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Abstract 

Multidimensional hybrid systems play a major role in most applications of modern 

materials sctence, including relevant research areas of energy conversion and storage 

(solar cells, batteries), chemical and biochemical processes (photocatalysis, drug delivery, 

sensors), nanoelectronics (LEOs, FETs), and nanophotonics (light sources and amplifiers, 

plasmonic waveguides and modulators). By taking advantage of two or more components 

with distinctly different physical and electronic properties, for instance organic and 

inorganic constituents, hybridization at the atomic level and exploitation of 

dimensionality effects allow designing nanostructured material with properties "on 

demand". From the theoretical standpoint, the in-depth understanding of 

structure-property relationships of such inhomogeneous systems poses new challenges: 

methods that proved successful for describing homogeneous components may not be 

applicable to the hybrid systems, and are likely to fail to capture the physics of abrupt 

heterointerfaces. 

In this thesis, we consolidated a theoretical framework to study hybrid nanostructured 

materials by a combination of computational strategies and first-principle approaches, 

including density functional theory (OFT), time-dependent OFT and many-body 

perturbation theory. Within this framework, we studied the structural, vibrational , 

electronic and photophysical properties of model material systems with different 
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dimensionality and functions , including polymer/fullerene blends, polymer/Ill-V 

heterointerfaces, organic-inorganic perovskites for photovoltaic applications, and 

metallic/dielectric topological insulators for active plasmonics. 

Our main findings are the following: i) a complete description of the vibrational 

fingerprints of polaronic and excitonic states m conjugated polymers; ii) the 

quantification of dimensionality and surface polarity effects on charge transfer and 

separation in hybrid polymerllll-V (film and quantum dots) photovoltaic systems; iii) the 

demonstration of dimensionality and self-trapping effects on charge transport and 

photoluminescence of multidimensional organic-inorganic perovskites for photovoltaic 

and light-emission applications; iv) the determination of composition-dependent 

dielectric and metallic optical properties of topological insulator crystals for low-loss 

plasmonic devices operating in the visible part of the spectrum. 

Our predictions compare favorably with structural and spectroscopic data of the actual 

hybrid material systems, demonstrating the flexibility and potential of first principle 

calculations for the computational discovery of novel material systems, and their 

optimization for real-life applications. 

2 
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Chapter 1 

Introduction 

1.1 Background and Motivations 

Rapid advances in material science, such as organic chemical synthesis and inorganic 

nanostructure fabrication techniques, have led to a boost in design and manufacturing of 

novel nanostructured material systems that exhibit unique and unforeseen properties with 

improved electronic, optical, and plasmonic functions and performance. For example, 

conjugated polymers, 1-2 inorganic colloidal quantum dots, J-4 hybrid organic-inorganic 

perovskites,5·6 and topological insulators are some of the most studied and promising 

optoelectronic active-layer materials of recent times. One of the greatest advantages of 

these materials is the ability to control their properties by tuning the composition, 

dimensionality, surface terminations, and interfacial structures. This tenability, together 

with a relatively low fabrication cost, allows exploiting these nanostructured materials as 

the main building blocks for the next generation of photovoltaic and plasmonic 

technologies of the future. Meanwhile, the new physical and chemical phenomena arising 

at the hybrid nanostructured interfaces must be deeply understood before rational designs 

and new concepts for the nanostructured hybrid materials could be developed. 

Many difficulties arise from the controlled design of desired nanostructures to the 

3 
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conversion of properties initiating at the nanoscale to the mesoscale and macroscale. 

Once the novel nanostructures are constructed based on the materials ' building blocks, 

new properties may appear due to quantum effects, which cannot be simply predicted by 

scaling with size. Besides the practical issues of controlling material morphology and 

manipulation, and interface engineering of such nanoscale structures, there are needs for 

understanding the basic physical mechanisms behind these optoelectronic devices that 

govern the performance of hybrid material systems. 

Special experimental and theoretical attention IS required for designing 

multidimensional hybrid nanostructures, which generally contain two main components 

(e.g. organic and inorganic materials) with distinctly different properties. Sometimes 

organic materials alone will not give satisfactory optoelectronic performance due to their 

low carrier mobility and ease of recombination of photoexcited excitons (electron-hole 

pairs) . On the other side, inorganic semiconductors are attractive because of their low 

electron-hole binding energies and high charge carrier mobilities, but lack of tunability of 

electronic properties. Thus, hybrid nanostructured system utilizing these organic and 

inorganic materials allow not only to integrate both advantages , but also to go beyond the 

individual features of their constituents. Since new features and phenomena appearing at 

the interface that will be inactive in either of the building blocks, the rich physics behind 

hybrid system is worth being deeply investigated. 

4 
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To provide accurate insights and predictions on interfacial phenomena and properties, 

and to understand their electronic, atomic, and molecular interactions and dynamics/ 

developing advanced theory and simulation methods is needed . Thanks to the theories 

and computational tools developed over the past few decades in both condensed matter 

physics and quantum chemistry communities, nowadays first-principles theory is crucial 

for understanding the structure-property relationships of a given material , predicting the 

properties of unknown materials, and greatly accelerating materials design and discovery 

at the fundamental atomic level. Specifically, density functional theory (OFT)8-9 has 

become the most popular first-principle method for studying classes of material system 

with nanostructures .10 OFT calculations can help predicting qualitative behaviors, 

understand experimental observations, design new optoelectronic materials, and engineer 

hybrid interfaces with precisely tailored properties. This success is largely due to the 

computational accuracy, app licability and efficiency of OFT method, 11 such as : 

i) convenient conversion of physical problem to a computable atomistic model; 

ii) accurate description of the electronic and optical properties of different states; 

iii) direct validation of the theoretical results by comparison with experimental data. 

A computational OFT strategy to hybrid systems can be represented as a stepwise 

problem, whereby one needs to accurately simulate the individual components, then 

move to the relevant heterointerfaces. The fundamental information required on 

5 
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individual compounds are: i) frontier molecular orbital energies, vibrational modes and 

optical absorption spectra of small molecules or polymers; ii) band structure of inorganic 

compounds and their density of states of slab models. These information constitute the 

basis for the screening and design of new organic materials and inorganic nanostructures . 

For interacting hybrid interfaces, one needs to know in addition : i) interfacial structures; 

ii) energy alignments and electronic distributions; and iii) charge redistributions. A 

complete OFT description of inhomogeneous systems poses new challenges: methods 

that proved successful for describing the individual components may not be applicable to 

the hybrid system as a whole, and are likely to fail to capture the physics of abrupt 

heterointerfaces. Therefore, various OFT strategies are provided to treat different material 

systems and obtain their properties using electronic wave functions and densities as the 

starting point. Combining OFT, time-dependent OFT (TOOFT) and many-body 

perturbation theory (MBPT), we construct a powerful theoretical framework to obtain the 

desired properties of most hybrid materials and their interfaces based on the following : 12 

I . Crystal Structures. For 
. . 
morgamc crystals, the gradient -corrected 

exchange-correlation functionals have been successfully applied in accurately 

predicting lattice parameters. On the other hand, the calculations of organic crystals 

are performed by fixing the lattice parameters, demonstrating remarkably good 

internal geometries and capturing both strong intramolecular bonds and weak 

6 
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intermolecular interactions. Moreover, including van der Waals functionals 13 can 

provide rather reliable cohesive structural properties of n-conjugated polymers. 

