................................................................................ 44 

Figure 3.9: Schematic representation of an integrating sphere used for luminescence quantum efficiency 
measurements. The sample (black rectangle) is placed in the center 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 color) is designed is such a way so that no direct light either from the source or the sample 
is detected. ....................................................................................................................................................... 46 

 



xiii 
 

Figure 3.10: 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 geomtetry (c) measures the spectrum (f) under direct excitation of the 
sample. ............................................................................................................................................................. 47 

Figure 4.1: a) Normalized absorption of the various PbS CNCs in chlorobenzene, used in the study 
demonstrating the wide spectral tuning of the 1S CNC transition in the 900-2000 nm infrared region. (b) 
Absorption coefficient in logarithmic scale from a pristine CNC, a Si-PCPDTBT and the respective hybrid 
film. Light harvesting in the visible is dominated by the polymer, CNC transitions prevail in the infrared 
while both materials contribute at shorter wavelengths than 500 nm. ............................................................ 55 

Figure 4.2: Cyclic voltammetry data from the ~4.3 nm (a) and ~3.8 nm (b) size CNCs. The arrows denote the 
approximate onsets of oxidation (blue) and reduction (green) steps from which the HOMO and LUMO levels 
of the nanocrystals are obtained. ..................................................................................................................... 56 

Figure 4.3: Schematic of the approximate energy level alignment of the studied materials. Type-II polymer-
dot structures are formed for CNC sizes smaller than ~4 nm with a transition to type-I band alignment for 
larger dots. Upon addition of PCBM additional electron transfer channels from the polymer and the CNCs 
towards the fullerene become available. .......................................................................................................... 57 

Figure 4.4: Comparative (a) steady-state and (b) time-resolved fluorescence spectra in the emission region of 
Si-PCPDTBT, from the pristine polymer, three polymer-CNC blends employing CNCs of ~2.9, ~4.3 and ~6.8 
nm in size and a ternary polymer-fullerene-CNC film based on the ~2.9nm CNCs. The instrument response 
function (IRF) is shown in black. In both steady-state and time-resolved data, the hybrid fluorescence 
quenches relative to the pristine polymer emission with the quenching systematically increasing with CNC 
size, as expected from the displayed material energy levels. ........................................................................... 58 

Figure 4.5: Normalized (a) PL intensity and (b) PL decays from solution of the PbS CNCs in chlorobenzene. 
Steady-state PL was quasi-resonantly excited with a 850 nm laser diode. PL peaks in the range of 1040-1340 
nm were obtained from CNC solutions in clorobenzene, of CNC sizes in the range of 2.9-4.3 nm. The PL from 
the ~6.8 and ~9.2 nm size dots could not be measured due to the unavailability of photon detection above 
1700 nm. TR-PL was excited by a 375 nm ps laser. All decays are described by double exponential fits with 
two time constants in the range of ~60-90 ns and ~140-300 ns. The long time constant scales with the CNC 
size (faster decays for smaller dots) as predicted in ref (79), while the short time constant is almost 
independent on CNC size. ................................................................................................................................ 59 

Figure 4.6: (a), (b) Steady-state and (c), (d) time-resolved PL quenching data from pristine CNC (blue), 
binary polymer-CNC (orange) and ternary polymer-fullerene-CNC films (green). (a), (c) refer to films based 
on 2.9 nm CNCss while (b), (d) on 4.3 nm CNCs. Pristine and ternary decays are fitted by double-
exponentials (red lines), dominated by the lifetimes displayed in the graph. The inset shows the polymer and 
binary CNC film decays recorded at the peak of the hybrid PL. For small CNCs, efficient emission quenching 
indicative of interfacial hole transfer originating in the PbS dots is observed. For larger dots, hole transfer is 
energetically unfavorable and quenching occurs efficiently in ternary films only via electron transfer to 
PCBM. ............................................................................................................................................................. 60 

Figure 4.7:  PL decays from the pristine ~2.9 nm CNC film and the respective CNC-polymer hybrid film for 
three different excitation fluences in the 10-100 mW/cm2 range. In the inset the decay of the hybrid film for 
the first 1.5 ns is displayed. The pristine CNC film exhibits bi-exponential decays at all excitation fluences, 
with a short lifetime in the range of 5-10 ns and a longer decay in the 60-100 ns range. ............................... 62 

Figure 4.8:  Summary of the steady-state and time-resolved PL quenching experiments for the polymer-CNC 
blends  quantified by the quenching ratios RIntensity and RLifetime, respectively. The error bars denote the 
standard deviation of RIntensity across the films surface. The inset shows the quenching ratios for the ternary 
films studied. The lines in the Figures are added as a guide to the eye. In the binary films the inverse 
dependence of the electron and hole transfer efficiency with the CNC size is visible. .................................... 64 

Figure 5.1: Absorbance spectra oleate capped PbS CNC solutions in chlorobenzene (black) and films (blue), 
and (NH4)3AsS3 capped PbS CNCs films (red) of a) ~3 nm, b) ~4 nm and c) ~6 nm diameter. The absorbance 
spectrum of the amorphous (NH4)3AsS3 ligand film is displayed in (d) along with its gap estimation. ........... 68 



xiv 
 

Figure 5.2: Non-degenerate transmission change measurements of 3 nm oleic acidoleate and (NH4)3AsS3 
capped PbS CNCs using pump pulses at 400 nm, pump fluence of 0.5 mJ/cm2 and probe pulses at a) 550-650 
nm and b) 850-900 nm, respectively. In the inset of (a), the first 4 ps are shown when probing at 550 nm. ... 69 

Figure 5.3: Intensity-dependent transmission change measurements of 3 nm a) oleate and b) (NH4)3AsS3 
capped PbS CNCs using pump pulses at 400 nm, probing at 900 nm and pump fluences between 0.05 – 1 
mJ/cm2. In the inset of each Figure, the first 4 ps are shown. ......................................................................... 70 

Figure 5.4: Intensity-dependent normalized differential transmission of oleate capped PbS CNCs (4a-4c) and 
(NH4)3AsS3 capped PbS CNCs (4d-4f) of 3 nm, 4 nm and 6 nm, using pump pulses at 400 nm, probing at 600 
nm and pump fluences between 0.05 – 0.50 mJ/cm2. The inset of (c) shows, the normalized differential 
transmission of organic capped PbS CNCs of different size at pump fluence of 0.50 mJ/cm. In the inset of (f), 
the data for (NH4)3AsS3 capped PbS CNCs of different size using a pump fluence of 0.125 mJ/cm2 can be 
seen. ................................................................................................................................................................. 73 

Figure 5.5: Normalized PL spectra of ~3 nm and ~4 nm PbS CNCs capped with and (NH4)3AsS3 ligands 
following direct photoexcitation at the 1S CNC states (785 nm). Similar to the case of UV photoexcitation, 
the PL peaks of the CNCs after ligand exchange with (NH4)3AsS3 appear red-shifted. The magnitude of the 
shifts is similar to those observed under UV photoexcitation, and their origin is a combination of the different 
surface dielectric environment and the enhanced electronic coupling effects in the (NH4)3AsS3 decorated 
dots................................................................................................................................................................... 75 

Figure 5.6: a) Normalized PL spectra of 3 nm and 4 nm CNCs films capped with oleate and (NH4)3AsS3 
ligands excited at 375 nm. b) Normalized PL spectrum of the ((NH4)3AsS3 film at 375 nm and PLE spectra of 
the (NH4)3AsS3 -capped, 3 and 4 nm CNCs at 77 K. c) Temperature dependence of the integrated PL area of 
3 nm oleate capped PbS CNCs (top) and 4 nm (NH4)3AsS3 capped PbS CNCs (bottom). The data were 
normalized to the peak integrated area. d) Log-Log plots of the PL integrated area for the 4 nm (NH4)3AsS3 
capped PbS CNC film as a function of excitation power following excitation at 785nm. With solid lines the 
respective best square fits are shown. In the inset in (d), the respective results for the 4 nm oleate capped 
CNCs at room temperature are displayed. ...................................................................................................... 77 

Figure 5.7: Temperature dependent PL spectra of films of a) 3 nm oleate capped PbS CNCs and b) 4 nm 
(NH)3AsS3 capped PbS CNCs excited by a 375 nm laser line The temperature dependence of the PL emission 
is different in the two CNC systems, with the inorganic-capped CNCs showing typically the anomalous 
behavior observed in the Figure and thoroughly analyzed in the main manuscript text. ................................ 78 

Figure 5.8: Log-Log plot of the PL integrated area for the 3 nm (NH4)3AsS3 capped PbS CNC film as a 
function of excitation power following excitation at 785 nm, 10K. ................................................................. 79 

Figure 5.9: Room temperature PL decays of the 3 nm PbS CNCs films capped with oleate and (NH4)3AsS3 
ligands, excited at 375 nm excitation and recorded at the maximum emission wavelength within a 30 nm 
spectral window. .............................................................................................................................................. 80 

Figure 5.10: PL decays at 77K from (NH)3AsS3 capped PbS CNCs following excitation with a 375 nm laser 
that is operated at different repetition rates between 50 KHz and 1 MHz. The time constant of the dominant 
PL decay channel is displayed with green (50 KHz), blue (250 KHz) and red (1 MHz). The PL lifetime of 
(NH)3AsS3 cappped CNCs exhibits a different dependence on the excitation repetition rate to that typically 
observed in oleate capped CNCs. Instead of a dramatic quenching, a negligible variation or a weak increase 
of the PL lifetime is observed as the laser repetition rate is increased. The behavior suggests the suppression 
of fast recombination channels typically observed in colloidal CNCs under high energy/high frequency 
excitations such as multiexciton and photoionization effects. .......................................................................... 81 

Figure 5.11: Schematic energy band diagrams of a) 3 nm oleate capped PbS CNCs and b) 3 nm (NH4)3AsS3 
capped PbS CNCs with various relaxation mechanisms following carrier photoexcitation with UV/Blue 
radiation (blue arrow) and IR radiation (orange arrow). ............................................................................... 83 

Figure 5.12: : Absorption spectra of films of MCC-CNCs dispersed in dimethyl sulfoxide (DMSO) (a) and N-
methyl-formamide (MFA) (b) solvents along with spectra of their reference solution and film (oleate acid 
capped) respectively. Comparative PL spectra from films produced out of material before and after the 
solution phase exchange of oleate with K4GeS4 and (NH4)3As2S3 ligands dispersed in DMSO (c) and MFA 
(d)..................................................................................................................................................................... 86 



xv 
 

Figure 5.13: Transient pump probe (a) and time-resolved PL (b) data from films produced out of organic- 
and inorganic-capped CNCs............................................................................................................................ 87 

Figure 5.14: Tauc Plots (solid lines) of As2S3 (a) and K4GeS4 (b) free ligand films along with linear fittings 
for the calculation of their optical energy gap. Shaded solid lines resemble their respective emission. Also an 
image of the solutions is displayed along with an inset magnification of the absorption spectra in the NIR 
regime for the case of K4GeS4 films. ............................................................................................................... 89 

Figure 5.15: Cyclic Voltammetry data from MFA dissolved K4GeS4 free ligand solution (a), reference (oleate 
acid capped PbS CNCs dispersed in TCE) (b), K4GeS4 capped PbS CNCs dispersed in MFA (c) and K4GeS4 
capped PbS CNCs dispersed in DMSO solution (d). Red lines resemble HOMO level as blue lines LUMO. . 90 

Figure 5.16: Lineshape analysis via a three Gaussian model for temperatures of 78K (a), 280K (b) and 380K 
(b)..................................................................................................................................................................... 92 

Figure 5.17: Temperature dependent steady state PL of reference sample (oleate capped PbS CNCS)in the 
range of 78-380K. ............................................................................................................................................ 92 

Figure 5.18: Temperature PL data in the rage of 78-380K (a), Arrhenius plots (b) and peak position versus 
temperature (c) for the three aforementioned peaks. In (b) colored dashed lines represent the linear fitting of 
the data for the extraction of critical temperature and quenching activation energies. .................................. 93 

Figure 5.19: Time resolved PL data monitoring the core CNC exciton peak (black solid line) at 78K (a), 
180K (b) and 300K (c). The Orange line resembles the cumulative exponential fitting which at 
low/intermediate temperatures can be decomposed into a decay (red) and a growth (blue) part that fits the 
growth component (green) deriving from the subtraction of the decay component from the raw data so that 
the growth component can be fitted correctly. Ligand emission of MCC-CNCs and free ligand film along with 
their respective fittings (d). Early times of PL signal for both Core and Ligand emission (e). Process yields 
for modeling versus temperature for the various recombination channels (f). ................................................ 94 

Figure 5.20: Excitation-dependent TR-PL of (a)oleate capped PbS CNCs and (b) K4GeS4 capped PbS CNCs 
dispersed in DMSO. ......................................................................................................................................... 95 

Figure 5.21: Schematic illustration of system along with the respective recombination channels at Low (left) 
and High (right) temperatures. Solid green and blue solid lines resemble the intrinsic core recombination 
channels, namely free and surface excitons respectively, as grey solid lines resemble the MCC ligand states. 
Solid line arrows present the excitation (red arrow) the FX and SE recombination (Green and light blue 
respectively) as orange arrow the ligand emission (LE). Dark blue dashed arrow illustrates the 
exciton/energy transfer to the ligand states as light blue the energy back-transfer to the core states. For high 
Ts the wine dashed arrow resembles the exciton/charge hopping in the CNC material. ................................. 98 

Figure 6.1: (a) Normalized absorbance of series A (doping during synthesis) films at 300K. (b) Normalized 
absorbance of series B (post-synthetic doping) films at 300K. (c) Comparative integrated PL of the films of 
the two series at 300K. The integrated PL has been normalized to the respective of the undoped films. (d) 
Comparative PL spectra of series A films at 300K. (e) Comparative PL spectra of series B films at 300K. (f) 
Degree of Bi incorporation into PbS CNCs using the two doping mechanisms provided by ICP-OES 
experiments. Data for doping during synthesis have been taken from [21] .................................................. 101 

Figure 6.2: Temperature-dependent PL characteristics of the PbS:Bi 0.5% film from Series A. Triple-
Gaussian fitting of the PL spectra from the film at 78K (a), 270K (b), 350K (c). (d) Integrated PL versus 
excitation power for the three PL components, (e) Arrhenius plot and calculated activation energies for the 
Gaussian components of the PL spectra. ....................................................................................................... 104 

Figure 6.3: PL characteristics of the two reference undoped films of Series A and B. (a) Integrated PL versus 
excitation power. (b) PL spectra versus temperature for the series A film. The film from series B shows an 
almost identical behavior (c) Arrhenius plot for the two films and calculated activation energies. (d) 
Gaussian lineshape fitting of the series B film. The film of series A contains the same two Gaussian peaks 
with smaller relative weight of peak 2. (e) Time-resolved PL decay of the series B film produced via double 
Gaussian linefitting of the temporal evolution of PL with a step of 6 ns. (f) Cumulative PL decays from the 
latter film at different temperatures in the range of 77-310 K. ...................................................................... 105 



xvi 
 

Figure 6.4: (a) Room temperature PL spectrum of the undoped film of series A. Comparison of the PL peak 
and FWHM of the undoped film across the 250-350 K range with the respective characteristics of the PL 
Gaussian “peak 1” identified as the free exciton contribution in the 0.5% Bi film. ...................................... 107 

Figure 6.5: Temperature-dependent PL characteristics of the PbS:Bi 2% and 4% films from Series A. Triple-
Gaussian fitting of the PL spectra from the two films at 230K (a),(d) and 350K (b), (e). (e) Arrhenius plot and 
calculated activation energies for the Gaussian components of the PL spectra for the 2% Bi film (c) and the 
4% Bi film (f). ................................................................................................................................................ 108 

Figure 6.6: Intensity normalized, Gaussian components of the PL from the PbS:Bi 0.5% film at 78K (a) and 
310K (c). The energy scale has been normalized to the energy position of peak 1. (b) Energy separation of 
peaks 2 and 3 from peak 1 in the 78-350K range for samples PbS:Bi 0.5% and PbS:Bi 2%. Normalized 
absorbance and PLE at 78K for the undoped film of series A (d) and the heavily doped film of Bi:4% (e). The 
inset of (e) contains the absorbance in logarithmic scale at energies in the proximity of the 1Se-1Sh 
transition. ....................................................................................................................................................... 109 

Figure 6.7: Temporal PL characteristics of the films of Series A. Time-resolved PL decays of the 0.5% Bi film 
at 300K (a), 2% at 300K (d) and 2% at 330K (e). The decays are produced via triple Gaussian linefitting of 
the temporal evolution of PL with a step of 6 ns. The lower part of the figures contain examples of PL 
timeshots and the respective Gaussian-fitted components. (b) Cumulative PL decays from the 0.5% film in the 
78-270 K. (c) Cumulative PL decays from the 2% and 4% films in the 78-300 K range. (f) Cumulative PL 
lifetimes versus temperature of the films of series A. ..................................................................................... 112 

Figure 6.8: Temperature-dependent PL characteristics of the Series B films. Room temperature triple-
Gaussian fitting of the PL spectra from the 1% (a), 3% (b) and 6% (c) Bi film. Arrhenius plots and calculated 
activation energies for the Gaussian components of the PL spectra for the 1% (d), 3% (e) and 6% (f) film 114 

Figure 6.9: Schematic displaying the energy level landscape of the photoexcitations in the two types of doped 
CNCs. Temperature-dependent characteristics of the photoexcitations obtained by PL and PLE experiments 
are schematically shown. In films doped during synthesis a uniform distribution of dopant-induced 
recombination channels promotes temperature-activated detrapping processes. For films doped post-
synthetically by cation exchange reactions, the preferential distribution of such states on the CNC surface 
denefits exciton diffusion and temperature-activated trapping processes. .................................................... 116 

Figure 6.10: Intensity normalized, PL Gaussian peaks of the PbS:Bi 3% film at 78K (a) and 310K (c). The 
energy scale has been normalized to the energy position of peak 1. (b) Energy separation of peaks 2 and 3 
from peak 1 in the 78-350K range for samples PbS:Bi 1%, 3% and 6%. Normalized absorbance and PLE at 
78K for the undoped film (d) and the heavily doped film of Bi:6% (e). The inset of (e) contains the 
absorbance in logarithmic scale at energies in the proximity of the 1Se-1Sh transition. .............................. 117 

Figure 6.11: Temporal PL characteristics of the series B films. Time-resolved PL decays of the 1% (a) , 3% 
(b) and 6% (c) Bi films at 300K. The decays monitor peaks 1 (red) and 2 (blue) produced via three Gaussian 
linefitting of the temporal evolution of PL with a step of 6 ns. The lower part of the figures contain examples 
of PL timeshots with the respective Gaussian-fitted components. (d) PL decays of the lower energy feature 
(peak 3) produced using the TRES procedure (green) along with conventional TR-PL decays monitoring the 
lower energy wing of peak 3 that exhibits no spectral overlap with peaks 1 and 2. The identical decays of the 
two methods confirm the validity of the TRES analysis .  (e) Cumulative PL decays from all the films at 78 K. 
(f) Cumulative PL lifetimes versus temperature............................................................................................. 119 

Figure 6.12: Differential transmission transients from series A films when probing the 1Sh-1Se (a), 1Ph-1Pe 
(b) and sub-gap states ~150 meV below 1Sh-1Se (c) at 300K. Differential transmission signals at pump-
probe delay times of 0 (d) and 100 ps (e) for all measured probe energies. Absolute differential transmission 
at t= 0 versus pump energy along with allometric curve fits. ........................................................................ 121 

Figure 6.13: Absolute differential transmission versus pump excitation energy when probing the 1Sh-1Se 
transition in the reference (a) and the heavily doped 4% Bi (b) PbS CNC film produced via in-situ doping 
during synthesis. ............................................................................................................................................ 122 

Figure 6.14: Differential transmission transients from series B films when probing the 1Sh-1Se (a), 1Ph-1Pe 
(b) and sub-gap states ~150 meV below 1Sh-1Se (c) at 300K. Differential transmission signals at pump-
probe delay times of 0 (d) and 100 ps (e) for all measured probe energies................................................... 123 



xvii 
 

Figure 7.1: (a) TEM image of the ~10 nm, nearly cubic FAPbI3 NCs under study. (b) Normalized PL, PLE 
and absorption spectra of spin-casted films of FAPbI3 NCs. The second derivative of the absorption is also 
displayed. (c) Time resolved PL spectra under 375nm (non-resonant) and 633nm (resonant) excitation and 
the average PL lifetime extracted from triple-exponential fits. ..................................................................... 127 

Figure 7.2: Transient absorption spectra at (a) high pump fluence (N~2). (b) low pump fluence (N~0.25). 
Extracted carrier temperatures versus delay time for different carrier densities. ......................................... 128 

Figure 7.3: (a) Average cooling rate per carrier versus carrier temperature, for three NC excitation regimes. 
(b) Normalized ground state bleaching TA curves and single exponential fits at early times, from FAPbI3 NC 
and CdSe NC spin-casted films. (c) Carrier density-dependence of the bleaching rise time from the two films, 
fitted by the allometric functions displayed in the graph. .............................................................................. 132 

Figure 7.4: Early times bleaching signals for purified and unpurified FAPbI3 NC solutions at low (a) 
<N>~0.5 and (b) high <N>~4 carrier densities. Exponential fits of the rise signals are also displayed. (c) 
Rise times as a function of NC carrier population. The data are fitted by power law functions yielding the 
exponents displayed.. ..................................................................................................................................... 133 

Figure 7.5: (a) Fluence-dependent bleaching recovery from a spin-casted FAPbI3 NC film. Exponential fits 
with model (1) are also displayed. (b) Relative amplitude of the three contributions of model (1) as a function 
of NC carrier population. .............................................................................................................................. 134 

Figure 7.6: Absorption, PL and PLE spectra of (a) unpurified, (b) purified solutions of FAPbI3 NCs. The NC 
gap is estimated by the minimum of the second derivative of the absorbance obtaining values of ~745 nm 
(~1.66 eV) and ~750 nm (~1.65 eV) for unpurified and purified NCs, respectively. (b) PL transients under 
quasi-resonant, red and non-resonant, UV excitation, along with triple-exponential fits, from which the 
average PL lifetimes are obtained and displayed in the graph. ..................................................................... 135 

Figure 7.7: (a) TEM image of the studied cubic FAPbI3 NCs (b) Normalized absorption and PL spectra from 
FAPbI3 NCs dispersed in toluene (Sol) and films processed out of the NC solution with optical characteristics 
attributed to isolated (iso-NC) and partly sintered (sin-NC) nanocrystals. ................................................... 139 

Figure 7.8: (a) Representative Arrhenius plots of the two types of NC films. (b) Impact of post-deposition 
thermal annealing on the average PL lifetimes (top) and PL QY (bottom) of the two film types. (c) PL shifts 
upon thermal annealing from iso- and sin-NC films. ..................................................................................... 140 

Figure 7.9: Temperature dependent PL spectra from films containing (a) sintered FAPbI3 NCs, (b) isolated 
FAPbI3 NCs. The temperature evolution of the PL maximum for the films with (c) sintered NCs, (d) isolated 
NCs. ............................................................................................................................................................... 141 

Figure 7.10: (a) PL transients from a film containing intact NCs at different temperatures in the 80 to 300 K 
range. (b) Average PL lifetime versus temperature for the same film. The PL lifetime is extracted from 
double-exponential fits of the PL decays. ...................................................................................................... 142 

Figure 7.11: PL transients from a film containing intact NCs at different temperatures in the 80 to 300 K 
range(a)and different excitation power densities (c). Average PL lifetime versus temperature for the same 
film (b). The PL lifetime is extracted from double-exponential fits of the PL decays. Integrated cw PL 
Intensity versus excitation power at room temperature for the same film is also presented (d). ................... 142 

Figure 7.12: (a) PLE spectra recorded at liquid nitrogen temperature (77 K) from films containing isolated 
and necked NCs. The partial loss of confinement in the later film is evident by the red-shift of the band-edge 
compared to that of the former film. (b) The difference of the PLE spectra of the two films i.e. excess of PLE 
signal in the sin-NC film, is compared with an appropriately normalized absorption spectrum obtained at 77 
K from a film deposited out of a PbI2 solution in MFA. In the dry state, the absorption of the PbI2 exhibits a 
broad feature extended down to the near-infrared, which is attributed to the formation of various PbIx 
plumbate complexes (1). The spectral resemblance between the absorption and PLE difference indicates that 
in the mildly purified iso-NC films, emission is weakly quenched compared to the emission of properly 
purified sin-NC films by absorbing PbIx complexes formed during the colloidal synthesis. ......................... 143 

Figure 7.13: The effect of gradual post-deposition thermal annealing on the photoluminescence decays from 
two films containing (a) Sintered NCs (Sin-NCs), and (b) Isolated NCs (Iso-NCs). ..................................... 144 



xviii 
 

Figure 7.14: AFM top view image from a sin-NC film (a) before and (b) after thermal treatment at 900 C for 
30 min. AFM side view images of the same film (c) before and (d) after annealing...................................... 145 

Figure 7.15: Transmission electron microscopy images of polar-washed NCs on a TEM grid (a) before and 
(b) after thermal annealing for 5 min at 85o C. Atomic force microscopy images yielding the surface 
morphology of (c) an iso-NC film and (d) a sin-NC film, both annealed at 90o C for 30 min. (e,f) AFM 
images of nanowires formed in films of sintered NCs imposed to the aforementioned thermal treatment. From 
the graphs, estimates of the width (x) and height (y) of the nanowires across different cross sections within 
the wires length, are provided. ...................................................................................................................... 146 

Figure 7.16: ASE excited from an iso-NC drop-casted film thermal-treated subsequent to film deposition at 
900 C: (a) ASE spectra at different excitation fluences. The y-axis is displayed in logarithmic scale. (b) 
Integrated emission versus excitation energy density. Allometric fits of the data with the respective fitted 
exponents are also displayed. The ASE onset is clearly defined by the sub- to super-linear change of slope (c) 
Integrated intensity versus stripe length obtained using the variable stripe length geometry. The fit using 
equation (4.5.3) and the extracted optical gain parameters are also displayed. (d) Integrated intensity versus 
stripe distance from the sample edge, for a constant stripe length. The method allows the estimation of the 
ASE optical loss using the Beer-Lambert type of fit of equation (4.5.4). ....................................................... 148 

Figure 7.17: ASE from a sin-NC drop-coated film imposed to post-deposition annealing at 90 0C: (a) ASE 
spectra at different excitation energies. (b) Integrated emission versus excitation energy density along with 
allometric fits of the data. The ASE threshold is again defined by the sub- to super-linear change of slope (c) 
Integrated intensity versus stripe length obtained using the variable stripe length geometry along with fits 
and extracted optical gain parameters. (d) Integrated intensity versus stripe distance from the sample edge, 
used for the estimation of the ASE losses. ...................................................................................................... 149 

Figure 7.18: Impact of thermal annealing on: (a,b,c) the gain characteristics and (d,e,f) the optical losses, of 
the same film, containing isolated FAPbI3 NCs. ........................................................................................... 151 

Figure 7.19: Temperature dependence of the ASE threshold for a film containing intact NCs, annealed at 
different temperatures subsequent to film deposition. (b) Evolution of the ASE threshold with temperature for 
a film containing necked NCs. When annealed at 60 oC, the film sustains two ASE peaks. (c) The emergence 
of the dual ASE at 220 K from the latter film. ................................................................................................ 152 

Figure 7.20: Temperature characteristics of the PL and ASE peaks in a sin-NC film that exhibits dual ASE. 
(a) PL and ASE peaks in the 40-300 K range, (b) Energy separation of the high energy ASE/PL peaks with 
the low energy ASE peak. .............................................................................................................................. 153 

Figure 7.21: The evolution of PL and ASE linewidths as a function of temperature for (a,b) a sin-NC and 
(c,d) an iso-NC film progressively annealed to 60oC and 90oC. .................................................................... 154 

Figure A.1: Schematic representation of the main body of vacuum chamber (a), its lid (b). The sample holder 
(c) and the rotating sample finger (d); (e) shows a real picture of the chamber. .......................................... 170 

Figure A.2: Schematic of the custom made spin-coater, along with the respective controller and power 
supplies. ......................................................................................................................................................... 171 

Figure A.3: J-V graphs for all the pristine and hybrid binary solar cells fabricated. ................................... 172 

 

 

 

 

 



xix 
 

Table of Tables: 

Table 2.1: Number of degrees of freedom against the dimensionality of quantum confinement. The last 
column shows how the density of states function scales with energy. (19) ........................................................ 7 

Table 2.2: Electronic properties of bulk PbS ................................................................................................... 30 

Table 4.1: Summary of the CNC gap estimates from absorption and electrochemical measurements ............ 54 

Table 5.1: Fitting parameters of relaxation times and relative amplitudes, based on multiexponential decays 
for 3 nm oleate and (NH4)3AsS3 capped PbS CNCs probing at 900 nm and pump fluence of 0.125 mJ/cm2... 74 

Table 7.1: Fitting parameters of the triple-exponential model (2) applied to describe the curves of the carrier 
temperature versus delay time for the three pump fluences measured. ......................................................... 130 

Table 7.2: Average cooling rate per carrier for different carrier temperatures and pump fluences. ............ 131 

 



1 
 

Chapter 1: Introduction and Motivation 

Epitaxial semiconductors such as silicon and GaAs are the basis of today’s electronics 

and optoelectronics. They exhibit excellent electrical properties, photo- and thermal 

stability, high purity and efficient light emission/absorption, benefited from decades of 

research and development. However, their fabrication and processing relies on relatively 

costly and elaborate methods. Crystallization and high purity requires ultrahigh vacuum 

and high temperature processing that raises the fabrication cost and complexity. 

Furthermore their crystalline structure inhibits deposition on non-crystalline or flexible 

substrates. During the last decades, material science introduced different approaches to the 

conventional silicon-based electronics. A highly promising direction is based on 

semiconductors that are produced and processed in solutions. Solution-based deposition 

methods such as dip coating, spray coating and inkjet printing offer the potential of low 

cost and large throughput fabrication in the solid state. Stable organic, inorganic, hybrid 

and metal oxide solution processed materials have been developed and a plethora of high 

performance electronic applications has been demonstrated. (1; 2; 3; 4; 5; 6; 7; 8).   

In parallel to the aforementioned developments, scientific and technological 

advancements allowed the manipulation of matter at the nano-scale and the development of 

nano-sized materials with new and improved properties and functionalities. A class of such 

materials that exhibit high promises as building blocks for electronic devices is the family 

of colloidal nanocrystals (CNCs) (9). CNCs are nanometer-scale crystals (1-100 nm) 

composed of few to hundreds of thousand atoms, in contrast with bulk semiconductors that 

contain many orders of atoms more. In CNCs the physical size of the crystal is comparable 

to carriers’ or excitons’ wavefunction dimensions. In this regime, effects of quantum 

confinement become prominent leading of new phenomena and properties such as 

supermagnetism, surface plasmon resonance and size dependent energy gap. (5; 10; 11). 

CNCs can be chemically fabricated through colloidal chemistry and processed using 

inexpensive solution processed techniques at ambient conditions. Advances in colloidal 

chemistry and in particular the introduction of the hot-injection technique enabled the 

synthesis of high quality nanocrystals in colloids with narrow size distribution and good 

optoelectronic properties such as narrow and bright luminescence. (5) Tunable electronic 

structure combined with high absorption and luminescence efficiency and low thermal 

conductivity make CNC solids especially attractive for photovoltaic, lighting, and 

thermoelectric applications. (5; 7; 8; 11;)  
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Despite the rapidly growing number of publications in the field, many of the 

fundamental aspects of the CNCs were not understood at the time that this thesis was 

initiated. Furthermore novel approaches to functionalize CNCs for optoelectronic 

applications were only started to emerge in the literature and importantly the effect of such 

treatments on the CNC properties remained unknown. In much of the breakthrough work, 

functionalized CNC solids were incorporated as devices building blocks and were 

characterized with contact techniques that allowed evaluation of the overall device 

performance with emphasis on macroscopic properties such as mobility, conductivity, 

responsivity, external quantum efficiency etc. In many studies of such functionalized CNC 

solides, fundamental aspects of their optoelectronic properties were superficially probed or 

not studied at all, providing our motivation for detailed spectroscopic work towards their 

thorough understanding while providing the necessary feedback for device optimization. 

Optical spectroscopy appeared as a suitable non-destructive tool for such studies. A 

synergy of steady-state and transient absorption and luminescence techniques was 

implemented complimentarily and in association with the controlled variation of various 

experimental parameters such as sample temperature and wavelength, power and repetition 

rate of the excitation source, provided a powerful tool towards the investigation of the 

nature, energetics and dynamics of photoexcitations in CNC solids for novel light emission 

and light harvesting applications. 
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Chapter 2: Theoretical Background  

2.1 Quantum confinement  

The quantum mechanical coupling of millions of atoms results in the band structure of bulk 

materials. In the nanoscale regime, the crystal’s band structure results from the coupling of 

significantly fewer atoms i.e. hundreds to a few thousands, which are confined in one, two 

or three dimensions. Such systems where the motion of carriers i.e. electrons, holes, 

excitons etc. is restricted at least in one dimension by a potential barrier usually referred to 

as a “low dimensional” system. In these systems the phenomenon of the quantum 

confinement can be observed when the physical extension of the crystal in the confined 

direction i.e. the lateral extent of the potential well, is comparable with the de Broglie 

wavelength of the particle.  

In solids, electrons are treated as particles with effective mass me
*, a measure of the 

interaction of the particle with the periodic crystal potential. Its momentum p can be 

written as p=ħk, where ħ is the Dirac’s constant and k is the wavenumber associated with 

the de Broglie wavelength λ=2π/k. The de Broglie wavelength of electrons in bulk crystals 

is much smaller than the crystal dimensions and quantum confinement effects are 

negligible. In nanoscale systems though the electron wavefunction and one or more crystal 

dimensions become comparable and the electronic structure becomes quantized. The same 

result can be obtained by considering Heisenberg’s uncertainty principle, according to 

which if a particle is confined in a one-dimensional space Δx then an uncertainty in the 

momentum Δpx is introduced equal to:  

∆𝒑𝒑𝒙𝒙~ ℏ
∆𝒙𝒙

      (2.1) 

For an electron in a solid with effective mass m*, such momentum introduces a 

confinement term in the energy equal to: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = (𝛥𝛥𝛥𝛥𝑥𝑥)2

2𝑚𝑚∗
= ℏ2

2𝑚𝑚∗(𝛥𝛥𝛥𝛥)2
   (2.2) 

This confinement energy becomes significant if is comparable or greater to the particle’s 

thermal energy: 

𝐸𝐸𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. = ℏ2

2𝑚𝑚∗(𝛥𝛥𝛥𝛥)2 
~ 1
2

 𝑘𝑘𝐵𝐵𝑇𝑇    (2.3) 

 



4 
 

Where kB is the Boltzman constant. Based on (2.3) quantum size effects are important 

when:  

∆𝑥𝑥~� ℏ2

𝑚𝑚∗𝑘𝑘𝐵𝐵𝑇𝑇
     (2.4) 

The second part of equation (2.4) is the expression for the de Broglie wavelength. This 

criterion gives a rough estimation of the confinement length scale. For example an electron 

in a typical semiconductor in room temperature (kT~25 meV) has an effective mass of the 

order of me
*=0.1m0, which gives an estimation of ∆𝑥𝑥~ 5 𝑛𝑛𝑛𝑛.  

 

2.2 Excitons 

In insulators and semiconductors the absorption of a photon via an interband transition 

excites an electron in the conduction band and a hole in the valence band. The two 

particles have opposite charges and are created at the same point in space, thus a mutual 

attractive Coulomb interaction arises. This attractive interaction typically results in the 

formation of a bound electron-hole pair of neutral charge, in which the electron and the 

hole have a stable orbit around each other, called exciton. Excitons are observed in many 

crystalline and amorphous materials. They can be distinguished into two basic types, the 

Wannier-Mott or free excitons and the Frenkel or tightly bound excitons. 

Wannier-Mott excitons are mainly observed in semiconductors, while Frenkel excitons 

are usually found in insulators and molecular semiconductors. The two types of excitons 

are illustrated in Figure 2.1. The main difference between the two excitons is their binding 

energy. Wannier-Mott excitons have small binding energies and large radii and 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, thus the alternative name free excitons. On the other hand Frenkel excitons 

form in low dielectric materials such as molecular compounds. They exhibit large binding 

energies and are highly localized to a specific atom, molecule or aggregate. They are much 

less mobile from free excitons and typically move by hoping from an atoms’ site to 

another.  

Stable excitons can only be formed when the attractive interaction’s potential is sufficient 

to counter collisions with phonons. At temperature T the maximum energy of a phonon is 

~kBT. Free excitons have small binding energies with typical values of the order of 0.01eV 
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(10) , bulk PbS exhibits an exciton binding energy of ~ 2 meV (10). Thus Wannier excitons 

typically dissociate at room temperature where thermal energy is higher (~0.025eV) than 

their attractive potential. In contrast the strongly bound Frenkel excitons have binding 

energies orders of magnitude higher, ranging between 0.1 and 1eV, which makes them 

highly stable at room temperature. 

 

 

Figure 2.1: 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. 

A simple approximation for describing the energy of the exciton bound state as well as 

radius is Bohr’s model. In applying the Bohr model we must take into account the fact that 

electron and hole are moving through a medium with a dielectric constant εr and that the 

exciton mass is equal to the reduced mass μ given by: 

1
𝜇𝜇

= 1
𝑚𝑚𝑒𝑒
∗ + 1

𝑚𝑚ℎ
∗               (2.5) 

With these two considerations, the standard results of the Bohr model for a hydrogenic 

system of two particles can be used. The bound states are characterized by the principal 

quantum number n, and the energy spectrum is given by: 

𝑬𝑬(𝒏𝒏) = − 𝝁𝝁
𝒎𝒎𝟎𝟎

𝟏𝟏
𝜺𝜺𝒓𝒓𝟐𝟐

𝑹𝑹𝑯𝑯
𝒏𝒏𝟐𝟐

= 𝑹𝑹𝒚𝒚
𝒏𝒏𝟐𝟐

      (2.6) 
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Where RH is the Rydberg energy of the hydrogen atom (-13.6eV). Ry is the exciton 

Rydberg energy, being equal to -(μ/m0εr
2)·RH.  