2. Vibrational Spectroscopy. The calculations of vibrational frequencies and infrared 

and Raman scattering intensities of molecular and crystalline systems are performed 

either by direct force-constant methods 14 or a linear response route. 

3. Optical Excitations. TDDFT has been most favorable for molecular systems, its 

success for extended systems is pretty limited to metals or other systems where 

excitonic effects are very weak. Bethe-Salpeter equation (BSE) is the method of 

choice for studying optical excitations, 15 which can capture the features of strongly 

bound electron-hole pairs in core-level excitations and molecular materials, as well 

as the Wannier-type excitons in inorganic semiconductors. 

4. Charge Transport . DFT calculations of charge transport in nanostructured materials 

has advanced considerably through ad-hoc approaches for different material systems 

and applications. For inorganic semiconductors, the combination of OFT with 

Boltzmann-type transport equations has been proven successful to obtain bulk 

transport coefficients (effective mass, electron-phonon coupling etc.). 16 For organic 

molecular systems, the flow of current can be described as quantum transport using 

the Landauer-Bi.ittiker theory. For purely organic single crystals, the two most widely 

used concepts are the Holstein type models and electron-hopping Marcus theory. 

7 
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These methods allow for quantitative calculations of charge earner mobility, 

including their temperature dependence. 

5. Surfaces and Interfaces . Bringing organic and inorganic materials together, strong 

covalent bonding or weakly molecular interactions are formed , increasing 

complexity of the description of surface and interfacial structures. Therefore, 

accurate calculations of surface and interfacial geometries and energies are regarded 

as an important prerequisite to determine and understand the interfacial properties. 

For instance, the pronounced orientation and anisotropy of organtc 

molecule-inorganic substrate interactions should be considered m the OFT 

calculations. 17 

6. Dynamics. Car-Parrinello molecular dynamics allows investigating hybrid systems 

at finite temperature. 18 Recently, an advanced OFT strategy was developed by 

dealing with non-adiabatic couplings among different electronic states, based on 

first-principles molecular dynamic calculations to study the timescale of 

photoinduced electron transfer. This method takes the dynamical effects of both 

nuclei and electrons within the frameworks of molecular dynamics and TOOFT. 19 

Although there are a number of successful examples to predict the properties of new 

materials or explaining the experimental observations using OFT calculations, it is 

important to point out that OFT calculations still have flaws . The Kahn- Sham 

8 
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single-particle states from OFT calculations are usually good approximations to the 

quasi-particle states, but a major concern is that the shift of single-particle energies leads 

to the underestimation of band gaps if standard approximations to electron correlation 

and exchange effects are employed. Another general issue is the inclusion of relativistic 

effects by considering the spin-orbit coupling contributions in heavy element-containing 

systems. Thus, for any specific system, it is necessary to gauge the level of accuracy 

achievable in calculations of a given property, and to validate the OFT results by direct 

comparison with the available experimental data. 

1.2 Aims and Implementation 

In this thesis, we develop theoretical approaches/models in the OFT framework for a 

broad range of material systems and chiefly deal with three main computational issues: i) 

developing a theoretical method to describe the vibrational modes of singlet excited states 

for polymers, which will help us uncover the experimental infrared-active vibrational 

modes beyond the conventional phenomenological assumptions. To achieve this, we 

implement the TDOFT method in vibrational calculations through a careful treatment of 

polymer structure; ii) building a computational model for treating the large hybrid 

organic/inorganic interfacial structures. According to this, we build a robust "organic 

monolayer/inorganic slab" model for obtaining their electronic properties across hybrid 

interfaces and determining the surface polarization effects of inorganic/hybrid 

9 
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semiconductors on their interfacial charge transfer and redistribution in combination with 

organic molecules; iii) getting physical insights into OFT results to explain the 

experimental phenomena. We extract a number of useful physical parameters that cannot 

be obtained directly from experimental measurements by dealing with electronic bands 

and complex coupling matrix, such as implementing the quantum chemistry results in 

Marcus theory to predict charge transfer rates between polymer and nanocrystals and 

integrating molecular dynamics and electronic density mapping to demonstrate 

self-trapping charges of hybrid organic-inorganic crystals. 

Specifically, Figure 1.1 shows our integrated computational and experimental study of 

several novel material systems as well as interfacial charge/energy transfer processes in 

the complex organic/ inorganic hybrid systems at the atomic level using i) quantum 

chemistry calculations to deal with the molecular structural and vibrational modes of 

polymer and charge transfer rate between polymer and nanocrystals ; ii) solid state 

physics calculations to treat different hybrid organic/ inorganic system, including the 

interfacial structures and their electronic properties and charge redistributions; and iii) 

many-body perturbation theory calculations to obtain the optical permittivity of 

plasmonic topological insulators. 

10 
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Figure 1.1. Model material systems showed in this thesis and properties of interest. 

Our discussions are mainly focused on the structural, electronic, and optical properties 

of these systems, namely the molecular and crystal structure, vibrational modes, 

interfacial charge transfer rates, electronic band structures, projected density of states, 

charge redistribution and optical response. Our DFf results tries to address questions like: 

How do correlations between molecules and interfacial interactions rule properties of 

oriented hybrid organic/inorganic nanostructures? How do physical chemical properties 

and photophysical processes change when molecules are tn contact with inorganic 

surfaces? What are the effects of reduced dimensionality on the charge localization and 

transport of hybrid organic-inorganic semiconductors? How can the optical response of 

inhomogeneous systems be simulated by DFT calculations? How can all these properties 

be harnessed to design or discover new functional optoelectronic materials? 

11 
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Based on the type of different material systems, this thesis is organized as follows : in 

Chapter 2, we briefly introduce density functional theory, optical response theory of 

solids and computational codes used in this thesis. Chapter 3 focuses on the 

polymer/Ill-V hybrid system for the photovoltaic applications, including the electronic 

and vibrational properties of conjugated polymer, surface polarity effects on charge 

redistribution at GaAs!P3HT heterointerfaces, and ligand and size effects on electron and 

energy transfer in InP quantum dots/P3HT blends. Chapter 4 deals with the three- and 

two-dimensional organic-inorganic perovskites, including the electronic, transport and 

self-trapping charge properties, as well as interfacial charge transfer anisotropy between 

lead iodide perovskite and hole- (electron-) transporting materials. In Chapter 5, we 

discuss the results on topological insulators treated as hybrid metal/dielectric materials 

and we investigate their electronic and optical properties with particular emphasis on 

their plasmonic behavior emerging from the conducting surface. 

This thesis presents both computational and experimental results. The author conducted 

all the simulation work and experiments on and IR, Raman, absorption and 

photo! urninescence spectroscopy of polymers (Chapter 3.1) and polymer/InP QDs system 

as well as the ligand exchange of InP QDs (Chapter 3.3). The rest of the experimental 

work was done by the coauthors named in List of Publications. 
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Chapter 2 

Density Functional Theory 

In this chapter, we present the theoretical foundations of the methods and calculations 

that are employed in this thesis. The first section deals with a brief historical introduction 

of Density Functional Theory (DFT). The next section of this chapter gives the basic 

principles of time-dependent DFT and Bethe-Salpeter equation for optical response 

calculations. The last section is a summary of the main computational codes used in this 

thesis. Note that we give a brief description of the basic principles in this chapter without 

the detailed mathematical subtleties, since the theory itself is not the objective of the 

thesis, rather how it can be exploited for studying the electronic and plasmonic properties 

for the particular material system. 