 

The radius of the exciton is given by: 

     𝒓𝒓𝒏𝒏 = 𝒎𝒎𝟎𝟎
𝝁𝝁
𝜺𝜺𝒓𝒓𝒏𝒏𝟐𝟐𝒂𝒂𝑯𝑯 = 𝒏𝒏𝟐𝟐𝒂𝒂𝒃𝒃      (2.7) 

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

Bohr radius that is equal to (m0εr/ μ)·αH. In direct gap semiconductors a general pattern is 

observed, with RX tending to increase and αb to decrease as the energy gap (Eg) of the 

semiconductor increases. This is explained by the fact that εr tends to decrease and μ to 

increase as band gap increases. In Figure 2.2 the exciton dispersion is shown. 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 center-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 intercrossing 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 2.2: Dispersion curves of an exciton and the optical transition corresponding to a photon 
absorption and exciton creation. Ry refers to exciton’s Rydberg energy. (11) 
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2.3 Low Dimensional Systems: Density of States and Electronic 
Levels 

Quantum confinement in 1, 2 and 3 dimensions results in 2, 1 and 0 dimensional systems 

respectively. One of the most important impacts of quantum confinement is the modulation 

of the density of states function and the appearance of forbidden energy bands. In bulk 

semiconductors electrons and holes are free to move within their respective bands in all 

three directions, thus they have three degrees of freedom and three dimensional physics is 

required to describe them. In contrast, in quantum wells, which are confined in one 

dimension, holes and electrons are free to move in only two directions thus they behave as 

2D material. Nanorods or quantum wires are confined in two directions and the charged 

particles are allowed to move freely only in one dimension, while quantum dots have 0D 

geometry. This is the reason that these systems are referred to as ‘low dimensional’ 

systems and Table 2.1 summarizes the number of degrees of freedom associated with the 

type of confinement and the respective density of state function. The schematic 

representation of the electronic density of states is provided in Figure 2.3. 

 

Structure Quantum 

Confinement 

Free Dimensions Electron Density of 

states 

Bulk None 3 E1/2 

Quantum well 1-D 2 E0 

Quantum wire 2-D 1 E-1/2 

Quantum dot 3-D 0 Discrete 

Table 2.1: Number of degrees of freedom against the dimensionality of quantum confinement. The 
last column shows how the density of states function scales with energy. (10) 

 

For quantum dots (0D system), the motion is quantized in all three dimensions and there 

are no continuous bands. The density of states consists of a series of δ-functions at each 

quantized level, so in this sense, CNCs behave as isolated atoms in which electrons have 

discrete states rather than continuous bands which we encounter in solids. In reality the 

allowed energy in low dimensional systems is a combination of the quantized energy 

derived from the confinement and the high energy continuum of the non-confined states. 
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Figure 2.3: Schematic representation of the density of states function for 3D, 2D, 1D and 0D 
dimensional structures. For 2D and 1D the DOS takes account of higher lying sub-bands. The 2D 
DOS function has a clear step function form while the 0D system’s DOS exhibits a δ-function like 
spectrum. (J. Phys. D. Appl. Phys 42(2013) 1-42)) 

 

   Electronic States in low dimensional systems 2.3.1

Firstly let us consider an ideal 1D confined system with infinite potential barriers. The total 

energy will be given by: 

𝑬𝑬𝒕𝒕𝒕𝒕𝒕𝒕𝒂𝒂𝒕𝒕(𝒏𝒏,𝒌𝒌) = 𝑬𝑬𝒏𝒏 + 𝑬𝑬(𝒌𝒌)    (2.8) 

Where En is the quantized energy (for example z-direction) and E(k) the energy 

corresponding to the motion spanning the non-confined directions (e.g. x and y-axis) given 

by:  

𝐸𝐸(𝑘𝑘) = ℏ2𝑘𝑘2

2𝑚𝑚∗           (2.9) 

 The confined eigenstates can be derived from Schrödinger equation of an electron 

entrapped in an infinite potential well with thickness d: 

− ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗
𝒅𝒅𝟐𝟐𝝋𝝋 (𝒛𝒛)
𝒅𝒅𝒛𝒛𝟐𝟐

=  𝑬𝑬𝝋𝝋 (𝒛𝒛)    (2.10) 

The solution for the wavefunction is given by: 

𝝋𝝋 (𝒛𝒛) = �𝟐𝟐
𝒅𝒅
𝐬𝐬𝐬𝐬𝐬𝐬 �𝒌𝒌𝒏𝒏𝒛𝒛 + 𝒏𝒏𝒏𝒏

𝟐𝟐
�     (2.11) 

Where  𝒌𝒌𝒏𝒏 = 𝒏𝒏𝒏𝒏
𝒅𝒅

 . This gives the corresponding energy spectrum: 

L 

L2 
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𝑬𝑬𝒏𝒏 = ℏ𝟐𝟐𝒌𝒌𝒏𝒏
𝟐𝟐

𝟐𝟐𝒎𝒎∗ = ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗ �
𝒏𝒏𝒏𝒏
𝒅𝒅
�
𝟐𝟐

      (2.12) 

An example of the schematic representation of the well and the first six eigenstates can be 

seen in Figure 2.4 where the authors consider a 10 nm GaAs quantum well embedded 

between AlAs barriers, assuming zero strain and infinite AlAs barriers.  

 

 

Figure 2.4: Schematic of a 10 nm GaAs/AlAs quantum well and the first six wavefunctions. (12) 

Although real quantum wells exhibit finite barrier potentials, the approximation using 

infinite barriers yields some interesting trends. From Eq.(2.9) it can be observed that the 

energy is inversely proportional to the effective mass and the square of the well’s size, thus 

the lowest mass particles in the narrower wells have the highest confinement energy. The 

energy difference of two consecutive energy levels comes out to be:  

     𝜟𝜟(𝑬𝑬𝒏𝒏+𝟏𝟏−𝑬𝑬𝒏𝒏) = 𝒉𝒉𝟐𝟐

𝟖𝟖𝒎𝒎∗𝒅𝒅𝟐𝟐
(𝟐𝟐𝒏𝒏 + 𝟏𝟏)       (2.13) 

i.e. as the well gets thicker the energy gap between consecutive confined states becomes 

smaller and vice versa. For the case of 0-D cubic nanoparticles the energy eigenvalues can 

be derives via the solution of the 3-D Schrodinger equation given by:  

     − ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗ 𝛁𝛁𝟐𝟐𝝋𝝋 (𝒓𝒓) =  𝑬𝑬𝝋𝝋 (𝒓𝒓)     (2.14) 

Here we consider a well-defined cube with side equal to L and Volume L3.  
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The boundary conditions for such a problem are displayed by the following expressions: 

𝜑𝜑(𝑥𝑥 + 𝐿𝐿,𝑦𝑦, 𝑧𝑧) = 𝜑𝜑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧)    

𝜑𝜑(𝑥𝑥,𝑦𝑦 + 𝐿𝐿, 𝑧𝑧) = 𝜑𝜑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧)       (2.15) 

𝜑𝜑(𝑥𝑥,𝑦𝑦, 𝑧𝑧 + 𝐿𝐿) = 𝜑𝜑(𝑥𝑥, 𝑦𝑦, 𝑧𝑧)    

Thus the solution is given by: 

      𝜑𝜑𝜅𝜅��⃗ = 1
√𝐿𝐿3

𝑒𝑒𝑖𝑖𝑘𝑘�⃗ ∙𝑟𝑟         (2.16) 

And the eigenvalues of energy:  

      𝑬𝑬 = ℏ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎∗           (2.17)  

All eigenstates have well defined momentum �⃗�𝑝 = ℏ 𝑘𝑘�⃗  and the only constrains comes from 

the boundary conditions giving the allowed quantized values of k : 

   𝒌𝒌𝒙𝒙 = 𝟐𝟐𝒏𝒏
𝑳𝑳
𝒏𝒏𝒙𝒙 , 𝒌𝒌𝒚𝒚 = 𝟐𝟐𝒏𝒏

𝑳𝑳
𝒏𝒏𝒚𝒚,   𝒌𝒌𝒛𝒛 = 𝟐𝟐𝒏𝒏

𝑳𝑳
𝒏𝒏𝒛𝒛 𝒘𝒘𝒉𝒉𝒘𝒘𝒓𝒓𝒘𝒘 𝒏𝒏𝒛𝒛 ∈ ℤ    (2.18) 

which are equidistant in all dimensions and the volume per state is 8π3/V as shown in 

Figure 2.5. 

 

Figure 2.5: Illustration of the allowed k-values in the 3D k-space for the case of a three 3D infinite 
cubic well.(11) 
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Thus energy eigenvalues take the form: 

𝑬𝑬 =
ℏ𝟐𝟐𝒏𝒏𝟐𝟐

𝟐𝟐𝒎𝒎∗𝑳𝑳𝟐𝟐
 �𝒏𝒏𝒙𝒙𝟐𝟐 + 𝒏𝒏𝒚𝒚𝟐𝟐+𝒏𝒏𝒛𝒛𝟐𝟐�                                                    (2. 19) 

where the integer quantum numbers nx,y,z specify the quantized levels in each direction. The 

ground state is unique though the first and second excited states are both triply degenerate. 

NCs are typically spherical so the confined energy states can be obtained as solutions of 

the three dimensional Schrodinger equation in spherical coordinates. Assuming that the 

electron experiences a potential –V0 inside a sphere R0 (the CNC crystal) and zero 

elsewhere, the Schrodinger equation is given by: 

�− ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗ 𝛁𝛁𝟐𝟐 + 𝑽𝑽(𝒓𝒓)�𝜳𝜳(𝒓𝒓) = 𝑬𝑬𝜳𝜳(𝒓𝒓)                                          (2.20) 

Where V(r) = -V0 for r ≤ R0 and V(r) = 0 when r > R0. Since the potential is only 

dependent on r the solution can be separated into radial and angular components: 

 𝛹𝛹(𝒓𝒓) = 𝑅𝑅𝑐𝑐𝑛𝑛(𝒓𝒓)𝑌𝑌𝑛𝑛𝑚𝑚(𝜃𝜃,𝜑𝜑)       (2.21) 

The angular functions Ylm(θ,φ) are the spherical harmonic functions. The energy is found 

by solving Schrodinger’s radial equation:   

 �− ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗
𝟏𝟏
𝒓𝒓𝟐𝟐

𝒅𝒅
𝒅𝒅𝒓𝒓
�𝒓𝒓𝟐𝟐 𝒅𝒅

𝒅𝒅𝒓𝒓
�
𝟐𝟐

+ ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗
𝒕𝒕(𝒕𝒕+𝟏𝟏)
𝒓𝒓𝟐𝟐

+ 𝑽𝑽(𝒓𝒓)�𝑹𝑹𝒏𝒏𝒕𝒕(𝒓𝒓) = 𝑬𝑬𝑹𝑹𝒏𝒏𝒕𝒕(𝒓𝒓)           (2.22) 

Where n is an integer. The energy can be written in the form: 

     𝑬𝑬𝒏𝒏𝒕𝒕 = ℏ𝟐𝟐

𝟐𝟐𝒎𝒎∗
𝝌𝝌𝒏𝒏𝒕𝒕
𝟐𝟐

 𝑹𝑹𝟎𝟎
𝟐𝟐               (2.23) 

where χnl is the lth root of the nth Bessel function. A schematic representation of the energy 

levels of a particle in a spherical infinite well can be seen in Figure 2.6. The states are 

classified by the principal quantum number n and the orbital quantum number l. For l=0, 

χnl takes values equal to nπ (n=0,1,2,3…) and Eq. (2.17) collapses to Eq. (2.12), which 

describes the one dimensional confined system (quantum well). A particle in a spherical 

three-dimensional well then possesses the set of energy levels 1s, 2s, 3s,… coinciding with 

the eigenenergies of a particle in a rectangular one-dimensional well, and additional levels 

1p, 1d, 1f , . . . , 2p, 2d, 2f ,….that arise due to spherical symmetry of the well. In the case 

of the spherical well with the finite potential, U0, Eq. (2.17) can be considered as a good 
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approximation only if U0 is large enough, namely for Uo>>ħ2/8m*R0
2. The right side of 

this inequality is a consequence of the uncertainty relation [see Eq.(2.2)]. When 

Uo=ħ2/8m*R0
2 exactly one state exists within the well, E1=Uo. For Uo < ħ2/8m*R0

2, no 

state exists in the well at all. This is an important difference of the three-dimensional case 

as compared with the one-dimensional problem. 

 

Figure 2.6: Energy levels of a particle in a spherical infinite well. Energy is scaled in the 
dimensionless unit χnl

2=Enl 2m*R0
2/ ħ2, where χnl values are the roots of the Bessel functions. The 

states are classified by the principal quantum number, n, and by the orbital quantum number, l. 
Every state is (2l + 1) degenerate. (11) 

 

 

2.4 Weak and strong confinement regimes  

The effect of quantum confinement is roughly separated in two regimes. In the weak 

confinement regime, exciton effects are present and the energy spectrum is given by: 

     𝑬𝑬𝒏𝒏𝒎𝒎𝒕𝒕 = 𝑬𝑬𝒈𝒈 −
𝑹𝑹𝒚𝒚𝟐𝟐

𝒏𝒏𝟐𝟐
+ ħ𝟐𝟐𝝌𝝌𝒎𝒎𝒕𝒕

𝟐𝟐

𝟐𝟐𝟐𝟐𝜶𝜶𝟐𝟐
   (2.24) 

where χml are the roots of the Bessel function, Μ the exciton mass, Eg the energy gap of the 

material Ry exciton’s Rydberg energy given by Eq.(2.6). It is evident that the energy states 

are characterized by the quantum number n describing internal exciton states rising from 

the Coulomb electron-hole interaction (1S; 2S, 2P; 3S, 3P, 3D;.. .etc.), and by the two 

additional numbers, m and l, describing the states connected with the center-of-mass 

motion in the presence of the external potential barrier (1s, 1p,1d ... ,2s, 2p, 2d . . . , etc.).  

E
ne

rg
y 
ħ2 /(2

m
* R 0

2 ) 
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For the lowest energy level we get the expression:  

    𝑬𝑬𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 = 𝑬𝑬𝒈𝒈 − 𝑹𝑹𝒚𝒚 �𝟏𝟏 −
𝝁𝝁
𝟐𝟐
�𝒏𝒏𝜶𝜶𝜝𝜝

𝜶𝜶
�
𝟐𝟐
�    (2.25) 

Hence, the first exciton resonance experiences a high-energy shift by a value equal to the 

third term in the above equation. However, this term is small compared with Ry whenever 

α >> αB i.e. the physical crystal dimensions are quite larger than the exciton Bohr radius. 

This is the quantitative justification of the term "weak confinement". Taking into account 

that photons have zero angular momentum that corresponds to l=0 the absorption spectrum 

corresponds to a series of lines with values:  

𝑬𝑬𝒏𝒏𝒎𝒎 = 𝑬𝑬𝒈𝒈 −
𝑹𝑹𝒚𝒚𝟐𝟐

𝒏𝒏𝟐𝟐
+ ħ𝟐𝟐𝒏𝒏𝟐𝟐

𝟐𝟐𝟐𝟐𝜶𝜶𝟐𝟐
𝒎𝒎             (2.26) 

For the case of strong confinement regime the excitons’ Bohr radius is larger than the 

physical size of the NC (α < αB). In such a regime the excitonic contributions to the energy 

can be neglected as the zero-point kinetic energy of the confined electron and hole 

becomes considerably larger than the Ry value. Energy and momentum conservation laws 

result in selection rules that allow optical transitions that couple electron and hole states 

with the same principal and orbital quantum numbers. Therefore, the absorption spectrum 

reduces to a set of discrete bands peaking at energies: 

𝑬𝑬𝒏𝒏𝒕𝒕 = 𝑬𝑬𝒈𝒈 + ħ𝟐𝟐

𝟐𝟐𝝁𝝁𝜶𝜶𝟐𝟐
𝝌𝝌𝒏𝒏𝒕𝒕𝟐𝟐       (2.27) 

A different and more realistic approach to obtain the electronic structure of strongly-

confined CNCs, uses a two-particle Hamiltonian with kinetic energy terms, Coulomb 

potential, and the confinement potential 

− ℏ𝟐𝟐

𝟐𝟐𝒎𝒎𝒘𝒘
𝛁𝛁𝒘𝒘𝟐𝟐 −

ℏ𝟐𝟐

𝟐𝟐𝒎𝒎𝒉𝒉
𝛁𝛁𝒉𝒉𝟐𝟐 −

𝒘𝒘𝟐𝟐

𝜺𝜺|𝒓𝒓𝒘𝒘−𝒓𝒓𝒉𝒉| − 𝑼𝑼(𝒓𝒓) = 𝑯𝑯    (2.28) 

 

In contrast to the hydrogen-like approach, the appearance of U(r) does not allow the 

center-of-mass motion and the model of a particle with reduced mass should be considered 

independently. Several authors have treated this problem with the variational approach (L. 
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Brus 1986 (13); Kayanuma 1986 (14); Schmidt and Weller 1986 (15)) and found that the 

energy of the ground electron-hole pair state (1s 1s) can be expressed in the form: 

𝑬𝑬𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 = 𝑬𝑬𝒈𝒈 + ħ𝟐𝟐𝒏𝒏𝟐𝟐

𝟐𝟐𝝁𝝁𝜶𝜶𝟐𝟐
− 𝟏𝟏.𝟕𝟕𝟖𝟖𝟕𝟕 𝒘𝒘𝟐𝟐

𝜺𝜺𝜶𝜶
     (2.29) 

in which the term proportional to e2 /εα defines the effective Coulomb electron-hole 

interaction. Comparing this term with the exciton Rydberg energy Ry = e2 /εα and bearing 

in mind that we refer to the strong confinement limit (α < αΒ), one can see that Coulomb 

interaction by no means vanishes in small quantum dots. Moreover, the Coulomb term 

contribution to the ground-state energy is even greater than in bulk crystals. 

The important impact of quantum confinement is the strong size-dependence of the 

confined electronic states that allows tuning of the energy gap as schematically represented 

in Figure 2.4.1. 

 

 

 

Figure 2.7: Schematic representation of the evolution of the energy gap (Eg) of a semiconducting 
nanoparticle according to its physical size (dashed circle) and the exciton Bohr radius (αB). 
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2.5 Optical Transitions in a Two Level Quantum System 

A simple two quantum level electron system with energies E1 and E2 > E1 can interact with 

an electromagnetic field via an absorption or an emission process. In the former process an 

electron is excited at level E2 from level E1 via an absorption of a photon with energy 

hv=E2 - E1 while the latter process describes the de-excitation of the electron from level E2 

to level E1 by emitting a photon of the same energy. Absorption is a stimulated process i.e. 

an electron should interact with a photon to be excited via an absorption process to E2. In 

contrast emission is a spontaneous process that occurs statistically, as an excited electron 

will decay to the ground state, assuming that the Pauli principle is not violated, with a 

probability of 100%. Let us consider that the two level system (Figure 2.5.1) is populated 

with N1 and N2 electrons at the ground and excited state, respectively.  

 

 

Figure 2.8: Energy diagram of an atomic two level system along with the three ways of interaction 
between light and the system. 

 

The emission rate is proportional to the population of atoms in the excited state N2 with a 

proportionality coefficient A21. The rate equation for the excited state N2(t) is given by: 

𝒅𝒅𝑵𝑵𝟐𝟐(𝒕𝒕) 
𝒅𝒅𝒕𝒕

= −𝑨𝑨𝟐𝟐𝟏𝟏𝑵𝑵𝟐𝟐      (2.30) 

The coefficient A21 is known as the Einstein coefficient for spontaneous emission. It gives 

the probability per unit time of the emissive transition of an electron from level 2 to level 

1. 
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 The solution of the equation is given by  

𝑁𝑁2(𝑡𝑡) = 𝑁𝑁2(0)𝑒𝑒−𝐴𝐴21𝑡𝑡     

                    = 𝑵𝑵𝟐𝟐(𝟎𝟎)𝒘𝒘−𝒕𝒕/𝝉𝝉        (2.31) 

where      

             𝜏𝜏 = 1
𝛢𝛢21

      (2.32) 

Equation (2.31) shows that the excited electrons decay exponentially with a time constant 

equal to τ, which defines the radiative lifetime of the excited state. 

For the case of absorption the coefficient that governs the process is coefficient B12. The 

fact that absorption is a stimulated process tells us that we have to take into account that 

the stimulant is the incoming electromagnetic wave that has an energy density u(v) with 

frequency v at which the transition occurs. The rate equation of the electrons populating 

level 1 is then given by: 

𝒅𝒅𝑵𝑵𝟏𝟏(𝒕𝒕) 
𝒅𝒅𝒕𝒕

= −𝑩𝑩𝟏𝟏𝟐𝟐𝑵𝑵𝟏𝟏𝒖𝒖(𝒗𝒗)    (2.33) 

The two aforementioned processes are rather intuitive, though Einstein realized that the 

model was incomplete and introduced a third term in the analysis, that of the stimulated 

emission. In this process the emission of photons is stimulated by the incoming electric 

field at frequency ν, as the absorption process. The process is governed by the coefficient 

B21: 

𝒅𝒅𝑵𝑵𝟐𝟐(𝒕𝒕) 
𝒅𝒅𝒕𝒕

= −𝑩𝑩𝟐𝟐𝟏𝟏𝑵𝑵𝟐𝟐𝒖𝒖(𝒗𝒗)    (2.34) 

Stimulated emission is a coherent quantum mechanical effect. In such effect the emitted 

photons are in phase with the photons that induce the transition.  

The three coefficients are related to each other.  If we consider that the two level system is 

enclosed in a fully absorbing box at temperature T, it will be bathed in blackbody 

radiation. In such a case the blackbody radiation will induce absorption and stimulated 

emission transitions, while spontaneous emission will also take place. Eventually the atom 

will come to a thermal equilibrium with the blackbody and the rate of upward transitions 

will be equal to the rates of downward transitions.  

 



17 
 

The energy density of the black body radiation is given by: 

𝒖𝒖(𝒗𝒗) = 𝟖𝟖𝒏𝒏𝒉𝒉𝒗𝒗𝟑𝟑

𝒄𝒄𝟑𝟑
𝟏𝟏

𝐞𝐞𝐞𝐞𝐞𝐞� 𝒉𝒉𝒗𝒗𝒌𝒌𝒃𝒃𝑻𝑻
�−𝟏𝟏

   (2.35) 

For the consistency of Eq. (2.34)-(2.36) the following expressions are required: 

𝒈𝒈𝟏𝟏𝑩𝑩𝟏𝟏𝟐𝟐 = 𝒈𝒈𝟐𝟐𝑩𝑩𝟐𝟐𝟏𝟏     (2.36) 

𝑨𝑨𝟐𝟐𝟏𝟏 = 𝟖𝟖𝒏𝒏𝒉𝒉𝒗𝒗𝟑𝟑

𝒄𝒄𝟑𝟑
𝑩𝑩𝟐𝟐𝟏𝟏     (2.37) 

It is evident that in order to get consistency between the equations the term of stimulated 

emission is necessary. The interrelationship of the coefficients points out that transitions 

with high absorption probability will also have high emission probabilities in both 

spontaneous and stimulated forms. Furthermore they tell us that the probabilities of 

stimulated absorption and emission are the same apart from the degeneracies of the states 

involved. Einstein coefficients are important to analyze the process of optical 

amplification. Optical amplification is the process where the amplitude of a traversing 

electromagnetic field is amplified by a factor √G, where G>1. To achieve optical 

amplification the rate of stimulated emission must exceed that of the absorption, so that 

there is amplification of the light intensity as it propagates through the medium.  

This condition can be written as follows: 

𝑩𝑩𝟐𝟐𝟏𝟏𝑵𝑵𝟐𝟐𝒖𝒖(𝒗𝒗) > 𝑩𝑩𝟏𝟏𝟐𝟐𝑵𝑵𝟏𝟏𝒖𝒖(𝒗𝒗)  (2.38) 

By substituting Eq.(2.34) we get: 

𝑵𝑵𝟐𝟐 > 𝒈𝒈𝟐𝟐
𝒈𝒈𝟏𝟏
𝑵𝑵𝟏𝟏     (2.39) 

This describes a non-thermal distribution in which the weighted population of the upper 

level exceeds that of the lower level, the so called population inversion, a necessary 

condition for laser operation. Population inversion in a medium generally results in two 

radiative processes. The first involves stimulated emission; in the presence of a cavity that 

maintains an oscillating electric field, a coherent, directional and monochromatic radiation 

is produced, known as laser. The second process, known as amplified spontaneous 

emission (ASE) or super-luminescence is spontaneous emission that has been optically 

amplified by the process of stimulated emission in the medium. Upon population inversion 

both spontaneous and stimulated emission occurs. As the spontaneously emitted photons at 
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the peak of the emission spectrum are more numerous, they typically stimulate more 

transitions and the emission spectrum narrows and grows super linearly. The differences of 

the two mechanisms are illustrated in Figure 2.5.2.  

Amplification concept is directly proportional to that of light attenuation, whereby the 

electromagnetic (EM) field’s amplitude attenuates by a factor √T, with T<1. Attenuation is 

physically intuitive, light that propagates through a medium as mentioned above is 

absorbed by the material, it can be scattered from it or even transformed to heat. We may 

thus assume that the fraction of power dP which is captured from the EM wave by an 

elementary slice of medium of thickness dz is simply dP=−αPdz, where α is the medium’s 

attenuation/absorption coefficient. In amplification a fraction of power dP which may be 

transferred to the EM wave from an elementary slice of medium is dP=gPdz, where g is 

the medium’s gain coefficient. We may refine the model by assuming that the medium is 

“doped” with certain atoms capable to store energy (as supplied by an external source or 

excitation mechanism), and to release it in presence of the EM wave. Assuming that the 

density of such atoms be N∗ [m−3], we thus have g=σN∗ , where σ[ m−2] is referred to as the 

gain cross-section. 

Summing up the above power differentials and integrating from z=0 to z=L , we obtain 

𝑷𝑷(𝑳𝑳)
𝑷𝑷(𝟎𝟎)

= 𝐞𝐞𝐞𝐞𝐞𝐞 �∫ (𝝈𝝈𝑵𝑵∗ − 𝒂𝒂)𝒅𝒅𝒛𝒛𝑳𝑳
𝟎𝟎 � = 𝒘𝒘(𝒈𝒈−𝒂𝒂)𝑳𝑳 = 𝒘𝒘𝑮𝑮𝑳𝑳 = 𝑻𝑻   (2.40) 

Where G = g – a is the net modal gain of the medium, discussed further in Chapter 3.4. 

 

Figure 2.9: Illustration of stimulated and amplified spontaneous emission. After the absorption of 
photons with sufficient energy and the formation of population inversion (left) the medium can 
relax either via an ASE process (top right) which is omnidirectional, non-coherent and non-
monochromatic radiation. In the presence of a cavity that supports a laser oscillation, the 
stimulated emission produces coherent, monochromatic and directional photons.  
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2.6 Interband Optical Transitions  

    Interband Absorption 2.6.1

The energy spectrum of isolated atoms is consistent of states with discrete energies. 

Optical transitions between such levels result in discrete absorption and emission spectra. 

In solids, the picture is more complicated. The dense packing of interacting atomic states 

results due to the Pauli principle in the formation of continuous bands with delocalized 

electronic states. The optical properties of an insulating or semiconducting solid are 

predominantly defined by optical transitions from/to the higher filled electronic band 

known as valence band (VB) and the lower empty excited state band known as conduction 

band (CB). Interband optical transitions between bands are probable only if the selection 

rules allow them. The first selection rule is obtained by applying conservation of energy: 

    ħ𝜔𝜔 ≥𝐸𝐸𝐶𝐶𝐶𝐶 −𝐸𝐸𝑉𝑉𝐶𝐶 = 𝐸𝐸𝑔𝑔   (2.41) 

Due to the continuous range of energy states within the bands, interband transitions occur 

over a continuous range of photon energies, with the lower limit being determined by the 

energy gap Eg of the solid. The interband absorption of a photon generates an electron in 

the CB and a hole in the VB. The energetics and dynamics of the absorption transitions 

depend of the band structure of the solid. In all cases for this thesis the semiconductor 

studied are direct band gap solids. The contrast between direct and indirect transitions can 

be seen in Figure 2.10 displaying an E-k dispersion diagram for a direct (a) and an indirect 

(b) gap semiconductor. The distinction between the two concerns the relative position of 

the conduction’s band minimum and the valence band maximum in the Brilouin zone. In a 

direct gap solid both of them occur in the zone center where k=0. In contrast in an indirect 

gap material the conduction band minimum occurs at a different value of k than that of 

valence band’s maximum and usually is at the zone edge or in vicinity of it. The 

conservation of momentum implies that the electron wave-vector does not change 

significantly by the absorption of a visible photon, which is immediate apparent in Figure 

2.10(b). 
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Figure 2.10: Interband optical absorption in solids with direct (a) and indirect (b) band gab. 
Vertical arrows represent the absorption of photon and horizontal wiggly arrows the absorption or 
emission of a phonon. 

At indirect material the electron wave vector much change significantly so that interband 

absorption can take place and this is not possible unless the transition involves the 

absorption or the emission of a phonon. However the simultaneous interaction of the 

electron with a photon and a phonon is less probable and interband absorption in indirect 

gap semiconductors exhibits significantly smaller cross section compared to such processes 

in direct gap materials. 

Absorption is quantified by the absorption coefficient α, determined by the quantum 

mechanical transition rate Wi→f for the excitation of an electron from an initial quantum 

state ψi to a final ψf. The transition rate is given by Fermi’s Golden Rule: 

𝑾𝑾𝒊𝒊→𝒇𝒇 = 𝟐𝟐𝒏𝒏
ħ

|𝜧𝜧|𝟐𝟐𝒈𝒈(ħ𝝎𝝎)             (2.42) 

Thus the transition depends on the matrix element M and the joint density of states g(ħω). 

The matrix element describes the effect of the perturbation introduced by the 

electromagnetic field and is given by: 

    𝑀𝑀 = ⟨𝒇𝒇|𝑯𝑯′|𝒊𝒊⟩ 

       = ∫𝜓𝜓𝑐𝑐∗ (𝒓𝒓)𝑯𝑯′(𝒓𝒓)𝜓𝜓𝑖𝑖(𝒓𝒓)𝑑𝑑3𝒓𝒓   (2.43) 
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Where H’ is the perturbation related with the light wave and r is the electon’s position 

vector. The electric field Ε causes a shift in energy of a charged particle equal to -p·E, 

where p is the electric dipole moment of the particle. The perturbation interaction describes 

the electric dipole interaction between electron and light is given by: 

𝑯𝑯′ = −𝒑𝒑𝒘𝒘 ∙ 𝑬𝑬𝒑𝒑𝒉𝒉𝒕𝒕𝒕𝒕𝒕𝒕𝒏𝒏         (2.44) 

where pe is the electron dipole moment. The electromagnetic wave is given by :   

𝑬𝑬𝒑𝒑𝒉𝒉𝒕𝒕𝒕𝒕𝒕𝒕𝒏𝒏(𝒓𝒓) = −𝑬𝑬𝒕𝒕𝒘𝒘𝒊𝒊𝒌𝒌∙𝒓𝒓       (2.45) 

and thus the perturbation takes the form:  

𝑯𝑯′(𝒓𝒓) = −𝒘𝒘𝑬𝑬𝒕𝒕 ∙ 𝒓𝒓𝒘𝒘𝒊𝒊𝒌𝒌∙𝒓𝒓       (2.46) 

The electron states in a crystalline solid are described by Bloch functions, which allow us 

to write the initial and final state:  

𝜓𝜓𝑖𝑖(𝒓𝒓) =  1
√𝑉𝑉
𝑢𝑢𝑖𝑖(𝒓𝒓)𝑒𝑒𝑖𝑖𝒌𝒌𝒊𝒊∙𝒓𝒓       (2.47) 

𝜓𝜓𝑐𝑐(𝒓𝒓) =  1
√𝑉𝑉
𝑢𝑢𝑐𝑐(𝒓𝒓)𝑒𝑒𝑖𝑖𝒌𝒌𝒇𝒇∙𝒓𝒓     (2.48) 

where ui and uf are the envelope functions for the initial and final band respectively, V the 

normalization volume, while ki and kf the wave vectors of the initial and final electron 

states. By combining equations (2.43),(2.46),(2.47) and (2.48) we get: 

𝑀𝑀 = 𝑒𝑒
𝑉𝑉 ∫𝒖𝒖𝒇𝒇

∗ (𝒓𝒓)𝑒𝑒𝑖𝑖𝒌𝒌𝒇𝒇∙𝒓𝒓(𝐸𝐸𝑐𝑐 ∙ 𝒓𝒓𝑒𝑒𝑖𝑖𝒌𝒌∙𝒓𝒓)𝒖𝒖𝒊𝒊(𝒓𝒓)𝑒𝑒𝑖𝑖𝒌𝒌𝒊𝒊∙𝒓𝒓𝒅𝒅𝟑𝟑𝒓𝒓    (2.49) 

Here the limits of the integral are over the whole crystal. Considering momentum 

conservation, namely ħkf - ħki = ħk, leads us to the conclusion that the phase factor is equal 

to zero. Also by recalling that Bloch’s theorem requires that ui and uf are periodic functions 

with periodicity identical to the lattice, we can separate the integral of the whole crystal 

into a sum over the unit cells. Thus considering that unit cells are equivalent and in phase 

we obtain:  

    𝟐𝟐 ∝ ∫ 𝒖𝒖𝒊𝒊∗
 
𝒖𝒖𝒏𝒏𝒊𝒊𝒕𝒕 𝒄𝒄𝒘𝒘𝒕𝒕𝒕𝒕 (𝒓𝒓) 𝒛𝒛 𝒖𝒖𝒇𝒇(𝒓𝒓)𝒅𝒅𝟑𝟑𝒓𝒓    (2.50) 

Here the axes are defined in such a way that the light is polarized along the z-axis. This 

matrix element represent the electric-dipole moment of the transition. So by knowing the 
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envelope functions we can evaluate the integral. The second factor in equation (2.43), 

namely the density of states function was discussed in Chapter 2.3. By evaluating the 

density of states at Ei and Ef, one can obtain the joint density of states. If we consider the 

simplified parabolic band structure model, shown in Figure 2.11, which approximates quite 

well many quatro-valent semiconductors, the frequency dependence of the absorption 

coefficient can be calculated analytically. The dispersion of the bands is determined by 

their respective effective masses, namely me
* for the electrons, mhh

* for the heavy hole, 

mlh
* for the light hole and mso

* for the split-off holes.  

The band dispersion is given by the expressions: 

 

𝑬𝑬𝒘𝒘(𝒌𝒌) = 𝑬𝑬𝒈𝒈 + ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝒘𝒘
∗     (2.51) 

𝑬𝑬𝒉𝒉𝒉𝒉(𝒌𝒌) = − ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝒉𝒉𝒉𝒉
∗    (2.52) 

𝑬𝑬𝒕𝒕𝒉𝒉(𝒌𝒌) = − ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝒕𝒕𝒉𝒉
∗              (2.53) 

𝑬𝑬𝟏𝟏𝒕𝒕(𝒌𝒌) = −𝜟𝜟− ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝟏𝟏𝒕𝒕
∗      (2.54) 

Conservation of energy during a heavy or a light hole optical transition requires that: 

ħ𝝎𝝎 = 𝑬𝑬𝒈𝒈 + ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝒘𝒘
∗ + ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝒎𝒎𝒉𝒉
∗    (2.55) 

where mh
*= mhh

* or mlh
* for the heavy and light hole transition respectively.  

By defining the reduced electron-hole mass μ : 

𝟏𝟏
 𝝁𝝁

= 𝟏𝟏
𝒎𝒎𝒘𝒘
∗ + 𝟏𝟏

𝒎𝒎𝒉𝒉
∗              (2.56) 

and by combining Eq. (2.55) and (2.56) we get 

 ħ𝝎𝝎 = 𝑬𝑬𝒈𝒈 + ħ𝟐𝟐𝒌𝒌𝟐𝟐

𝟐𝟐𝝁𝝁
        (2.57) 
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So by substituting Eq. (2.57) into 𝐷𝐷3𝑑𝑑(𝐸𝐸) = √2𝑚𝑚3𝐸𝐸
ħ2𝜋𝜋2

 , the joint density of states can be 

evaluated: 

For  ħω < Eg,  g(ħω)=0     

For  ħω ≥ Eg,  𝐠𝐠(ħ𝛚𝛚) = 𝟏𝟏
𝟐𝟐𝟐𝟐𝟐𝟐

�𝟐𝟐𝟐𝟐
ħ𝟐𝟐
�
𝟑𝟑/𝟐𝟐

 (ħ𝛚𝛚 − 𝐄𝐄𝐠𝐠)𝟏𝟏/𝟐𝟐   (2.58)  

Therefore the density of states factor rises as (ħω-Eg) ½ for photons with energy greater 

than the energy gap of a direct gap semiconductor material. 

By substituting the expression for the joint density of states in the Fermi’s Golden rule 

expression, the energy dependence of the absorption coefficient is obtained:  

For     ħω<Eg,  α(ħω)=0               (2.59) 

For  ħω>Eg,  α(ħω) ∝ (ħω-Eg)1/2  (2.60) 

Photons with energy smaller than the gap don’t induce absorption; absorption increases as 

(ħω-Eg) ½ for photons with higher energy, while according to Eq.(2.58) stronger absorption 

is obtained in semiconductors exhibiting increased reduced electron-hole mass . 

 

Figure 2.11: Band structure of a typical direct gap four-valent semiconductor near k=0. E=0 
corresponds to the top of the valence band, while E=Eg to the bottom of the valence band. Four 
bands are displayed: the heavy hole (hh) band, the light hole (lh), the split-off hole (so) band and 
the electron (e) band. Also two transitions are displayed 1 and 2, which correspond to a hh and a 
lh transition respectively.  
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In the above, rather simplistic model various contributions have been neglected. Coulomb 

interactions can enhance the absorption rate and cause exciton formation. In addition a 

semiconductor crystal typical contains impurity, shallow or deep defect states that give rise 

to absorption transitions with smaller energies than that of the energy gap and the 

formation of the so called Urbach tail, an exponential tail bellow the energy gap.  

 

    Photoluminescence 2.6.2

Atoms emit light as excited electrons lose energy to lower levels via spontaneous emission. 

In solids this process is called luminescence and can occur via a number of mechanisms. 

Let us investigate the re-emission of light after absorption, called photoluminescence (PL). 

Such process is a more complex process than absorption due to relaxation mechanisms that 

take place before the emission in the solids. Furthermore the line shape of the emission 

spectrum can be affected by the thermal distribution of the carriers in the bands and is 

highly sensitive to the presence of impurity, surface or defect states that causes radiative or 

non-radiative transitions to lower energies than the band-edge emission. Figure 2.12 

illustrates an outline of the PL process in solids. An excited electron-hole pair is produced 

by an interband optical absorption process, relaxes to the bottom of the respective bands 

via efficient ultrafast interactions with phonons and subsequently recombines with a 

thermalized hole, emitting spontaneously a photon. The rate as well as the radiative 

lifetime is determined by the Einstein coefficients described in Chapter 2.5.  

 

Figure 2.12: General illustration of the photoluminescence process in a solid.  
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Based on the model used for interband absorption, the luminescence intensity as a function 

of frequency ν will be given by: 

 𝑰𝑰(𝒉𝒉𝒗𝒗) ∝ |𝟐𝟐|𝟐𝟐𝒈𝒈(𝒉𝒉𝒗𝒗) × 𝒕𝒕𝒘𝒘𝒗𝒗𝒘𝒘𝒕𝒕 𝒕𝒕𝒇𝒇 𝒕𝒕𝒄𝒄𝒄𝒄𝒖𝒖𝒑𝒑𝒂𝒂𝒏𝒏𝒄𝒄𝒚𝒚   (2.61) 

where the level of occupancy factor gives the probability that the upper level is occupied 

and the lower level empty. M is the matrix element of the quantum mechanical transition 

probability derived by Fermi’s golden rule and g(hv) the joint density of states function. 

Electrons/holes as mentioned relax rapidly to the lowest energy levels of the band and form 

a thermal distribution within ~kBT of the bottom of the excited/ground state band, 

respectively. The photons emitted from the electron-hole recombination within the 

narrowly populated bands result in a concomitant narrow energy emission lineshape in 

contrast to the continuous and broad energy absorption spectrum. Along with radiative 

recombination, an excited electron-hole pair may recombine via non-radiative pathways. 

Such recombination channels relevant to the colloidal nanocrystals studied within this 

theses are discussed in the following chapter.  

The luminescence efficiency ηR (also called quantum efficiency or quantum yield) can be 

calculated from the rate equation of the population of the excited state: 

 �𝒅𝒅𝑵𝑵
𝒅𝒅𝒕𝒕
�
𝒕𝒕𝒕𝒕𝒕𝒕𝒂𝒂𝒕𝒕

= −𝑵𝑵� 𝟏𝟏
𝝉𝝉𝑹𝑹

+ 𝟏𝟏
𝝉𝝉𝑵𝑵𝑹𝑹
�    (2.62) 

The two terms represent the radiative and non-radiative rates respectively so efficiency can 

be calculated by: 

𝜂𝜂𝑅𝑅 =
𝑁𝑁 1
𝜏𝜏𝑅𝑅

𝑁𝑁( 1
𝜏𝜏𝑅𝑅
+ 1
𝜏𝜏𝑁𝑁𝑅𝑅

)
= 1

1+ 𝜏𝜏𝑅𝑅
𝜏𝜏𝑁𝑁𝑅𝑅

        (2.63) 

If τNR >> τR the efficiency approaches unity and the maximum number of photons is 

emitted. On the opposite case the yield is very small and the emission of light is inefficient. 

For the case of direct energy gap semiconductor, interband luminescence transitions are 

dipole-allowed and have large transition matrix elements. Radiative lifetimes are then 

typically short, ranging between 10-8-10-9s and the PL quantum yield is high. 
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2.7 Colloidal Nanocrystals (CNCs) 

CNCs have nowadays successfully implemented as active media in lasers (16) (17), LEDs 

(18), photovoltaics (19), sensors (20), biological labels (21), photo catalysts (17) etc. 

Colloidal, refers to their fabrication processes. Typically they are synthesized by reacting 

appropriate molecular precursors that are either inorganic salts or organometallic 

compounds. The colloidal synthesis generally involves several stages: nucleation from an 

initially homogeneous solution, growth of the preformed nuclei, isolation of particles 

reaching the desired size from the reaction mixture, post-fabrication treatments, etc. There 

are several synthesis techniques of which the most common is the so-called hot-injection 

technique (22; 23; 5) (Figure 2.13). 

 

 

Figure 2.13: Schematics of nucleation and growth mechanism versus time (a) and illustration of 
the experimental setup of hot injection method (b). (23) 

 

Hot injection technique concerns the rapid injection of precursors into a hot solvent as 

illustrated in Figure 2.13(b). Rapid addition of reagents to the hot solvent solution raises 

the precursor concentration above the nucleation threshold.  A short nucleation burst 

partially relieves the supersaturation (critical level Figure2.13a). The precursors 

decompose forming monomers that create the nuclei of the desired CNCs (Nucleation 
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regime in Figure 2.13(a)). As long as the consumption of feedstock by the growing 

colloidal NCs is not exceeded by the rate of precursor addition to solution, no new nuclei 

form. Since the growth of any NC is similar to all others, the initial size distribution is 

largely determined by the time over which the nuclei are formed and begin to grow. 

Nucleation and growth can be precisely adjusted by varying the temperature, reaction time 

and monomer concentration. For example increasing the growth temperature, results in an 

increase of the CNCs size. The solvent molecules coordinate the CNCs’ surface atoms, 

slowing down the growth process due to the creation of a steric barrier of reactants. The 

slow growth at high temperatures allows the CNCs to anneal and form nearly defect free 

lattices, identical to the bulk lattice. After the synthesis, CNCs can be re-dispersed in 

different solvents and interchange the molecules that decorate their surface. These 

molecules are known as ligands and play a key role in the stability of the CNC solution, 

since they create the steric barrier preventing agglomeration and allowing control of the 

size and shape during synthesis, while importantly passivate unsaturated bonds in the 

surface of the nanocrystals. 

An example can be seen in Figure 2.14 showing a spherical PbS CNC decorated with oleic 

acid ligands. Advances in colloidal chemistry, such as the introduction of the hot-injection 

technique, enabled the synthesis of CNCs with narrow size distribution and tunable and 

bright luminescence. (5) Tunable electronic structure combined with the high absorption 

and luminescence efficiency and low thermal conductivity make CNC solids especially 

attractive for photovoltaic, lighting, and thermoelectric applications. (1-5)  

 

 

Figure 2.14: Colloidal quantum dot of lead (silver color) sulfide (yellow color) with passivation by 
oleic acid molecules (chains that extend beyond the crystal). (24) 
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2.8 Recombination in Semiconductor CNCs 

Owing to their small dimensions, low dimensional systems exhibit a significantly higher 

surface to volume ratio, compared to bulk materials. For example a CNC with a diameter 

of 5 nm has approximately 40% of its atoms on its surface. In the case of CNCs, the 

surfaces are disordered terminations of single crystal lattices, which lead to the formation 

of surface states (shallow traps). Surface states are energy states formed due to the non-

uniform charge distribution between the surface and the inner bulk atoms of the 

semiconductor. For example such states can be formed due to the presence of unbound 

atoms with dangling bonds on the surface of a semiconductor. (25) A schematic 

representation of these states can be seen in Figure 2.15(e), in which the colored rectangles 

represent the conduction and valence band of the semiconductor and the black lines signify 

surface states acting as electron and/or hole traps. The density of these surface states is 

theoretically very high due to the high density of surface atoms that contribute with at least 

one ‘dangling bond’ per each. The expected maximum density should be in the order of 

1015 states per cm2 , although the density observed is usually 1011 states per cm 2 (25). Due 

to the high surface-to-volume ratio, surface states play an important role in the 

optoelectronic properties of CNCs. As represented in Figure 2.15(e), they can act as 

efficient carrier traps of CNC carriers or excitons. Therefore to avoid such losses in CNCs, 

it is imperative to passivate such states.  

This is typically achieved by the decoration of the surface with organic surfactant 

molecules that have a multifunctional role in CNCs. They provide CNC solubility and 

colloidal stability, allowing the increase of CNC solutions’ concentration. In addition, due 

to steric forces between the ligands, CNC aggregation is avoided maintaining their small 

size and narrow size distribution, as well as preventing CNC solution congealing. Finally 

they provide passivation against surface states recombination that can efficiently compete 

with bulk recombination in CNCs and can be detrimental to CNCs functionalization for 

electronic applications. The length and density of surface ligands also defines the dot to dot 

arrangement and electronic communication in CNC solids. The surface passivation is 

typically achieved by large hydrocarbon molecules (>1.5 nm) that result in large 

conduction barriers and hinder dot-to-dot electronic communication. The exploration of 

new routes, such the pre or post-fabrication exchange of such ligands with short 

conducting ligands has been shown to improve the electronic communication; at the same 

time the decoration with such conductive ligands reduces colloidal stability and influences 

the solid state electronic properties of the material.  
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Donor or acceptor states can be introduced in a system, from impurities in the crystal 

structure, or via doping the material. In such cases donor and/or acceptor energy states are 

introduced within the energy gap of the material giving rise to new recombination channels 

(Figure 7c,d). The excited carriers may either recombine emitting photons with smaller 

energy than the exciton’s energy or they can be quenched non-radiatively in trap states 

(shallow or deep levels) introduduced by impurities, point defects and dangling bonds 

(Figure 2.15(c)).  

 

 

Figure 2.15 :  Main recombination mechanisms in CNCs.  

 

In the high excitation regime, where the average photoexcited exciton population per CNC 

exceeds 1, Auger recombination becomes the dominant factor. Auger is a mechanism 

involving at least three excited carriers, one exciton and a hole or an electron; the exciton 

instead of recombining radiatively, annihilates non-radiatively offering its energy to the 

third carrier and promoting it to higher energy levels or ionizing it (Figure 2.15(d).  
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2.9 PbS CNCs 

In the first and main part of this thesis, the CNC material of choice is PbS. PbS like PbSe, 

PbTe belong to the IV-VI family of lead chalcogenides that are narrow band gap 

semiconductors, with energy gaps equal to 0.42 eV, 0.278 eV and 0.311 eV, respectively. 

(26) PbS is a compound crystallizing in the cubic rock salt structure (Figure 15a) with a 

lattice constant of a = 5,936 Å. It is abundant in nature in a highly symmetrical crystallized 

form and its electronic properties can be seen in Table 2. The band structure of PbS is 

displayed in Figure 2.16(b). As all lead chalcogenide it exhibits a direct gap at the L -point 

in the Brillouin zone.  

 
Figure 2.16 : Crystal structure of rock salt PbS (a). Calculated band gap structure of PbS at 73K. 
Reproduced ref. 26.  The red arrow indicates the band gap.(b) 

Energy Gap (Eg) 
0.286 eV at 4.2K 

0.420 eV at 300K 

Thermal Dependence of Eg +0.52 meV/K for T = 100-400 K 

Bulk exciton binding energy (Eb) 3.968 meV 

Electron effective mass (m*e) 0.080 m0 

Hole effective mass (m*h) 0.075 m0 

Exciton Bohr radius (Rx) ~20 nm 

Dielectric constant 
εr(0)/εr (∞) 169/17 

Table 2.2: Electronic properties of bulk PbS (26) 

(a) 

(b) 
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PbS is a good CNC material as it exhibits a high dielectric constant, resulting in effective 

screening of the electrostatic interaction of electrons with holes and a concomitant small 

binding energy and large Bohr radius of the exciton of the order of ~20 meV. This allows a 

wide energy gap tuning via quantum confinement from ~800 nm to ~3000 nm (Figure 

2.17a), a technologically important infrared region for photovoltaics, sensors and 

telecommunications. In addition the effective mass of electrons and holes is approximately 

equal, enabling the fabrication of PbS-based ambipolar optoelectronic devices. 

Importantly, extensive work in the community allows nowadays the mature synthesis of 

high quality and air- and photo-stable CNCs with proven potential as high performing 

absorbers in solar cells and IR photo-detectors (20). In Figure 2.17 the optical absorption 

of PbS CNCs with different sizes is displayed along with images of optoelectronic devices. 

In Figure 2.17 (b) conventional heart rate detector (on middle finger) and a PbS 

CNC:Carbon nanotube detector (on index finger) are displayed ; it is evident that the size 

and flexibility offer more convenience and capabilities. Along with such detectors a 

flexible PbS CNC photoconductor gas sensor fabricated on paper substrate is displayed in 

Figure 2.17 (c). Figure 2.17 (d) displayes a flexible photovoltaic device and Figure 2.17 (e) 

integrated PbS CNC-based imaging arrays. 

From such application examples one can understand the importance of studying such 

materials (PbS CNCS) for light harvesting in a view of further improving their efficiency 

and functionalities. 

        

Figure 2.17: Absorption spectra of various sized PbS CNCs (a) (27). (b) Conventional heart rate 
detector (on middle finger) and a PbS NC:MWCNTs detector (on index finger). (28) (c) A flexible 
PbS NC photoconductor gas sensor fabricated on paper (29) (d) Picture of flexible PbS CNC solar 
cell.(b) (30)( e) integrated PbS NC-based imaging arrays. (31) 

(a) (b) (c) 

(d) (e) 
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2.10  Lead Halide Perovskite CNCs 

The term perovskite refers to materials with the crystal structure of calcium titanium oxide, 

namely CaTiO3 where Ca+ and Ti4+ are the cations and 3O2- the anion; an example can be 

seen in Figure 2.19. They were named after the Russian mineralogist L. A. Perovski after 

their discovery by Gustav Rose in 1839. In general the term refers to any material with the 

same crystal structure and chemical formula ABX3. The 'A' atoms are larger than the 'B' 

atoms. The ideal cubic-symmetry structure has the B cation in 6-fold coordination, 

surrounded by an octahedron of anions, and the A cation in 12-fold cuboctahedral 

coordination. 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. 

There are two large groups of perovskites that of the inorganic oxide perovskites, where 

the anion is oxygen, and the metal halide perovskites with their anion being a halide (i.e. 

Cl-, I-, Br-). In the second group, hybrid perovskites have as cation A, an organic 

compound (i.e. methylammonium, formamidinium etc) and have recently emerged as 

outstanding light absorbers for highly efficient solar cells, fabricated through solution 

based techniques.  

 

Figure 2.18: NREL photovoltaic efficiency chart. (32) 
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Hybrid perovskites such as methylammonium lead iodide (MAPbI3) were the first that 

have been used in solar cells with certified by NREL power conversion efficiencies 

reaching the impressive 22% in 2016 (33) and possibility to reach theoretically up to 31% 

at the nanoscale. (34) Hybrid perovskites have also been recently shown to support a 

plethora of high performance light emitting and light harvesting applications. (Figure 2.18. 

(32)) 

The first successful nanoscale analogues of metal halide perovskites produced via colloidal 

chemistry was the all-inorganic CsPbX3 system, with X being Cl, Br, I or their binary 

combinations, demonstrated in 2015 (35). The energy gap of such CNCs can be readily 

tuned within the whole visible color gamut i.e. 410-760nm (Figure 2.10.2 a,b,c) by facile 

anion exchange reactions (from Cl- to Br- to I-). To a smaller degree tuning can be provided 

via quantum confinement effects. Out of the family of the CsPbX3 system, the CsPbBr3 

CNCs in particular excel as outstanding emitters in the green with narrow emission spectra, 

near unity PL quantum yields and larger PL lifetimes up to 30 ns. The combination of their 

magnificent optical properties and chemical tolerance establish such materials attractive as 

building blocks for optoelectronic applications. (35) 

 

  

Figure 2.19: Structure of a lead halide perovskite with a chemical formula ABX3.(left) 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+). Pictured is 
the undistorted cubic structure; the symmetry is lowered to orthorhombic, tetragonal or trigonal in 
many perovskites. On the left part of the figure various solutions of CsPbX3 NCs (X=Cl, Br, I) are 
displayed (a). Their corresponding emission (b) and absorption spectra (c). (35; 36 

 

The second part of this thesis involves spectroscopic studies of a recently synthesized, 

robust hybrid perovskite CNC system based on formamidinium triiodide (FAPbI3). FAPbI3 

in its bulk single crystal form exhibits an energy gap of 1.48eV (~838nm) (37) that enables 
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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 to a wider-band-gap 

(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) observed by M. V. Kovalenko’s group (38) resulting a cubic structure that 

corresponds to the α-phase of the bulk material. (Figure 2.20) Such CNCs exhibit size 

tunable bright PL in the red-NIR regime making it promising for applications in LEDs, 

lasers and solar cells. (37; 38)  

 

 

Figure 2.20: (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 disorderof the I− 
anions. d) typical TEM image of FAPbI3 NCs; (c) High-resolution TEM images of FAPbI3 NCs. 
(38) 
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Chapter 3: Experimental Methods   

In this section the primary experimental tools, techniques and data analysis methods that 

have been employed in the thesis studies are discussed.  

3.1 Optical Absorption 

The basic background on interband optical absorption transitions is discussed in subchapter 

2.6.1. Optical absorption is quantified by the absorption coefficient α, a measure of light 

absorption strength of the absorbing medium and follows the Beer-Lampert law (Eq.3,3). 

In experiments, the measured quantity is the absorbance or optical density (O.D.) defined 

as: 

O. D. = −Log � I(z)
Io
�    (3.1) 

Where I(z) is the transmitted light intensity through a liquid or solid sample. O.D. is 

directly connected with absorption coefficient via the following expression:  

I(z) = I0 ∙ 10−OD ,      (3.2) 

I(z) =  I0 ∙ e−αz         (3.3) 

From (2) and (3) it can be derived that: 

O. D. = αz
ln(10)

= 0.434 𝛼𝛼z         (3.4) 

If the film thickness or the dimension of the vial in the case of solutions is known, the 

absorption coefficient can be derived by measuring the O.D. in an optical experiment. A 

typical experimental geometry used to measure O.D. is in Figure 3.1. The light from a 

polychromatic (white) light source is spectrally filtered by a monochromator. The quasi-

monochromatic beam is separated into two beams with identical intensity. One plays the 

role of the reference beam via which the incident light’s intensity I0 can be recorded. 

Typically a transparent vial containing the solvent (liquid sample) or the transparent 

substrate (solid sample) is placed within the path of this beam to take into account small 

deviations from their 100% transparency due to light scattering or absorption of the 

substrate, vial and solvent. The second beam transmits through the sample and the intensity 

I(z) is measured. Both of the beams are recorded simultaneously by an appropriate for the 

spectral range, photodetector. 



36 
 

 

Figure 3.1: Schematic diagram of a typical experimental arrangement to measure transmission from which 
the optical density is calculated. 

 

For the measurement of O.D., our laboratory is equipped with a Perkin Elmer Lamda 1050 

spectrophotometer (Figure 3.2). Is equipped with a deuterium (200-320nm) and a 

tungsten-halogen (300-3300 nm) lamp covering the instrument working spectral range of 

200-3300 nm. The lamps’ polychromatic light (Figure 3.2 (1)) is filtered via a double 

monochromator (Figure 3.2 (2)) with a maximum resolution of 0.05nm. The quasi-

monochromatic beam passes through a chopper (Figure 3.2 (3)) divided into four quarter. 

The first quarter is a mirror so that the beam is allowed to pass only through the reference 

sample so that reference signal can be collected. The second and fourth quarters are black 

so that no light reaches the detector module. The third part is blank and allows the light 

beam to pass through the sample (Figure 3.2 (5)) and measure the transmission by dividing 

with the reference beam intensity. Each beam can be attenuated by light intensity 

attenuators so that small O.D. signals can be detected. Upon addition common beam mask 

are used to change the size of the beams so that O.D. from samples with small physical 

size can be measured without detecting stray light that doesn’t pass from the sample 

(Figure 3.2(4)). The transmitted light is detected using a three detector module (Figure 3.2 

(6)) that consists of a photomultiplier tube (PMT), an InGaAs and a PbS detector covering 

the range of 200-1100 nm, 800-1900 nm and 1700-3300 nm respectively.  
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Figure 3.2: 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) 

 

3.2 Transient Absorption (Pump –Probe)  

Ultrafast transient absorption is used for the study of the relaxation and recombination 

dynamics of carriers down to the femtosecond regime. Pump-probe measurements 

included in the thesis were carried out by the group of Prof. A. Othonos at the Laboratory 

of Ultrafast Science at the Physics Department of the University of Cyprus using the setup 

is displayed in Figure 3.3. A high intensity pump pulse from a Ti:Sapphire Amplifier is 

incident on the sample and excites carriers to higher excited states. A second, weaker pulse 

known as probe pulse with different photon energies and a controllable time delay to the 

pump pulse is incident on the sample, probing the dynamics of the excited carriers. The 

time delay with the pump beam is controlled via a translation stage. The probe pulse is 

produced by a fraction of the pump beam that is incident on a sapphire crystal generating a 

super continuum white light. A quasi-monochromatic probe beam is produced with the 

help of appropriated narrow band pass filters.  
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Figure 3.3: Schematic demonstration of the experimental arrangement of the pump probe setup. 

A schematic representation of the pump and probe pulses displayed in Figure 3.4. The two 

beams are focused on the sample with the help of optical elements and the transmitted and 

reflected light are recorded with the help of silicon or germanium photodetectors. The 

signal is amplified by lock-in amplifiers and the differential absorption signal is plotted as 

seen on the right of Figure 3.4. 

 

Figure 3.4: Example of pump and probe pulses (left) showing the delay (Δt) induced from the translation 
stage with length (Δx). On the right hand side the signal of the two cases i) photo induced absorption (red(1)) 
and state filling (green(2)) along with their respective schematic representations. 

Δt=Δx/c 
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In general pump-probe signals in which the differential absorption is positive, originate on 

photoinduced absorption transitions of the ground state carrier to excited states or excited 

carriers to even higher excited states. Negative signals can be assigned to state bleaching 

due to the filling on the relevant probed state by pump pulse excited carriers. Furthermore 

negative signals can also indicate the accumulation of a large enough excited carrier 

population to initiate stimulated emission transitions.  

 

3.3 Photoluminescence  

The background on luminescent interband transitions on semiconductors is discussed in 

subchapter 2.6.2. Photoluminescence spectroscopy is a highly sensitive probing tool to 

investigate the nature, energetics and dynamics of photoexcitations and their 

recombination via radiative and non-radiative processes. We have employed 

photoluminescence (PL) as the main technique for our photophysical investigations of 

CNCs.  

A typical PL setup, shown in Figure 3.5, typically comprises a monochromatic fixed 

excitation source i.e. a laser, or tunable, i.e. lamp with a monochromator, which photo-

excites the sample. We mostly work with solid state samples in the form of thin films that 

are typically placed on a temperature controlled optical cryostat that enables variation of 

the samples’ temperature. The detection part consists of a monochromator that spectrally 

analyzes the emitted light and one or more detectors in the desired spectral region of the 

sample’s emission. Further information about the material can be extracted by varying 

experimental parameters of the PL measurements such as excitation density (excitation-

dependent PL), sample temperature (temperature-dependent PL), the excitation 

wavelength (resonant versus non-resonant PL) and by the polarization of the excited 

and/or detected light (PL anisotropy). For example, an excitation-dependent PL experiment 

can provide information on the nature of recombination mechanism i.e. monomolecular 

versus bimolecular recombination or activation of multicarrier recombination at higher 

excitation fluences such as Auger. On the other hand, temperature-dependent PL can 

provide valuable information on thermally-activated processes such as trapping or de-

trapping of carriers/excitons in CNCs.  
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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 by appropriate 
photodetectors.  

 

An additional technique employed in our studies is excitation photoluminescence (PLE). 

PLE is a variation of the standard PL technique that monitors the photoluminescence 

intensity at a specific wavelength while varying the excitation beam’s wavelength. It is a 

technique that provides information on emissive interband transitions, so in combination 

with steady state absorption and PL it can indicate which of the absorbing processes result 

in radiative recombination i.e. provide insight on dark and bright excitonic transitions in 

CNCs or the presence of emissive trap states transitions. In addition to steady-state 

experiments, we apply time-resolved spectroscopy as a probing tool of the dynamics of 

photoexcitations in CNCs. In a time-resolved PL experiment the emission of a sample is 

monitored as a function of time after the excitation by a light pulse. The time resolution 

can be obtained via different experimental techniques, depending on the required 

sensitivity and the excitation pulses width.  

We use the method of time correlated single photon counting (TCSPC). (39) The TSCPC 

technique is a widely used method to study dynamic processes in the nano- and sub-

nanosecond time domain. It is highly sensitive, as it is based on the detection of a single 

photon per laser pulse, making it an advanced tool in monitoring excited state dynamics of 

very small amounts of substance or weakly emitting materials. (40; 39) TCSPC is a digital 

counting technique, counting photons that are time correlated with an excitation light 

pulse. The sample is repetitively excited using a pulsed source and measurements build a 

probability histogram relating the time between an excitation pulse and the observation of 
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the first emitted photon. The sensitivity and temporal resolution of the techniques allows us 

to study the dynamics for a plethora of recombination processes in CNCs and extract 

important information such as the exciton lifetime, Auger, trapping or charge transfer rates 

etc. Our TR-PL TCSPC experiments take place in the same setup with that of Figure 3.7 by 

employing appropriate fast electronics and various pulsed laser diodes with pulse width of 

tens of picoseconds. In combination with the response time of the electronics and 

detectors, the setup exhibits a time-resolution of the order of 50 ps in the visible and 100 ps 

in the infrared region.  

The histogram recorded by TCSPC can typically be described by single or multi-

exponential decay fits following rate equation (2.65) that provide estimates of the rates of 

the various carrier recombination channels. In general the task to fit the decays with multi-

exponentials 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 

equal to:  

𝜂𝜂𝑗𝑗 =
𝐴𝐴𝑗𝑗𝜏𝜏𝑗𝑗

 

∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑛𝑛
1

   (3.5) 

So the contribution of any decay component is proportional to the product Ai·τi, which is 

directly connected to the area under the intensity decay for the channel with lifetime τi. 

Consequently a multi-exponential decay can be reproduced via a series of combinations of 

Ai and τi. So to accurately compute the effective or average lifetime of the PL 

recombination one should use the equation: 

𝜏𝜏𝑒𝑒𝑐𝑐𝑐𝑐 = ∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖
2𝑛𝑛

1
∑ 𝐴𝐴𝑖𝑖𝜏𝜏𝑖𝑖𝑛𝑛
1

   (3.6) 

That takes into account the weight of each exponential and its correlated lifetime. 

Steady-state photoluminescence studies have been executed in two different experimental 

setups. 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. Light detection is provide by 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. The two detectors allow an overlapping large 

detection spectral range from UV to near-IR. The large size (0.75 m) of the Acton 
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spectrometer used enables high resolution spectral analysis of better than ~0.1nm. The 

setup is often used in combination with a Janis CCS-350S optical closed cycle cryostat 

allowing studies in the temperature range of 10-320 K. The same setup is used for the 

performance of PL quantum efficiency and the variable stripe method experiments 

discussed later in the text. 

 

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

 

Most of the routine PL experiments were performed on a modular Fluorolog FL3 Horiba 

spectrophotometer (Figure 3.7). It consists of an ozone (O3) free xenon (Xe) 1500W lamp 

emitting from 220nm to 1150nm. The light from the source is spectrally filtered via a 

double monochromator that includes two 1200g/mm holographic gratings with resolution 

up to 0.1 nm (Figure 3.7(1)). The intensity of the excitation source is measured by a 

reference Si-diode placed at the exit point of the source. The reference signal is used to 

account for intensity fluctuations of the excitation source.  

 



43 
 

 

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

 

After the excitation of the sample, placed in the sample chamber of the instrument, the 

emitted light is collected in the front face or right angle. The emitted light is detected via 

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. By 

replacing the continuum excitation source with picosecond pulsed laser diodes and with the 

help of fast electronics (right hand side of Figure 3.7), the setup can be used in the TCSPC 

mode, as described previously in this section. For this thesis a series of pulsed laser diodes 

at 375 nm and 690 nm with pulsed width of ~150 and ~100 ps, respectively as well as two 

laser diodes at 785 nm and 633 nm with pulse width of ~50 ps width have been used for 

non-resonant and quasi-resonant excitation of the studied samples. 
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3.4 Variable Stripe method for optical gain measurement  

To estimate the net modal gain of a sample in the amplified spontaneous emission (ASE) 

regime the variable stripe method was employed. (41) The setup is illustrated in Figure 

3.8. The technique involves the detection of amplified light emitted along the length of an 

optically excited film to measure the net modal optical gain. The technique offers the 

advantage to probe the lasing properties of a material without the need of a cavity and 

processing steps. Initially the output light intensity is measured as a function of excitation 

density. As the excitation fluence increases, population inversion is achieved and radiative 

recombination proceeds via both stimulated and spontaneous emission. As the photons at 

the peak of the emission spectrum are more numerous compared to those emitted in the 

other parts of the luminescence lineshape, they typically stimulate more emissive 

transitions and the output emission spectrum becomes narrower and grows super-linearly. 

Thus by plotting the integrated PL intensity versus excitation density the ASE threshold 

can be extracted from the point where a change of slope from linear to super-linear occurs.  

 

Figure 3.8: Schematic illustration of the variable stripe method used for the determination of net 
optical gain. The round laser spot is focused into a stripe with the help of a cylindrical lens. The 
stripes’ length is adjusted by a variable slit and is focused on the edge of the sample where the ASE 
signal is collected with the help of an optical fiber.  

 

Upon estimation of the ASE threshold, the setup of Figure 3.8 is implemented. The 

excitation power is set slightly larger than the ASE threshold and the beam is focused via a 

cylindrical lens into a stripe on the edge of the sample. The stripe’s length can be precisely 

adjusted with the help of an adjustable slit. An optical fiber positioned at the edge of the 

sample collects the emitted radiation and is detected by the Acton spectrometer described 

previously. By recording the PL/ASE signal for different stripe lengths, a graph of the 

integrated PL versus stripe length is obtained such as that shown in Figure 3.8c.  

((b) 
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The data can then be fit with the following expression: 

    𝐼𝐼(𝑥𝑥) = 𝐼𝐼0 + 𝜂𝜂𝑔𝑔
(𝑔𝑔−𝑎𝑎)

∙ (𝑒𝑒(𝑔𝑔−𝛼𝛼)𝛥𝛥 − 1)   (3.7) 

where g is the optical gain, a the optical loss coefficient and η a parameter that is 

proportional to the spontaneous emission rate and to a geometrical factor dependent on the 

sample dimension. The net modal gain that quantifies the efficiency of the optical 

amplification can then be extracted by the fit: 

𝐺𝐺(𝜆𝜆) = 𝑔𝑔(𝜆𝜆) − 𝑎𝑎(𝜆𝜆)    (3.8) 

To estimate the optical gain g, knowledge of the optical loss coefficient is required. The 

loss coefficient is measured using a variation of the variable strip method, where a fixed 

striped length was used and the strip was translated at different distances from the samples 

edge. The stripe length and excitation intensity are set so that ASE is recorded. By plotting 

the integrated PL intensity as a function of the distance from the edge, a Beer-Lambert type 

of exponential decay is obtained from which the optical loss coefficient can be extracted by 

exponential fitting. 

  

3.5 Emission Quantum Efficiency Measurements  

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

using an integrating sphere. In this thesis, η is measured using an integrating sphere-based 

method involving the acquisition of three spectra, that of the excitation source in an empty 

sphere, a second one containing light resulting from direct excitation of the sample and a 

third one where the indirect excitation of the sample by scattered light is measured (42; 

43).  The experimental arrangement used can be seen in Figure 3.9. The sphere’s internal 

surface as well as any component inside the sphere (namely the baffle and the sample 

holder) are coated with a highly light reflecting and scattering medium with high 

reflectivity (>95%) in a wide spectral range (300-1400nm). 
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Figure 3.9: Schematic representation of an integrating sphere used for luminescence quantum 
efficiency measurements. The sample (black rectangle) is placed in the center 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 color) is designed is such a way so that no 
direct light either from the source or the sample is detected.    

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

as possible so that light does not leak out of the sphere. In front of the exit, where light is 

collected a baffle is placed. Its size, position and shape 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 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. 

𝜂𝜂 = 𝑐𝑐𝑛𝑛𝑚𝑚𝑛𝑛𝑒𝑒𝑟𝑟 𝑐𝑐𝑐𝑐 𝛥𝛥ℎ𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑜𝑜 𝑒𝑒𝑚𝑚𝑖𝑖𝑡𝑡𝑡𝑡𝑒𝑒𝑑𝑑
𝑐𝑐𝑛𝑛𝑚𝑚𝑛𝑛𝑒𝑒𝑟𝑟 𝑐𝑐𝑐𝑐 𝑎𝑎𝑛𝑛𝑜𝑜𝑐𝑐𝑟𝑟𝑛𝑛𝑒𝑒𝑑𝑑 𝛥𝛥ℎ𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑜𝑜

     (3.9) 

To measure η, we use three different experimental arrangements, displayed in Figure 3.10. 

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

area La is obtained. 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 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). 
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Figure 3.10: 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.  

 By comparing the first two experiments and assuming that a fraction μ of the scattered 

excitation light is indirectly absorbed from the sample, then it follows that:  

Lb = Lα(1−μ)    (3.10) 

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 = Lα(1 − 𝐴𝐴)(1 −μ)   (3.11) 

 By combining the two equations the absolute absorbance of the sample can be calculated: 

A = 1 − 𝐿𝐿𝑐𝑐
𝐿𝐿𝑏𝑏

             (3.12) 
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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            (3.13) 

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 + LαA η      (3.14) 

 

Consequently the PL quantum yield n is derived by:  

𝑛𝑛 = 𝐷𝐷𝑖𝑖𝑟𝑟𝑒𝑒𝑐𝑐𝑡𝑡𝑛𝑛𝐷𝐷 𝐸𝐸𝑚𝑚𝑖𝑖𝑡𝑡𝑡𝑡𝑒𝑒𝑑𝑑 𝛥𝛥ℎ𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜
𝐴𝐴𝑛𝑛𝑜𝑜𝑐𝑐𝑟𝑟𝑛𝑛𝑒𝑒𝑑𝑑 𝛥𝛥ℎ𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑜𝑜

= 𝑃𝑃𝑐𝑐−(1−𝐴𝐴)(𝑃𝑃𝑏𝑏)
𝐴𝐴𝐿𝐿𝑎𝑎

   (3.15) 
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3.6 Film Processing 

For the purposes of the hybrid nanocrystal-polymer project included in chapter 4 binary 

and ternary films as well as reference pristine nanocrystal and polymer films were 

deposited on quartz substrates using a doctor-blade technique under ambient conditions. 

Thick films were produced with thicknesses ranged from 400–600 nm as measured with a 

profilometer. Films under study in chapters 5 and 6, related to the chalcogenide-capped 

CNCs and the doped Bi:PbS CNCs, were prepared via spin coating, using the spincoater 

displayed in chapter A2 in appendix. Solutions of the materials were diluted at 30mg/ml 

and deposited on quartz substrates. The perovskite CNC solids characterized in chapter 7 

were prepared either via spin coating, dip coating or drop casting. For the sub-chapter 7.1, 

FAPbI3 CNCs diluted in toluene at 30 mg/ml were deposited on quartz substrates via spin 

coating. The substrates were functionalized with octyl triethoxy silane (96%) so that 

hydrophobicity could be achieved. The FAPbI3 CNC samples for the optical amplification 

studies, on the sub-chapter 7.2 were prepaired via two methods: 

(a) Processing and deposition of iso-NC films: The crude solution from the synthesis was 

centrifuged for 5 min at 12100 rpm and the supernatant solution was discarded. The 

precipitate was redispersed in 400 𝝁𝝁L hexane and centrifuged again. The precipitate was 

suspended in 6 mL of toluene and centrifuged at 4400 rpm for 3 min. Next, the precipitate 

was discarded and the supernatant solution was filtered through a 0.45 µm PTFE filter. 

Subsequently the solution was concentrated under vacuum until the concentration of 40 

mg/mL was reached. Immediately after this step, 20-30 µL from the concentrated solution 

were spin-coated or dropped casted on a glass substrate pre-cleaned with acetone and 

ethanol and pre-treated with hexamethyldisilazane.   

b) Processing and deposition of sin-NC films: The crude solution from the synthesis was 

centrifuged for 5 min at 12100 rpm and the supernatant solution was discarded. The 

precipitate was dissolved in toluene (1.0 mL) and methyl acetate (250 μL) was added and 

the solution was centrifuged again at 12100 rpm for 7 min. The supernatant was discarded 

whereas the precipitate was dissolved in 4 mL octane and filtered through a 0.45 mm PTFE 

filter.  

Films were deposited out of spin-coating using the same procedure with that described 

above for the iso-NC films or via dip-coating using one of the two following methods:   



50 
 

a) Films were prepared on PEDOT:PSS treated glass slides by withdrawing the slide from 

octane solution of FAPbI3 NCs at a rate of 10 mm/min. The dipping and constant-rate 

withdrawing was repeated 42 times to yield thick films. 

 

b) 1 mL of FAPbI3 NCs in octane was dried and precipitate. It was then redispersed in 3 

mL toluene. Films were prepared on PEDOT:PSS treated glass slides by withdrawing the 

slide from the toluene solution at a rate of 10 mm/min and then baking the slide inside an 

oven at 82 °C for 3 min. Next, the slide was cooled to room temperature and immersed in 

pure toluene, withdrew from it again with the rate 10mm/min and dried at room 

temperature. The sequence was repeated 40 times to yield thick films. 