2.1 Introduction 

Modern computational modelling, which relies on the quantum mechanical description of 

the atomic nuclei and electrons interactions, has given a marked impact on chemistry, 

physics and materials science, paving the way for understanding structural and 

optoelectronic properties of novel materials and for designing new materials for future 

technologies and appli cations.'' To accurately describe the chemical bonding between 

atomic nuclei and physical interactions between molecules, simulations of materials are 
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performed to obtain energies and acting forces by solving Schrodinger equations based 

on the atomic constituents and coordinates as inputs. However, Schrodinger equations for 

complex systems are not analytically fully solvable, so a variety of theoretical and 

computational approaches were developed . A breakthrough in these theoretical efforts 

was achieved in 1964 when Pierre Hohenberg, Lu Jeu Sham and Walter Kohn developed 

OFT with two published manuscripts in Physical Review, titled "Inhomogeneous electron 

gas"8 and "Self-Consistent Equations Including Exchange and Correlation Effects"9
. The 

essential idea behind OFT is involving the electron density instead of dealing with 

complex many-body Schrodinger equations. This method is strongly relevant to 

independent particle approaches, including the electron interactions and correlations. 

Since many-body wavefunctions cannot be explicitly defined, the proper Hartree and 

Hartree-Fock approximations are needed to develop the suitable single-particle equations. 

Understanding the properties of electron density and approximate functionals was the key 

to develop reliable and advanced ab-initio models. Since then, OFT became an almost 

universal method for studying a wide variety of material systems, including organic 

molecules, inorganic solids and nanostructures, surfaces and hybrid interfaces, from 

organic chemistry to condensed matter physics domains . 

To investigate the properties of materials at the atomic scale, we need to acknowledge 

that they consist of interacting atomic nuclei and electrons. As the nuclei are much 
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heavier than electrons, atomic nuclei can be treated as point charges, the so called 

Born-Oppenheimer approximation. This assumes that electrons are dynamic while nuclei 

are frozen, significantly simplifying the problem of all interacting particles to the 

interacting electrons moving in the field generated by atomic nuclei. So the molecular 

electronic Hamiltonian can be expressed as: 

where Ke is the quantum kinetic energy of electrons: Ke = - ~ Ii 'iJ f; 
2m 

Vee is the electron-electron interaction potential : Vee = - ~ I(~1· -
1 

-
1
-

1

; 
2 r i-rj 

Ven is the potential due to electrostatic interactions between electrons and ions: Ven = 

and \'en is the potential due to electrostatic nucleus-nucleus repulsion interactions. 

2.2 Basics of Density Functional Theory 

2.2.1 The Hartree approximation 

In the independent electron approximation, the effective potential for the motion of 

each electron consists of the sum of a term accounting for attraction from all nuclei , and a 

term that accounts for the repulsive interaction between one electron and the average 

distribution of all the other electrons. The many-body wavefunctions could be 

appropriately expressed as the product of all single orbitals if the electrons were treated 

as non-interacting particles: 
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The wavefunctions qJi(ri) are single-particle states under a realistic approximation and 

the total energy (EHartree ) of many-body system can be expressed as follows using the 

Hartree approximation: 

Using a variational argument, we can then obtain the single-particle Hartree equations : 

From this equation, each orbital qJi (ri) could obtained by solving the single-particle 

Schrodinger equation if knowing all the other (/Jj(rj) , i :t j. The problem of 

self-consistency can be iteratively solved with the equation of one qJi> which depends on 

all the other qJj's . First of all , a new set of qJi ' s is chosen to build the single-particle 

Hamiltonian to solve the equations for these new qJi ; then the results of qJi ' s equations 

are compared with the original ones; finally, the original wavefunctions are substituted 

with the new estimated qJi ' s. This cycle of steps is repeated until input qJi ' s and output 

qJi ' s coincide within the desired total energy difference Owt (self-consistency). 

2.2.2 The Hartree-Fock approximation 

Because electrons are fermions, the wave function must change sign if two electrons 

change places with each other, which is known as the anti-symmetry principle. 
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Exchanging two electrons does not change the sign of the Hartree product, which is a 

serious drawback. We can obtain a better approx imation to the wave function by using a 

Slater determinant. In a Slater determinant, the N-electron wave function is formed by 

combining one-electron wave functions in a way that satisfies the antisymmetry principle 

as follows : 

where n IS the total number of electrons. The Slater determinant has the anticipated 

property that interchanging the spatia l coordinates of two electrons leads to the same 

effect through interchanging their columns in the determinant. This will also change its 

sign. 

Applying the theorem that the value of a determinant is unchanged by any non-singular 

linear transformation, we may choose the qJ to be an orthonormal set. We now introduce 

a Lagrange multiplier fi to impose the condition that the qJ are normalised, and 

minimise with respect to the qJ : 

An enormous simplification of the expressions for the orbitals qJ results. They reduce to 

a set of one-electron equations of the form 

where U(r) is a non-local potential and the local ionic potential is denoted by Vion(r ). 
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The one-electron equations resemble single-particle Schrodinger equations. 

The full Hartree-Fock equations are given by 

(2.8) 

There is one extra term in this equation, which includes an unphysical self-interaction of 

electrons when j=i called the "exchange" term, as compared with the Hartree equation. 

The exchange term results from our inclusion of the Pauli principle and the assumed 

determinantal form ofthe wavefunction. 

Then it is instructive to try to put this term in such a form, by multiplying and dividing 

by the proper factors. First of all , we can write the Hartree term in a different way, where 

single-particle and total densities become: 

the Hartree potential follows the form 

and the single particle exchange density is constructed as 

?<(r ') = ~ . . ~pi(r,) ~p((r)ipj (r) ~pj(r') ( 2 II) Pt , r L..t* 1 c ) ·c ) . . !pi r !pi r 

Then the single-particle Hartree-Fork equation becomes 

with the exchange potential as follows 

18 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



In the HF approximation, the potential for electron-electron interaction has the following 

form, by considering Hartree and exchange potentials : 

v.x(r) = e2 J p(r') dr'- e2 JPi (r ,)+pf(r,r' ) dr' (2.14) 
1 lr-r'l lr-r'l ' 

which can be expressed using the HF density 

HF( ') = "' . ipi(rl) ip( ( r)ipj(r)~pj ( r' ) (2 15) 
PI r, r '-' J < ) • < ) . . ipiripir 

Finally, the following equation gives the total electron-electron interaction potential with 

the first term of total Coulomb repulsion potential for all the electrons and second term of 

the fermionic exchange effect: 

2.2.3 The Hohenberg-Kohn theorems 

It is arduous to directly solve the Schrodinger's equation of the Hamiltonian . The 

approach of Hohenberg and Kahn is to express density functional theory as an exact 

many-body system theory. This formulation can be applied to any system of interacting 

particles moving under an external potential Vext CrJ created by aotmic nuclei : 

Schrodinger 
equation 

Hohenberg-Kohn 
Theorem 

n0(r) 
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For such system, the Hamiltonian can be expressed as 

Hohenberg and Kohn summarized two important theorems of OFT as follows: 

Theorem 1: "For any system of interacting particles in an external potential 

VextCr) in any system, the potential VextCrJ is determined uniquely, except for a 

constant, by the ground state particle density n0 (r) ." 

Corollary 1: Since the number of electrons in the system is fully determined by 

n0 (r) , it follows that all electronic properties of the system are completely 

determined by the ground state density n0 (r) . 