 

3.7 Electrochemistry 

To obtain the energy levels of the compounds under study (Chapter 4 and Subchapter 5.2) 

we employed a series of cyclic voltammetry experiments.  Experiments were performed 

using a standard three electrode cell under argon atmosphere. All measurements were 

carried out with 10–15 mins of Ar bubbling into the electrochemical cell. Prior to the 

measurements, the Ar flow was turned to “blanket-mode”. Platinum wire (99.99%) was 

used as working electrode and platinum gauze (55 mesh, 99.9%) as counter electrode. 

Silver/silver chloride was used as a reference electrode. Tetrabutylammonium 

hexafluorophosphate (TBAPF6, 98%) was used as electrolyte and was recrystallized three 

times from acetone and dried in vacuum at 100 ° C before each experiment. 

Measurements were recorded using a potentiostat/galvanostat. The scan rate was kept 

constant for all voltammograms at 100 mVs − 1. All results were calibrated using 

commercially available ferrocene (purified by sublimation) as internal standard. To 

calculate HOMO/LUMO levels, the following equations were used: 

EHOMO = −(E[ox] + 5.1)(eV) ,  ELUMO = −(E[red] + 5.1)(eV)  

where E[ox] and E[red] are the onset potentials of the respective oxidation and reduction 

peak signals. 
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Results and Discussion 

This section presents the experimental work of this thesis and is divided in two major parts. 

The first and larger fraction involves studies of optical properties in PbS CNC based 

systems while the second focused on the optical properties of the perovskite FAPbI3 

nanocrystals. 

 

Chapter 4: Hybrid Heterojunctions of PbS CNCs with a low 
gap conjugated copolymer  

Organic semiconductor bulk heterojunction solar cells have seen unprecedented progress 

during the last 20 years, overcoming several key obstacles, and achieving more than two 

orders of magnitude efficiency increase towards the anticipated milestone solar cell 

efficiency of 10%. (44; 45) Equally impressive has been the progress in light harvesting 

based on colloidal (CNCs) nanocrystals with successful demonstrations based on all-CNC 

active regions of Schottky (46; 47) solar cells and recently of depleted heterojunction (48) 

and p–n junction (49) types of devices. While high-performance light sensors can be 

produced based on fully organic or fully nanocrystal active regions, composites of the two 

systems exhibit important advantages. Organic devices can benefit from the higher 

absorption of nanocrystals (NCs) compared to the fullerene acceptors, size-tunable levels 

to tailor band-offsets, control over NC shape to optimize composite morphologies, and the 

possibility of higher stability arising from the incorporation of a less-volatile inorganic 

moiety. For CNC devices an extended network of highly absorbing conducting organic 

components can significantly enhance light harvesting and can provide pathways for 

efficient charge, energy, and even multi-exciton extraction. (50; 51)  

The seminal proposal by Alivisatos and co-workers (52) to replace fullerenes with 

colloidal quantum dots (CNCs) as the acceptor material in organic bulk heterojunctions 

(BHJs) paved the way for hybrid polymer–nanocrystal structures. Research on hybrid PVs 

intensified with the publication of another article by the same group demonstrating a power 

conversion efficiency (PCE) of over 2% by using a mixture of CdSe NCs and P3HT as the 

active layer in a BHJ architecture. (53) Numerous reports followed, i.e. see recent reviews, 

(54; 55) mainly based on Cd chalcogenide quantum dots and Poly(p-phenylene vinylene) 

(PPV) and polythiophene (P3HT) conjugated polymers. Control over blend nano-
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morphology (54; 55; 56; 57; 58) and the shape and aspect ratio of the NCs (54; 55; 56; 59) 

has proven to be critical in improving performance. A further increase in efficiency was 

enabled by two important developments: i) the use of mild post-fabrication chemical 

treatments to replace bulky insulating CNC ligands with shorter capping molecules to 

allow better charge extraction (58; 59; 60; 61; 62; 63) and ii) the employment of new low-

band gap copolymers. (58; 59; 60; 61; 62; 63; 64; 65)  

Despite the definite successes of Cd chalcogenide based structures, the employment of 

lower gap CNCs to harvest a greater fraction of the solar spectrum or to enable IR 

detection for a plethora of required applications, while reducing IR heating effects, is 

highly attractive. Perhaps the most promising such material is PbS, owing to its unique 

electronic properties and mature chemistry. (66) Early successes using PbS CNC–

polythiophenes or fullerene binary materials have been reported in photodetectors, with 

impressive results of high external quantum efficiency (EQE) values up to 50% and 

sensitivity up to 1800 nm being demonstrated recently with ternary blends of the 

aforementioned materials. (67) However extensive efforts by our group to produce 

efficient solar cells based on such P3HT-based ternary approaches were discouraging with 

best power conversion efficiencies/external quantum efficiencies at the low level of ca. 

0.2%/5%, respectively. Overall and despite expectations, PbS CNC–organic solar cells 

based on conventional polymer donors have vastly underperformed compared to all-PbS 

CNC and all-organic devices. (54) (55) The breakthrough came from the use of a low-gap 

polymer that allowed Ginger and coworkers (65) to demonstrate significantly higher 

efficiencies of 0.55%. By benefitting from the employment of post-fabrication ligand-

exchange treatments, a further efficiency leap to respectable levels of 3–4% was recently 

demonstrated. (60; 63) (61) (62) The common denominator in all recent efficient efforts 

employing PbS or other types of colloidal CNCs in such hybrid devices was the 

employment of a low-gap copolymer as the electron-donor material. Better energy-level 

alignment, improved morphology, and higher hole mobilities leading to a better electron–

hole transport balance may have been some of the reasons for the better performance, 

however more fundamental studies are needed to shed light on such attributes and provide 

the necessary feedback for device optimization. A handful of studies investigating the 

photophysics of bulk blends of CNCs–low-gap polymers exist in the literature with just 

two of them reporting on charge-transfer dynamics at the polymer–PbS CNC interface. 

(60) (63) Importantly no studies on the influence of CNC size on charge extraction have 
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been reported, and other important experimental parameters such as excitation energy and 

fluence have remained unexplored. 

We have performed a systematic spectroscopic investigation of blend heterojunctions of 

the low-band gap silicon bridged dithiophene copolymer poly[(4,40-bis(2-ethylhexyl) 

dithieno[3,2-b:20,30-d]silole)-2,6-diylalt-(2,1,3-benzothiadiazole)-4,7-diyl], known as Si–

PCPDTBT, (68) with various oleic acid capped PbS CNCs absorbing in a wide range from 

900–2000 nm. Si–PCPDTBT is a new and highly promising copolymer donor material for 

light harvesting. It exhibits a near-infrared band gap and HOMO–LUMO levels in the 

optimum predicted ranges for polymer donors in BHJ solar cells, (69) high hole mobilities 

up to 10 − 2 cm2 V− 1 s− 1 , (70) and a proven ability in the realization of high-performance 

polymer–fullerene solar cells. (68; 70) Furthermore the presence of the central Si-bridge 

atom ensures good environmental stability; (71) this property seems to be supported by 

preliminary results of our ongoing photo-degradation studies, which show high air-stability 

of blend films of Si–PCPDTBT with PbS nanocrystals. Importantly the material can form 

type II band offsets with some of the aforementioned CNC sizes, which makes the blend 

suitable for light harvesting. Our work reports on the first attempt at blending the 

promising polymer with a different acceptor material than the commonly used fullerenes, 

to assess the new composite’s potential for hybrid devices. Electrochemistry with optical 

absorption was employed to provide precise measurements of the electronic levels of the 

studied materials, while a combination of steady-state and time resolved luminescence and 

transmission allowed us to probe the dynamics of the charge-extraction process across a 

wide temporal range (200 fs–200 ns). The data show signatures of electron- and hole-

transfer processes originating in the polymer/CNC component respectively. Charge 

transfer is found to be strongly dependent on CNC size with efficient hole transfer obtained 

from small CNCs. Electron transfer for most NC sizes studied appears less efficient than 

that of the intrinsic Si–PCPDTBT recombination as indicated by the incomplete polymer 

exciton quenching. The incorporation of a fullerene derivative was found to provide 

efficient electron-quenching sites and improve polymer exciton dissociation in ternary 

polymer–fullerene–CNC blends. 

 



54 
 

4.1 Determination of the Energy Level Alignment  

Normalized absorbance of the CNC solutions used in the study is displayed in Figure 

4.1(a). Tuning of the CNC size is evidenced by the wide spectral tuning of the 1S 

interband CNC transition in the 900-2000 nm infrared region. 7 different CNC sizes have 

been employed with diameters in the ~2.9-9.2 nm range; see Table 4.1, estimated from the 

absorption peaks and the sizing curve of ref (72). The employed sizes allow a wide tuning 

of the CNC levels and the blends band offsets and enable comprehensive investigations of 

both type-II and type-I polymer-CNC band alignments. Along with the 7 binary films, 

three ternary Si-PCPDTBT:PCBM:PbS CNC blends based on the ~2.9, ~4.3 and ~6.8 nm 

CNCs were also studied.  

Figure 4.1(b) contains absorption coefficient data in logarithmic scale from a pristine PbS 

CNC, a pristine Si-PCPDTBT and the respective hybrid film. The polymer exhibits a 

strong, structured absorbance extending to the infrared up to ~850-900 nm that has been 

attributed to the strong π-stacking of the polymer chains. (68)  

 

 

Absorption(a) 

[±5 nm] 
890 1055 1120 1175 1215 1690 2000 

Est. CNC 

size(b) 

[±0.5 nm] 

2.9 3.5 3.8 4.0 4.3 6.8 9.2 

EHOMO 

[±0.1 eV] 
5.40c 5.50d 5.40c 5.30c 5.35d 5.25c 5.30d 5.20c 5.30d 5.15c 5.10c 

ELUMO 

[±0.1 eV] 
4.20c 4.10d 4.20c 4.35c 4.25d 4.20c 4.25d 4.40c 4.30d 4.45c 4.50c 

Table 4.1: Summary of the CNC gap estimates from absorption and electrochemical measurements 

aEnergy gap obtained from the 1S absorption of the CNCs in clorobenzene; bCNC size estimated by the sizing curve of ref 
(71); cEnergy levels measured by cyclic voltammetry; d)Energy levels measured by optical absorption  

 



55 
 

 

Figure 4.1: a) Normalized absorption of the various PbS CNCs in chlorobenzene, used in the study 
demonstrating the wide spectral tuning of the 1S CNC transition in the 900-2000 nm infrared 
region. (b) Absorption coefficient in logarithmic scale from a pristine CNC, a Si-PCPDTBT and 
the respective hybrid film. Light harvesting in the visible is dominated by the polymer, CNC 
transitions prevail in the infrared while both materials contribute at shorter wavelengths than 500 
nm. 

The 1S absorption peak of the CNC film is clearly visible at ~1165 nm. Absorption in the 

hybrid film is a convolution of the polymer and CNC contributions. Light harvesting in the 

~550-800 nm range is dominated by the polymer, CNC interband transitions prevail in the 

infrared while both materials contribute at shorter wavelengths than 500 nm. HOMO and 

LUMO levels (valence band and conduction band minimum), respectively of the quantum 

dot solutions were measured by electrochemistry. The same solutions were used for the 

optical characterization studies, which allowed a precise determination of the materials 

band offsets and enabling a reliable interpretation of the spectroscopic data. The energies 

of four different CNC size solutions were determined with an uncertainty of ± 0.1 eV, from 

the onset of the respective peaks in the cyclic voltammetry (CV) spectra. Figure 4.2 

contains CV data from the ~4.3 nm (a) and ~3.8 nm (b) size CNCs. The former exhibits an 

oxidation process at ~0.25 V with a step onset of ~0.1 V yielding a HOMO level of -5.20 

eV. A reversible reduction process is observed at ~-0.9 V with an onset at ~-0.70 V from 

which a LUMO of -4.40 eV is estimated. For the second solution, using a similar process, 

HOMO/LUMO levels of -5.30/-4.30 eV were obtained respectively. A rough estimation of 

the HOMO/LUMO was also obtained by the following equations: 

EHOMO = −[5.0 + (Ε1S - EPbS)/2] (eV), ELUMO = −[4.6 - (Ε1S - EPbS)/2] (eV)     (4.1) 
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where E1S represent the absorption peak energy of the CNC solutions obtained by steady-

state absorbance and -5.0/-4.6 eV are the HOMO/LUMO values of bulk PbS. (73) The 

estimation assumes an equal sharing of the excess confinement energy between the CNCs 

conduction and valence band. Interestingly the rather simplistic calculation yields 

HOMO/LUMO values that agree with the CV data within the ±0.1 eV margin of error of 

the CV experiment.  

 

Figure 4.2: Cyclic voltammetry data from the ~4.3 nm (a) and ~3.8 nm (b) size CNCs. The arrows 
denote the approximate onsets of oxidation (blue) and reduction (green) steps from which the 
HOMO and LUMO levels of the nanocrystals are obtained. 

Based on the measurements and HOMO-LUMO values of the Si-PCPDTBT[25] and 

PCBM[24] from the literature, the energy level diagram of the three materials employed in 

our studies is drawn in Figure 4.3 Type-II polymer-dot heterostructures suitable for light 

harvesting devices are expected to be formed for CNC sizes smaller than ~4-4.5 nm with a 

transition to type-I band alignment for larger dots. In the former structures, the energetics 

allow for electron and hole photoinduced transfer originating in the polymer/CNC 

component respectively. Upon addition of PCBM to form ternary blends, additional 

electron transfer channels from the polymer and the CNCs towards the fullerene become 

available.  
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Figure 4.3: Schematic of the approximate energy level alignment of the studied materials. Type-II 
polymer-dot structures are formed for CNC sizes smaller than ~4 nm with a transition to type-I 
band alignment for larger dots. Upon addition of PCBM additional electron transfer channels from 
the polymer and the CNCs towards the fullerene become available. 

 

4.2 Spectroscopic Characterization  

Initially fluorescence quenching in the polymer emission region is discussed. For both 

steady-state and time-resolved experiments, the 690-nm line of a laser diode is employed 

to resonantly excite the polymer component at its absorption peak. In the blend films, 690 

nm light results in the selective excitation of the Si–PCPDTBT component, as evidenced 

by the extremely weak CNC luminescence observed in the hybrid spectra. The lack of 

emission from the quantum dots upon polymer photoexcitation also excludes the 

possibility of efficient radiative pumping and/or non-radiative Förster (74) energy transfer 

from the polymer to the CNCs. The results are in agreement with previous work on P3HT–

PbS CNC hybrid blends. (75) Figure 4.4 shows the comparative steady-state and time 

resolved fluorescence spectra from the pristine polymer, three polymer–CNC blends 

employing CNCs of ca. 2.9-, 4.3-, and 6.8-nm in size, and a ternary polymer–fullerene–

CNC film based on the ca. 2.9-nm CNCs. The polymer fluorescence contains characteristic 

vibronic peaks at around 830 and 905 nm. 
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Figure 4.4: Comparative (a) steady-state and (b) time-resolved fluorescence spectra in the 
emission region of Si-PCPDTBT, from the pristine polymer, three polymer-CNC blends employing 
CNCs of ~2.9, ~4.3 and ~6.8 nm in size and a ternary polymer-fullerene-CNC film based on the 
~2.9nm CNCs. The instrument response function (IRF) is shown in black. In both steady-state and 
time-resolved data, the hybrid fluorescence quenches relative to the pristine polymer emission with 
the quenching systematically increasing with CNC size, as expected from the displayed material 
energy levels. 

 

Compared to the pristine emission, no significant shape variations are observed in the 

binary hybrids apart from a small vibronic blue-shift of about 5–10 nm. The origin of the 

shifts will be discussed later. The ternary film shows a broader emission than the rest of the 

films, with different relative vibronic intensities indicative of structural interactions 

induced by the fullerene, and excess emission in the infrared that could be due to charge 

transfer excitons formed at the Si–PCPDTBT–PCBM interfaces. (76) The main 

observation is that the hybrid fluorescence quenches relative to the pristine polymer 

emission, and that the quenching in the polymer–CNC films systematically increases with 

CNC size. This is consistent with polymer exciton quenching via interfacial electron 

transfer to the CNCs that becomes more efficient as larger CNCs result in larger material 

LUMO separations. This clear CNC size correlation also excludes that dielectric effects or 

trap-related recombination are responsible for the emission reduction. As evidenced by 

both the intensity and lifetime quenching, electron transfer appears relatively inefficient in 

comparison to the fast (ca. 250 ps) intrinsic polymer exciton recombination. 
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 A simple estimation of the electron transfer rates can be obtained by the difference 

between the blend (τ -1 blend) and pristine (τ-1
 pristine) exciton recombination rates as given by: 

𝝉𝝉𝒕𝒕𝒓𝒓𝒂𝒂𝒏𝒏𝟏𝟏𝒇𝒇𝒘𝒘𝒓𝒓−𝟏𝟏 = 𝝉𝝉𝒃𝒃𝒕𝒕𝒘𝒘𝒏𝒏𝒅𝒅−𝟏𝟏 − 𝝉𝝉𝒑𝒑𝒓𝒓𝒊𝒊𝟏𝟏𝒕𝒕𝒊𝒊𝒏𝒏𝒘𝒘−𝟏𝟏 ⟹  𝝉𝝉𝒕𝒕𝒓𝒓𝒂𝒂𝒏𝒏𝟏𝟏𝒇𝒇𝒘𝒘𝒓𝒓 = 𝟏𝟏
𝝉𝝉𝒕𝒕𝒓𝒓𝒂𝒂𝒏𝒏𝟏𝟏𝒇𝒇𝒘𝒘𝒓𝒓
−𝟏𝟏    (4.2) 

For the larger quenching case of the ~6 to ~8 nm CNC binary film that exhibits a lifetime 

of around 190 ps, a relatively long electron-transfer time of about 800 ps is estimated. The 

addition of even a small blend content of 17 wt% PCBM significantly increases the exciton 

dissociation rate by providing efficient fullerene quenching sites in the blends.  

 

Figure 4.5: Normalized (a) PL intensity and (b) PL decays from solution of the PbS CNCs in 
chlorobenzene. Steady-state PL was quasi-resonantly excited with a 850 nm laser diode. PL peaks 
in the range of 1040-1340 nm were obtained from CNC solutions in clorobenzene, of CNC sizes in 
the range of 2.9-4.3 nm. The PL from the ~6.8 and ~9.2 nm size dots could not be measured due to 
the unavailability of photon detection above 1700 nm. TR-PL was excited by a 375 nm ps laser. All 
decays are described by double exponential fits with two time constants in the range of ~60-90 ns 
and ~140-300 ns. The long time constant scales with the CNC size (faster decays for smaller dots) 
as predicted in ref (72), while the short time constant is almost independent on CNC size. 

 

A ternary film decay of ~125 ps is measured and an electron-transfer rate of ~250 ps is 

estimated, which competes efficiently with the polymer exciton lifetime. Higher electron-

transfer rates from the polymer–dot films may be obtained via mild CNC ligand-exchange 

processes such as those reported in recent demonstrations of efficient polymer–PbS CNC 

solar cells. (61) – (65) 

CNC emission quenching was also investigated to probe charge transfer originating in the 

CNCs. In the steady-state experiments the PL was quasi-resonantly excited at 850 nm so 

excitations were photogenerated solely in the CNC component of the blends.  
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Figure 4.6: (a), (b) Steady-state and (c), (d) time-resolved PL quenching data from pristine CNC 
(blue), binary polymer-CNC (orange) and ternary polymer-fullerene-CNC films (green). (a), (c) 
refer to films based on 2.9 nm CNCss while (b), (d) on 4.3 nm CNCs. Pristine and ternary decays 
are fitted by double-exponentials (red lines), dominated by the lifetimes displayed in the graph. The 
inset shows the polymer and binary CNC film decays recorded at the peak of the hybrid PL. For 
small CNCs, efficient emission quenching indicative of interfacial hole transfer originating in the 
PbS dots is observed. For larger dots, hole transfer is energetically unfavorable and quenching 
occurs efficiently in ternary films only via electron transfer to PCBM. 

Despite the CNC low absorption coefficients at 850 nm, strong nanocrystal luminescence 

was observed that attests to the high quality and emission yield of the materials. PL peaks 

in the ca. 1050–1400 nm region, with Stokes shifts in the range of 50–170 meV range that 

increase with nanocrystal size, were observed from the CNCs of 2.9–4.3 nm in size. 

The steady-state and time-resolved PL spectra from the respective CNC solutions are 

included in Figure 4.5. The PL from the two larger dots, i.e., the ca. 6.8 and 9.2 nm size 

dots, could not be measured due to the very weak response of our infrared photomultiplier 

tube above 1700 nm. The hybrid PL exhibits similar spectral shape and Stokes shifts with 

the pristine PL, with peaks consistently blue-shifted by 20–40 meV. As mentioned above, 

blue shifts are also present in the Si–PCPDTBT hybrid emission region. Hypsochromic 

shifts have been observed in binary and ternary combinations of organics such as 

polythiophenes/fullerenes (75) (77) and carbon nanotubes (78) with PbS NCs and have 
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been attributed to either dielectric effects due to the high organic/inorganic dielectric 

contrast or charge-transfer interactions within the blend materials. We have found no 

correlation of the shift magnitude with CNC size that would imply a correlation with 

charge transfer interactions so dielectric effects are the most probable origin of these shifts. 

The main observation of the steady-state experiments is the appearance of CNC emission 

quenching indicative of interfacial hole transfer originating in the PbS dots. Importantly 

the PL quenching systematically decreases as CNC size increases, showing the inverse 

relationship to that observed in the polymer region. Two characteristic examples are 

displayed in Figure 4.6. The hybrid film made by employing the smaller dots (2.9 nm) 

exhibits a highly efficient quenching of the CNC emission that indicates the formation of 

type II polymer–dots band alignment. On the other hand, a negligible emission reduction is 

observed from the hybrid based on the 4.3-nm CNCs that is indicative of a crossover to 

type-I energetic alignment. The incorporation of a small fullerene fraction does not vary 

emission quenching significantly in the small dot hybrid, while it improves it significantly 

in the larger dot blend, as an interfacial electron-transfer channel to the fullerene 

component becomes available. 

The time-resolved data support the steady-state findings, even though their analysis is 

more involved due to the unavailability of a proper infrared picosecond source that 

selectively pumps the CNC component. Instead a 375 nm laser was used that excites both 

polymer and CNC components. The 2.9-nm CNC binary film transient appears dominated 

by a fast decay with lifetime of about 400 ps. Comparison of this decay channel with the 

fluorescence decay of the pristine polymer film recorded in the same energy position 

shows almost identical decay curves to those in the inset of Figure 4.6. In combination 

with the PL excitation-dependent studies summarized in Figure 4.7, the measurements 

convincingly demonstrate that the sub-nanosecond fast decay originates in the polymer 

component of the hybrid film.  

CNCs within the hybrid film contribute with a weak, long decay of about 70 ns, which is 

significantly longer than the pristine CNC decay of around 40 ns. Importantly the relative 

amplitude of this slow decay is more than one order of magnitude smaller than that of the 

fast decay, which is a strong indication that in the hybrid film the emission of CNCs is 

strongly quenched as hole transfer to the polymer competes favorably with the intrinsic 

CNC recombination. 
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Figure 4.7:  PL decays from the pristine ~2.9 nm CNC film and the respective CNC-polymer 
hybrid film for three different excitation fluences in the 10-100 mW/cm2 range. In the inset the 
decay of the hybrid film for the first 1.5 ns is displayed. The pristine CNC film exhibits bi-
exponential decays at all excitation fluences, with a short lifetime in the range of 5-10 ns and a 
longer decay in the 60-100 ns range.  

 

This result indicates that for small-enough CNCs the hole transfer time assumes values 

much smaller than those of the pristine CNC lifetime (~40 ns) and order(s) of magnitude 

smaller to typical hole-transfer times of hundreds of nanoseconds reported from similar-

sized oleic acid capped PbS CNCs to conventional polymers such as P3HT. (77) As the 

CNC size increases in the hybrid films, a systematic trend is observed where the decay 

attributed to CNCs acquires larger relative amplitude with a lifetime approaching the 

corresponding pristine CNC lifetime. In the larger 4.3-nm dots, the temporal characteristics 

of hybrid decay become comparable to those of the pristine CNC film due to inhibition of 

hole-transfer process. Based on the results of the binary films, the complex behavior of the 

ternary films can be understood. Both the 2.9- and 4.3-nm CNC ternary films show an 

efficient CNC lifetime shortening. In the former, both hole and electron transfer to the 

polymer/fullerene component, respectively, are responsible for the quenching, while only 

electron transfer is expected to be active in the latter film. Despite the approximately flat 

LUMO alignment (79; 5) of the 4.3-nm CNCs and PCBM, a high lifetime quenching is 

observed that indicates relatively fast electron transfer to the fullerene. Interestingly the 

ternary decays do not contain the fast sub-nanosecond contribution of the polymer which 
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confirms that the incorporation of even a low fullerene content in the blends is sufficient to 

efficiently quench the Si–PCPDTBT excitons. 

An overall picture of the electron/hole-transfer efficiency versus CNC size in the binary 

and ternary films can be obtained in the summary plot of Figure 4.8. To quantify the 

emission quenching, the following ratios are defined: 

Quenching ratio:   𝐑𝐑𝐈𝐈𝐬𝐬𝐈𝐈𝐞𝐞𝐬𝐬𝐬𝐬𝐬𝐬𝐈𝐈𝐈𝐈 = 𝐈𝐈𝐞𝐞𝐩𝐩𝐬𝐬𝐬𝐬𝐈𝐈𝐬𝐬𝐬𝐬𝐞𝐞−𝐈𝐈𝐛𝐛𝐛𝐛𝐞𝐞𝐬𝐬𝐛𝐛
𝐈𝐈𝐞𝐞𝐩𝐩𝐬𝐬𝐬𝐬𝐈𝐈𝐬𝐬𝐬𝐬𝐞𝐞

     (4.3) 

      𝐑𝐑𝐋𝐋𝐬𝐬𝐋𝐋𝐞𝐞𝐈𝐈𝐬𝐬𝐋𝐋𝐞𝐞 = 𝛕𝛕𝐞𝐞𝐩𝐩𝐬𝐬𝐬𝐬𝐈𝐈𝐬𝐬𝐬𝐬𝐞𝐞−𝛕𝛕𝐛𝐛𝐛𝐛𝐞𝐞𝐬𝐬𝐛𝐛
𝛕𝛕𝐞𝐞𝐩𝐩𝐬𝐬𝐬𝐬𝐈𝐈𝐬𝐬𝐬𝐬𝐞𝐞

      (4.4) 

where RIntensity quantifies the steady-state quenching experiments with Ipristine and Iblend 

being the integrated PL intensity from the pristine and blend samples, respectively, and 

RLifetime defines the PL lifetime quenching with τpristine and τblend , the emission lifetimes 

from pristine and blend samples, respectively. The two ratios can be considered as a 

relative measure of the electron/hole-transfer efficiencies in the blends. In Figure 4.8, the 

inverse correlation of the electron- and hole-transfer efficiency with the CNC size is 

visible.  

Time-resolved data in the CNC region are not included as they cannot be quantified using 

the simplistic approach of Eq.(4.4). For small dots the data indicate a high hole extraction 

to the polymer despite the use of the bulky oleic acid ligands. As the CNC size increases 

RIntensity drops due to the inhibition of the hole transfer by unfavorable HOMO polymer–dot 

band offsets. Electron transfer from the polymer shows a weaker correlation with size and 

appears less efficient than hole transfer for dots up to 4 – 4.5 nm despite the presence of 

significantly larger LUMO compared to the respective HOMO polymer–CNC band offsets. 

The lower efficiency is probably a combination of the high energy required to dissociate 

the polymer Frenkel exciton as well as the unfavorable competition of the electron-transfer 

rates with the fast intrinsic polymer exciton recombination. In the inset, of Figure 4.8 the 

results from the time-resolved characterization of the ternary films in both polymer and 

CNC regions are included.  
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Figure 4.8:  Summary of the steady-state and time-resolved PL quenching experiments for the 
polymer-CNC blends  quantified by the quenching ratios RIntensity and RLifetime, respectively. The 
error bars denote the standard deviation of RIntensity across the films surface. The inset shows the 
quenching ratios for the ternary films studied. The lines in the Figures are added as a guide to the 
eye. In the binary films the inverse dependence of the electron and hole transfer efficiency with the 
CNC size is visible. 

No reliable trends with CNC size can be obtained due to the small number of ternary films, 

however a higher degree of polymer quenching can be readily observed which can 

attributed to the presence of PCBM that quench polymer excitons more efficiently than the 

CNC acceptors. 

In short a systematic photophysical investigation of blend heterojunctions of the low-gap 

silicon-bridged dithiophene copolymer Si–PCPDTBT with oleic acid capped PbS CNCs 

has been performed. The influence of quantum-dot size on the charge extraction was for 

the first time explored in a low-gap polymer–PbS CNC composite. Steady and time-

resolved photoluminescence quenching was found to be dependent on CNC size, showing 

opposite trends in the polymer and CNC emission regions. The behavior indicates a 

quenching emission channel that is strongly influenced by the materials’ energy-level 

alignment. As radiative/nonradiative energy transfer processes appear inefficient, we can 
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predominantly attribute the quenching to intermaterial charge-transfer processes. For 

nanocrystal sizes up to around 4–4.5 nm we have found evidence of polymer–dot energetic 

alignment suitable for light harvesting. For the smallest employed dots of ca. 3 nm, an 

almost complete quenching of the CNC emission indicates the presence of efficient hole 

transfer to the polymer despite the use of insulating capping ligands. This feature is 

particularly important as hole transfer in bulk heterojunctions of polymer donors with 

quantum dots has been typically inefficient. Our results are in agreement with recent 

studies on hole-transfer dynamics in low-gap polymer– PbS CNC blends. (65) Evidence of 

electron transfer from the polymer was also observed although such transfer competes less 

efficiently with the intrinsic polymer recombination for most CNC sizes studied. The 

incorporation of a fullerene derivative was found to provide efficient quenching sites that 

improve polymer exciton dissociation in ternary polymer–fullerene–CNC blends, in 

agreement with previous studies on P3HT-based ternaries. (75;76) A possibly better 

alternative to ternary blends may be the successful employment of post-fabrication ligand 

exchange processes which should enable the simultaneous activation of efficient electron 

and hole extraction, making the Si–PCPDTBT–PbS CNC system a promising system for 

hybrid solar cells and infrared sensors. 
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Chapter 5: Spectroscopy of PbS Quantum Dots 
Functionalized by Metal Chalcogenide Complexes 

Conventionally, colloidal CNCs are decorated with long organic hydrocarbon-based 

molecules (5;80) to provide surface chemical passivation and colloidal solubility in 

common organic solvents. However, such ligands act as insulating barriers and inhibit 

electronic coupling and transport within the arrays of CNCs. To overcome these 

limitations, attention has been recently focused on the replacement of the commonly used 

long chain ligands with shorter passivating molecules (81; 82; 83; 84). Different strategies 

have been followed with the solution phase ligand exchange perhaps being the most 

successful (85; 86; 87; 88; 89; 90; 91; 92). For PbS CNCs, which are of particular interest 

for infrared (IR) optoelectronic applications  (48; 67; 91; 93; 94), long chain organic 

molecules have been successfully exchanged with different smaller organic molecules (85; 

83; 87; 88). Devices based on such short-ligand PbS CNCs exhibited higher photocurrent 

densities confirming improved carrier transport properties (83; 95). For example, short 

ligand PbS CNC-based solar cells with power conversion efficiencies greater than 5% have 

been demonstrated (48; 96; 97). Organic linkers are often volatile and are prone to 

oxidation. In the search for more chemically robust surface chemistries, a radically new 

approach has been demonstrated recently, where organic ligands are interchanged with 

metal or metal free chalcogenide complexes (81; 89; 90; 91; 97; 98).  

Metal chalcogenide (MCC) ligands based on anions such as AsS3,4-, GeS4-, SnS4- and SbS4- 

were found efficient substitutes of the organic ligands at the surface of PbS CNCs while 

they maintain colloidal stability in polar solvents such as dimethyl sulfoxide (DMSO), 

DMF, MFA or even water. Their preparation was reported by a novel ligand exchange 

procedure developed by M. Kovalenko et al. (97). After the preparation of the CNCs with 

organic ligands such as oleic acids, a solution-based ligand exchange procedure is 

performed based on phase transfer from a non-polar organic medium into a polar solvent. 

Typically the CNCs are dispersed in organic solvents such as hexane, trichloroethylene 

(TCE) or chlorobenzene (CB) and are mixed during the process with MCC solutions (e.g. 

in anhydrous hydrazine), synthesized by dissolution of the bulk main group or transition 

MCCs in hydrazine, until the organic phase becomes colorless. After this procedure the 

CNCs’ surface appears decorated with the inorganic compound as the ligand exchange 

process is facilitated by the nucleophilic nature of MCCs, the electrophilicity of 
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uncoordinated metal atoms at the surface, and the ability of counter ions (hydrazine) to 

efficiently strip off the hydrocarbon ligands. 

 

5.1 PbS CNCs decorated by (NH3)3AsS3 Ligands 

The first part of this approach involves studies of PbS CNCs capped with AsS3- anions 

with NH4+ as counter ions. K+ or Na+ offer similar colloidal stabilization with the NH4+ 

counter ions; however the latter is preferred as it decomposes easily in the dry state into the 

narrower gap As2S3, by releasing NH3 and H2S. The decomposition process can be aided 

by heating at rather low temperatures (up to 100 ᴼC). PbS CNCs are thermally unstable at 

higher temperatures and such low temperatures ensure that the CNCs remain intact during 

ligand stabilization. PbS nanocrystals (CNCs) of different sizes capped with such short 

inorganic ligands were synthesized via ligand exchange processes from oleic acid-capped 

PbS CNCs. The photophysical properties of the inorganic ligand capped CNCs and those 

of the control organic-capped CNCs were extensively investigated to determine their 

potential for optoelectronic applications.  

 

  Steady-state and Transient Absorption Studies 5.1.1

Steady state absorption spectra of solutions and films of the various sizes PbS CNCs 

capped with oleate and (NH4)3AsS3 ligands are shown in Figure 5.1.. For the organic 

capped CNCs, the characteristic peak of the 1S (1Sh -1Se) transition appears strong, 

showing negligible spectral shift between solutions and films. The peak in films (solutions) 

is centered at ~912 nm (~912 nm), ~1117 nm (~1120 nm) and ~1502 nm (~1518 nm) 

corresponding to CNCs with diameters of ~3 nm, ~4 nm and ~6 nm respectively, as 

estimated by the empirical equation developed by Moreels et al.(78). In the (NH4)3AsS3 

capped PbS CNCs, an intensity reduction and red shift of the 1S absorbance peak of ~20, 

~90, ~60 meV for the ~3, ~4, ~6 nm CNCs, respectively is observed. Such effects are 

usually interpreted as increased overlaps of electron and hole wavefunctions of adjacent 

CNCs enabled by shorter and more conductive inorganic ligands (97). Wolcott et al. 

recently studied the dependence of such shifts as a function of interparticle distance on 

closed packed PbSe CNC films and predominantly attributed their origin to the dielectric 

environment surrounding the CNCs (99). Potentially the shifts observed in our data are due 
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to both dielectric and electronic coupling effects. Absorption measurements were also 

carried out on a control film containing the (NH4)3AsS3 ligands. The sample appears 

yellow indicating the release of NH3 and H2S from the ligand molecule and the formation 

of an amorphous film predominantly composed of As2S3. The absorption spectrum of the 

film is shown in Figure 5.1d, containing a high energy region up to ~500 nm and a tail 

extending to the IR, typical of midgap absorption transitions. From the projection of the 

high energy side absorbance, an energy band gap of ~2.5 eV (~496 nm) is estimated, in 

proximity to the reported bandgap of ~2.4 eV for the As2S3 (100). 

 

 

Figure 5.1: Absorbance spectra of oleate capped PbS CNC solutions in chlorobenzene (black , 
films (blue), and (NH4)3AsS3 capped PbS CNCs films (red) of a) ~3 nm, b) ~4 nm and c) ~6 nm 
diameter. The absorbance spectrum of the amorphous (NH4)3AsS3 ligand film is displayed in (d) 
along with its gap estimation. 
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Figure 5.2: Non-degenerate transmission change measurements of 3 nm oleate and (NH4)3AsS3 
capped PbS CNCs using pump pulses at 400 nm, pump fluence of 0.5 mJ/cm2 and probe pulses at 
a) 550-650 nm and b) 850-900 nm, respectively. In the inset of (a), the first 4 ps are shown when 
probing at 550 nm. 

 

Differential pump-probe transmission spectra from the organic and inorganic capped ~3 

nm PbS CNCs are displayed in Figure 5.2(a) and (b). Pumping at 400 nm with moderate 

pump fluences of 0.5 mJ/cm2 and several visible (Vis) and near-IR probing pulses were 

employed. The same pump fluence was used for both samples to photogenerate 

approximately equal carrier densities, as the two films exhibit similar absorbance at the 

selected excitation wavelength of 400 nm. In agreement with previous findings for the 

~3nm oleic acid capped PbS CNCs (101), free carrier absorption effects dominate all the 

Vis probing wavelengths as indicated by the negative differential transmission of 

Figure5.2a. In the probing spectral region of 550-650 nm, a long rise time between ~1-1.5 

ps is recorded (inset of Figure 5.2a), characteristic of the relatively long carrier relaxation 
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time to the probed energy levels. State filling effects (positive signal) are evident for the 

wavelength region of 850-900 nm (Figure 5.2b) that coincides with the CNC 1S transition. 

Probes across this region monitor the CNC ground states that become partially filled 

following relaxation of the photoexcited carriers. Importantly, the transient decays of the 

arsenic sulfide-capped PbS CNCs exhibit different characteristics. For Vis (IR) probes the 

decays appear slower (faster) than the respective decays in the organic-capped CNCs. 