Theorem II: "A universal functional for the energy E [n] in terms of the density 

n(r) can be defined, valid for any external potential VextCr). For any particular 

VextCr) , the exact ground state energy of the system is the global minimum value 

of this functional , and the density n(r) that minimizes the functional is the exact 

ground state density n0 (r). " 

E[n] = f drn(r) Vext(r) + F[n]. (2 .18) 

Corollary II: The functional E[n] alone is sufficient to determine the exact 

ground state energy and density. In general , excited states of the electrons must be 

determined by other means. 
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2.2.4 Kohn-Sham equations 

A many-electron interacting system could be onto a fictitious system of non-interacting 

"electrons", but enforce that the two systems have identical ground state electron density. 

The non-interacting system can be described by single-particle equations and the ground 

state solution is the corresponding Slater determinant. Following this idea, we can derive 

the Kohn-Sham equations,9 which are the basis of Kohn-Sham density functional theory 

to describe the realistic solid systems. Given a single-particle description, we can first 

write out the energy functional Eq. 2.17 explicitly: 

(2.19) 

where the electron density of the non-interacting system can be written as: 

where i is single-particle states and the sum is over all the occupied states. Exc [n(r)] is 

exchange-correlation functional. 

To find the ground-state density n(r) for this non-interacting system, we can simply 

solve the one-electron Schrodinger equations: 

where VK5 (r) is composed of the Hartree potential and the local ionic potential: 

I 1 n ( r1 ) 
VKs(r) = dr lr-r'l + Vion(r) + Vxc (r). (2.22) 
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The last term is the exchange-correlation potential defined as: 

( ) 
8Excln] (2 23 Vxc r = on(r ) . . ) 

Once the equations are solved self-consistently, the ground state electron density IS 

obtained: 

and the total ground state energy can be written as: 

Note that ion-ion interaction Eion-ion was not included in the total energy, because 

Eion-ion IS a constant by summing over Coulombic pair repulsions . But the term 

Eion-ion should be considered when the ions are moved to calculate the energy and the 

forces acting on them. 

2.2.5 Bloch's theorem 

For periodic material systems, such as semiconductor slab models, the atomic nuclei 

can be arranged in a regular periodic array, which is invariant under translation by the 

Bravais lattice vectors. The potential ofthis system is also translationally periodic: 

V5P(r + R) = V5P(r) , (2.26) 

so that the single-particle wavefunctions can be expressed plus a phase factor: 

As an alternative formulation of Bloch's theorem, the single-particle wavefunctions can 
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also be written as: 

where the wavefunctions <Pk(r) can be written as the product of the functions uk(r) 

multiplied by the phase factor eikR. These functions have the full translational periodicity 

of the Bravais lattice. Note that these two formulations of Bloch's theorem are 

equivalent. 

2.2.6 Self-consistent calculations 

To get the accurate electronic density of whole material system, a simple and useful 

approximation is to construct the first guess for the electron density by adding up the 

densities of each atom. As illustrated in Figure 2.1, the initial estimates of the Hartree and 

exchange and correlation potentials (VH + l'xc) can then be built, before proceeding with 

the numerical solution of the Kohn- Sham equations. By solving the Kohn- Sham 

equations, one can then obtain a new set of wavefunctions, which are used to construct a 

better estimate of the density (n) and the total potential (Vtot) · This process is repeated 

until the new density agrees well with the old density, within a desired tolerance, and 

self-consistency is achieved. 
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initial guess for 
electron density 

n(r) = LI<P;(r)l 2 

i 

O'Excln] 
Vxc (r) = on (r) 

NO 

Figure 2.1. Schematic flow-chart for finding self-consistent solution of the Kohn- Sham 

equations. 

2.3 Optical Response 

2.3.1 Time-dependent density functional theory 

To predict the optical properties of molecules and inorganic crystals, time-dependent 

density functional theory (TDDFT) has been widely used. 20 Specifically, for the linear 

response TDDFT (LR-TDDFT), the density response of a system is studied within an 

external time dependent perturbation: 
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p(rl t) = p0(r) + 8p(rl t). (2.29) 

The basic term of LR-TDDFT is the density-density response function: 

( I I) op(r,t) I (2 30) x rl tl r It = 8 C ) , . 
Vext rl ,tl Vo 

which relates the first order density response 8p(r1 t) to the applied perturbation 

8v(r~ t) 

8p(r~ t) = ( dt1 I dr1 8v(r1
1 t1)x(rl tl r 1

1 t1). (2 .31) 

Here the total external potential, Vext(r 1 t) , can be expressed by summing up the static 

ground state Kohn-Sham potential v0(r), and the external potential 8v(r1 t) . 

The response function is relevant to the non-interacting Kohn-Sham response function 

by using Dyson-like equation: 

( 1 ') _ ( 1 1) I d3 d I d3 d ( ) (oCt1 -t2) x rl tl r It - Xs rl tl r It + r1 t1 r2 t 2 Xs r l tl r11 t1 
1 1 

+ 
rl-r2 

where X5(r1 tl r
1

1 t1) is the "non interacting" density response 

( t I tl) = '\' ·( f - f.) 1/Jk (r )ljJ j(r)ljJ j(rr)ljJk(rr) (2 33) 
Xs rl 1 r 1 L...k,J 1 k 111 ( )+ . · · 

W- ErEk !71 

The relationship between the exact density response function and the Kohn- Sham 

response function , can be compactly written in term of the inverse of their corresponding 

Fourier transform the time: 

x- 1 (r~r~~w) = x; 1 (r~r~~w) --
1 

-
1

-
1

- fxc (r1 ~r2 ~w). (2.34) 
rl- r2 

The problem of finding excitation energies of the interacting system has been simplified 

25 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



as the search of the poles of the response function. In fact, x( w) has poles at the true 

excitation energies w1, while the non-interacting response, x5 (w) , has poles at the 

Kohn- Sham orbital energy differences . 

The calculation of the dynamic dipole polarizability, a(w) , is of particular interest in 

molecular spectroscopy. The response function that relates the external potential to the 

change in the dipole can be expressed as: 

llxCw) = llx + f_'X>co dt'axz(t- t')Ez(t') + ···. (2.35) 

Then using the convolution theorem 

f(w) = f_00

00 
dt'g(t- t')h(t') ~ f(w) = g(w)h(w). (2.36) 

The Fourier transform of the dynamic dipole polarizability is written as: 

Applying the sum-over-states (SOS) relation 

a(w) = l- 1~, (2.38) 
WJ-W 

and considering that 

So the poles of the dynamic polarizability can determine the excitation energies, w1; and 

the residues, fr , can determine the corresponding oscillator strengths. The absorption 

spectra can be determined by these oscillator strengths through Gaussian broadening. 
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2.3.2 Bethe-Salpeter equation 

In organic and inorganic crystals, optical excitations, the interaction between excited 

electrons and empty hole state, can be described within the framework of many-body 

perturbation theory using the Bethe- Salpeter equation (BSE)Y This method accounts for 

the lowest-order screened direct and bare exchange electron-hole interaction terms, and 

yields results for the optical absorption spectra. 

The optical response performed by BSE method can be expressed as: 22
-
23 

where Eck and Evk are the quasiparticle energies of the conduction and va lence states, 

respectively. A~ck are the expansion coefficients of the excitons, and .0.5 are the 

eigenenergies. 

The imaginary part of the permittivity cou ld be calculated by evaluating direct 

electronic transitions between occupied and higher-energy unoccupied electronic states as 

obtained from 

where (cklpdvk) are the dipole matrix elements for electronic transitions from valence 

to conduction states. 

The real part can then be calculated via the Kramers-Kronig relation: 

c'(w) = 1 +~P f.ooo t:"(w:)w'dw'. (2.42) 
n: w' - w 2 
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2.4 Computational Codes 

In this thesis , different computational codes were used to treat different material 

systems: Quantum ES PRESSO (QE) package was used to study the electronic band and 

charge distributions of hybrid polymer/inorganic and perovskites systems containing the 

periodic structures. Gaussian package was employed to study the molecular orbitals and 

charge transfer rates of polymers and nanocrystals. In addition, the Yambo code was 

applied to ca lcu late the optical properties of topological insulators based on the electronic 

wavefunctions obtained from QE calculations. Our generated pseudopotential for heavy 

atoms (Bi , Te and Sb) and code for calculating charge transfer integrals have been shared 

with the scientific community. (https://github.com/oson) 

Quantum ESPRESSO package,24 ESPRESSO stands for Open Source Package for 

Research in Electronic Structure, Simulation, and Optimization. lt has the core packages 

Plane-Wave Self-Consistent Field (PWscf) and Car-Parrinello (CP) for calculating 

electronic-structure properties and dynamics processes within the framework of 

Density-Functional Theory (OFT) using a plane-wave basis set and pseudopotentials. The 

package includes more specialized calculations such as atomic relaxation and 

self-consistent calculations, post-processing calculations, atomic-projection, phonon 

calculations and Wannier. The QE codes can be performed on different types of 

Unix!Linux systems and machines, including parallel techniques using both MPI and 
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GPU accelerations. 

Gaussian package, a quantum chemistry program for predicting the molecular and 

reactions properties, including molecular structures, energies and orbitals, multipole 

moments, atomic charges, excited states, and vibrational frequencies of small molecules 

and polymers. 

Yambo code,22 within the framework of many-body perturbation theory and 

time-dependent density functional theory, Yambo code is for obtaining the quasiparticle 

energies and optical properties of many-body systems. It has been applied to a large range 

of physical systems, especially is suited for the periodic bulk systems. Quasiparticle 

energies are evaluated by the GW approximation; and optical properties are calculated 

either using adiabatic local density approximation or by solving the BSE. 

29 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Chapter 3 

Polymer/III-V Photovoltaic Hybrid Systems 

To relive today 's energy crisis, harvesting the solar energy and transforming it into 

electrical energy efficiently and economically is the most challenging and promising way 

to obtain clean and renewable energy. This problem has stimulated a great quantity of 

experimental25
-28 and theoretical studies29

-
31 in order to find novel materials with the 

ability of either converting solar energy into electricity (photovoltaicsi · 25
· 

32
-
33 or 

produce desired chemical reactions, like hydrogen production or water oxidation 

(photocatalysis/4-
37

. The dominant photovoltaic technologies used today are based on 

inorganic materials, such as large-grain silicon crystals. These materials are expensive 

and short-lived, limiting their wide applications in our daily life. 38 So reducing material 

and manufacturing costs and archiving high power conversion efficiencies are of crucial 

importance to improve photovoltaic competitiveness over other energy technologies. 

Especially, hybrid polymer/inorganic system have attracted great al/ention in developing 

the low-cost and robust photovoltaic technologies. 

According to the three computational issues we proposed in the section 1.2, in this 

chapter, we chose the model conjugated polymer P 3HT as electron donor and III- V 
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semiconductors as electron acceptor materials and mainly focus on dimensionality effects 

on the charge redistribution and transfer at these heterointerfaces. This chapter is 

divided into three sections. In the first section, we introduce the conjugated polymer 

P 3HT and study its electronic and vibrational properties. The original part of this work, 

in which we assign and reproduce quantitatively the transition energies and intensities of 

vibrational normal modes in the ground and excited electronic states of P 3HT, was 

published in "A First Principles Study of the Nuclear Dynamics of Doped Conjugated 

Polymers " (J. Phys. Chern. C, 2016, 120, 1994). Then we move on to investigate the 

interactions between P3HT and III-V semiconductor with different dimensionalities, 

namely GaAs!P 3HT bilayer systems and InP quantum dots/P 3HT blends. In GaAs/P 3HT, 

we show that the electronic orbitals and charge redistribution are highly affected by 

GaAs surface polarity. This part of the work was earlier published in "Charge 

Redistribution at GaAs/P3HT Heterointerfaces with Different Surface Polarity " (J. Phys. 

Chern . Lett., 2013, 4, 3303). As a last section of this chapter, we discuss the charge 

transfer dynamics at lnP QDs/P 3HT heterointerfaces as a function of core size and 

length of the surface ligands, a recently published in "Small-Size Effects on Electron 

Transfer in P3HT!InP Quantum Dots" (J. Phys. Chern. C. , 2015, 119, 26783). 
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3.1 Electronic and Vibrational Properties of Model 

Conjugated Polymer P3HT 

Knowledge of ground and excited state electronic structure and related photogenerated 

species (exciton and polaron) of conjugated polymers is an essential prerequisite to study 

and understand the photophysical properties of hybrid polymer/inorganic systems. In this 

section, we start with the brief introduction of electronic and vibrational features of 

conjugated polymers followed by a review of previous experimental and theoretical work 

on infrared-active vibrational modes for the doping polymers. Then we give the 

computational methods to describe the nuclear dynamics of polymers in details, 

especiall y the way to obtain the vibrational modes of singlet excited state of polymers . 

Finally, we present the main results and di scussions on structural , vibrational and IRAV 

modes of regioregular and regiorandom P3HT. 

3.1.1 Electronic Properties of P3HT 

Conjugated polymers have been widely investigated in both experiment and theoretical 

modelling due to their potential applications in organic optoelectronic devices. 39-42 

Among these polymers, poly(3-hexylthiophene) (P3HT) is one of the most widely studied 

semiconducting polymers for organic electronic devices due to its excellent thermal and 
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environmental stability, solubility, good processability, and high charge carrier mobility. 

To date P3HT and its derivatives have been used in a variety of applications including 

organic field effect transistors and bulk heterojunction solar cells. The current highest 

power conversion efficiency of P3HT -based photovoltaic device is over 5%43 since its 

first application in solar cell device with PCE of 0.2% in 2003 .44 The good photovoltaic 

performance of P3HT is mainly due to the broad absorption in the entire visible region, 

and its large Stokes-shift (see Figure 3.1.1 ). For RR-P3HT model, the electronic cloud 

distribution of highest occupied molecular orbital (HOMO) shows 7t-bonding character 

and lowest unoccupied molecular orbital (LUMO) shows 1t*-antibonding character, and 

both spread over the whole eight repeated units, increasing the intermolecular couplings. 
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Figure 3.1.1. Molecular structure of regioregular (RR-) and regiorandom (RRa-) P3HT 

and their absorption (solid line) and normalized photoluminescence spectra (dashed line) 

together with the electronic cloud distribution of RR-P3HT model calculated by 

B3LYP/6-3l(d,p) functional. 
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Excitons are electron-hole prurs that form when light is absorbed by conjugated 

polymers. Exciton energetics and transport are central to solar energy processes. The 

separation of the exciton into a free electron and free hole IS the source of usable 

electrical energy in a polymer heterojunction photovoltaic. The diffusion of excitons to an 

engineered interface that can subsequently split them into electrons and holes remains a 

central challenge in many photovoltaic studies. Excitons can be categorized into three 

types according to their radius and binding energy: i) Frenkel type excitons are strongly 

bounded with small radius, residing on a single molecular site or monomer; ii) 

Wannier-Mott excitons have large radius and low binding energies; iii) charge-transfer 

excitons are an intermediate type, for which electron and hole stay in neighboring sites or 

molecules. In conjugated polymers P3HT, both Frenkel excitons and Wannier-Mott 

excitons exist in this quasi-one dimensional intra-molecular chains. The exciton diffusion 

length ofP3HT is - 8.5 nm determined by time-resolved fluorescence measurements.45 

Polarons are quasi particles formed by strong coupling of charge carriers and phonons 

(also referred as localized lattice distortion), which can be regarded as charge carriers 

self-trapped within potential wells in the lattice. They are usually found in polar and ionic 

solids, molecular crystals, and polymers due to the strong electron-phonon interaction. 