Furthermore, no CNC state filling effects are observed for all probes for times up to 500 

ps. To further investigate the different transient behavior of the two CNC systems, 

intensity dependent measurements at 900 nm have been carried out. Normalized data are 

shown in Figure 5.3. 

 

Figure 5.3: Intensity-dependent transmission change measurements of 3 nm a) oleate and b) 
(NH4)3AsS3 capped PbS CNCs using pump pulses at 400 nm, probing at 900 nm and pump fluences 
between 0.05 – 1 mJ/cm2. In the inset of each Figure, the first 4 ps are shown. 
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The intensity measurements verify the small carrier occupancy of the ground state of the 

(NH4)3AsS3-capped CNCs for pump fluences up to 1 mJ/cm2 suggesting the presence of 

efficient relaxation(s) channel(s) that deplete these states. Such fast relaxation channel(s) 

do not appear in the oleic-acid capped dots so they should originate at the different surface 

environment of the CNCs. The possibility that the small filling of the inorganic-capped 

CNC core states results from direct photoexcitation of carriers at the ligand states has to be 

ruled out as (NH4)3AsS3 absorption (Figure 5.1d) is orders of magnitude smaller than the 

respective absorption by the CNC states at 400 nm. The pump pulse then predominantly 

photogenerates hot carriers in the CNC state continuum in both types of CNCs. In the 

oleic-acid capped CNCs, carriers relax at picosecond scale and fill the CNC quantized 

states. In the (NH4)3AsS3 capped CNCs instead, such states are efficiently depleted and the 

transient signal is dominated by photoinduced absorption to higher states. The signal in this 

case exhibits a pulse width limited rise time (inset of Figure 5.3b) significantly faster than 

the ~picosecond cooling time to the CNC band edge states (see inset of Figure 5.3a) which 

indicates that high energy CNC states are probed and that a large fraction of the carriers are 

captured by the inorganic ligand/surface states before being thermalized. 

Figure 5.3 demonstrates that in both CNC systems the relaxation dynamics depend on the 

pump fluence. The recovery at early times becomes faster for higher fluences, where the 

number of excitons per nanocrystals is larger than 1, indicating the presence of multi 

exciton effects such as Auger recombination (101; 102). This effect can originate either 

from multiple excitons generated by the absorption of equal number of photons per CNC 

or via multiexciton generation from a single photon per CNC (103; 104). In our case, the 

first mechanism dominates as the energy threshold for multiexciton generation for ~3 nm 

PbS CNCs was shown to be around 2.35 times the energy CNC gap (104) (i.e. a 

wavelength of ~380 nm), which is higher than the pump photon energy used. Following 

the previous discussion, in the organic-capped CNCs Auger occurs subsequent to carrier 

cooling in the CNC core states. On the other hand, in the inorganic-capped CNCs the 

efficient depletion of the CNC ground states (i.e. absence of state filling effects) may allow 

Auger recombination from higher lying CNC states to be observed. This is consistent with 

the higher Auger rates observed in the arsenic sulfide-capped CNCs at early timescales 

(inset of Figure 5.3b) compared to those of oleic-acid capped CNCs (inset of Figure 

5.3a).Fits to the experimental data at the lowest pump fluence using multi-exponential 

functions reveal the temporal differences in the relaxation pathways in the two CNC 

systems. Under the low fluence of 0.125 mJ/cm2, Auger effects are expected to have a 
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negligible influence on the CNC carrier dynamics. For the oleic-acid capped CNCs a bi-

exponential decay function of the following form is required to describe the experimental 

data from the oleic acid capped PbS CNCs, 

21 /
2

/
100/ tttt eAeAATT −− ++=∆   (8.1) 

where A1,2 are the relative amplitudes of the relaxation channel with time constants of t1,2 

respectively. A fast decay of 10 ps with relative amplitude of 25% is assigned to carrier 

relaxation to shallow donor surface states, as previously confirmed for oleic acid PbS 

CNCs (105; 106). A second channel of hundreds of picoseconds (~590 ps) with relative 

amplitude of 30% is typically associated with non-radiative recombination to deeper traps. 

The constant coefficient A0 with high relative amplitude of ~45 % has to be included to 

achieve a satisfactory fitting, given that a large proportion of carriers in these CNCs 

recombine at much longer times than the measured timescales in these pump-probe 

experiments. Recombination at such timescales is dominated by radiative recombination as 

evidenced by the analysis of the time-resolved fluorescence experiments presented later in 

the text. Fitting of the transient decays of the (NH4)3AsS3-capped PbS CNCs requires a 

triple exponential decay function. It appears that half of the photogenerated carriers relax 

with a very fast time constant ~2 ps. Based on the previous discussion, the relaxation 

mechanism is attributed to fast trapping of hot carriers into surface/ligand states. From the 

rest of the carriers, 30 % relax with a 20 ps decay, which is probably associated with the 

relaxation of hot carriers from the CNC core states to deep ligand states. The significantly 

longer decay in the range of nanoseconds is most likely associated with the recombination 

of carriers at the CNC core states.  

To explore the effect of CNC size on the carrier dynamics, intensity measurements have 

been carried out for PbS CNCs of ~3, ~4 and ~6 nm, capped with both kinds of ligands and 

probe pulses at 600 nm. The experimental data are presented in Figure 5.4. In all cases, a 

positive differential transmission signal due to free carrier absorption effects is dominant, 

while no significant variations in the magnitude of the differential transmission for the 

different samples were observed.  
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Figure 5.4: Intensity-dependent normalized differential transmission of oleate capped PbS CNCs 
(4a-4c) and (NH4)3AsS3 capped PbS CNCs (4d-4f) of 3 nm, 4 nm and 6 nm, using pump pulses at 
400 nm, probing at 600 nm and pump fluences between 0.05 – 0.50 mJ/cm2. The inset of (c) shows, 
the normalized differential transmission of organic capped PbS CNCs of different size at pump 
fluence of 0.50 mJ/cm. In the inset of (f), the data for (NH4)3AsS3 capped PbS CNCs of different size 
using a pump fluence of 0.125 mJ/cm2 can be seen. 

 

In the oleic acid-capped PbS CNCs, transient decays appear strongly dependent on the 

excitation fluence for all CNC sizes. The increase of the relaxation rate with laser intensity 

is strongly suggestive of efficient Auger recombination (Figure 5.4a-c). For the same 

pump fluence of 0.5 mJ/cm2, Auger rates tend to increase with CNC size (inset of the 

Figure 5.4c); similar trends are also observed for the rest of the pump fluences. A possible 

explanation relies on the presence of multiexciton effects (107; 103). As the same pump 

photon energy is used to excite all CNCs, multiexciton generation is more effective for 

lower gap dots, i.e. bigger CNCs, resulting in higher multiexciton generation yield. 

Commonly such effects are manifested in the optical data by the Auger recombination of 

the produced multiexcitons, which can explain the increase in the Auger rate with CNC 

size.  
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A different temporal behavior is observed in the decays of the inorganic capped PbS CNCs 

presented in Figure 5.4d-f. For the ~3 nm CNCs, contribution from Auger recombination 

is still evident, however it results in weaker dependence on the pump fluence compared to 

that exhibited by the ~3 nm sized oleic acid capped CNCs. The behavior is more 

pronounced for larger CNCs where contribution from Auger becomes negligible and 

carrier dynamics become independent on pump fluence. The quenching of Auger 

recombination is attributed to the unfavorable competition mechanisms with the efficient 

carrier trapping to the ligand/surface states. The temporal profile of the decays follow a 

double exponential decay with a fast time constant of few picoseconds (~8-13 ps) and a 

significantly slower one in the range of nanoseconds (~1.4-1.9 ns).  

 

Samples A0 A1 t1 (ps) A2 t2 (ps) A3 t3 (ps) 

Oleate CNCs 0.45 0.25 10 0.30 590 --- --- 

(NH4)3AsS3 

CNCs 
--- 0.50 2.0 0.30 20 0.20 1.1 

Table 5.1: Fitting parameters of relaxation times and relative amplitudes, based on 

multiexponential decays for 3 nm oleate and (NH4)3AsS3 capped PbS CNCs probing at 900 nm and 

pump fluence of 0.125 mJ/cm2. 

 

Following the same analysis with the discussion previously used for the IR probing decays 

that show channels with similar timescales (Table 5.1), the fast decay is attributed to 

ligand trapping and the longer channel to non-radiative recombination within the traps. In 

this case the decays have been associated with carriers thermalized to the bottom of the 

CNC band edges so relaxation occurs from the CNC band edge to shallow ligand states; 

further evidence of the presence of such states within the PbS CNC band gap is provided 

by the PL measurements presented later within the text. 
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  Photoluminescence Spectroscopy 5.1.2

To further investigate the recombination mechanisms and enable distinction between 

radiative and non-radiative channels, systematic studies of steady state and time resolved 

PL experiments were performed. The normalized steady state PL spectra of ~3 nm and ~4 

nm PbS CNCs for both ligand species taken at 77 K are presented in Figure 5.5a. The 

spectra were obtained using an ultraviolet (UV) excitation source at 375 nm, in close 

proximity to the excitation wavelength used in pump-probe experiments. Room 

temperature (300 K) PL measurements showed similar trends however the signal to noise 

ratio, especially from the (NH4)3AsS3-capped CNCs, was significantly deteriorated. The 

PL spectrum of the ~6 nm CNCs could not be reliably measured due to the weak response 

of our detector for wavelengths above 1700 nm. As observed in the absorption spectra, a 

combination of enhanced electronic coupling and dielectric effects redshifts the PL peaks 

of the inorganic capped CNCs by 90-100meV compared to the same CNCs before ligand 

exchange. At the same time the PL integrated area is reduced by 1-3 orders of magnitude 

compared to that of the organic capped CNCs, suggestive of enhanced non-radiative 

recombination mediated by the inorganic ligand states.  

 

Figure 5.5: Normalized PL spectra of ~3 nm and ~4 nm PbS CNCs capped with and (NH4)3AsS3 
ligands following direct photoexcitation at the 1S CNC states (785 nm). Similar to the case of UV 
photoexcitation, the PL peaks of the CNCs after ligand exchange with (NH4)3AsS3 appear red-
shifted. The magnitude of the shifts is similar to those observed under UV photoexcitation, and 
their origin is a combination of the different surface dielectric environment and the enhanced 
electronic coupling effects in the (NH4)3AsS3 decorated dots.   
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The results are in agreement with the pump-probe data findings and consistent with the 

general consensus that a decrease of the CNC capping ligand length results in an increased 

carrier capture rate by the ligands. (108) PL measurements were also performed under 

near-IR (785nm) excitation (see Figure 5.5). Based on recent, precise measurements of 

PbS CNC electronic states (109), the laser photoexcites the carriers for both ~3 and ~4nm 

CNCs below the 1Ph - 1Pe transition, populating directly the 1Se,h CNC levels; in the case 

of the larger dots, the asymmetric 1S - 1P transitions may also be excited by the 785 nm 

laser (109). For the oleic-acid capped dots, such an excitation results in substantially 

weaker emission, following the respective drop in the film absorbance. The arsenic sulfide-

capped CNCs exhibit however an anomalous behavior, with photoexcitation at the 1S CNC 

states (785 nm) resulting typically in higher PL signal than that obtained under excitation 

at the CNC high energy continuum (375 nm). As a result, a significantly smaller emission 

quenching is obtained n the former case with respect to the emission of the organic-capped 

dots. The results suggest that in the inorganic capped PbS CNCs, photogenerated carriers 

with excess kinetic energy follow different relaxation paths to those thermalized in the 

ground states, contributing differently to the PL emission. Hot carriers generated by UV 

excitation are captured fast by the ligand states. On the other hand, surface trapping of 

carriers photogenerated within the CNC 1S states is less efficient, resulting in higher yield 

of radiative recombination. 

PL measurements were also performed in the control (NH4)3AsS3 ligand film. The 

associated spectrum, presented in Figure 5.6b, was recorded at 77 K following 

photoexcitation at 375 nm. The film exhibits a very weak, broad PL band centered at ~ 580 

nm, order(s) of magnitude weaker than the PL from the CNCs. No PL signal was detected 

from the ligand film under IR (785 nm) excitation. Taking into account the estimated from 

the absorption data, energy gap of the ligands (~2.5 eV), the PL signal could be due to 

arsenic sulfide band-to-band emission. To further investigate the role of the ligand states in 

the radiative recombination process, excitation PL (PLE) measurements monitoring the 

CNC PL peak were performed in the spectral region of 300-625 nm. Characteristic spectra 

obtained at 77 K are shown in Figure 5.6b. PLE from the ~3 nm organic capped CNC film 

drops qualitatively similar to absorption in the 300-625 nm range. 
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Figure 5.6: a) Normalized PL spectra of 3 nm and 4 nm CNCs films capped with oleate and 
(NH4)3AsS3 ligands excited at 375 nm. b) Normalized PL spectrum of the ((NH4)3AsS3 film at 375 
nm and PLE spectra of the (NH4)3AsS3 -capped, 3 and 4 nm CNCs at 77 K. c) Temperature 
dependence of the integrated PL area of 3 nm oleate capped PbS CNCs (top) and 4 nm (NH4)3AsS3 
capped PbS CNCs (bottom). The data were normalized to the peak integrated area. d) Log-Log 
plots of the PL integrated area for the 4 nm (NH4)3AsS3 capped PbS CNC film as a function of 
excitation power following excitation at 785nm. With solid lines the respective best square fits are 
shown. In the inset in (d), the respective results for the 4 nm oleate capped CNCs at room 
temperature are displayed. 

 

On the other hand, the PLE spectra from the (NH4)3AsS3 capped CNCs indicate an 

increase in the CNC emission for excitation wavelengths longer than 400-450 nm. The 

behavior suggests a higher capture yield of carriers at the CNC relative to ligand states, as 

the excitation energy drops closer and below the ligand band gap (~490 nm). The model is 

consistent with the pump-probe data and interprets the anomalous behavior of the 

inorganic-capped CNC PL signal under UV and IR excitation. Such behavior is not 

observed in the case of oleic acid capped CNCs due to the insulating nature of such ligands 

(110). 

To further investigate the recombination mechanisms, temperature dependent PL 

measurements were performed for PbS CNCs with both types of ligands using excitation at 
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the CNC continuum (375 nm) and CNC 1S states (785 nm). Typical plots of the 

normalized PL integrated area as a function of temperature are displayed in Figure 5.6c. 

The raw PL spectra versus temperature are included in Figure 5.7. The PL temperature 

dependence of the ~3 nm and ~4 nm oleic acid capped PbS CNCs is fairly typical of such 

material (88; 105). As temperature increases, electron-phonon scattering and trap/surface 

recombination become more efficient at the expense of radiative recombination and the PL 

signal quenches. A plateau between 125 and 175 K is suggestive of weak carrier 

redistribution/detrapping processes (106).  

 

 

Figure 5.7: Temperature dependent PL spectra of films of a) 3 nm oleate capped PbS CNCs and b) 
4 nm (NH)3AsS3 capped PbS CNCs excited by a 375 nm laser line The temperature dependence of 
the PL emission is different in the two CNC systems, with the inorganic-capped CNCs showing 
typically the anomalous behavior observed in the Figure and thoroughly analyzed in the main 
manuscript text.  

 

Interestingly, the temperature dependence of the PL integrated signals obtained under near-

IR (red squares) and UV (blue squares) excitation, follow similar trends. The PL peak also 

exhibits the expected blue shift with temperature (see Figure 5.5) due to the anomalous 

PbS lattice temperature coefficient (111; 26; 112). Contrary, the PL temperature 

dependence of the arsenic sulfide-capped CNCs (Figure 5.6 and Figure 5.8) shows an 

anomalous behavior, especially following UV photoexcitation at high energy CNC states. 

The PL integrated area increases initially with temperature and subsequently decreases at 

high temperatures following the behavior shown by the organic capped PbS CNCs. 

Furthermore, the PL peak wavelength remains constant or slightly red shifts with 
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temperature (see Figure 5.7b). The anomalous behavior of the peak wavelength and 

intensity with temperature is quite characteristic of strong, thermally activated detrapping 

carrier processes. Increase of the temperature provides trapped carriers enough thermal 

energy to escape and be recaptured by the CNC states. The behavior is observed up to 

temperatures of ~125-200 K corresponding to activation energies of 10-20 meV thus 

suggesting that trapping occurs at shallow ligand states.  
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Figure 5.8: Log-Log plot of the PL integrated area for the 3 nm (NH4)3AsS3 capped PbS CNC film 
as a function of excitation power following excitation at 785 nm, 10K. 

 

Further information on the CNC recombination processes are obtained by excitation 

dependent PL experiments, performed at the two CNC systems using an excitation at 785 

nm, quasi-resonant to the CNC ground states. The log-log summary plots at 10 K and 300 

K and the respective least-square fits for the ~4 nm (NH4)3AsS3 capped PbS CNCs are 

shown in Figure 5.6d. In the inset, results for the 4 nm oleic acid PbS CNCs at 300 K are 

also depicted for comparison. The excitation power dependent behavior of the organic 

capped CNCs closely resembles the trends of our previous reported studies on PbS CNCs 

(75). The fits reveal a sublinear dependence with slope of ~0.7 that suggests Auger as the 

dominant recombination mechanism; the expected slope in this case is ~0.67 (113). A 

similar slope of ~0.72 has been obtained from the ~3 nm oleic-acid capped CNC film at 

300 K (not shown). The behavior of the ~3 nm (not shown) and 4 nm (NH4)3AsS3 capped 

CNCs appears more complex. At low temperature (10 K), the slope of the log-log plot 

changes from sublinear (~0.5-0.9) to linear (~3 nm CNCs) or superlinear (~4 nm CNCs) as 

the excitation power is increased. Based on previous evidence, the low excitation regime is 
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dominated by ligand carrier recombination which explains the observed sublinear 

behavior. As the excitation power increases, ligand states become saturated and surface 

recombination can be surpassed by monomolecular processes such as radiative 

recombination or bimolecular processes like carrier-carrier annihilation. At room 

temperature (300 K), a linear slope is obtained indicating monomolecular recombination. 

The channel should be predominantly non-radiative in nature, as the PL signal appears 

very weak at 300 K. It is interesting that the studies show no evidence of Auger 

recombination, in general agreement with the suppressed Auger obtained from the pump-

probe experiments described in details previously. 

Figure 5.9 shows the room temperature time resolved PL decays of the ~3 nm PbS CNCs 

capped with oleic-acid and (NH4)3AsS3 ligands. The decays were obtained while 

monitoring the CNC emission peak using the line of a 375 nm picosecond laser operated at 

a relatively high repetition rate of 1 MHz. The results at a low repetition rate (100 KHz) in 

the case of oleic acid capped CNCs are also shown. Measurements were also performed for 

the 4 nm PbS CNCs with quantitatively similar results (not shown). Under high repetition 

rate, the ~3 nm organic capped CNC film exhibits a monoexponential decay with a lifetime 

of ~15 ns. A decrease of the repetition rate by a factor of 10 (100 KHz) results in a 

concomitant lifetime enhancement by a factor of ~9.3 (~140 ns) for the ~3 nm oleic acid 

capped PbS CNCs. 

 

 

Figure 5.9: Room temperature PL decays of the 3 nm PbS CNCs films capped with oleate and 
(NH4)3AsS3 ligands, excited at 375 nm excitation and recorded at the maximum emission 
wavelength within a 30 nm spectral window. 
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The significantly faster decays at higher repetition rates are typically attributed to the 

presence of additional high frequency-activated CNC recombination channels that include 

multiexciton and photocharging effects (114). It is noted that no further reduction of the PL 

lifetime is observed when the laser repetition rate is reduced below 100 KHz. Based on 

this, the ~140 ns can be considered as a rough estimate of the radiative lifetime of the ~3 

nm oleic acid-capped CNC film.  

In the case of the arsenic sulfide capped PbS CNCs increase of the laser repetition rate 

results instead in a weak increase of the TR-PL lifetime, up to a factor of ~1.5 (see Figure 

5.10).  

 

Figure 5.10: PL decays at 77K from (NH)3AsS3 capped PbS CNCs following excitation with a 375 
nm laser that is operated at different repetition rates between 50 KHz and 1 MHz. The time 
constant of the dominant PL decay channel is displayed with green (50 KHz), blue (250 KHz) and 
red (1 MHz). The PL lifetime of (NH)3AsS3 cappped CNCs exhibits a different dependence on the 
excitation repetition rate to that typically observed in oleate capped CNCs. Instead of a dramatic 
quenching, a negligible variation or a weak increase of the PL lifetime is observed as the laser 
repetition rate is increased. The behavior suggests the suppression of fast recombination channels 
typically observed in colloidal CNCs under high energy/high frequency excitations such as 
multiexciton and photoionization effects. 

 

It is possible that carrier depletion of ligand states at high laser frequencies is incomplete, 

resulting in suppression of the surface recombination and thus of the overall recombination 

rate. In any case the behavior is not consistent with the Auger or photocharging effects 

observed at the organic-capped CNCs. The decays of the inorganic-capped CNCs show 

biexponential kinetics with a dominant fast decay of the order of ~1 ns and a weaker longer 

decay, varying in the 5-10 ns range (Figure 5.9). The longer decay is most probably the 
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radiative CNC lifetime, quenched compared to the respective radiative lifetimes of the 

organic-capped dots by a factor ranging from ~10 to ~30.A potential origin of the 

quenching is the higher dielectric constant of the inorganic surface environment. This has 

been convincingly shown for studied solutions of such organic and inorganic CNC 

materials by Kovalenko et al. (91) Following the relevant derivation and using dielectric 

constants of ~17, ~2.5 and 5.1 for PbS, oleic-acid and (NH4)3AsS3 materials respectively, a 

dielectric-induced quenching of the radiative lifetime by a factor of ~3.9 is calculated. This 

is significantly smaller than the experimental quenching factors observed i.e. 10-30 as 

states above, which indicates that in addition to dielectric screening, other factors 

contribute to the lifetime shortening. Additional interactions in the solid state, such as 

enhanced interdot interactions enabled by the short arsenic sulfide ligands, can influence 

the electron-hole wavefunction overlap and result in the further shortening of the radiative 

lifetime. 

 

  Energy Level Model of the Arsenic sulfide capped PbS CNCs 5.1.3

Based on the information provided from the experimental studies presented, model band 

diagrams with the relaxation/recombination processes and the associated timescales for the 

oleic acid and (NH4)3AsS3 capped PbS CNCs could be drawn in Figure 5.11a and b, 

respectively. For simplicity the diagrams refer to ~3 nm CNCs; similar diagrams can be 

obtained for the ~4 nm CNCs. The approximate HOMO/LUMO CNC energy levels values 

were obtained from Ref. 35. 

In oleic acid capped PbS CNCs, UV (375 nm)/blue (400 nm) excitation denoted with a 

blue arrow in Figure 5.11a, results in the generation of carriers at the CNC state 

continuum. The carriers thermalize to the conduction/valence band edges (Process A) 

within 1-1.5 ps. A fraction of the electrons is captured by shallow donor states with a time 

constant of 10 ps (Process B). The rest of the carriers recombine nonradiatively/radiatively 

within hundreds of picoseconds (~600 ps, Process C) or hundreds of nanoseconds (~140 ns 

lifetime, Process D), respectively. In addition to these mechanisms, additional sub-ns 

channels (not drawn) become activated at elevated excitation densities that include Auger 

recombination and multiexciton effects.  
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Figure 5.11: Schematic energy band diagrams of a) 3 nm oleate capped PbS CNCs and b) 3 nm 
(NH4)3AsS3 capped PbS CNCs with various relaxation mechanisms following carrier 
photoexcitation with UV/Blue radiation (blue arrow) and IR radiation (orange arrow).  

 

In the (NH4)3AsS3 capped PbS CNCs, a more elaborate diagram is drawn to demonstrate 

the new photophysical processes observed, that include recombination mediated by the 

metal chalcogenide ligands (Figure 5.11b). Electron affinity of (NH4)3AsS3 is assumed 

similar to As2S3 (~3.6eV (115)); the ligand gap is obtained from the absorption/PLE 

measurements to be ~2.5eV. The derived diagram suggests that PbS CNCs and 

(NH4)3AsS3 ligands form a type I energetic band alignment. Following UV (375 nm)/blue 

(400 nm) excitation, a large fraction of the carriers is captured at timescales of ~2 ps before 

being thermalized (Process A). A longer relaxation time in the range of tens of picoseconds 

(~20 ps) is related to the combined processes of carrier capturing and relaxation within the 

ligand states (Process B). Following near-IR excitation, carriers populate directly the CNC 

1S states. A fraction of them, transfers to the ligand states within few ps (~8-13 ps, process 

C). There is evidence from the temperature dependent PL that significant trapping occurs 

at shallow states located within 10-20 meV below (above) the LUMO (HOMO) CNC 

levels. The rest of the carriers recombine via two channels at timescales of ~1-2 ns and ~5-

10 ns attributed to CNC non-radiative (Process D) and radiative recombination (process E), 

respectively. 

In total a combination of steady-state and time-resolved absorption and luminescence 

techniques was employed to provide insight into the photophysics of films of PbS CNCs 

capped with short arsenic sulfide ligands, produced via ligand exchange processes from 
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oleic-acid capped dots. Such newly discovered inorganic-capped CNCs appear promising 

as stable and functional building blocks for electronic devices; however their solid-state 

properties have remained unexplored. In our investigations, a plethora of experimental 

parameters such as CNC size, excitation wavelength, power and temperature have been 

varied and the main CNC relaxation and recombination processes have been identified and 

analyzed. Based on the experimental findings, a comprehensive energy diagram describing 

the photophysics of the (NH4)3AsS3 capped PbS CNC films has been drawn. Overall, our 

study indicates that the ligand exchange process introduces arsenic sulfide states above and 

below the CNC band edge levels that act as efficient sinks of carriers, modifying the carrier 

recombination mechanisms and rates. The observed suppression of Auger recombination 

and photocharging effects in the (NH4)3AsS3 capped PbS CNCs may be promising as both 

mechanisms are limiting factors in the operation of CNC-based optoelectronics. Such 

attributes along with the potential of passivation with a plethora of other unexplored and 

potentially better chalcogenidometalates, makes such all-inorganic quantum dots a highly 

promising quantum dot material system.  
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5.2 PbS CNCs with K4GeS4 Ligands 

PbS CNCs capped with As2S3 based-ligands produced stable solid state films, while 

excitation recombination channels such us Auger and photo-ionization processes appeared 

weakened in favor of fast electron trapping at ligand-induced states (116). Such attributes 

were exploited in high performance photoconductors produced out of As2S3
- encapsulated 

PbS CNCs (117). At the same time though, the fast trapping processes substantially limit 

the performance of devices such as solar cells based on the aforementioned materials. It is 

possible that other metal chalcogenides provide better surface passivation against trap 

recombination. Recent studies had shown promising results for polar solvent stabilization 

of CNCs using GeSx-based ligands. For example the binding affinity of K4GeS4 on CdSe 

CNCs was found larger than that of other metal chalcogenide ligands. (118) Potentially a 

similarly high binding affinity of K4GeS4 on surfaces of PbS CNCs could be expected. 

Motivated by the promises of such a new material, we performed a series of spectroscopic 

studies to assess the photophysical properties of solutions and thin films of K4GeS4 capped 

PbS CNCs. 

 

  Energy Level Landscape of K4GeS4-capped PbS Nanocrystals 5.2.1

Steady state absorption spectra of solutions and films of the PbS CNCs capped K4GeS4 

ligands dispersed in dimethyl sulfoxide (DMSO) and N-Methylformamid (MFA), as well 

as their corresponding reference (oleic acid) sample are shown in Figure 5.12a and b 

respectively. For the organic capped CNCs, the characteristic peak of the 1S (1Sh -1Se) 

transition appears strong, showing negligible spectral shift between solutions and films. On 

the contrary K4GeS4-capped CNC films exhibit quenched, broadened and red-shifted 

excitonic transitions, similarly to the As2S3 capped CNC films, examined in the previous 

sub-chapter that have been attributed to a combination of increased interdot interactions 

and dielectric effects. The absorbance modifications appear more intense in films deposited 

out of MFA, with the majority of the films probed showing no signatures of the 1S 

excitonic peak, as observed in Figure 5.12(b). In PbS CNCs without the passivating CdS 

shell, only particles decorated by the K4GeS4 complex retain much of their IR-

photoluminescence (PL) upon the displacement of the organic with the aforementioned 

MCC ligands. The discussion focuses then on this material, being referenced to the parent 

oleate-capped material and to the previously studied (NH4)3AsS3-PbS CNCs. Dots in the 
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size range of ~3-6 nm were investigated, however much of the presented data concentrates 

on small size particles with the 1S exciton in the ~950-1050 nm range, as they appeared to 

be processed into more uniform films compared to larger particles. For the organic capped 

CNCs, the characteristic 1S exciton peak appears strong, showing negligible spectral shift 

between wavefunction overlap enabled by the capping with the short MCC ligands (97), 

(119), however other factors such as partial CNC fusion, dielectric-induced shifts (120) 

and orbital interactions of core-ligand states (121) could also contribute to the effect.  

 

 

Figure 5.12: : Absorption spectra of films of MCC-CNCs dispersed in dimethyl sulfoxide (DMSO) 
(a) and N-methyl-formamide (MFA) (b) solvents along with spectra of their reference solution and 
film (oleate acid capped) respectively. Comparative PL spectra from films produced out of material 
before and after the solution phase exchange of oleate with K4GeS4 and (NH4)3As2S3 ligands 
dispersed in DMSO (c) and MFA (d).  
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Figure 5.12 (c) and (d) contain comparative PL spectra from spin-casted films produced 

out of material before and after the solution phase exchange of oleate with K4GeS4 and 

(NH4)3As2S3 ligands. The figure trends can be reasonably reproduced within different film 

series. The main observations are: (i) K4GeS4-PbS CNCs retain a significant fraction of the 

organic-capped CNC emission, yielding consistently higher PL intensities to the reference 

(NH4)3As2S3 -capped CNC material. (ii) The PL lineshape from K4GeS4-PbS CNCs 

appears dependent on solvent and deposition method. Films produced out of DMSO 

exhibit a Gaussian-like lineshape that closely resembles the PL shape of the organic-

capped CNC films. On the contrary material out of MFA exhibit broadened, multi-peaked 

emission, extending towards the infrared resembling the lineshape of the (NH4)3As2S3-

capped CNC films emission. The origin of the PL intensity and lineshape modifications are 

discussed further below.  

 

Figure 5.13: Transient pump probe (a) and time-resolved PL (b) data from films produced out of 
organic- and inorganic-capped CNCs  

 

Figure 5.13 contains the low fluence transient pump probe and time-resolved PL data from 

films produced out of organic- and DMSO-dissolved inorganic-capped CNCs. The former 

exhibit long lived 1S state bleaching and very slow PL decay of the order of 1.4 μs. After 

ligand exchange with (NH4)3As2S3, no ground state filling is observed while the PL 

lifetime appears severely quenched. The weak emission and fast transient absorption and 

emission dynamics are consistent with previous findings of our group (122), which 
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indicate that (NH4)3As2S3 ligands in PbS CNCs promote efficient trapping of the 

photoexcited electrons. On the contrary, the weak but long lived absorption bleaching and 

the much slower PL transients in combination with the significantly brighter emission 

present in the K4GeS4-capped CNC films indicate that excitons are not subjected to such 

fast ligand-induced recombination. It is noted though, that the passivating properties of the 

K4GeS4 ligands appear solvent-dependent, as CNC films produced out of MFA exhibit no 

transient bleaching signal, while the PL dynamics appear significantly quenched compared 

to material prepared out of DMSO. The results are consistent with the weaker and broader 

emission of the MFA-produced CNC films, displayed in Figure 5.12. A more detailed view 

in the PL dynamics of the new K4GeS4-capped CNC material indicates that the decay 

typically consists of a slow component, most probably related to the core CNC 

recombination and a fast component, that based on the timescales involved can potentially 

be attributed to three mechanisms: (a) Exciton trapping at MCC-induced states, (b) Auger 

recombination and (c) Exciton hopping within the CNCs enabled by the short MCC 

ligands. 

To further clarify the unknown recombination mechanism, we performed a spectroscopic 

characterization of the free metal chalcogenide ligand films, the results of which are 

summarized in Figure 5.14. The linear part of the Tauc plots signifies the presence of 

direct gap semiconductor phases that exhibit a band edge absorbance that scales with the 

squared root of energy (10). An approximate determination of such a gap can be provided 

by extrapolating the linear section to zero, (25; 10) yielding an estimate of ~2.7 eV 

(~460nm) and ~4.3 eV (~288 nm) for the spin coated (NH4)3AsS3 and K4GeS4 SC films, 

respectively. The former value is overall consistent with the gap of the As2S3 

semiconducting phase in which (NH4)3AsS3 decomposes into the dry state. A weak and 

broad yellow luminescence observed just below the direct gap transition in (NH4)3AsS3 

spin-coated films, confirms such an assignment. It is noted that thicker and more 

disordered drop-casted (DC) films of (NH4)3AsS3 contain material phases with lower gaps 

as indicated by the significantly red-shifted absorption features and emission spectra 

observed in Figure 5.14(a). For the Ge-containing material, the UV bandgap measured and 

the white color appearance of the film indicates that the ligand in the solid state partly 

retains its insulating K4GeS4 composition. No PL signal was obtained from SC-films of the 

ligand for excitation energies up to 4.5 eV (~275 nm). In DC-films with higher structural 

and compositional disorder, the presence of an absorbance feature and weak infrared 
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luminescence in the 0.8-1.2 eV range indicates that lower gap semiconducting phases most 

probably due to the distorted rock salt structure of GeS are formed (123) 
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Figure 5.14: Tauc Plots (solid lines) of As2S3 (a) and K4GeS4 (b) free ligand films along with linear 
fittings for the calculation of their optical energy gap. Shaded solid lines resemble their respective 
emission. Also an image of the solutions is displayed along with an inset magnification of the 
absorption spectra in the NIR regime for the case of K4GeS4 films. 

 

Information on the ligand- and solvent-dependent energetics of the two MCCs ligand 

phases in the presence and absence of binding onto the PbS CNC surfaces is provided by 

cyclic voltammetry (CV) measurements performed on material colloids. The MFA-

dissolved K4GeS4 exhibits a reduction peak at ~ -1.4 V corresponding to a LUMO of -3.7 

eV as observed in Figure 5.15. No signature of oxidation is obtained within the voltage 

range probed i.e. up to +0.3 V which places a lower bound of 1.7 eV to the electrochemical 

gap of the material, consistent with the ultraviolet optical gap measured.  

For the oleate-capped PbS CNC solution, the CV data in Figure 5.15 (b) contain a strong 

oxidation with onset at ~0.15 V and a reduction with onset at -0.9 V, yielding a PbS CNC 

HOMO at ~ -5.25 eV and a LUMO at ~ -4.2 eV respectively. The absorbance of the same 

solution is displayed in Figure 5.12a) out of which an optical gap of ~1.25 eV defined by 
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the 1S excitonic CNC peak is obtained, being larger than the electrochemically estimated 

HOMO-LUMO gap of ~1.05 eV. The CV data of MFA Figure 5.15 (c) and DMSO in 

Figure 5.15(d) solutions of K4GeS4-capped PbS CNCs exhibit weak oxidation and 

reduction peaks at ~0 V/-0.85 V and ~0 V/-1.05 V respectively.  

 

 

Figure 5.15: Cyclic Voltammetry data from MFA dissolved K4GeS4 free ligand solution (a), 
reference (oleate acid capped PbS CNCs dispersed in TCE) (b), K4GeS4 capped PbS CNCs 
dispersed in MFA (c) and K4GeS4 capped PbS CNCs dispersed in DMSO solution (d). Red lines 
resemble HOMO level as blue lines LUMO. 

 

Based on the voltage proximity of such onsets with the respective peaks in the CNCs 

before ligand exchange, we tentatively assign them to the HOMO and LUMO levels of the 

PbS dots, yielding an electrochemical gap of 0.85 eV and 1.05 eV for the MFA and DMSO 

and solution, respectively. The gap of the latter is similar to the electrochemical energy gap 

of the oleate-capped material. On the other hand the MFA-dissolved CNCs exhibits a 

lower electrochemical gap that indicates a stronger influence of the ligand exchange 

process on the energetics of the produced CNC material. Such modifications could explain 
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the absence of the 1S exciton absorbance and the quenching of the band-edge 

photoluminescence in such material.  

The CV data of both CNC solutions contain additional weak oxidation and reduction peaks 

at -0.55 V and -1.5 V for the MFA material and -0.35 V and -1.5 eV for the DMSO 

material, respectively. The features indicate the presence of a material phase with HOMO, 

LUMO of ~3.6 eV and 4.55 eV i.e. a 0.95 eV gap for MFA and ~3.60 eV and 4.75 eV i.e. 

1.15 eV for DMSO respectively. Based on the proximity of the reduction peak at ~ -1.5 V 

observed in both solutions with the reduction at ~ -1.4 V observed in the CV data from the 

free K4GeS4 solution (Figure 5.15(a)) and the absence of such features in the CV data of 

the oleate-capped dots, we attribute the peaks to redox reactions of the 

chalcogenidometalate ligands. Compared to the free ligand CV spectra where only a 

reduction was observed, the capping material appears to exhibit also a weak oxidation peak 

which could indicate that the ligand material acquires a lower gap phase upon binding to 

the PbS CNC surface. Overall the CV data thus indicate the formation of type-II K4GeS4-

PbS CNC heterojunctions, however an interesting, solvent-dependent variation in the 

measured band offsets can be observed. MFA dispersed CNCs appear to exhibit a resonant 

energy gap with the MCC ligands, which makes it plausible for the 1S CNC core states to 

mix with ligand states or promote a resonant exciton transfer to the ligands. Such 

energetics could explain the quenched 1S absorption and red-shifted, diminished emission 

from such material. On the other hand, DMSO dispersed CNCs appear to have a slightly 

lower energy gap that that of the MCC ligands which may be responsible for a reduced 

core-ligand state mixing or exciton trapping, consistent with the stronger band-edge 

absorption and emission that such CNCs were found to exhibit.  