Polaron absorption in conjugated polymers is a nonlinear response to light: 

photo generation of polarons modifies the energy bands of the polymer inducing two new 
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intra-bandgap energy levels, the PI and P2 states (see Figure 3. I .2a). Photoinduced 

absorption (PIA) spectroscopy requires two beams to detect the polaron states: one beam 

is used for light excitation, while the second broadband beam is used to probe the 

transitions between polaron states, HOMO and LUMO. For positive polarons (radical 

cations), the PI state is singly occupied and the P2 state is empty with total spin 1/2, 

while for negative polarons (radical anions), the PI state is doubly occupied and the P2 

state singly occupied with total spin 1/2. For P3HT, interchain interactions strongly 

modify the electronic properties. Polarons are no longer localized inside the polymer 

chain, but rather they become delocalized over the neighboring polymer chains. Both 

experimentally and theoretically it has been shown that the increase of interchain 

coupling leads to a splitting of energy levels from that of one dimensional localized 

polaron; as a result, new photoinduced polaronic transitions appear with red shifted 

polaron absorption peak in the low energy region (rnid-IR) and blue shifted in the near 

infrared (NIR) spectral region. 
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Figure 3.1.2. (a) schematic representations of localized and delocalized polaron (hole) 

states with PI , P2, DPI , DP2, denoting the dipole allowed polaronic transitions; (b) 

photoinduced absorption and IRA V modes in doped P3HT (ref 54
). 

Figure 3.1.2 also shows the typical photoinduced absorption spectra of P3HT and 

allowed infrared polaron transitions. With the same transition energies between HOMO 

to PI state in positive polaron and P2 state to LUMO in negative polaron, one cannot 

distinguish between positive and negative polarons simply by photoinduced absorption 

spectra. Since the new transitions that appear upon photoexcitation are also subjected to 

dipole transition and selection rules, the transitions of HOMO to P2 and PI to LUMO are 

symmetry forbidden. 

3.1.2 Vibrational Properties ofPJHT 

Due to the large electron-phonon coupling, changes in the electronic structure of 

n-conjugated polymers lead to significant variations m the nuclear structure and 
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dynamics.46
•
51 Thus, vibrational (IR and Raman) spectroscopy, which is sensitive to 

variations of local dipole moments and polarizability with nuclear oscillations, has been 

the technique of choice to understand electronic and nuclear structures, charge generation, 

and charge/energy transfer mechanisms in these systems. 52
·
56 
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Figure 3.1.3. Previous studies of IRA V modes in conjugated polymers: (a) the first 

experimental observation of IRA V modes in doped polyacetylene (ref 60); (b) IRA V 

modes in doped conjugated polymers (ref 54); and (c) assignment of the IRA V modes of 

P3HT by phenomenological amplitude mode model (ref 63) . 

In n-electron conjugated polymers with symmetric structure, collective oscillations in 

which the bond length alternation varies in phase46 are Raman active normal modes (i.e. g 

symmetry), but IR silent. 57-59 These oscillations are particularly sensitive to the electronic 

structure and conjugation length of the systems: the higher the electron delocalization, the 

lower the energy of the vibrational transition associated to the collective oscillation, and 

the higher the Raman intensity.60-61 These Raman active modes may be turned into 

infrared-active vibrational (IRA V) modes once charge carriers are injected onto the 
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polymer chain and self-localize, breaking the local spatial symmetry of the backbone.62
•
63 

IRA V modes are arguably the most specific optical probe for charged excitation 

density64 and dynamics65-66 in n-electron conjugated polymers upon photo-, electro- or 

chemical-induced doping.67
-69 After the first experimental observation of IR - active 

modes in chemically doped polyacetylene by Fincher and coworkers (see Figure 

3.1.3a)/ 0 s imilar modes were also observed upon photoexcitation of polyacetylene, and 

attributed to charged solitons. 71 In non-degenerate ground state polymers, IRAV modes 

are directl y related to charged polarons.64• 72 Thanks to their specificity and sensitivity, 

over the past two decades IRAV modes have been largely employed as a direct probe of 

polaron density in pristine polymers,67
• 

69
• 

73 charge transfer processes and polaron 

dynamics in donor-acceptor blends,64
• 
72

• 
74

-
75 structure-charge relationships in polymers,67

• 

76-77 polaron spatial di stribution within the active region of working devices 78-
79 and , most 

recently, coupling of polarons to surface plasmons in infrared nanoantennas. 80 

From the theoretical standpoint, substantial work was done to understand and 

rationalize the description of IRAV modes. The first successful model capable of 

reproducing the key properties (frequency, relative intensities, and their one-to-one match 

with Raman modes) of the IRA V modes was developed by Horovitz et a/. considering 

the pinning potential of the polymer skeleton chain.81 -82 Later on, Zerbi eta!. developed a 

theory based on the effective conjugation coordinate (ECC) to explain and interpret the 
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activation of IRAV modes and the phonon dispersion curves of n-electron conjugated 

systems. 83 IRA V spectral signatures have also been described within the framework of the 

amplitude mode model in Peierls organic semiconductors and their lineshapes have been 

well reproduced by Fano-type anti resonances between the discrete IRA V modes and the 

low-energy broad polaron band (see Figure 3.1.3c ). 73 • 84 

Despite the significant advances of these theoretical models for the IRAV modes in 

organic semiconductors, so far most descriptions have been based on phenomenological 

assumptions. Up to date, some fundamental aspects of vibrational modes in photo- or 

chemical- inducted absorption spectra, such as their dependence on spatial delocalization 

of excited states and the quantitative assignment of vibrational modes to specific 

photoexcitations, remam unclear. In this part of the thesis work, we combined first 

principles response calculations, infrared and Raman spectroscopy to study the 

vibrational properties of RR- and RRa-P3HT, a model polymer system to understand the 

influence of structural order on photoconductive properties . By combining density 

functional theory (OFT) and time-dependent OFT (TDDFT) calculations,85-86 we 

reproduce and distinguish frequencies and relative intensities of ground, charged, and 

singlet excited state vibrational normal modes, and specifically assign their spectroscopic 

fingerprints . Besides conventional IRA V modes due to local symmetry breaking, we 

identify excitonic fingerprints in the photoexcitation spectrum, due to the strengthening 
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of specific bonds upon generation of singlet excitons. Furthermore, we relate the splitting 

of the C=C Raman and excited state absorption bands, and the C-S stretching peaks, to 

the polymer regioregularity, providing a new indicator of the degree of structural order of 

polymeric chains. 