 

  Mechanism of Exciton-Ligand Interaction  5.2.2

Temperature dependent PL experiments allow a more detailed view into the mechanism of 

the exciton-ligand interaction in K4GeS4-PbS CNCs. Such interactions are predominantly 

probed via the energetics and dynamics of photoluminescence, so we concentrated our 

studies in CNC films produced out of DMSO, which exhibit sufficiently strong emission 

across the wide temperature range of 78-380 K. An overall observation is that the 

luminescence of such films can be consistently reproduced using a triple Gaussian model, 

as displayed in Figure 5.16 for temperatures of 78K, 280K and 380K.  
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Figure 5.16: Lineshape analysis via a three Gaussian model for temperatures of 78K (a), 280K (b) 
and 380K (b). 

 

The dominant, high energy peak 1 exhibits a narrow linewidth 100-180 meV lying slightly 

below the respective 1S absorption transition. Fitting of the main luminescent feature 

requires also the addition of a weaker and slightly red shifted peak 2 that exhibits a 

considerably larger linewidth of ~280-450 meV. A low energy PL satellite that appears 

more intense at cryogenic temperatures is modeled by a third Gaussian (peak 3), peaked at 

0.25-0.35 eV below the main PL feature.  

 

Figure 5.17: Temperature dependent steady state PL of reference sample (oleate capped PbS 
CNCS) at temperatures ranging between 78 and 380K. 



93 
 

 

Insight into the nature of the three recombination channels can be obtained from the 

analysis of the temperature dependent PL displayed in Figure 5.18. The first two 

Gaussians (CX and SX) exhibit an almost identical behavior with temperature involving an 

almost equal magnitude of blue shift of their peak and a similar type of temperature-

induced intensity quenching. PbS exhibits a similar characteristic anomalous temperature-

dependent band gap shift as evidenced in the data obtained from the reference oleate-

capped CNC sample (Figure 5.17) (25)  

 

 

Figure 5.18: Temperature PL data in the rage of 78-380K (a), Arrhenius plots (b) and peak 
position versus temperature (c) for the three aforementioned peaks. In (b) colored dashed lines 
represent the linear fitting of the data for the extraction of critical temperature and quenching 
activation energies. 
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Based on the narrow linewidth and the energetic proximity of the high energy peak to the 

1S absorption, we assign it to the radiative recombination of the CNC core, localized 

exciton (CX) (10; 11; 25). On the other hand the red-shifted, quenched intermediate peak 

that exhibits similar temperature-dependent behavior is assigned to a surface, delocalized 

exciton (SX). The delocalization is enabled by the short MCC ligands, enabling surfacial 

electronic coupling of adjacent dots. The third peak (LE) exhibits a quite different 

temperature-behavior as it red shifts as temperature rises, which indicates that its origin is 

not related to PbS. It is tentatively assigned to radiative recombination from the MCC 

ligand states. 

 

Figure 5.19: Time resolved PL data monitoring the core CNC exciton peak (black solid line) at 

78K (a), 180K (b) and 300K (c). The Orange line resembles the cumulative exponential fitting 

which at low/intermediate temperatures can be decomposed into a decay (red) and a growth (blue) 

part that fits the growth component (green) deriving from the subtraction of the decay component 

from the raw data so that the growth component can be fitted correctly. Ligand emission of MCC-

CNCs and free ligand film along with their respective fittings (d). Early times of PL signal for both 

Core and Ligand emission (e). Process yields for modeling versus temperature for the various 

recombination channels (f). 
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A detailed analysis of the temperature-dependent PL dynamics is provided in Figure 5.19 

for low (78 K), intermediate (180 K) and high (300 K) temperatures when monitoring the 

CX peak. The decays can be reproduced at all cases via a multi exponential model, 

composed of a fast decay of the order of ns and a very slow decay of μs scale. At 

low/intermediate temperatures, a growth component of hundreds of ns is also required to 

provide adequate fitting of the TR-PL data. The fast component has similar dynamics of 

5.5 to 6.5 ns at all temperatures with the lower/upper bound of the range corresponding to 

300 K/77K range respectively. Its relative weight though increases substantially as 

temperature rises. Plausible mechanisms of this channel, based on its timescales and 

temperature behavior are: (a) Exciton transfer from the PbS core to MCC states, (b) 

Exciton transfer within neighboring CNCs, (c) Charge transfer from the PbS core to MCC 

ligands, (d) electron/hole transfer within adjacent CNCs, or (e) multi-exciton 

recombination such as Auger recombination. 

Excitation-dependent TR-PL confirms the presence of multi-excitonic recombination via 

Auger in the material both before and after the ligand exchange process by quenching of 

the overall PL lifetime as observed in Figure 5.20. However the fast channel’s relative 

contribution (~50-55%) and the temporal characteristics (~5-6.5 ns) in the MCC capped 

CNC films appears unaffected by excitation fluence, which excludes mechanism (e) i.e. 

Auger as the origin of the channel.  

 

Figure 5.20: Excitation-dependent TR-PL of (a)oleate capped PbS CNCs and (b) K4GeS4 capped 
PbS CNCs dispersed in DMSO. 
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Information on the nature of the recombination channel is provided by closely examining 

the rise times of the PL transients while monitoring the high (CX and SX) species and low 

(LE) energy PL peak, as illustrated in Figure 5.19e. The signal rise of the LE is slow and 

clearly retarded by ~6 ns compared to that of the CNC exciton recombination. The 

prolonged rise time indicates that the LE emission is a result of an excitation process that is 

significantly longer than the pulse width of the picosecond laser used; typically such 

delayed rise signals denote the presence of an energy transfer-based excitation process. A 

plausible explanation is that the ligand emission results from an energy transfer process 

from the higher energy CX and SX species i.e. mechanism (a) out of the four other 

plausible mechanisms listed above. This is consistent with the considerably lower 

absorption of the MCC ligands compared to the PbS CNCs at the excitation wavelength 

used, which makes direct laser excitation of the MCC states inefficient. Based on such 

evidence, we tentatively assign the fast recombination channel to energy transfer from the 

CNC excitons to states introduced by the K4GeSe4 ligands.  

The long recombination component is attributed to a convolution of the intrinsic (radiative 

and non-radiative) CNC recombination of the two CX and SX species. Its relative weight 

overall quenches at high temperatures and as mentioned before, it is subject to multi-

exciton quenching via the Auger recombination.  

The third term of the PL transient model, appears as a growth signal with a timescale of 

~350 ns with a relative amplitude of 22 and 18% at 77 K and 180 K respectively. As the 

temperature rises further, the growth component is suppressed while no evidence of such 

signal exists at room temperature. In in Figure 5.19d the ligand emission transients in the 

CNC films (blue/black lines) and the free ligand (olive/red) film are displayed. Ligand 

emission within the CNCs is highly temperature sensitive with an average decay constant 

of ~120 ns and ~37 ns at 77K and 180K respectively; on the other hand the free ligand PL 

decay appears temperature insensitive and occurs at significantly slower timescales of 

~480 ns. Detailed analysis of the LE decays shows that at low temperature three 

exponential channels are observed with time constants of ~1.4μs, ~350ns and ~33ns. At 

intermediate temperatures the 33 ns and 350 ns channels are still present, though the μs 

channel diminishes at the expense of a new fast channel with decay of ~7 ns.  

Some interesting correlations between the aforementioned time constants can be made. The 

350 ns channel via which the ligand emission decays, exactly matches the dynamics of the 

growth component of the emission from the PbS related states (CX and SX species). This 



97 
 

is consistent with a process of energy back transfer from the K4GeS4 to the PbS states. It 

then appears that at low to intermediate temperatures, energy outflows from the PbS states 

to the MCC states at fast time scales of few ns and then part of this energy is funneled back 

to the CNC core states at significantly slower rate of hundreds of ns. As the temperature 

increases, the growth component of the PL signal disappears, which indicates that excitons 

are not back transferred to the CNC states via the ligands; it is plausible that at such 

temperatures the excitons acquire enough thermal energy to hop between dots using the 

ligand states as a bridge. The three processes yields are displayed in Figure 5.19f. They 

have been calculated from the weighted rate of each process in a similar fashion to the 

calculation of the weighted lifetimes in Eq.3.5. It can be seen that the dominant 

recombination is the process of energy transfer from the core CNC states to the ligand 

states, with amplitude that increases with temperature. On the other hand energy back 

transfer from the ligand states to the core states strongly reduces as temperature increases, 

while intrinsic recombination rate is less temperature sensitive with a small trend of 

decrease. 

A model summary of the recombination mechanisms can be seen in the schematic 

illustration bellow (Figure 5.21). The left part displays the recombination mechanisms at 

low temperatures (78K). The red arrow indicates the excitation that photogenerates core 

excitons (CX - at ~1.1eV) and surface excitons (SX - at ~1.08eV) with an intrinsic 

recombination yield ηIC. The greatest fraction of the CX and SX excitons transfer (dark 

blue dashed arrow) to the ligand states with a high yield ηETC. In the ligand states such 

energy is dissipated either via intrinsic radiative and non-radiative recombination (orange 

arrow) or funneled back to the PbS related states with a yield of ηETL, where it is quenched 

via the intrinsic recombination channels. At high temperatures the back transfer of energy 

is absent. Excitons or carriers gain enough thermal energy to hop within the CNCs using 

the ligands as a bridge (wine dashed arrows) till they recombine radiatively or non-

radiatively.  
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Figure 5.21: Schematic illustration of system along with the respective recombination channels at 
Low (left) and High (right) temperatures. Solid green and blue solid lines resemble the intrinsic 
core recombination channels, namely free and surface excitons respectively, as grey solid lines 
resemble the MCC ligand states. Solid line arrows present the excitation (red arrow) the FX and 
SE recombination (Green and light blue respectively) as orange arrow the ligand emission (LE). 
Dark blue dashed arrow illustrates the exciton/energy transfer to the ligand states as light blue the 
energy back-transfer to the core states. For high Ts the wine dashed arrow resembles the 
exciton/charge hopping in the CNC material.  
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Chapter 6: Optoelectronic Properties of Bi-doped PbS 
CNCs 

Progress towards a CNC-based electronics technology is dependent on the development of 

reliable methods of electronic-functionalization of the CNCs in the solid state. In complete 

analogy to conventional electronics, doping appears as a natural pathway, however doping 

of CNCs remains a widely unexplored and at the same time challenging task. Initial 

attempts were hindered by the rejection of intrinsic impurities by the host lattice, so part of 

the community effort has been directed in remote doping via charge injection into the 

CNCs from extrinsic dopants (124; 125; 126) or ligand-modulated CNC reduction or 

oxidation (127). However the practicality of such approaches towards a universal CNC 

doping protocol for devices may be challenged. Progress in the chemical synthesis of 

doped nanocrystals (128; 129) allowed the implementation of various robust approaches 

towards the substitutional and interstitial incorporation of extrinsic impurities into InAs 

(130), PbS (131; 132; 133; 134; 135; 136) , PbSe (137) and CdSe (138). Based on such 

approaches, device concepts such as solar cells and field effect transistors have been 

demonstrated. Furthermore remote and intrinsic doping studies have provided evidence of 

successful incorporation of ionized electrons into the CNC core states and information on 

the optoelectronic properties of the doped CNCs. Yet more studies are needed towards the 

understanding of the mechanisms via which dopant atoms and ionized carriers affect the 

recombination of excitations and influence the energy level landscape of doped CNCs. 

Optical spectroscopy is a suitable non-destructive diagnostic tool that can provide answers 

to such fundamental questions.  

In this section, motivated by a recent robust approach that demonstrated n-type PbS CNCs 

by aliovalent substitutional Bi atoms (136), we report on a detailed spectroscopic 

investigation of the solid-state optoelectronic properties of the CNC doped material. 

Doping is introduced via two different methodologies: (i) in situ doping during colloidal 

synthesis of the quantum dot material, (ii) post-synthetic doping via intented cation 

exchange (CX) reactions. Using the two methods, a series of samples is produced in which 

Bi doping in the PbS host lattice is systematically increased using the above 

methodologies. Samples are coded based on the % precursor Bi:Pb atomic ratio and 

categorized as series A or series B films, referring to in-situ and post-synthetic doped 

samples respectively. To produce the in-situ series A material, bismuth acetate is added in 
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the original lead precursor solution which is made by dissolving lead oxide in oleic acid 

and octadecene. Along with the formation of lead oleate, bismuth aceate is also dissolved 

producing bismuth oleate, and the two oleate complexes co-particpate in the formation of 

bismuth doped PbS CNCs upon addition of the sulfur precursor. Hence for series A the 

precursor Bi:Pb atomic ratio is determined by the original lead oxide to bismuth acetate 

weight ratios and confirmed via inductively coupled plasma optical emission spectrometry 

(ICP-OES) experiments . For making samples of series B, first PbS CNCs were produced 

and purified and subsequently injected into a bismuth oleate solution. For that reaction the 

weight of the original PbS CNCs is used to determine the precursor Pb amount. A variety 

of steady-state and time-resolved optical spectroscopic techniques across a wide spectral 

and temporal range are employed to investigate the influence of dopant incorporation on 

the solid state electronic structure of the CNCs and understand the dopant-induced 

mechanisms through which they affect the recombination of photoexcitations in the doped 

material.  

 

6.1 Optical Properties of Doped Series A and B at Room 
Temperature  

Figure 6.1(a) contains the results of inductively coupled plasma optical emission 

spectrometry (ICP-OES) experiments on the studied material. The data confirm previous 

findings (136) on the efficient incorporation of Bi in the dots during their synthesis, 

followed by substitution of Pb cations by Bi. In particular, for both series A and B the 

measured Bi:Pb ratio is higher compared to the precursor Bi:Pb ratio, i.e. 1.4 times higher 

and 2.2 times higher for series A and B respectively. Small deviations between the 

precursor and final Bi:Pb ratios, as those observed in series A, can be attributed to a 

favored incoproration of Bi in the PbS structure (e.g. cation exchange reactions during the 

CNC formation and growth) or/and via the formation of Pb2+ vacancies upon Bi3+ 

incorporation in the CNC structure as a charge compensation mechanism. For larger 

deviations such as those in series B samples, it is necessary to consider changes induced by 

the purification process of the doped CNCs accompanying the CX reactions. The 

purification is performed via routine precipitation-centrifugation-redispersion cycles and 

results in loss of the CNC material affecting the Bi and Pb amounts in the final CNC 

product. Based on the evidence above it is reasonable to assume that in series B, Bi is 

mainly located in and on the surface of the CNCs and that solvent dispersion of individual 
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CNCs during purification depends on individual doping with smaller loss of the CNC 

material as more Bi is introduced.  

 
Figure 6.1: (a) Normalized absorbance of series A (doping during synthesis) films at 300K. (b) Normalized 
absorbance of series B (post-synthetic doping) films at 300K. (c) Comparative integrated PL of the films of 
the two series at 300K. The integrated PL has been normalized to the respective of the undoped films. (d) 
Comparative PL spectra of series A films at 300K. (e) Comparative PL spectra of series B films at 300K. (f) 
Degree of Bi incorporation into PbS CNCs using the two doping mechanisms provided by ICP-OES 
experiments. Data for doping during synthesis have been taken from [21]  

 

 Figure 6.1(b) and (c) contains the steady-state absorbance from the films of the two 
series. The absorbance has been normalized to the peak of the 1Se-1Sh excitonic CNC 
transition at its sample. Series A exhibits a monotonic broadening, quenching and blue 
shift of the fundamental excitonic transition (up to ~100 meV) with dopant content. Such 
absorption modifications could be considered as a manifestation of the CNCs conduction 
band charging by the ionized electrons of the dopants (124; 130; 136; 139). However the 
interband absorption spectral changes may also arise from other dopant-induced effects 
such as the introduction of above or below-gap energy states (130; 136), or the carrier 
filling of surface and trap states instead of core CNC states that lead to broadening and 
shifting of absorbance via the Stark effect (139).The same absorbance modifications are 
also observed in series B, the effect magnitude is significantly smaller compared to those 
in series A. i.e. 5 times smaller blue-shifts of the 1Se-1Sh optical transition.  
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Figure 6.1(e) and (f) contains comparative PL spectra from the studied films performed 

under a 785 nm (~1.58 eV) quasi-resonant excitation of the 1Sh – 1Se excitonic transition. 

In both series, the introduction of the dopant species results in efficient quenching of the 

PL intensity, red-shift of the PL peak and broadening of the PL lineshape towards the 

infrared. The emission quenching is quantified in Figure 6.1(d) where the integrated PL 

for all films studied, is plotted versus the precursor Bi:Pb ratio. For series A an amount of 

2% Bi is sufficient to quench the integrated PL by 95%, in close agreement with previous 

studies on the same material (136). PL suppression in series B exhibits a significantly 

weaker dependence with Bi content. Quenching by the same fraction requires the 

incorporation, as measured by the ICP-OES experiments, of Bi content that is 5-8 times 

larger compared to series A. Overall the data of Figure 6.1 show that doping during 

synthesis results in stronger perturbation of the CNC photophysical properties compared to 

post-synthetic doping using cation-exchange reactions. As discussed earlier, it is 

reasonable to assume that the later process may result in the anisotropic incorporation of 

dopant atoms on the surface versus a more uniform dopant embodiment in the PbS lattice 

allowed by doping during synthesis. Such a preferential inclusion of dopants could result in 

a larger average spatial separation and thus weaker interactions of dopants with PbS 

photoexcited excitons that are uniformly generated throughout the whole CNC volume. 

The assumption is further evaluated with temperature-dependent and transient absorption 

and PL experiments analyzed later in the text. 

Another observation is that both doping methods appear to result in a more dramatic 

bleaching of the PL compared to absorption, in general agreement with previous studies 

(136; 139; 126). It is noted that the comparative PL data of Figure 6.1(c),(d) and (e) have 

been normalized to the respective absorbance at the excitation wavelength so they do not 

include losses in emission associated with the dopant-induced absorption reduction. 

Luminescence compared to interband absorption is a higher order process that involves 

additional mechanisms such as the formation, energy relaxation and recombination of 

excitons. In particular for the PbS material system, the high dielectric constant screens the 

Coulombic interaction of electrons and holes lengthening the natural radiative lifetime 

typically to levels of hundreds of ns. So even at the level of one added charge per dot, 

band-edge emission in the n-doped CNCs is expected to quench efficiently via the 

formation and Auger recombination of trion (X-) species that occurs at sub-ns scales i.e. 

orders of magnitude faster than radiative decay (126). Alternative pathways of dopant-

induced PL quenching may also include exciton quenching by local electric fields, carrier 
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or exciton trapping at crystal distortion defects or trap states, and non-radiative decay via 

hole trapping by the electron-rich CNC surface (139). 

 

6.2 Temperature-Dependent Luminescence Studies of Series A 
Samples  

To investigate the mechanisms of the PL bleaching and the spectral modifications of the 

PL lineshape induced by the Bi dopants, we performed a temperature-dependent PL study 

of the studied films. Samples of series A doped during the synthetic process are initially 

discussed. Figure 6.2(a), (b) and (c) contain the PL spectra at 78, 270 and 350K from the 

lighter-doped film of 0.5% Bi.  

Increase of the sample temperature appears to result in a more asymmetric PL lineshape, 

with a preferential quenching of the lower energy in favor of the higher energy wing of the 

luminescence. The anisotropic quenching of the PL spectrum induces an effective blue-

shift of the PL with temperature that is superimposed to the expected PL blue shift due to 

the anomalous variation of the PbS gap with temperature (26). The behavior indicates the 

presence of multiple contributions to the luminescence that exhibit different temperature-

dependent characteristics. To analyze the different emissive components, a systematic 

Gaussian analysis of the PL lineshape at each sample temperature was performed. Good 

spectral fits require at least three Gaussian curves. As will be apparent later in the 

manuscript, the three contributions appear as general recombination channels in all studied 

doped films and will be referred in the manuscript from now on as peak 1,2 and 3 in 

descending order of energy. In the 0.5% Bi sample, increase of the temperature from 78 to 

350K results in an increase of the relative contribution of the peak 1 (red curve) at the 

expense of the lower energy peaks 2 (blue) and 3 (green). The behavior is quantified in the 

Arrhenius plot Figure 6.2 (e). The intensity of the dominant, at low temperatures, peak 2 

appears almost unaffected with temperature up to ~200K; for higher temperatures the 

intensity quenches rapidly with an activation energy of ~170 meV. Peaks 1 and 3 exhibit a 

more complicated “s-like” dependence with temperature. Their PL intensity begins to 

decrease at lower temperatures of ~90K and ~150K, with substantially lower rates 

compared to peak 2. At ~200 K and 250 K, respectively peaks 1 and 3 acquire a negative 

slope resulting from a growth of the PL intensity with temperature. 
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Figure 6.2: Temperature-dependent PL characteristics of the PbS:Bi 0.5% film from Series A. 

Triple-Gaussian fitting of the PL spectra from the film at 78K (a), 270K (b), 350K (c). (d) 

Integrated PL versus excitation power for the three PL components, (e) Arrhenius plot and 

calculated activation energies for the Gaussian components of the PL spectra.  

 

The increase is more substantial and occurs within a larger temperature range for the high 

energy peak 1. The cumulative behavior of the three components is consistent with a 

thermally-activated process that redistributes the photoexcited species responsible for the 

radiative decay of peak 2 mainly to the respective species of peak 1 and to a smaller degree 

to those of peak 3. Consistent with the model, the measured activation energy of peak 2 

matches well its energy separation with the higher energy peak 1 of the PL lineshape. It is 

noted that the temperature-activated behavior is not observed in any of the reference 

undoped films of the series, which are found to exhibit a monotonic quenching of the PL 

integrated intensity with temperatures and activation energies of 70-75 meV that are fairly 

typical of oleic-acid capped PbS CNC solids as observed in Figure 6.3(b) and (c). 

Naturally rhe anomalous temperature behavior of the PL is attributed to photoexcitation 

interactions induced by the dopant atoms. 
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Figure 6.3: PL characteristics of the two reference undoped films of Series A and B. (a) Integrated 
PL versus excitation power. (b) PL spectra versus temperature for the series A film. The film from 
series B shows an almost identical behavior (c) Arrhenius plot for the two films and calculated 
activation energies. (d) Gaussian lineshape fitting of the series B film. The film of series A contains 
the same two Gaussian peaks with smaller relative weight of peak 2. (e) Time-resolved PL decay of 
the series B film produced via double Gaussian linefitting of the temporal evolution of PL with a 
step of 6 ns. (f) Cumulative PL decays from the latter film at different temperatures in the range of 
77-310 K.    

 

The PL spectra of the two undoped films also exhibit a slightly anisotropic lineshape at 

elevated temperatures, with the degree of anisotropy though considerably smaller 

compared to that observed in the doped CNCs. Gaussian linefitting of one such film at 

300K, observed in Figure 6.3(d) reveals as the origin of the PL anisotropy a weak 

contribution due to a low energy feature at ~110 meV below the dominant Gaussian curve 

that most probably originates on radiative CNC surface staes. In the reference sample of 

series A, the contribution of this lower energy feature on the integrated PL is less than 5% 

at 300K within the uncertainty of the curve-fitting process; in the undoped film of series B 

displayed in Figure 6.3 (d) such contribution is somewhat larger.  
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6.3 Excitation-Dependent Luminescence and Interpretation of 
Recombination Mechanisms in Series A Samples 

A question raised here is whether the low energy peaks 2 and 3 observed in the doped 

CNC samples are related to the surface state contribution observed in the reference 

samples. To further probe the nature of the three recombination channels, an excitation-

dependent PL study was performed at doped and undoped films at room temperature. The 

results of the Gaussian fitting analysis of the data from such an experiment from the 0.5% 

sample along with linear regression fits are displayed in a log–log plot in Figure 6.2(d). 

The high energy peak 1, exhibits a monomolecular behavior up to moderate excitation 

powers and subsequently acquires a sub-linear dependence. The other two peaks exhibit 

sub-linear dependencies across the whole range of laser powers studied. Similar 

dependencies are measured in the 2% Bi film. The excitation dependence of peak 1 

exhibits close resemblance the PL dependence of the two undoped films, presented in 

Figure 6.3(a). The variation of the excitonic band-edge emission with photoexcitation 

density is characteristic of colloidal CNCs, exhibiting an approximately monomolecular 

regime at low photoexcitation densities, followed by a sublinear dependence with slopes of 

~0.7 as Auger recombination becomes the dominant recombination channel (expected 

Auger slope of 0.67 (113)). It is noted that both of the two Gaussian-resolved spectral 

components of the undoped CNC films exhibit identical excitation behavior leaving the PL 

lineshape of the undoped CNCs unaffected by the excitation power. This is not the case for 

the three peaks of the doped CNC PL, which show a different PL intensity growth with 

excitation affecting the cumulative PL lineshape. The different excitation dependence of 

peaks 2 and 3 confirm that the recombination channels are not associated with surface 

states of the host PbS material but are correlated to transitions induced by the dopant states. 

On the other hand, the great similarity of the excitation PL dependence and the spectral 

characteristics (energy position, FWHM) of the peak 1 contribution in the doped samples 

with the respective characteristics of the undoped sample PL as can be observed in Figure 

6.4, allow us to attribute the aforementioned channel to the radiative recombination of the 

PbS CNC free exciton.  
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Figure 6.4: (a) Room temperature PL spectrum of the undoped film of series A. Comparison of the 
PL peak and FWHM of the undoped film across the 250-350 K range with the respective 
characteristics of the PL Gaussian “peak 1” identified as the free exciton contribution in the 0.5% 
Bi film. 

 

The PL temperature-dependence of the more heavily doped 2% and 4% samples of series 

A exhibits also a temperature-activated competition of the three emission components with 

the following differences compared to the lightly doped film: (i) excitations from the 

dominant peak 2 appears to feed almost exclusively the free exciton (peak 1) population, 

(ii) up to ~230K the emission is dominated by the two lower energy components with 

doping resulting in systematic quenching of the free exciton contribution that appears in 

the PL spectra at progressively higher temperatures of ~250K and ~310K for the 2% and 

4% doped film as can observed in Figure 6.5 (iii) Higher activation energies are measured 

with the positive values of the lower energy peaks 2 and 3 matching exactly in magnitude 

the negative activation energy via which the intensity of peak 1 rises at high temperatures, 

conclusively confirming the presence of processes that redistribute the CNC photoexcited 

species within the three emissive channels as temperature raises.   
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Figure 6.5: Temperature-dependent PL characteristics of the PbS:Bi 2% and 4% films from Series 
A. Triple-Gaussian fitting of the PL spectra from the two films at 230K (a),(d) and 350K (b), (e). 
(e) Arrhenius plot and calculated activation energies for the Gaussian components of the PL 
spectra for the 2% Bi film (c) and the 4% Bi film (f).  

 

To further probe the nature of the lower energy recombination channels in the doped CNC 

samples, we analyze their relative spectral position and its variation with temperature . 

Figure 6.6(a) and (c) shows examples of the intensity normalized Gaussian PL 

contributions of the 0.5% Bi sample with the energy scale normalized to the high energy 

peak 1. A direct observation is that the lower energy PL components approach in energy 

the free PbS CNC exciton as temperature rises from 78 to 310K. The summary plot of 

Figure 6.6(b) shows the relative position of peaks 2 and 3 compared to the PbS CNCs 

exciton (peak 1) within the 78-350K range. In the lighter doped film the linefitting analysis 

yields at 78K the peaks 2 and 3 at ~190 meV and ~315 meV below the CNC exciton. The 

energy separation with the CNC exciton decreases by approximately 90 meV to ~100 meV 

and ~225 meV when the temperature is raised at 350K. On the other hand for the heavier 

doped CNC films of 2% and 4% the relative position of peaks 2 and 3 appears almost 

unaffected by temperature, lying at ~160 meV and ~350 meV below the band-edge 

emission.  
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Figure 6.6: Intensity normalized, Gaussian components of the PL from the PbS:Bi 0.5% film at 
78K (a) and 310K (c). The energy scale has been normalized to the energy position of peak 1. (b) 
Energy separation of peaks 2 and 3 from peak 1 in the 78-350K range for samples PbS:Bi 0.5% 
and PbS:Bi 2%. Normalized absorbance and PLE at 78K for the undoped film of series A (d) and 
the heavily doped film of Bi:4% (e). The inset of (e) contains the absorbance in logarithmic scale at 
energies in the proximity of the 1Se-1Sh transition. 

 

Further information on the spectral behavior of the low energy recombination channels is 

provided by low temperature absorption and excitation PL (PLE) experiments. The results 

of such experiments for the reference and the heavier doped film of 4% are displayed in 

Figure 6.6 (d) and (e) respectively. For the undoped PbS CNC film the PLE signal 

exhibits an initial rise as the excitation energy decreases with visible contributions from the 

allowed excitonic transitions 1Pe-1Ph and 1De-1Dh and potential contributions from 

nominally forbidden transitions between S-P and P-D quantum confined states (140; 141). 

For lower energies the signal drops rapidly as the density of CNC confined states decreases 

below the P-states before rising again due to the 1Se-1Sh transition. No significant tailing of 

the absorption is observed towards the infrared and radiative recombination is Stoke-

shifted by ~220 meV.  
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The heavily-doped sample exhibits a different behavior. The Stokes shift almost doubles at 

~400 meV and the absorbance visibly extends towards low energy indicating the formation 

of Urbach band-tailing. Within the absorption tail a weak, broad sub-gap feature at ~0.35 

eV below the 1Se-1Sh transition can be observed in the inset of Figure 6.6 (e) . The feature 

spectrally coincides with (i) the energy separation of the free exciton (peak 1) with the 

lowest energy contribution in the doped CNCs (peak 3), (ii) a redox peak appearing in the 

cyclic voltametry spectra of samples with very similar characteristics studied elsewhere 

(142). Based on such evidence and taking into account the sublinear PL excitation, its 

temperature-dependent behavior and its approximately independent of dopant-

concentration energy position, we assign peak 3 to a radiative transition from Bi-induced 

deep states (~0.3-0.35 eV) below the conduction band to the valence band of the PbS 

CNCs i.e. a donor to valence band transition (25). Figure 6.6 (e) contains also the 77K PLE 

of the 4% doped sample that exhibits a markedly different behavior compared to the 

respective undoped CNC film spectrum. The signal appears weak at high excitation 

energies and monotonically increases as the excitation energy decreases, while 

contributions due to optical transitions between CNC confined states appear to broaden and 

weaken compared to the PLE of the reference film. The PL spectrum of the doped CNC 

film at 77K is dominated by peak 2, so the PLE signal provides spectral information on the 

photo-excited species responsible for this dopant-induced recombination channel. Based on 

the behavior of the PLE data along with the temperature and excitation-dependent PL 

presented in Figures 2 and 3 we attribute peak 2 to the radiative recombination of excitons 

bound to Bi donor atoms. Impurity atoms within a host crystal act as efficient traps of free 

exciting converting free into bound excitons (143). Donor-bound excitons typically 

dominate the low temperature emission of various n-doped bulk and nanostructured i.e. 

modulation-doped quantum well, semiconductor structures (143; 25). As the relevant 

emission channel can be observed over a wide range up to high temperatures where most 

of the Bi dopants are expected to be ionized, we can assume that such a process involves 

predominantly the interaction of Bi ionized donors with photoexcited PbS excitons, 

forming ionized donor bound excitons (D+X). The donor-exciton Coulomb interaction 

lowers the exciton energy resulting in redshifted PL peak as observed in our spectra. 

Typical binding energies of donor bound excitons in quantum wells are in tens of meVs, 

compared to localization energies of 100-160 meV measured in our spectra. However it 

can be expected that the D+X binding energy in the CNCs would be significantly raised 

due to the strong confinement, especially since small size CNCs have been used in our 
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studies. The temperature-activated detrapping processes of Figure 6.2 and Figure 6.5 is a 

characteristic signature of impurity-bound excitons that thermally ionize to feed the free 

exciton population resulting in the observed increase of the PL emission with temperature. 

The interpretation is also consistent with the rather peculiar spectral shape of the low 

temperature PLE of Figure 6.6 (e) and the very weak luminescence from the doped 

samples under high energy excitation. Excitons bound to ionized D+ donors are stable 

when the participating holes do not possess enough kinetic energy to break away from the 

D+-electron fraction of the bound exciton complex (143). High energy excitation can 

provide adequate excess of hole energy to destabilize the bound exciton species with the 

resulting hot carriers being susceptible to non-radiative recombination via processes such 

as Auger.  

 

6.4 Temperature-Dependent Transient Luminescence of Series A 
Samples 

The effect of doping on the recombination dynamics was measured via temperature-

dependent time-resolved PL experiments. The analysis of the transient decays is separated 

into two different temperature regimes. In the low temperature regime of ~78-270 K, 

recombination in all doped films is dominated by the intermediate PL peak assigned to the 

D+X channel, as observed in Figure 4.3.2 and Figure 4.3.5. Thus TR-PL decays 

monitoring the peak of the luminescence, within an energy bandwidth of 20 meV, 

essentially probe the dynamics of the bound exciton transition. The results of the study are 

contained in Figures 4.3.7(b) and (c).  

All decays can be adequately described by double-exponential fits. At 78 K, the average 

PL lifetime of the bound exciton appears unaffected by the doping concentration with 

values of ~830 ns, ~810ns and ~820 ns for the 0.5%, 2% and 4% Bi doped CNC films, 

respectively. As temperature is raised to 270K the lifetime of the DX species quenches to 

~250 ns, ~120 ns and ~70 ns, for the 0.5%, 2% and 4% doped CNC films amounting to a 

lifetime reduction of ~70%, ~85% and ~91% respectively. Temperature-activated non-

radiative recombination that is not related to doping quenches the PL lifetime of the 

undoped reference sample by 58% for the same temperature range as can be observed in 

Figure 6.3(f).  
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Figure 6.7: Temporal PL characteristics of the films of Series A. Time-resolved PL decays of the 
0.5% Bi film at 300K (a), 2% at 300K (d) and 2% at 330K (e). The decays are produced via triple 
Gaussian linefitting of the temporal evolution of PL with a step of 6 ns. The lower part of the 
figures contain examples of PL timeshots and the respective Gaussian-fitted components. (b) 
Cumulative PL decays from the 0.5% film in the 78-270 K. (c) Cumulative PL decays from the 2% 
and 4% films in the 78-300 K range. (f) Cumulative PL lifetimes versus temperature of the films of 
series A. 

 

As expected, the bound exciton is susceptible to additional temperature-activated channels 

that quench its lifetime faster compared to that of the free exciton, such as the bound-to-

free exciton conversion observed in the PL temperature-dependence of Figure 6.2 and 

Figure 6.5. It appears that increase of the doping level results in a rate increase of such 

recombination channels. For higher temperatures in the range of 270 to 350K, the free 

exciton channel gains in intensity at the expense of the two dopant-recombination 

channels. As a result there is significant spectral overlap of the three components and TR-

PL decays recorded at the PL peak essentially probe a convolution of the time dynamics of 

the different peaks. To differentiate the temporal behavior of the three peaks we performed 

a TRES experiment, the characteristics of which are clarified in the experimental section of 

the manucript. Analysis of the TRES experiment yields a time sequence of integrated PL 
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spectra with a time step of 6 ns that are linefitted with triple Gaussian curves. The process 

is rather elaborate but ensures high spectral selectivity and individual monitoring of each 

of the three emissive channels. Examples of this analysis are presented in Figure 6.7(a), 

(d) and (e) for the 0.5% and 2% film. All decays obtained can be fitted by biexponential 

decays in agreement with cumulative PL decays obtained under the same experimental 

conditions. The analysis yields in general longer average lifetimes as lower energy 

transitions are probed i.e. τpeak 1 < τpeak 2 < τpeak 3. Average PL lifetimes for the free exciton 

appear to be one order of magnitude lower than the lifetimes obtained using an identical 

analysis of the transient data in the reference samples (peak 1 in Figure 6.3 (e)). The 

mechanism of this lifetime quenching is hinted by the lifetimes of the respective 

biexponential fits. At all temperatures the fits consistently yield a fast component of the 

free exciton relaxation in the range of 1-5 ns and a longer time contribution of 40-60 ns. 

The relative weight of the first term increases with temperature, resulting in a systematic 

quenching of the average lifetime. The timescale of the fast decay is characteristic of 

Auger recombination due to multi- and/or charged excitons. Multi-exciton generation is 

unlikely at the low excitation densities and repetition rates that the time-resolved PL 

experiment was performed (see experimental details section). This is confirmed by the 

absence of multi-exciton effects and the appearance of short PL lifetimes that would imply 

significant Auger recombination in the transient decays of the undoped CNC films under 

identical experimental conditions (in Figure 6.3 (e)). It is thus most likely that Auger 

results from the formation of negatively charge trions, which indicates the presence of 

excess of electrons in the CNC core states. This appears as a confirmation that a fraction of 

the ionized electrons of the Bi dopants are indeed populating the 1Se state of the doped 

CNCs. An interesting observation in Figure 6.7(d) and (e) is that for the 2% Bi doped 

sample, an increase of the temperature by only 30K results in rapid quenching of the PL 

lifetime of the bound exciton and the donor to valance band transition by 63% and 37%, 

respectively, at the same time increasing the free exciton lifetime by ~45%. The increase of 

the free exciton lifetime with temperature appears to also result in an overall increase of 

the cumulative PL lifetime of the heavily doped 4% sample as can be observed in the 

summary plot of Figure 6.7(f). The lifetime lengthening of the free exciton and the 

simultaneous rapid quenching of the bound exciton lifetimes is most probably associated 

with the temperature-activated conversion of the later to the former complex, consistent 

with the results of the PL temperature study. The summary plot of Figure 6.7 (f) contains 

the cumulative PL lifetimes of all films versus temperature and confirms the general trends 
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discussed above. Recombination rates in the doped CNCs appear to increase faster than the 

respective rates in the undoped CNCs as temperature increases, attributed to the additional 

channels that ionize the bound exciton transition. At temperatures of 300K or higher 

though a slow-down of the lifetime quenching is visible in the heavily doped 2% and 

especially in the 4% sample as a result of the redistribution of photoexcited species 

between the bound and free exciton channels that raises the free exciton lifetime resulting 

in an overall lengthening of the PL lifetime.  