3.1.3 Experimental Section 

OFT calculations were performed to study the singlet geometries of neutral (P3HT), 

radical cation (P3HT+, i.e . polaron) and radical dication (P3HT++, i.e. bipolaron) 

electronic states and corresponding vibrational modes by adopting restricted and 

unrestricted B3LYP functiona l, with 6-31 G(d) basis set. The choice of a rather low basis 

set (i .e. 6-31 G(d)) was based on the evaluation of both equilibrium geometries and 

vibrational force fields of long oligomers in the ground, charged(+ I and +2) and excited 

electronic states. The P3HT was represented by finite length oligomers (eight repeat 

units) to mimic the properties of the corresponding polymer; 87 side hexyl chains were 

replaced by methyl groups and both RR- and RRa- substitutions were taken into account. 

The geometries and vibrational force fields of the lowest (dipole active) excited state (S t, 

labeled as 1 P3HT*) were obtained through TO OFT calculations (TD-B3LYP/6-31 G(d)) 

for both RR-P3HT and RRa-P3HT oligomers , without any symmetry constrain. The 

theoretical model by implementing the TDDFT in vibrational calculations was developed 

to obtain the vibrational signature of singlet excited states. All calculations were 
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performed using the Gaussian09 program (revision D.Ol ). 

Infra-red absorption spectra were obtained in a Fourier Transform Infra-red (FTIR) 

spectrometer (Bruker Vertex 80v) equipped with room temperature DTGS detector. 

Spectral and phase resolution used during Fourier transformation were 4 and 32 cm-1, 

respectively. Photo-Induced absorption (PIA) spectra were recorded at low temperature 

(T=78 K) by photoexciting the samples with continuous wave green laser (A.ex=532 nm) 

and probing the induced change in transmission (-L\Tff) by an FTIR spectrometer 

equipped with an MCT detector. Thick (- 3 j..llll) RR-P3HT and RRa-P3HT films were 

drop-cast on CaF2 substrates for IR-PIA measurements in transmission mode 

measurements in near-normal back scattering geometry. The differential signal of over 

5000 consecutive scans with pump light on and off was averaged to increase the signal to 

noise ratio. Raman spectra were obtained in a Renishaw Raman microscope configured 

with a charge coupled device array detector. A green (A.ex=532 nm) laser line was used for 

excitation with power below I mW. Raman signals were collected by a Leica 1003 

objective lens (NA=50.85) and dispersed by 2400 line/mm gratings with frequency 

resolution of 0.8 cm-1. The integration time was 20 s. 
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3.1.4 Results on Structural, Vibrational and IRAV Modes ofP3HT 

Structural properties of RR and RRa-P3HT 
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Figure 3.1.4. (a) Schematic molecular structures of ground, polaron, bipolaron and 

excited state ofRR-P3HT; (band c) bond length difference (BLD) for polaron, bipolaron, 

and excited state (i.e. S1) RR- (b) and RRa- (c) oligomers, computed with respect to their 

ground state structure. 

Figure 3.1.4 shows the main skeletal molecular structures and bond length variations 

for RR-P3HT and RRa-P3HT evolving from the ground state to the i) polaron, ii) 

bipolaron and iii) first dipole allowed excited state (S1). The structural variations induced 

by the different excitations i-iii), are mainly localized in the central part of the chain, and 

differ only in terms of extension and amplitude due to the different local molecular order 

and regioregularity of RR- vs RRa-P3HT. Polymer regioregularity affects the amplitude 

of the structural defects (e.g. bond lengths and torsional variations), with RRa-P3HT 

showing higher structural reorganizations than RR-P3HT, for each excitation. For the 
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polaron (Figure 3.1.4b, c) the maximum bond length deformation (BLD) is ~0.02 A for 

RR- and ~0. 04 A for RRa-P3HT, while the bipolaron (Figure 3.1.4b, c) the structural 

changes are larger, with a maximum BLD of ~0. 04 A for RR- and - 0.06 A for RRa-P3HT. 

The first excited state equilibrium structure features a maximum BLD of - 0.03 A for RR-

and - 0.04 A for RRa-P3HT. Different structural relaxations imply different 

electron-phonon coupling factors, which would in turn affect the vibrational properties 

(IR, Raman and IRAV modes). Starting from a non-planar ground state, with an average 

angle of ~ 16° for RR- and - 48° for RRa-P3HT, we find that all excitations (i-iii) induce a 

quinoidal-like, planar molecular structure in both RR and RRa cases (see Figure A. I of 

Appendix A).88
-
89 The defect extensions (i.e. the length for which BLDs are > 0.015 A) 

for polaron, bipolaron and S1 are 18.2, 28.8 and 14.3 A for RR-P3HT, and 19.6, 27.3 and 

15.7 A for RRa-P3HT. In both cases, the bipolaron results to be the most extended defect. 

Note that the computed defect amplitudes and extensions may be affected by the choice 

of the exchange-correlation DFf functional . B3LYP is known to over-delocalize the 

extension of the defect,90
-
91 a tendency corrected by introducing range-separated 

functionals (e.g. CAM-B3LYP, roB97XD or BNL, see ref 92
) . Nevertheless, we decided to 

use this functional because of its documented reliability in predicting force constants and 

vibrational spectra for both neutral and charged/excited states. 93
-
94 
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Vibrational modes in ground states of RR and RRa-P3HT 

(a) H\ /H3 

cp- cp 

CD 
u 
c 
! .E .. 
c 
I! .... 
a: 

>-
~ .. c 
CD 

£ 
c 
Cll 
E 
Cll 
a: 

RR-P3HT 

-Experimental 
- Calculated 

5~ Sl 
"' 

/f 11 $ 
_....ca. Ca ... c / ' c _... 

' s / \\ tt" 
cp- cp 

I \ 
H CH3 

N 

~ 

600 800 1000 1200 1400 1600 
Wavenumber (cm·1) 

(b) \ /H' 
cp- cp 

~ .. 
c • 
~ 
c 
Cll 
E 
Cll 
a: 

RRa-P3HT 

-Experimental 
- Calcu lated 

I/ II $ 
__ ca c .. ~eo: ' c -

's/ \\ tt" 
cp-cp 

I \ 
H3C H 

600 800 1000 1200 1400 1600 
Wavenumber (cm·1) 

Figure 3.1.5. Experimental and calculated IR and Raman spectra of (a) RR- and (b) 

RRa-P3HT. The experimental IR and Raman spectra were measured in the thick film of 

RR- and RRa-P3HT on CaF2 substrates. 

Figure 3.1.5 compares the experimental and calculated IR absorption spectrum of 

neutral RR- and RRa-P3HT in the range 500-1700 cm·1 (the frequency values associated 

with the main experimental IR and Raman peaks are also reported in the figure; the 

corresponding eigenvectors can be found in Figures A.3-A.5 of Appendix A). To compare 

the DFT results with experimental spectra, the calculated frequencies were scaled by the 

standard scaling factor of 0. 9594 for the B3LYP functional . 95 

The calculated IR spectrum of the neutral species reproduces well the mam 

experimental features , similar to previous results for polythiophene96 and derivatives.97
•
99 

In both RR- and RRa-P3HT, the most relevant backbone modes are the following: 
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1) the 820 (RR-) and 827 (RRa-) cm-1 (calculated: 814 and 812 cm-1
) bands, due to the 

CrH out-of plane deformations96
; 

2) the two bands in the 1420-1520 cm-1 spectral region, due to the carbon-carbon 

bonds stretching vibrations of the thiophene rings. 