 

6.5 Optical Characterization of Series B Samples and Cumulative 
Energy Level Model for the Doped CNCs  

The results of the temperature-dependent PL study of the series B films in which Bi doping 

is introduced via CX reactions, are shown in Figure 6.8. Examples of the steady-state PL 

spectra and associated Gaussian linefitting analysis are shown for the 1%, 3% and 6% 

films in Figure 6.8(a), (b) and (c) respectively.  

 

Figure 6.8: Temperature-dependent PL characteristics of the Series B films. Room temperature 
triple-Gaussian fitting of the PL spectra from the 1% (a), 3% (b) and 6% (c) Bi film. Arrhenius 
plots and calculated activation energies for the Gaussian components of the PL spectra for the 1% 
(d), 3% (e) and 6% (f) film 
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The PL spectra require a fit by three Gaussias, the spectral characteristics of which, i.e. 

energy position, and FWHM, appear to be similar to the characteristics of the respective 

Gaussian contributions observed in series A films. Naturally we attribute the three 

Gaussians to the same recombination channels as those in series A films.  

However the following distinct differences can be observed in series B films: (i) Free 

exciton (peak 1) dominates the radiative recombination during the whole temperature 

range probed and for all Bi dopant-levels of the films studied i.e. up to 6% Bi. (ii) The 

relative-contribution of the dopant-induced recombination (peaks 2 and 3) increases as 

temperature increases. This results from the faster temperature-activated quenching rates of 

peak A compared to the quenching rates of peaks 2-3 as quantified by the respective 

activation energies i.e. 100-150 meV for peak 1 compared to 20-80 meV for peaks 2,3. So 

even though the dopant-induced peaks 2 and 3 start to quench at lower temperatures of 

~120-150K compared to temperatures of ~175-200K for peak 1, their lower quenching rate 

with temperature, increases overall their relative PL contribution at higher temperatures. 

Therefore while in films doped during synthesis the PL data contain clear signatures of 

temperature-activated detrapping processes that enhance the population of the free 

excitons, films doped post-synthetically are characterized by temperature-activated 

trapping processes that convert free excitons to bound excitons or trapped excitons in Bi-

induced states. The two mechanisms are schematically displayed in Figure 6.9. (iii) Peak 3 

attributed to the optical transition from localized Bi-induced states to the CNC valence 

band appears quenched compared to films of series A or overall absent in the case of the 

lighter 1% doped film for the greatest range of probed temperatures. This suggests that 

post-synthetic doping either introduces a smaller density of sub-gap states or that such 

states are less populated compared to the case of in-situ synthetic doping. 

The points (i), (ii), (iii) above are consistent with our preliminary assumption that post-

synthetic cation exchange doping results in a more anisotropic incorporation of the dopants 

on the dot surface compared to a more uniform dopant inclusion allowed by doping during 

material synthesis. In the former case an increase of temperature can facilitate exciton 

migration to the surface and enhance recombination via the surface-rich dopant states. On 

the other hand at lower temperatures exciton diffusion is inhibited and the larger average 

spatial separation of excitons with the surface Bi atoms results in their weaker interactions 

in favor of the free exciton recombination.  
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The energy separation of peaks 2 and 3 relative to the free CNC exciton for the films of 

series B and their variation with temperature is plotted in the summary of Figure 6.10(b). 

Peak 2 appears within a range of 50-150 meV below the band-edge emission compared to 

a separation of 100-200 meV in the films of series A, while peak 3 is found at 250-310 

meV below the exciton transition compared with 230-380 meV in series A samples. 

 

Figure 6.9: Schematic displaying the energy level landscape of the photoexcitations in the two 
types of doped CNCs. Temperature-dependent characteristics of the photoexcitations obtained by 
PL and PLE experiments are schematically shown. In films doped during synthesis a uniform 
distribution of dopant-induced recombination channels promotes temperature-activated detrapping 
processes. For films doped post-synthetically by cation exchange reactions, the preferential 
distribution of such states on the CNC surface denefits exciton diffusion and temperature-activated 
trapping processes. 

  

On the average the two dopant-induced recombination channels in CX-doped films appear 

in closer proximity to the free exciton transition by ~50 meV. Interestingly the separation 

of the bound exciton (peak 2) in respect to the CNC free exciton in the lighter doped film 

of the series (1%) decreases as temperature is raised, following the same trend with the 

lighter doped sample (0.5%) of series A, in Figure 6.6(b). In particular the energy 

separation with the CNC exciton decreases by approximately 50 meV from ~100 meV at 
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78K to ~50 meV at 350K in the 1% Bi film compared to a reduction by 90 meV observed 

in the 0.5% Bi film of the series A. The appearance of the same trend in both samples as 

well as the magnitude of the effect that is significant larger than the uncertainty introduced 

by the Gaussian linefitting analysis indicate that the temperature-dependent reduction of 

the bound exciton localization energy is not a spurious but rather a systematic observation. 

On the other hand, for the heavier doped CNC films of 2% and 4% peaks 2 and 3 appear 

almost unaffected by the temperature, lying at ~160 meV and ~350 meV below the CNC 

free exciton (values represented as dotted lines in the Fig. 4(b)).  

 

Figure 6.10: Intensity normalized, PL Gaussian peaks of the PbS:Bi 3% film at 78K (a) and 310K 
(c). The energy scale has been normalized to the energy position of peak 1. (b) Energy separation 
of peaks 2 and 3 from peak 1 in the 78-350K range for samples PbS:Bi 1%, 3% and 6%. 
Normalized absorbance and PLE at 78K for the undoped film (d) and the heavily doped film of 
Bi:6% (e). The inset of (e) contains the absorbance in logarithmic scale at energies in the 
proximity of the 1Se-1Sh transition. 

 

Further insight into the recombination mechanisms can be obtained by low temperature 

absorption and PLE experiments. The respective experiments for an undoped (Figure 

6.10(d)) and the most-heavily doped film of the series are shown in Figure 6.10(d) and (e), 
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respectively. As in the case of the heavily doped CNC films of series A, band-tailing below 

the 1Se-1Sh transition is observed in the 6% Bi film. However compared to the series A 

film, the Stokes shift compared to the undoped CNC film increases only by ~20% instead 

of doubling, and the sub-gap absorbance feature observed appears weakened and shallower 

i.e. at energies of ~0.25 eV instead of ~0.35 eV below the 1Se-1Sh transition.  

In our previous discussion, the feature was associated with deep Bi levels, and peak 3 was 

assigned to radiative transitions from such levels to the CNC valence band. Peak 3 at 77 K 

appears in series B films at ~250 meV below the band-edge emission compared to ~320 

meV in series A films i.e. a difference of ~70 meV that appears consistent with the 

shallower by ~100 meV states in series B films and confirms the feature interpretation. On 

the other hand the 77K PLE spectra of the heavily doped samples of the two series exhibit 

a markedly different behavior i.e Figure 6.10(e) versus Figure 6.6(e). Contrary to the rather 

peculiar shaped PLE of the 4% Bi film and its mismatch with the undoped CNC signal, the 

PLE of the series B film exhibits a spectral dependence that qualitatively matches both the 

film absorbance as well as the respective PLE of the reference film, even though optical 

transitions between CNC confined states appear somewhat broaden and weaken. The PLE 

spectrum resemblance of undoped and CX-doped film, confirms that the predominant 

photoexcited species probed in both cases is of the same nature i.e. the free exciton 

radiative recombination.  

Information on the transient characteristics of the three emissive channels of series B films 

is provided in Figure 6.11. At room temperature, decays are provided by the analysis of 

the TRES experiment discussed previously. All transients are described by bi-exponential 

fits, as in series A films. The dopant-induced peaks 2 and 3 exhibit average PL lifetimes of 

~150 ns and ~400 ns that are largely unaffected by doping in the 0-6% Bi range studied. 

This contrasts with the behavior of films doped during synthesis where recombination rates 

of peaks 2 and 3 were found to strongly increase with Bi doping, as observed in Figure 6.7.  

As a consequence the dopant-induced recombination channels in series B exhibit overall 

significantly slower dynamics compared to the respective channel in series A films. For 

example the average PL lifetime of the lower energy transition 3 appears lenghtened by a 

factor of ~2, ~8 and ~10 compared to the respective lifetimes on the 0.5%, 2% and 4% Bi 

samples of series A. The significantly smaller recombination rate is consistent with the 

smaller relative contribution of the Gausssian peaks 2 and 3 in the steady-state PL 

lineshape and appears to support our original assumption based on which post-synthetic 
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doping introduces a smaller and/or more localized and less populated density of sub-gap 

states.  

 

Figure 6.11: Temporal PL characteristics of the series B films. Time-resolved PL decays of the 1% 
(a) , 3% (b) and 6% (c) Bi films at 300K. The decays monitor peaks 1 (red) and 2 (blue) produced 
via three Gaussian linefitting of the temporal evolution of PL with a step of 6 ns. The lower part of 
the figures contain examples of PL timeshots with the respective Gaussian-fitted components. (d) 
PL decays of the lower energy feature (peak 3) produced using the TRES procedure (green) along 
with conventional TR-PL decays monitoring the lower energy wing of peak 3 that exhibits no 
spectral overlap with peaks 1 and 2. The identical decays of the two methods confirm the validity of 
the TRES analysis .  (e) Cumulative PL decays from all the films at 78 K. (f) Cumulative PL 
lifetimes versus temperature.    

On the other hand, the free exciton appears to be affected similarly by the two doping 

methods, showing a comparable lifetime reduction by a fraction of ~2.5-3 as Bi content 

increases from 0.5 to 4% and 1% to 6% in the series A and B films, respectively. In both 

cases the lifetime quenching with doping results from a higher relative contribution of a 

fast channel of 1-5 ns attributed to Auger recombination of negatively charge trions. As 

discussed previously the presence of such species can be taken as a confirmation of the 

presence of dopant-ionized electrons in the CNC core states. Increase of temperature 

results in the quenching of the cumulative PL lifetime. In the low doped film of 1%, the 
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cumulative lifetime quenching with temperature occurs at a rate similar to that observed in 

series A films i.e. PL transients become faster by a factor of 9 when temperature increases 

from 78 to 300K. In the more heavily doped samples of 3% and 6% Bi, the cumulative PL 

lifetime quenches with temperature with a significantly smaller factor of ~5 due to the 

higher relative emission contribution of the significantly slower dopant-recombination 

channels 2 and 3. 

 

6.6 Transient Pump-Probe Characterization of the Doped CNCs  

Ultrafast pump-probe transmission experiments with sub-ps (~100 fs) temporal resolution 

have complimented the PL transient study, allowing probe of the early time dynamics of 

the photoexcitations in the two samples series. Figure 6.12 contains the results of the 

pump-probe study from series A films. The decays of undoped and doped films share the 

following common spectral and temporal characteristics: (i) Negative differential 

transmission signals below the 1Sh-1Se CNC transition as indicated by Figure 6.12(d) and 

(e) that contain the transient signals at pump-probe delay times of 0 and 100 ps, 

respectively.  

The negative signal is likely a superposition of photoinduced absorption processes of 

electrons, holes and excitons to higher lying energy states of PbS CNCs (110). (ii) An 

increase of the differential transmission towards positive values in the spectral vicinity of 

the 1Sh-1Se, transition indicative of state filling of the S-quantized states (110; 101). (iii) A 

rise signal time in the ps timescale, considerably longer than the excitation pulse width 

(~100 fs), characteristic of a relatively slow photoexcitation cooling time to the probed 

states (116). The appearance of comparable rise times in all films suggests that the Bi 

dopants do not substantially influence the thermalization of the CNC photoexcitations. (iv) 

Bleaching signals that are described by triple exponentials, while absorption transients 

modeled by double exponentials. Both types of decays contain an ultrafast component τ1 of 

few to tens of ps and a decay τ2 of hundreds of ps. The bleaching signals contain in 

addition contributions from a longer lifetime τ3 at tens to hundreds of ns, beyond the 

temporal resolution of our setup (~500 ps) that can be confidently attributed to the 

recombination of singlet excitons (144; 101). The decay τ1 and to a smaller degree τ2 

appear sensitive to the pump excitation energy, with higher pump energies resulting in 

faster transients as observed in Figure 6.13(a) and (b) that contain the bleaching and 
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absorption signal for probes resonant to 1Sh-1Se, for the PbS:Bi 0% and PbS:Bi 4% films, 

respectively. The strong power dependence and the temporal characteristics of τ1 are 

highly suggestive of Auger recombination of charged excitons and biexcitons. The 

interpretation agrees with previous pump-probe studies (101) and four-wave mixing 

spectroscopy studies (116) of PbS CNCs. Interestingly the transient dynamics of the 

heavily doped film of 4% Bi exhibit a stronger dependence with pump energy compared to 

the undoped film dynamics (Figure 6.13) in agreement with the results of the steady-state 

and transient PL transient study in which doped CNC films exhibit reduced PL intensities 

and a larger relative weight of an ultrafast decay attributed to Auger of charged excitons.  

 

Figure 6.12: Differential transmission transients from series A films when probing the 1Sh-1Se (a), 
1Ph-1Pe (b) and sub-gap states ~150 meV below 1Sh-1Se (c) at 300K. Differential transmission 
signals at pump-probe delay times of 0 (d) and 100 ps (e) for all measured probe energies. 
Absolute differential transmission at t= 0 versus pump energy along with allometric curve fits.    

 

 

 



122 
 

Furthermore while the decay of the reference undoped film is dominated by first-order 

processes as indicated by the approximately linear dependence of the differential 

transmission peak signal with excitation energy (Figure 6.12(c)), in the doped CNC films 

the transients progressively acquire a non-linear allometric dependence typical of Auger 

recombination. The larger contribution of such non-radiative channel appears as the main 

cause of the efficient depletion of the exciton population of the CNC core states resulting 

in a progressive reduction of the bleaching signal with Bi doping as can be observed in 

Figure 6.12(a). 

Probing of higher CNC excited states such as 1Ph-1Pe observed in Figure 6.12(b), results 

on the other hand in a progressive weakening of the photoinduced absorption signal that 

could be a result of a competition with a weak positive state filling signal in the doped 

CNCs, as ionized electrons partially populate higher CNC quantized states. It is evident 

that sub-gap states also exist and contribute to photoinduced absorption the signal of which 

increases as higher Bi content is incorporated in the PbS CNC lattice, as seen in Figure 

6.12(c). The energy separation of the sub-gap states probed from 1Sh-1Se appears to 

coincide with the energy difference of the free and D+X exciton PL recombination lines. 

 

Figure 6.13: Absolute differential transmission versus pump excitation energy when probing the 
1Sh-1Se transition in the reference (a) and the heavily doped 4% Bi (b) PbS CNC film produced 
via in-situ doping during synthesis. 
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Unfortunatelly the spectral capabilities of our setup do not allow probing of deeper levels 

in the gap of the doped CNCs. A final striking observation is the appearance of growth 

transients, predominanlty visible in the doped CNC films when probing CNC excitonic 

transitions. The inset of Figure 6.12(a) provides evidence of such growth signals obtained 

in the heavier doped films when probing the 1Sh-1Se transition with typical rise times of 50 

to 150 ps. The rise signals are slow and clearly distinguishable from the ultrafast pump 

photoexcitation and result in a gradual filling of the 1Sh-1Se CNC ground state. A plausible 

explanation consistent with the temperature-activation detrapping process of the PL 

experiments i.e. Figure 6.9, is that the signal originates from donor-bound excitons that 

ionize at room temperature contributing to the population of free excitons and the 

bleaching of the 1Sh-1Se transition.     

 

Figure 6.14: Differential transmission transients from series B films when probing the 1Sh-1Se (a), 
1Ph-1Pe (b) and sub-gap states ~150 meV below 1Sh-1Se (c) at 300K. Differential transmission 
signals at pump-probe delay times of 0 (d) and 100 ps (e) for all measured probe energies. 
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The differential transmission of cation-exchange doped CNC samples exhibits similarities 

with the pump-probe data of series A films. Increase of the Bi content results in a 

systematic quenching of the bleaching signal when probing the fundamental 1S exciton as 

well (Figure 6.14(a)). However the overall reduction is smaller compared to series A films 

and bleaching i.e. positive signal, is continuously observed for all doping levels up to 6% 

in contrast to the former where photoinduced absorption prevails for Bi doping higher than 

2%. Growth signals with comparable temporal characteristics to those of series A films 

also appear in the transients when probing the interband 1Sh-1Se and 1Ph-1Pe transitions. A 

characteristic example is included in Figure 6.14(b), whereby a large negative signal 

evolves into a substantial bleacing of the 1P exciton. In firmness with the arguments and 

interpretation previously given for series A films, the slow rise signals can be attributed to 

detrapped carrier-excitons from shallow levels induced by the Bi dopants. However the 

overall sub-gap absorption due to such levels is reduced in series B films, with significant 

signal contribution observed only for the heavily doped 6% Bi film as observed in Figure 

6.14(c). The observation is consistent with the aforementioned PL and PLE findings that 

indicate a smaller density of sub-gap states induced by the post-synthetic versus the in-situ 

growth doping method. The contrast of Figures 10(d)-(e) with 11(d)-(e) indicate an overall 

weaker influence on the spectral and temporal characteristics of the transients induced by 

doping in CNC material doped usign the CX reactions subsequent to synthesis.  

Briefly a comprehensive spectroscopic investigation of Bi (n)-doped PbS CNC films has 

been performed. Both in situ replacement of Pb with Bi during synthesis and post-synthetic 

cation exchange (CX) methods were employed to dope the CNC material. A series of thin 

films was produced in which Bi doping was progressively increased. The spectroscopic 

data indicate a systematic quenching of the excitonic absorption and luminescence with 

doping accompanied by systematic spectral shifts and broadening. Two dopant-induced 

contributions at lower energies to the CNC free excitons have been identified in the 

luminescence spectra of both types of doped films. Based on their spectral, temporal and 

temperature-dependent PL and PLE characteristics the channels are attributed to 

recombination mediated by the Bi dopants via a bound exciton complex and a donor to 

valance band transition. Temperature-dependent measurements provide sufficient evidence 

for the presence of temperature-activated detrapping and trapping processes for the films 

doped during and after synthesis, respectively. The data are consistent with a preferential 

incorporation of the dopants at the CNCs surface in the case of the cation-excange treated 

films versus a more uniform doping profile in the case of Bi incorporation duing synthesis. 
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Time-resolved PL and transmission experiments indicate the presence of fast 

recombination channels the relative amplitude of which progressively increases with 

doping and excitation, resulting in PL intensity/lifetime quenching and the reduction or 

complete absence of exciton bleaching signals. Based on the temporal and excitation-

dependent characteristics the channels are predominatly attributed to Auger recombination 

of negatively charged excitons, formed due to excess of dopant electrons. The data indicate 

that apart from dopant compensation and partial filling of trap and surface states a 

significant fraction of the Bi ionized electrons end up feeding the CNC core states resulting 

in n-doping of the semiconductor in agreement with reported data from processed devices 

based on identical doped material (136). Fundamental studies as such provide valuable 

information and fundamental understanding on the vastly unknown mechanisms of dopant-

exciton interactions in tiny crystals of colloidal CNCs. Furthermore they can serve as a 

preliminary assessment of the impact of doping on the solid-state optoelectronic properties 

of CNC films ahead of more elaborate characterization on processed devices such as solar 

cells and transistors.  
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Chapter 7: Relaxation and Recombination Mechanisms in 
FAPbI3 Perovskite Nanocrystals 

7.1 Hot Carrier Relaxation in FAPbI3 Nanocrystal Colloids and 
Films 

The performance of semiconductor photonic devices can be greatly improved by 

harvesting the excess kinetic energy of hot carriers and converting it into useful electrical 

or optical work. Maintaining a substantial population of hot carriers for sufficient time, to 

allow for such an energy conversion to take place, requires the efficient retardation of 

thermalization processes that occur via interactions with phonons, other carriers and 

defects (145). Recently, an efficient slowdown of the hot carrier cooling has been reported 

in thin films of hybrid methylammonium (MAPbI3) and formamidinium (FAPbI3) crystals 

(146), (147) (148) attributed to a hot phonon bottleneck effect that results in carrier re-

heating by substantial re-absorption of optical phonons . Such a phenomenon is present in 

polar semiconductors such as GaAs (149), (150), (151) and appears significantly 

pronounced in hybrid perovskites. Combined with their outstanding optoelectronic 

properties and defect-tolerant electronic structure (152), (153), (154), hybrid perovskites 

emerge as highly promising materials for hot carrier absorber and emitter applications.  

The exciton cooling can potentially be further prolonged in nano-scaled crystals of 

perovskites, due to suppression of carrier-phonon coupling by the unavailability of an 

electronic states continuum (145), (155), (156). Such high quality nanomaterials were 

recently produced via colloidal chemistry synthetic methods. Fully inorganic 

CsPb(Cl,Br,I)3 nanocrystals (NCs) received much of the attention owing to their 

outstanding light emitting properties (157), (158), (159), (160), (161). However, 

preliminary studies in material solutions indicate a fast interband relaxation (158), due to 

efficient Auger-mediated dissipation of the carrier excess energy, similar to that previously 

reported for other colloidal NC systems (162), (163). The result is consistent with a recent 

study reporting on an order of magnitude slow-down of the carrier cooling in bulk crystals 

of hybrid perovskites compared to their inorganic counterparts (148). During the writing of 

this manuscript, the high potential of hybrid perovskite nanocrystals for hot carrier 

photonics was confirmed in a publication reporting on two orders of magnitude slower hot-

carrier relaxation in MAPbBr3 NC films compared to their bulk-crystal film counterparts 

(164). Importantly the authors demonstrate that a significant fraction of the generated hot-
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electrons can be efficiently extracted via fast transfer to an electron acceptor material, 

providing a paradigm towards hot carrier solar cells. Recently the facile synthesis of 

formamidinium lead halide (FAPbX3) NCs was demonstrated (165). Their lower energy 

gap in the red to near-infrared and higher crystal robustness compared to their 

methylammonium NC counterparts makes them a better perovskite NC candidate for hot 

solar cell applications. Such potential is confirmed in the present study, where transient 

absorption pump-probe experiments of films and solutions of FAPbI3 NCs yield spectral 

and temporal signatures of a fluence-dependent long-lived hot carrier population in the 

material.  

We have studied FAPbI3 NCs, ~10 nm in average size and nearly cubic in morphology as 

seen in the high resolution TEM image of Figure 7.1(a), synthesized as reported in a 

recent publication (165).  

 

Figure 7.1: (a) TEM image of the ~10 nm, nearly cubic FAPbI3 NCs under study. (b) Normalized 
PL, PLE and absorption spectra of spin-casted films of FAPbI3 NCs. The second derivative of the 
absorption is also displayed. (c) Time resolved PL spectra under 375nm (non-resonant) and 633nm 
(resonant) excitation and the average PL lifetime extracted from triple-exponential fits.  

 

Absorption, photoluminescence emission (PL) and excitation (PLE) spectra of a spin-

casted FAPbI3 NC film are displayed in Figure 7.1 (b). The NC band-edge is estimated by 
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the second derivative of the absorbance probing a value of ~765 nm (~1.62 eV), blue-

shifted due to confinement by ~140 meV (~76 nm) compared to the bulk FAPbI3 (at 1.48 

eV/838 nm) (166). The bright luminescence, close resemblance of the absorption and PLE 

spectra, small Stokes shift of ~35 meV, and the long PL lifetime of ~65 ns, recorded under 

both quasi-resonant and non-resonant excitation, overall confirm the defect-tolerant and 

high quality of the synthesized FAPbI3 NCs (Figure 7.1 (c)). Carrier dynamics in the 

FAPbI3 NC films were investigated by transient absorption (TA) pump-probe 

spectroscopy, using excitation at 3.1 eV while probing in the 1.4-2 eV range. Typical TA 

spectra at pump fluences of 80 μJ cm-2 and 10 μJ cm-2 that result in an average carrier 

occupancy per nanocrystal <N> of ~2 (carrier density n~1.1*1018 cm3) and ~0.25 

(n~1.4*1017 cm3), respectively, are displayed in Figure 7.2(a) and (b).  

Figure 7.2: Transient absorption spectra at (a) high pump fluence (N~2). (b) low pump fluence 

(N~0.25). Extracted carrier temperatures versus delay time for different carrier densities. 

 

Quantitative analysis is performed under the assumption that a quasi-equilibrium 

characterized by a Fermi-Dirac distribution is established soon after carrier excitation. The 

distribution of hot carriers with energies substantially larger than the quasi-Fermi EF level 
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can be approximated by a Maxwell-Boltzmann function. The approximation is commonly 

used to extract the hot carrier temperatures in semiconductors with a continuum of energy 

states. For the weakly-confined NCs of our study, the validity of such an approach is 

justified by the small energy level spacing compared to the thermal energy kT, as 

extensively discussed in (164) for perovskite NCs in a similar confinement regime. The 

establishment of this quasi-equilibrium in semiconductors such as GaAs occurs fast at 

timescales as short as 10 fs (167). In the NC films, the bleaching tail assumes a single-

exponential form within 200 fs from the pump pulse, which defines the approximate time 

for the quasi-equilibrium formation. For longer times, the normalized TA signals are fitted 

by the following Maxwell-Boltzmann function:  

𝐼𝐼(𝐸𝐸) =  𝐼𝐼0 ∗ 𝑒𝑒
−𝐸𝐸
𝑘𝑘𝐵𝐵𝑇𝑇𝑐𝑐 + 𝐼𝐼𝑃𝑃𝑃𝑃𝐴𝐴     (7.1) 

With I0 the tail point in which the bleaching intensity assumes half of its maximum value 

i.e. I0 = 0.5, and fitting parameters the carrier temperature Tc and the background IPIA that 

accounts for photoinduced absorption (PIA) appearing at energies higher than 1.8 eV. 

Model  (7.1) produces good fits of all TA signals in the 0.2-530 ps range, shown 

superimposed to the raw data in Figure 7.1(a) and (b). The fits and the extracted 

temperatures appear weakly sensitive on the choice of I0 within a reasonable 0.6-0.3 range. 

On the other hand, a minimum fitted tail length of 0.2 eV is required to produce good 

single-exponential fits. Such observations agree with those produced via a thorough 

statistical analysis on similar fits on the TA data of bulk FAPbI3 crystals (146). The time-

dependent temperatures are displayed in Figure 7.2(c) for NC carrier occupancies of <N> 

~0.25, 0.5 and 2, yielding values at 200 fs of ~1430 K, ~1740 K and ~2320 K, 

respectively. Carriers exhibit much higher temperatures at earlier times of 200 fs however, 

the TA tails in such case acquire a non-exponential shape which indicate the inadequacy of 

model (7.1) fits to extract such values. All three curves are described by triple-exponentials 

of the following form:  

𝑇𝑇𝐶𝐶(𝑡𝑡) = 𝑇𝑇0 + 𝐴𝐴1𝑒𝑒
− 𝑡𝑡
𝜏𝜏1 + 𝐴𝐴2𝑒𝑒

− 𝑡𝑡
𝜏𝜏2 + 𝐴𝐴3𝑒𝑒

− 𝑡𝑡
𝜏𝜏3   (7.2) 

The term T0 accounts for the background carrier temperature at a pump-probe delay of 530 

ps. The output parameters of the fits are presented in Table 7.1. Interestingly the fits yield 

lifetimes that are nearly independent of pump intensity, with τ1 in the 0.25-0.5 ps range, τ2 

of ~5 ps and τ3 of ~40 ps, essentially defining three distinct cooling stages of the hot 
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carriers. The relative weight of the three decays is fluence dependent, resulting in average 

cooling times of ~6, ~14 and ~16 ps for <N> ~0.25, 0.5 and 2, respectively. 

 

     Fit Param. 

<N> 

 

 

 

 

 

 

 

𝑨𝑨𝟏𝟏
∑ 𝑨𝑨𝒊𝒊𝟑𝟑
𝟏𝟏

 τ1 (ps) 
𝑨𝑨𝟐𝟐
∑ 𝑨𝑨𝒊𝒊𝟑𝟑
𝟏𝟏

 τ2 (ps) 
𝑨𝑨𝟑𝟑
∑ 𝑨𝑨𝒊𝒊𝟑𝟑
𝟏𝟏

 τ3 (ps) T0 (K) tavg(ps) 

0.25 0.70 0.26 0.19 4.6 0.11 42 309 5.7 

0.5 0.19 0.22 0.52 5.3 0.29 39 331 14.1 

2 0.2 0.53 0.47 5.6 0.33 41 385 16.2 

Table 7.1: Fitting parameters of the triple-exponential model (2) applied to describe the curves of 

the carrier temperature versus delay time for the three pump fluences measured. 

 

 At the lowest pump energy, carrier cooling is dominated by the sub-ps τ1 channel, with a 

fraction of the excess energy i.e. ~30%, dissipated via the substantially longer channels τ2 

and τ3 effectively prolonging the cooling time by one order of magnitude. At higher pump 

intensities, the fast cooling stage rapidly quenches in favor of the decays τ2 and τ3, 

resulting in a further slow-down of the thermalization time by a factor of ~3. The 

background temperature T0 yielded by the fits, also increases with fluence, reaching a 

value as high as ~385 K at <N>~2. This increase of T0 above the lattice temperature is 

attributed to a small lattice heating by the pump pulses. Such heating was estimated to be 

in the 15-20 K range in pump probe experiments performed using similar pump energies in 

hybrid perovskite films (146); in our case a higher effect is observed due to the higher 

repetition of the pump laser used. 

The average cooling rate per carrier, J can be calculated as shown in (164), by:  

𝑱𝑱(𝑻𝑻𝒄𝒄, < 𝑵𝑵 >) = − 𝒅𝒅
𝒅𝒅𝒕𝒕
�𝟑𝟑
𝟐𝟐
𝒌𝒌𝑩𝑩𝑻𝑻𝒄𝒄� = −𝟑𝟑

𝟐𝟐
𝒌𝒌𝑩𝑩

𝒅𝒅𝑻𝑻𝒄𝒄
𝒅𝒅𝒕𝒕

  (7. 3) 

The derived cooling rates versus Tc are graphed in Figure 7.3(a). Representative values at 

different temperatures for the three excitation regimes are also displayed in Table 7.2. At 

carrier excess energies higher than 70 meV (~800 K), the loss rate at <N> ~0.25 assume 

values more than an order of magnitude larger than those produced at higher fluencies, 
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confirming the strong-dependence of the relaxation times on the carrier concentration. At 

lower carrier temperatures, the cooling rates rapidly quench, as typically observed in 

semiconductors, and become less sensitive to fluence, with the <N>~0.25 and 0.5 curves 

exhibiting comparable values, smaller by a factor of 3 to 4 compared to those of the 

<N>~2 regime. 

 

   T(K) 

<N> 

 

 

 

 

 

 

 

 

405 603 806 997 1156 1430 1694 

Cooling Rate per Carrier (meV ps-1) 

0.25 0.31 1.7 22.5 85.3 245 227 --- 

0.5 0.22 1.3 4.3 9.3 11.5 24.7 59.3 

2 0.08 0.5 2.3 6.7 8.7 18.3 27.2 

Table 7.2: Average cooling rate per carrier for different carrier temperatures and pump fluences. 

 

The slow population build-up of the ground state core NC states, results in a 

characteristically long and power-dependent rise of the band-edge bleaching signal, as seen 

in Figure 7.3(b). The rise time, extracted by single exponential fits of the TA signal, 

provides another quantitative measure of the carrier cooling time. At low pump of <N> 

~0.25, the rise time assumes a value of ~250 fs that monotonically increases with power, 

and doubles at value of ~495 fs at <N>~2, as seen in Figure 7.3(c). Interestingly the 

derived relaxation times, closely match the time constants of the fast relaxation channel τ1 

yielded by the Boltzmann fits of the TA high energy tail. The fluence dependence of the 

rise time is approximated by an empirical allometric function with an exponent of ~0.37. 

The graph also contains bleaching rise times from a spin-casted film of weakly-confined 

CdSe NCs, measured under identical experimental conditions. Compared to the FAPbI3 

NCs, significantly smaller rise times and much weaker fluence dependence i.e. a fit 

exponent of ~0.14 is obtained, in accordance with the fast intraband relaxation reported in 

such NCs (162), (168).  
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Figure 7.3: (a) Average cooling rate per carrier versus carrier temperature, for three NC 
excitation regimes. (b) Normalized ground state bleaching TA curves and single exponential fits at 
early times, from FAPbI3 NC and CdSe NC spin-casted films. (c) Carrier density-dependence of 
the bleaching rise time from the two films, fitted by the allometric functions displayed in the graph. 

 

An even slower build-up of the bleaching signal is observed in solutions of FAPbI3 NCs, as 

seen in Figure 7.4. Purified solutions were imposed to filtering and acetonitrile/toluene 

washing followed by redispersion in toluene that removes unreacted precursor products. 

The same processing step was employed before deposition of all studied films. For such 

NC solutions, the fluence-dependence of the bleaching rise time, displayed in Figure 7.4 

(c) is almost identical to that observed in Figure 7.3(c) for films, as quantified by the 

similar exponent of the power law fits. On the other hand, solutions that were intentionally 

not purified were found to exhibit a consistently slower build-up of the TA signal and a 

systematic departure from the power law dependence at high pump energies.   
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Figure 7.4: Early times bleaching signals for purified and unpurified FAPbI3 NC solutions at low 
(a) <N>~0.5 and (b) high <N>~4 carrier densities. Exponential fits of the rise signals are also 
displayed. (c) Rise times as a function of NC carrier population. The data are fitted by power law 
functions yielding the exponents displayed.. 

 

Based on the presented data, plausible interpretations for the origin of the three carrier 

cooling stages that effectively slow-down carrier thermalization in FAPbI3 NCs can be 

deduced. The initial cooling via the sub-ps τ1 channel, is attributed to early interactions of 

carriers with LO-phonons that dominate carrier cooling in hybrid perovskites (146), (147) 

(148), (169). The spectral and temporal fits in Figure 7.1(c), Figure 7.2(b) and Figure 

7.3(c) consistently indicate a 2-fold retardation of this relaxation channel, upon increasing 

the NC carrier density by a factor of ~8. The slow-down indicates the formation of an early 

hot quasi-equilibrium between the LO–phonons and the excited carriers. Channel τ2, that 

retards relaxation at timescales of ~5 ps, for excitations of <N>~0.5 or larger, is assigned 

to a buildup of a hot phonon population at later times, similar to that observed in bulk 

FAPbI3 crystals and attributed to a high phonon emission rate (146) or upconversion of low 

energy acoustical phonons (148). The third cooling stage occurs at significantly longer 



134 
 

timescales of ~40 ps, and increases monotonically with power. The dynamics and fluence-

dependence exactly match the Auger decay τ1 via which the TA bleaching signal is 

recovered. TA bleaching transients from FAPbI3 NC films at different fluences are 

displayed in Figure 7.5. The bleaching exhibits a recovery that can be described by: 

−𝛥𝛥𝛢𝛢
𝛢𝛢

= 𝛢𝛢0 + 𝐴𝐴1𝑒𝑒
− 𝑡𝑡
𝜏𝜏1 + 𝐴𝐴2𝑒𝑒

− 𝑡𝑡
𝜏𝜏2   (7.4) 

With Ao a background term that accounts for long relaxation processes such as radiative 

recombinations that are beyond the temporal resolution of our system.  

 

 

Figure 7.5: (a) Fluence-dependent bleaching recovery from a spin-casted FAPbI3 NC film. 
Exponential fits with model (1) are also displayed. (b) Relative amplitude of the three contributions 
of model (1) as a function of NC carrier population.  

 

Fits with the model (7.4) yield values of ~40 ps and ~250 ps for the time constants τ1 and 

τ2. The relative amplitudes of the three terms appear dependent on the energy of the pump 

beam, as observed in Figure 7.5(b) with the contribution of the fast τ1 process 

monotonically increasing with fluence at the expense of the two slower channels. The 

excitation dependence and the timescales i.e. few tens of picoseconds, for channel τ1 

appear consistent with recent findings in hybrid MAPbBr3 (164) and inorganic CsPbI3 

(158) perovskite nanocrystals, attributing the process to Auger recombination. Similar 
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results with overall faster transients i.e. τ1 of ~25 ps and τ1 of ~150-200 ps and similar 

dependence of the relative amplitudes with fluence were obtained from colloidal solutions 

of the FAPbI3 NCs. 

Based on such evidence, the slow-down via the ~40 ps relaxation channel is attributed to 

Auger heating (170) of the NC carriers, in agreement with recent findings in MAPbBr3 NC 

films (164). A fourth retardation channel, present in intentionally non-purified FAPbI3 

solutions is assigned to hot carrier trapping at states above the NC gap, associated with 

unreacted precursor products. Carrier trapping can slow-down carrier cooling by order(s) 

of magnitude in colloidal NCs (171). Evidence for the presence of trap states is provided in 

Figure 7.6.  

 

Figure 7.6: Absorption, PL and PLE spectra of (a) unpurified, (b) purified solutions of FAPbI3 
NCs. The NC gap is estimated by the minimum of the second derivative of the absorbance 
obtaining values of ~745 nm (~1.66 eV) and ~750 nm (~1.65 eV) for unpurified and purified NCs, 
respectively. (b) PL transients under quasi-resonant, red and non-resonant, UV excitation, along 
with triple-exponential fits, from which the average PL lifetimes are obtained and displayed in the 
graph. 
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Impure FAPbI3 NCs exhibit dissimilar absorption and PLE spectra at high energies, large 

Stokes shifts, long build-up of the PL transient signal and significantly longer PL lifetimes 

under non-resonant excitation that indicate significant trapping during carrier relaxation to 

the band-edge states. Overall our studies indicate that depending on the excitation regime 

and material purity, carrier-lattice, carrier-carrier and carrier-defect interactions effectively 

slow down intraband relaxation by order(s) of magnitude in FAPbI3 NCs in the solid and 

colloidal state. Combined with the structural integrity, strong absorption and emission and 

red-to-IR bandgap, FAPbI3 colloidal nanocrystals appear as highly promising candidates 

for applications in hot exciton absorber and hot emitter layers.  
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7.2 Amplified Spontaneous Emission Studies of FAPbI3 
Nanocrystals  

Colloidal semiconductor nanocrystals (NCs) are highly promising optical gain media 

combining the attributes of solution-processing with large transition oscillator strengths, 

size-tunable, broad optical gain spectra and potential for temperature-insensitive lasing 

operation rising from their three dimensional confinement (172), (173). Since the first 

demonstration of room temperature optical gain in NC solids (172), significant progress 

has been achieved based on synthetic and processing approaches allowing fabrication of 

densely packed NC films with reduced energetic and spatial disorder (173) combined with 

a better understanding of the exciton fine structure and nature of multicarrier interactions 

(174), (175), (176) and the implementation of appropriately engineered structures such as 

core-shell NCs that allow suppression of losses associated with surface and Auger 

recombination (177), (178), (179). The breakthrough demonstration of continuous-wave 

lasing employing strain-engineered asymmetric NCs (180) and multishell-core NCs (181) 

to tailor the exciton fine structure and the spontaneous emission lifetime, respectively, 

follow the respective successes in colloidal quantum well gain media (182) and opens new 

avenues towards efficient colloidal nanocrystal lasers. The aforementioned progress has 

been based on metal chalcogenide semiconductor NCs, benefitted from decades of material 

development and structure optimization. The recent introduction of lead halide perovskites 

of the type APbX3 with A being methylammonium, (MA), formamidinium, (FA), cesium 

(Cs) and X being Cl, Br, I and combinations thereof (183), (184), (185), (186), (187) 

enables a further leap for breakthrough achievements in colloidal NC lasers. Work in fully 

inorganic CsPbX3 NCs has already produced impressive results in amplified spontaneous 

emission (ASE) and lasing across the visible (187), (161), (188), (189), (190), (191), (192), 

(193), (194), (195), (196), (197) with thresholds using femtosecond excitation of few a μJ 

cm-2 already surpassing those observed in CdSe/ZnCdS core-shell NCs (178), (198) while 

competing with record values reported in colloidal CdSe/CdS nanoplatelets (182), (199), 

(200). The good lasing properties indicate that losses in the optical amplification process 

due to Auger recombination, that in Cs-based NCs appear to occur at similarly fast 

timescales to those in traditional metal chalcogenide NCs (201), (158) and the retarded 

buildup of the stimulated emission due to slow hot carrier thermalization (164), (202), 

(203) , discussed in the first section of the chapter, are well counterbalanced by the 

suppressed non-radiative recombination rising from the defect-tolerant electronic structure 
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of perovskites (152), (153), (154). Despite the successes, mostly based on all-inorganic 

perovskite NCs, the ambient thermodynamic and chemical instability of CsPbI3 thin films 

and crystallites (204), (205) renders such materials not suitable for light emitting 

applications in the red. The recent facile synthesis of a robust formamidinium lead iodide 

perovskite (FAPbI3) NCs (185), (206) appears to largely circumvent the problem. Such 

NCs were found to exhibit outstanding optical properties with high quantum yields above 

70% (185) and low ASE threshold under femtosecond excitation, down to 7.5 μJ cm-2 

(185) combined with a significantly higher crystal chemical durability compared to the Cs-

based counterparts in the red and near infrared region. Furthermore a recent report by Fang 

et al. (207) provides evidence of significantly longer biexciton lifetimes in such hybrid 

nanomaterials compared to Cs-based NCs, making them highly suitable candidates for 

continuous wave lasing applications.  

Motivated by the potential of such emitters we report here on a comprehensive study of the 

ASE properties of FAPbI3 NC closed-packed films under excitation in the nanosecond 

regime. By controlling the processing, purification and thermal treatment of the NC films, 

we can produce two types of films containing isolated and sintered NCs, yielding distinct 

emission/ASE characteristics. ASE from isolated NCs was found to show high net modal 

gain up to 604cm-1 and almost-temperature insensitive ASE thresholds with room 

temperature values down to 140μJcm-2, a record low for ns-excited ASE in colloidal NCs. 

On the other hand, impressive but overall lower values of room temperature optical gain 

and ASE threshold values up/down to 502cm-1/335μJcm-2 were found in polycrystalline 

films containing sintered NCs, combined with a significantly stronger dependence of the 

ASE on sample temperature. Tuning of the purification and thermal annealing parameters 

allow us to switch from the isolated NC-like to the sintered NC-like ASE behavior through 

intermediate film phases in which both types of modes via the appearance of double ASE 

peaks are evidenced. 

 

  Distinguishing two types of FAPbI3 NC solids  7.2.1

Our investigations employ as-synthesized FAPbI3 NCs with cubic shape and average size 

of ~10 nm, as shown in Figure 7.7(a). The optical properties of the NCs dispersed in 

toluene are displayed in Figure 7.7(b), yielding energy gaps in the 1.64-1.62 eV range and 

bright photoluminescence (PL) peaked at 1.6-1.58 eV.  
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Figure 7.7: (a) TEM image of the studied cubic FAPbI3 NCs (b) Normalized absorption and PL 
spectra from FAPbI3 NCs dispersed in toluene (Sol) and films processed out of the NC solution 
with optical characteristics attributed to isolated (iso-NC) and partly sintered (sin-NC) 
nanocrystals.  

 

As spun, drop-casted or spin-coated films, subjected to purification using non-polar 

solvents were found to exhibit sharp band edges with band-gaps and PL peaks slightly red-

shifted i.e. by ~25-35 meV compared to the respective features of the as-synthesized NC 

colloids as observed in Figure 7.7(b). The photophysical behavior, as further supported by 

additional experimental evidence that follows up later in the text, is consistent with solids 

in which the NC surface retains a considerable amount of the oleic acid ligands, preventing 

NC aggregation and preserving the integrity of individual NCs, termed “isolated NCs” 

(iso-NCs) films for the rest of the discussion. On the other hand, films deposited via dip-

coating or spin-coating that have been treated using a processing protocol employing a 

polar solvent rinsing, exhibited consistently larger bathochromic absorption and PL shifts 

up to 60 meV compared to the respected values in colloids, with less well-defined band-

edges and pronounced band-tail contribution. It appears that treatment with a polar solvent 

results in partial detachment of the weakly bound ligands from the surface allowing the 

NCs to pack and partly merge forming “sintered NCs” (sin-NCs) films.  

The observation is supported by recent surface chemistry studies on perovskite NCs which 

demonstrate the highly dynamic nature of surface ligand binding, resulting in ligands loss 

during purification steps, especially when such processes involve polar solvents. (208; 

209) The ligand loss appears further pronounced in dip-coated films due to the elevated 
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temperature used during the film drying step. Such a hypothesis is further supported by the 

two distinct temperature-dependent PL behaviors of the two film types, represented in the 

Arrhenius plots of Figure 7.8(a) and the raw data of Figure 7.9(a) and (b) with the PL 

intensity of the necked (isolated) NC films, quenching (growing) as temperature is raised. 

 

Figure 7.8: (a) Representative Arrhenius plots of the two types of NC films. (b) Impact of post-
deposition thermal annealing on the average PL lifetimes (top) and PL QY (bottom) of the two film 
types. (c) PL shifts upon thermal annealing from iso- and sin-NC films. 

 

Both NC solids were found to exhibit a characteristic PL peak dependence with 

temperature illustrated by Figure 7.9(c) and (d), that has been previously observed in bulk- 

(210) and nano-crystal (207) films of FAPbI3 and has been assigned to a crystal structure 

transition from a tetragonal to an orthorhombic phase. The almost identical and fully 

reversible temperature evolution of the PL peak in all films studied, can exclude the 

presence of different perovskite crystal phases as the origin of the two distinct optical 

behaviors observed. For the sin-NC films, analysis of the Arrhenius plots reveal an 

activation-type of PL quenching yielding typically two linear regions with respected 

activation energies in the range of 10-14 meV and 60-90 meV. The former quenching 

process is attributed to exciton-LO-phonon interactions, based on the measured 11.5 meV 

value of the LO phonon of FAPbI3 (169), while the latter mechanism is most probably 

related to exciton thermal escape from the NCs as the respective activation energy matches 

the NC confinement energy i.e. the separation of the NCs absorption edge from the bulk 

FAPbI3 gap of ~1.48 eV. (166) 
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Figure 7.9: Temperature dependent PL spectra from films containing (a) sintered FAPbI3 NCs, (b) 
isolated FAPbI3 NCs. The temperature evolution of the PL maximum for the films with (c) sintered 
NCs, (d) isolated NCs. 

 

The aforementioned model is also consistent with the temperature-activated quenching of 

the PL lifetime, presented in Figure 7.10. On the other hand, the anomalous growth of the 

intensity and the PL lifetime (Figure 7.11(a) and (b)) with temperature in the iso-NC films 

appear consistent with a thermally induced exciton detrapping process. The fluence-

insensitivity of the PL transients (Figure 7.11(c)) and the strictly linear variation of the 

zero-delay PL intensity (Figure 7.11(d)) across the power density range used in our PL 

experiments, exclude the possibility that the anomalous temperature variation originates in 

formation and recombination of multi- or charged-exciton species. On the other hand the 

exciton detrapping model has also been used by Fang et al. (207) in FAPbI3 NC solids with 

the authors attributing the trapping to a surface dark exciton state. In our study, evidence 

by low temperature PLE experiments displayed in Figure 7.12, indicate the presence of 

absorbing species in the gently-purified iso-NC films related to unreacted PbIx precursors. 
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PbI2-rich regions were found to influence the charge carrier lifetimes and PL emission 

yield in hybrid perovskites. (211) 

 

Figure 7.10: (a) PL transients from a film containing intact NCs at different temperatures in the 80 
to 300 K range. (b) Average PL lifetime versus temperature for the same film. The PL lifetime is 
extracted from double-exponential fits of the PL decays.   

 

Figure 7.11: PL transients from a film containing intact NCs at different temperatures in the 80 to 
300 K ranges(a)and different excitation power densities (c). Average PL lifetime versus 
temperature for the same film (b). The PL lifetime is extracted from double-exponential fits of the 
PL decays. Integrated cw PL Intensity versus excitation power at room temperature for the same 
film is also presented (d).   
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It is thus probable that such defects are responsible for the efficient low temperature 

trapping of excitons in the iso-NC films. From the Arrhenius plots, a distribution of 

activation energies in the 10-30 meV range can be extracted that provide an estimate of the 

exciton localization energies in such PbIx-related defects. The thorough cleaning of the sin-

NC films appears to largely remove such defects, yet both their room temperature emission 

lifetime and the quantum yield (QY) does not concomitantly increase compared to the less 

washed iso-NC films, that were typically found to exhibit slightly larger room temperature 

PL lifetimes and QYs. It is plausible that the beneficial effect of washing off byproducts of 

synthesis is counterbalanced by emission quenching introduced upon colloidal NC 

necking. (212) 

 

Figure 7.12: (a) PLE spectra recorded at liquid nitrogen temperature (77 K) from films containing 
isolated and sintered NCs. The partial loss of confinement in the later film is evident by the red-
shift of the band-edge compared to that of the former film. (b) The difference of the PLE spectra of 
the two films i.e. excess of PLE signal in the sin-NC film, is compared with an appropriately 
normalized absorption spectrum obtained at 77 K from a film deposited out of a PbI2 solution in 
MFA. In the dry state, the absorption of the PbI2 exhibits a broad feature extended down to the 
near-infrared, which is attributed to the formation of various PbIx plumbate complexes (1). The 
spectral resemblance between the absorption and PLE difference indicates that in the mildly 
purified iso-NC films, emission is weakly quenched compared to the emission of properly purified 
sin-NC films by absorbing PbIx complexes formed during the colloidal synthesis. 

 

Thermal annealing, that appears as a necessary post-deposition processing step to improve 

the solid-state mesoscale morphology and achieve high performance optical amplification 

in the FAPbI3 NCs, differentiates even further the optical behavior of the two types of 

films. The impact of annealing becomes pronounced above 60 oC and is optimized for both 

types of NCs at 90 oC, as witnessed by the monotonic enhancement of the emission 
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intensity and lifetime displayed in Figure 7.8(b) and Figure 7.13. It becomes however 

evident that the thermal treatment has a much stronger beneficial effect for the sin-NC 

films, i.e. for the representative example of Figure 7.8(b) the PL lifetime/QY in the sin-NC 

films increases by a factor of 2.5/4 compared to respective improvements by a factor of 

1.7/2.2 in the iso-NC film. Furthermore, annealing results in a significantly larger 

bathochromic emission shift in the sin-NC films, lowering their PL peak energy down to 

~1.51 eV upon annealing at 90 oC, approaching the bulk FAPbI3 gap of 1.48 eV as 

observed in Figure 7.8(c).  

 

Figure 7.13: The effect of gradual post-deposition thermal annealing on the photoluminescence 
decays from two films containing (a) Sintered NCs (Sin-NCs), and (b) Isolated NCs (Iso-NCs). 

 

The loss of confinement is consistent with a more pronounced merging of the NCs induced 

by the thermal treatment in such films. The optical data trends are further supported by 

microscopy measurements presented in Figure 7.14 and Figure 7.15 that probe the effect 

of polar solvent washing and post-deposition annealing on the microstructure of iso- and 

sin-NC films. For sin-NCs, such morphological changes are pronounced and are both 

visible in TEM and AFM images. Thermal annealing at 850C for 5 min is sufficient to 

activate the NC aggregation process, resulting in sintering of ~30% of the imaged NCs as 

seen in the pre- and post-annealing TEM images of sin-NCs in Figure 7.15 (a) and (b), 

respectively.  

Furthermore AFM images of non-annealed sin-NC films, subjected to a polar washing 

cycle, indicate that even before thermal treatment, NC merging is observed as seen in 
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Figure 7.14(a) and (c). Upon annealing, NC merging becomes significantly more 

pronounced, producing larger, one-dimensional structures, evident in Figure 7.14(b) and 

(d). In a fraction of the studied sin-NC films, the sintering is so extensive that nanowires 

with length of tens of microns and submicron width and height i.e. width of ~ 400-600 nm 

and height of ~100-150 nm for the representative example of Figure 7.15(d), are formed.  

 

 

 

Figure 7.14: AFM top view image from a sin-NC film (a) before and (b) after thermal treatment at 
900 C for 30 min. AFM side view images of the same film (c) before and (d) after annealing. 

 

On the other hand no consistent evidence of the formation of large nanostructure 

assemblies exists in thermally treated iso-NC films as seen in Figure 7.15(c), which 

combined with the negligible red-shift of their PL spectra upon annealing displayed in 

Figure 7.8(c) indicates that the FAPbI3 nanocrystals in such films remain largely in the as-

grown, confined state.  
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Figure 7.15: Transmission electron microscopy images of polar-washed NCs on a TEM grid (a) 
before and (b) after thermal annealing for 5 min at 85o C. Atomic force microscopy images 
yielding the surface morphology of (c) an iso-NC film and (d) a sin-NC film, both annealed at 90o 
C for 30 min. (e,f) AFM images of nanowires formed in films of sintered NCs imposed to the 
aforementioned thermal treatment. From the graphs, estimates of the width (x) and height (y) of the 
nanowires across different cross sections within the wires length, are provided. 

The loss of confinement is consistent with a more pronounced merging of the NCs induced 

by the thermal treatment in such films. The postulate is further supported by AFM 

measurements presented in Figure 7.15, that probe the effect of post-deposition annealing 

on the morphology of iso- and sin-NC films. Microscopy indicates that upon baking at 90 
oC, nanowires with length of tens of microns and submicron width and height i.e. width of 

~ 400-600 nm and height of ~100-150 nm for the representative examples of Figure 7.15, 

are formed via extensive NC merging at a significant fraction of the studied sin-NC films. 

On the other hand no consistent evidence of the formation of large nanostructure 
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assemblies exists in thermally treated iso-NC films, which combined with the negligible 

red-shift of their PL spectra upon annealing displayed in Figure 7.8(c) indicates that the 

FAPbI3 nanocrystals in such films remain largely in the as-grown, confined state.  

 

  Room-temperature Amplified Spontaneous Emission Experiments 7.2.2

Both types of NC films exhibit emission narrowing and threshold type behaviour for high 

enough excitation fluences that signature the appearance of ASE. To achieve room-

temperature ASE, the films had to be subjected to an annealing step applied during or 

subsequent to deposition. The influence of the thermal treatment on the optical gain 

characteristics is elaborated in this section of the subchapter. Films containing isolated 

NCs, exhibit ASE peaks in the vicinity of the respective PL maximum, in the range of 

1.55-1.57 eV as observed in Figure 7.16(a).  

On the other hand films with partially necked NCs, consistently exhibit ASE on the lower 

energy wing of the PL, as displayed Figure 7.17(a), lying at or slightly above the FAPbI3 

gap, i.e. in the 1.48-1.52 eV range, confirming the confinement loss of the NCs in such 

case. The ASE threshold is extracted from the excitation dependence of the integrated 

emission, displayed in Figure 7.16(b)/ Figure 7.17(b) for iso-/sin-NC films respectively. 

The former exhibit consistently lower ASE thresholds down to 140 μJcm-2 and typical 

values in the range of ~150-300 μJcm-2 compared to a minimum threshold of 335 μJcm-2 

and mean values in the 350-450 μJcm-2 range for the bulk-like NC films. 

The threshold reported in the isolated NC solids appears to constitute a record low for 

nanosecond-excited ASE from colloidal NC films. At the same time, recent studies on ns-

excited ASE in films of FAPbI3 bulk crystals50 set an even lower, by as much as a factor of 

7, threshold bound, paving the way towards further optimization of the quasi-continuous 

optical amplification properties of NCs based on the FAPbI3 perovskite. 
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Figure 7.16: ASE excited from an iso-NC drop-casted film thermal-treated subsequent to film 
deposition at 900 C: (a) ASE spectra at different excitation fluences. The y-axis is displayed in 
logarithmic scale. (b) Integrated emission versus excitation energy density. Allometric fits of the 
data with the respective fitted exponents are also displayed. The ASE onset is clearly defined by the 
sub- to super-linear change of slope (c) Integrated intensity versus stripe length obtained using the 
variable stripe length geometry. The fit using equation (4.5.3) and the extracted optical gain 
parameters are also displayed. (d) Integrated intensity versus stripe distance from the sample edge, 
for a constant stripe length. The method allows the estimation of the ASE optical loss using the 
Beer-Lambert type of fit of equation (4.5.4). 

 

The ASE linewidth for the isolated NCs was measured in the range of 18-26 meV, being 

typically larger than the respective linewidth in bulk-like films in which values as low as 

10 meV were obtained. Yakunin et al. (161) reported on an inverse relationship between 

the ASE linewidth and the ASE threshold in CsPbBr3 perovskite NCs, as samples with low 

thresholds support a larger optical gain bandwidth. Such an explanation appears consistent 

with our data, with films containing mostly isolated NCs yielding lower ASE thresholds 

and larger FWHMs compared to the respective parameters of sintered NCs, indicative of a 

larger ASE bandwidth in the former solids.   
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Figure 7.17: ASE from a sin-NC drop-coated film imposed to post-deposition annealing at 90 0C: 
(a) ASE spectra at different excitation energies. (b) Integrated emission versus excitation energy 
density along with allometric fits of the data. The ASE threshold is again defined by the sub- to 
super-linear change of slope (c) Integrated intensity versus stripe length obtained using the 
variable stripe length geometry along with fits and extracted optical gain parameters. (d) 
Integrated intensity versus stripe distance from the sample edge used for the estimation of the ASE 
losses. 

 

The efficiency of optical amplification is quantitatively accounted by the net modal gain G, 

measured via the variable stripe length (VSL) method (213) using sample excitation via a 

light stripe with adjustable length and detection of the edge-emitted ASE as a function of 

stripe length, as illustrated in subchapter 3.4. The VSL results are displayed in Figure 

7.16(c)/Figure 7.17(c) for iso/sin-NC films, respectively. The growth of the integrated 

intensity from the onset of ASE and through the excitation regime where no saturation 

effects are visible can be modelled by the following rate equation (214): 

𝑑𝑑𝑃𝑃(𝜆𝜆,𝛥𝛥)
𝑑𝑑𝛥𝛥

= 𝑔𝑔(𝜆𝜆)𝐼𝐼(𝜆𝜆, 𝑥𝑥) − 𝑎𝑎(𝜆𝜆)𝛪𝛪(𝜆𝜆, 𝑥𝑥) + 𝑛𝑛𝑔𝑔(𝜆𝜆)  (7.5) 
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Where g is the optical gain, α is the optical loss coefficient and n is a parameter 

proportional to the spontaneous emission rate and to a geometrical factor dependent on the 

sample dimensions. The optical gain g, loss α and net modal gain G parameters are 

connected via the relationship: 

G(λ) = g(λ) – α(λ)     (7.6) 

Integration of equation (7.5), using the boundary condition I(λ, x=0) = 0, yields the 

following fitting model of the experimental data: 

𝐼𝐼(𝜆𝜆, 𝑥𝑥) = 𝐴𝐴(𝜆𝜆)
𝐺𝐺(𝜆𝜆)

(𝑒𝑒𝐺𝐺𝛥𝛥 − 1)    (7.7) 

here A(λ) =n g(λ). Μodel (7.7) produces good fits of the experimental data, as seen in 

Figure 7.16(c)/Figure 7.17(c) and yields the parameters G(λ) and A(λ), with values of net 

modal gain as high as 604 cm-1 and 502 cm-1 for NC-like and bulk-like films, respectively. 

The absorption and scattering losses defining the coefficient α can be estimated using a 

variation of the VSL method, in which the excited beam is translated away from the 

sample edge, while keeping the stripe length fixed to a value just above the ASE onset, as 

described in subchapter 3.4. The loss α can then be extracted by fits of the following Beer-

Lambert law function, as observed in Figure 7.16(d)/Figure 7.17(d) for iso/sin-NC films, 

respectively: 

𝐼𝐼(𝜆𝜆,𝑑𝑑) = 𝐼𝐼(𝜆𝜆, 0) 𝑒𝑒−𝛼𝛼𝑑𝑑     (7.8) 

Where I(λ,0) the ASE intensity obtained with the pumping stripe at the edge of the film, 

and d the distance by which the stripe is translated away from the edge.  
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Figure 7.18: Impact of thermal annealing on: (a,b,c) the gain characteristics and (d,e,f) the optical 
losses, of the same film, containing isolated FAPbI3 NCs. 

 

The optical gain g and the parameter n can also be obtained from the fit extracted values of 

G and a using the relation (7.7) and the equation defining the quantity a. All extracted 

optical gain parameters are displayed in Figure 7.16 and Figure 7.17 for the best 

performing iso/sin-NC films, respectively. High net modal gain and low ASE threshold 

values are observed only after NC annealing during or subsequent to solid state deposition. 

For films containing partly merged FAPbI3 NCs, thermal treatment at a minimum 

temperature of 60 oC appears as a prerequisite step to achieve ASE. For iso-NCs films, 

ASE was also observed in a small fraction of non-annealed films albeit at the expense of 

higher fluence thresholds. The impact of post-deposition annealing on a film with confined 

NCs is displayed in Figure 7.18. Baking up to 60 oC increases the net modal gain by ~1.5 

times, mainly via reducing scattering losses by a factor of ~2.3. A further optimization of 

the net modal gain up to an annealing temperature of 90 oC is observed, due to a modest 

increase of the optical gain by ~20%. The highly favourable impact of annealing on ASE is 

consistent with the strong enhancement on the intensity and dynamics of the luminescence 

discussed in the previous section of this chapter. 
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  Temperature-dependence of the Amplified Spontaneous Emission  7.2.3

Figure 7.19 (a) and (b) show representative examples of the temperature variation of the 

ASE threshold for iso- and sin-NC films respectively, imposed to post-fabrication 

annealing.  

 

Figure 7.19: Temperature dependence of the ASE threshold for a film containing intact NCs, 
annealed at different temperatures subsequent to film deposition. (b) Evolution of the ASE 
threshold with temperature for a film containing necked NCs. When annealed at 60 oC, the film 
sustains two ASE peaks. (c) The emergence of the dual ASE at 220 K from the latter film. 

 

For isolated NCs, the threshold appears to strongly increase with temperature from 40 to 

290 K by a factor of ~5 and ~3 for the non-annealed and the annealed at 60 oC film, 

respectively. On the other hand an almost temperature-insensitive onset of ASE is 

observed for the film annealed at the optimum temperature of 90 oC with an overall 

threshold variation of less than 30% across the temperature range probed. The origin of the 

temperature-insensitive threshold, observed in a significant fraction of the iso-NC films 

studied, is not fully resolved. We hypothesize that it may be the result of two competing 

mechanisms, namely thermally-activated exciton detrapping evidenced by the anomalous 

growth of the emission intensity with temperature discussed earlier, with quenching 

mechanisms that antagonize the population inversion such as non-radiative recombination 

as temperature increases.  

In films containing mostly necked NCs, a strong growth of the ASE threshold with 

temperature is observed for both pristine and thermally-treated samples. An interesting 

observation is that in a subset of the sintered NC films, two ASE peaks emerge at low 
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temperatures, as illustrated in the example of Figure 7.19(c) for a film annealed 

subsequent to deposition at 60 oC. The high energy peak 1 appears energetically coincident 

with the PL maximum while the low energy peak 2 emerges in the long wavelength PL 

tail, red-shifted by 20-45 meV in respect to peak 1 and the PL maximum as displayed in 

Figure 7.20. The two ASE features match the energetic position of the respective ASE 

peaks found in the iso- and sin-NC films, as illustrated in Figure 7.16(b) and Figure 7.17(b) 

respectively.  

 
Figure 7.20: Temperature characteristics of the PL and ASE peaks in a sin-NC film that exhibits 
dual ASE. (a) PL and ASE peaks in the 40-300 K range, (b) Energy separation of the high energy 
ASE/PL peaks with the low energy ASE peak. 

 

The dual ASE is then attributed to optical gain from a coexistence of phases within the 

film, with areas of isolated NCs and domains in which merged NCs dominate, responsible 

for the peaks 1 and 2, respectively. When the film is exposed to an additional annealing 

step to 90 oC, ASE peak 1 due to isolated NCs vanishes and the ASE threshold assumes a 

temperature variation resembling the ASE peak 2, as the pronounced thermal treatment 

results in complete sintering of the perovskite nanocrystals. The temperature variation of 

the ASE linewidths from the two categories of NC solids is shown in the graphs of Figure 

7.21. As discussed earlier, films with confined NCs exhibit typically broader ASE peaks 

compared to those of sintered NCs, attributed to an increased optical gain bandwidth. The 

bandwidth appears to be further increased by thermal annealing up to 90 oC, consistent 

with the concomitant decrease in the ASE threshold for both type of films upon such 

thermal treatment. For both iso- and sin-NCs, the ASE FWHM overall increases with 

temperature, assuming a similar pattern to that of the luminescence linewidth growth, 
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however ASE/PL narrowing is also observed in the temperature range of 50-130 K, where 

NC crystal structure phase transitions occur.  

 
Figure 7.21: The evolution of PL and ASE linewidths as a function of temperature for (a,b) a sin-
NC and (c,d) an iso-NC film progressively annealed to 60oC and 90oC. 

In summary the photophysical and optical gain properties of closed-packed films of 

FAPbI3 NCs in a wide temperature range, under excitation in the nanosecond regime were 

presented in this subchapter. The impact of purification, processing and post-deposition 

thermal treatments on the integrity and confined state of the NCs has been demonstrated, 

resulting in two distinct emission and optical amplification behaviors attributed to films 

containing mostly isolated and partly sintered nanocrystals, respectively. The quantum dot-

like films exhibit outstanding room-temperature ASE characteristics under nanosecond 

excitation, with low ASE threshold down to 140 μJ cm-2 and high net modal gain up to 604 

cm-1 which combined with the material robustness in ambient conditions, makes them 

excellent candidates for lasing applications. 
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Overview and Future Work  

This thesis contains studies of two nanocrystal systems highly promising for 

optoelectronics. The greater part of the thesis concentrated on spectroscopic investigations 

of strongly confined PbS CNCs that have been functionalized for optoelectronics with 

emphasis on light harvesting applications.  

In particular, in chapter 4, type-II bulk-heterojunctions of PbS CNCs with the co-polymer 

Si-PCPDTBT suitable for light harvesting were demonstrated. The influence of quantum-

dot size on the charge extraction from/to the CNCs was explored for the first time in a low 

gap polymer–PbS CNC composite. We found that for the smallest CNCs (~3nm) used, 

efficient hole transfer from the CNCs to the polymer occurs despite the presence of long 

oleic acid ligands at the CNCs surface. Electron transfer on the other hand was found 

rather inefficient, possibly due to an incomplete polymer Frenkel exciton dissociation at 

the polymer-CNC interfaces. 3 nm PbS CNC-polymer heterojunctions with CNCs at 

various concentrations in the range of 60-90 wt%, were incorporated into the active region 

of solution-processed solar cells, by the collaborative group of Stelios Choulis at Cyprus 

University of Technology. A weak photoresponse with a power conversion efficiency of 

~0.1% was obtained for the highest CNC content that confirms the presence of electron-

hole extraction channels within the hybrid heterojunction, however the efficiency was 

more than an order of magnitude lower than that of a reference cell based on Si-

PCPDTBT: fullerene (PCBM) blends; this discouraged further device work.  

The second approach employed in Chapter 5 was based on a solution phase ligand 

exchange of the insulating organic ligands with conductive metal chalcogenide complexes 

(MCCs). The method produced electronic-active MCC-capped PbS CNC films for devices 

such as photoconductors, mainly based on the promising (NH4)3As2S3 complex. The first 

part of the work was concentrated on this system with a view of shedding more light into 

its unexplored optoelectronic properties. The work identified the main exciton 

recombination processes, associated with fast carrier trapping at shallow ligand-induced 

states and produced an energy level model diagram of the material.  

The second part of Chapter 5, contained a detailed photophysical investigation of PbS 

CNCs decorated by another MCC ligand, namely K4GeS4. Contrary to (NH4)3As2S3-PbS 

CNCs, no previous studies of the material were reported at the time. The ligand was found 

to provide better passivation against surface trapping compared to the (NH4)3As2S3-PbS 
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CNCs, with CNCs retaining much of their luminescence intensity and ground state 

bleaching upon ligand exchange. A detailed spectroscopic study allowed us to look into the 

nature of ligand-CNC exciton interaction identifying mechanisms of exciton transfer to 

ligands occurring at the timescales of few ns compared to the charge trapping process of 

ps-scale of the arsenic sulfide-capped system. A slow back-transfer process at the CNC 

core states at low to intermediate temperatures was also observed that quenched at higher 

temperatures, probably due to the presence of thermally-activated exciton hopping between 

adjacent K4GeS4-PbS CNCs. The good ligand passivation properties were however found 

to be solvent dependent, i.e. observed only in DMSO solutions of the NCs, while the 

optical properties reproducibility between different batches was inferior to the respective 

characteristics of the (NH4)3As2S3-PbS CNCs. Initial work on CNC-P3HT bulk 

heterojunctions and CNC Schottky type of solar cell devices based on the two MCC 

capping complexes, produced in collaboration with S. Choulis group (Appendix A.2) 

exhibited weak photovoltaic behavior (up to 0.013%) and limited stability due to gelation 

issues of the CNC and CNC-polymer active region. At the time, CNC passivation using 

metal halide perovskite concentrated much of the community interest, as superior 

passivation and stability properties to metal chalcogenides were demonstrated, so no 

further device work using the aforementioned materials was performed.  

In chapter 6, a comprehensive spectroscopic investigation of the influence of Bi dopants in 

PbS CNC films was produced. Robust n-doping was achieved via substitution of Pb with 

Bi during synthesis and via post-synthetic cation exchange. Spectroscopy provided 

evidence of new channels of dopant-induced recombination via formation of donor (Bi)-

bound exciton complexes and donor to valance band radiative transitions. Dynamics of the 

photoexcitations were studied using complimentary transient absorption and luminescence 

techniques. The experiments readily evidenced the presence of fast Auger recombination 

channels attributed to negatively charged excitons, formed due to excess of dopant 

electrons. The experiments indicate that a significant portion of Bi ionized electrons 

eventually feed the CNC core states, providing confirmation of device data obtained by the 

collaborative group of G. Konstantatos at ICFO, Barcelona which was the supplier of the 

doped material. Fundamental studies as such provide fundamental understanding on the 

unexplored mechanisms of dopant-exciton interactions in colloidal CNCs. Furthermore 

they can serve as a preliminary assessment of the impact of doping on the CNCs ahead of 

more elaborate characterization on processed devices such as solar cells and transistors.   
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The last chapter of the thesis involved studies of a newly-produced nanocrystal system 

based on lead halide perovskites (LHP). LHP NCs have emerged recently as outstanding 

light emitters owing to their tunable, narrow and high quantum yield luminescence. Most 

of the attention was placed on studies of all inorganic LHP NCs of the CsPbX3 type where 

X is Cl, Br, I. Such NCs are stable and highly efficient emitters in the green, however they 

exhibit structural and thermodynamic instabilities in the red. A recently produced hybrid 

analogue, FAPbI3 NCs, appears to circumvent the problem, producing air-stable and 

efficient emission in the red and near-infrared. The work was led by the group of M. 

Kovalenko at ETH, Zurich that provided the material to the group of G. Itskos. The chapter 

contains comprehensive characterization studies of colloids and films of the novel material 

with emphasis on two unique aspects of their photophysics: (i) the significant retardation 

of the hot carrier interband relaxation time and (ii) the efficient optical gain properties. 

Work on (i) is included on the first section of Chapter 7 and yields signatures of long lived 

hot carriers with lifetimes that depend on the NC environment, purity and excitation 

regime. Future work will probe the possibility of harvesting some of the hot carrier energy 

towards applications in hot carrier solar cells. On topic (ii) the effort concentrated on 

optical amplification studies using relatively long pulses in the nanosecond regime. Two 

types of NC solids namely films with isolated and sintered nanocrystals have been 

produced with different photophysical and amplified spontaneous emission characteristics. 

Record low/high ASE thresholds/gain values across the ns-regime were obtained 

predominantly from the isolated NC solids. Future work involves their employment in 

appropriate distributed feedback grating and vertical cavity structures to assess the 

possibility of high performance lasing applications in the red and near-infrared. 
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APPENDIX 

A.1 Laboratory Equipment Design 

Side work on the thesis, involved the design and fabrication of laboratory equipment 

employed in the thesis studies, such as laser controllers, translation stages, spin coaters, 

vacuum and preparation chambers etc. Herein we describe the design and fabrication steps 

of two characteristic examples of such equipment: 

A.1.1 Vacuum Chamber 

The schematic and photograph of a custom-made vacuum optical chamber can be seen in 

Figure A.1. The main body was made from aluminum with windows from optical grade 

quartz. The rotating finger of the sample holder was produced out of stainless steel and the 

sample holder out of gold-plated bronze to ensure good thermal conductivity and absence 

of radiative emission upon UV excitation. The chamber can reach vacuum as high as ~10-5 

mbar in short time (<15 mins) due to compact size while it maintains the vacuum for more 

than 10 hours. The rotating finger allows placement of two samples at the same time (one 

in each side of the holder) and assists the process of optimum alignment. 

 

Figure A.1: Schematic representation of the main body of vacuum chamber (a), its lid (b). The 
sample holder (c) and the rotating sample finger (d); (e) shows a real picture of the chamber. 
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A.1.2 Spin-Coater 

For the preparation of the spin coated films of the thesis, a custom-made spin coater was 

fabricated by recycling a common computers’ hard drive (HDD). The coater’s schematic is 

displayed in Figure A.2. A hard drive was disassembled for the purposes of the creation of 

this set-up. A HDD brushless motor provides accurate and sustainable a range of rotating 

speeds (~900-100000 rpm) that are controlled by the amplitude and frequency of the 

driving pulses. The HDD has also the advantage that the motor is completely leveled with 

its supporting base. Leveling is essential for the creation of smooth films via spin coating. 

The brushless motor is easily tuned via a servo controller’s knob in the desired speed. The 

controller was powered by a servo power supply, which creates the pulses, being powered 

by another 24 V DC power supply. The sample can be placed on top of the motor with the 

help of a double-faced tape.A more sophisticated version was also designed, which 

included the replacement of the servo controller and power supply with an Arduino circuit 

for better control of the speed, spinning time, etc. 

 

Figure A.2: Schematic of the custom made spin-coater, along with the respective controller and 
power supplies.  
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A.2 Hybrid Solar Cells based on MCC-capped CNCs 

Our trials for the fabrication of solar cells based on active regions of bare nanocrystals or 

bilayers of polymer:PCBM with PbS CNCs used a rather typical geometry of 

ITO/PEDOT/blend or pristine CNCs/(TiOx)/Al. Most of the blends’ devices showed no 

significant photovoltaic activity measurable in photocurrent experiments (see J/V 

characteristics in Figure A.3). The best solar cell characteristics were presented by the 

device based on the bilayer PbS CNCs-GeS4/Si-PCPDTBT:PC70BM but even this device 

exhibited worse performance than the reference Si-PCPDTBT:PC70BM device. As it can 

be seen from Figure A.3 pristine CNCs displayed little to no photocurrent density 

(~µA/cm2). Binary devices with active layers consisted from Polymer:CNCs showed 

similarly low photocurrent density, with some potential promise in open-circuit voltage 

(317 mV). The major problems were the stability of CNCs in solution and CNC gelation 

when mixed with alkylthiophenes, seems to be the main reason of the poor PV 

performance.  

 

 

Figure A.3: J-V graphs for all the pristine and hybrid binary solar cells fabricated. 
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