The broad band around 1460 (RR-) and 1462 (RRa-) cm-1 (calculated: 1426 and 1442 

cm-1) is associated to symmetric Ca=C~ bonds stretching vibrations, while the peaks at 

1512 (RR-) and 1516 (RRa-) cm-1 (calculated: 1499 and 1510 cm-1) are related to 

antisymmetric Ca=C~ bonds stretching vibrations. Moreover, the vibrational fingerprints 

of hexyl side chains are observed at 725 and 1377 cm-1 for RR-P3HT, and 727 and 1375 

cm-1 for RRa-P3HT, which can be assigned to the rocking vibration of methyl substituent 

and deformation of terminal methyl groups. 

The simulations of Raman spectra are also in good agreement with experiments: when 

increasing the number of thiophene rings from 2 to 8, the computed spectrum red shifts 

(by about 12 cm-1
) and the peak energies approach the experimental values (refer to 

Figure A.3 in Appendix A). Among the few Raman active modes in the 500-1700 cm-1 

spectral region, the two in-plane ring skeleton modes at 1382 and 1450 cm-1 for 

RR-P3HT, and 1375 and 1458 cm-1 for RRa-P3HT, due to the C---c and C=C stretching 

modes, are most sensitive to n-electron delocalization; the ratio of single to double carbon 

bond stretching mode intensity is a good indicator of the conjugation length (lc_c/lc=er : 
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here we obtain Ic_c/Ic=e of 0.24 and 0.1 4 for RR- and RRa-P3HT, respectively. 

Noticeably, the computed peak at 1443 cm-1 splits into two peaks in the case of 

RRa-P3HT, as also reflected in photoinduced absorption spectra (see later discussion). 

The two peaks are assigned to symmetric C=C/C--c stretching/shrinking modes 

localized on different segments of the long oligomer chain. 

Vibrational modes in chemically-doped RR and RRa-P3HT 

3 c s 
E • c 
I! .... 
!!: 

~ • c 

! 
c 

~ 
~ 

(a) 
RR-P3HT 

- Exp, Chemical Doping 
- Calculated Polaron 
- Calculated Bipolaron 

600 800 1000 1200 1400 1600 

Wavenumber (cm-1) 

G> 
u 
c 
~ 
E .. 
c 
I! .... 
!!: 

~ .. 
c 
s 
.5 
c 

~ 
~ 

(b) 
RRa-P3HT 

-Exp, Chemical Doping 
- Calculated Polaron 
- Calculated Bipolaron 

600 800 1000 1200 1400 1800 

Wavenumber (cm-1) 

Figure 3.1.6. Experimental and calculated IR and Raman spectra of charge states of (a) 

RR-P3HT and (b) RRa-P3HT. The experimental IR and Raman spectra were measured in 

the thick film ofFeCh-doping RR- and RRa-P3HT on CaFz substrates. 

After reproducing the vibrational properties of the polymers in the ground state, we 

calculated the vibrational properties of the polymers in the polaronic states. The results 

can be directly compared with theIR and Raman spectra of chemically doped polymers, 
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where polarons and bipolarons are permanently induced. Figure 3.1.6 shows the 

experimental IR and Raman spectra of FeCb doped RR- and RRa-P3HT, together with 

OFT calcu lated spectra for polarons and bipolarons . Due to the overlap between the 

broad polaron "Po band" and the sharp vibrational resonances/ 3
• 

84 the vibrational modes 

appear as Fano anti-resonances (spectral dips) in the IR transmittance spectra of 

chemicall y-doped P3HT. For both RR- and RRa-P3HT, the experimental spectra are 

broadened and red-shifted compared to the undoped polymers. The calculated IR spectra 

of polaron and bipolaron agree we ll with the trend of the experimental TR spectra of 

doped RR- and RRa-P3HT. When polarons or bipolarons are formed , the thiophene ring 

in the polymer repeat unit assumes a quinoid-like structure, with characteristic vibrational 

signatures in the region of 1200-1400 cm-1
• Specifically, the bands around 1324 cm-1 

(RR-) and 1326 cm-1 (RRa-) (calc .: 1326 and 1334 cm-1
) are due to Ca=Ca bonds 

stretching between neighboring thiophene rings . Other bands at 1386 cm-1 (RR-) and 

1388 cm-1 (RRa-) (ca lc.: 1376 and 1378 cm-1) are ascribed to the inter-ring Ca-Cp 

symmetric stretching. The experimental IR transmittance band at 1216 cm-1 (RR-) and 

1218 cm- 1 (RRa-) (calc. : 1191 and 1196 cm-1),assigned to Cp-H bending vibrations of 

thiophene ring, become stronger compared to the same mode in the ground state. 

Figure 3.1 .6 also reports the theoretical Raman spectra of doped P3HT. In this case, the 

slight red shift of the experimental resonant Raman spectra compared to the calculated 
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data may be due to a more equalized bond-length pattern than the one predicted.100 Three 

main Raman bands for the doped samples at 1380, 1448, and 1510 cm·1 for RR-P3HT, 

and at 1377, 1460, and 1517 cm·1 for RRa-P3HT, similar to those of undoped P3HT, arise 

from the C-C/C=C stretching modes delocalized over the entire oligomer. The 

calculated (non-resonant) Raman spectra of charged states of P3HT also show two main 

peaks at 1432 cm·1 (RR-) and 1412 cm·1 (RRa-) for polarons, and at 1372 cm·1 (RR-) and 

1338 cm·1 (RRa-) for bipolarons. However the computed spectra are more structured than 

the experimental ones, and this may be due to the fact that calculations do not include 

resonance effects, which may enhance the peak intensity of some Raman active modes. 47
• 

10 1 Since Cu-Ca and Cp=Cp modes coexist in the quinoid structure of the doped polymer, 

some of the normal Raman modes can be attributed to totally symmetric stretching of 

Ca=Ca bonds, as previously reported by Casado et al. for doped oligothiophenes.102 

Overall , the comparative analysis of IR and Raman spectra of chemical doped-P3HT 

clearly indicate the transition from benzenoid to quinoid structure due to polaron and/or 

bipolaron formation. 
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Interpretation of IRA V modes of RR and RRa-P3HT 
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Figure 3.1.7. Photo- and chemically-induced absorption spectra of (a) RR- and (b) 

RRa-P3HT, and the corresponding calculated IR spectra of polaron, bipolaron, excited 

(singlet), and ground states of (c) RR- and (d) RRa-P3HT. The red asterisks show the 

newly identified excitonic mode. 

Figure 3 .I. 7 shows the comparison between experimental photo-induced absorption, 

chemically-induced absorption, and Raman spectra of RR- and RRa-P3HT in the 
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500-1700 cm-1 spectral region, and the computed polaron, singlet-excited and ground 

state IR modes. For both cases the photo-induced absorption (PIA) spectra were obtained 

by photoexciting the samples with continuous wave green laser (ex=532 nm) and probing 

the induced change in transmission ( -L1 T ff); conversely, the chemically -induced spectra 

were derived from the change of IR spectra of undoped and doped samples . Table A.1 

summarizes the main modes and their assignment. The IRAV modes of both samples can 

be attributed, on the basis of DFf and TDDFf calculations, to peaks present in the IR 

spectra of polaron (P3Hr), bipolaron (P3HT++) or excited state eP3HT*) species, and 

Raman spectra of the neutral species. RR- and RRa-P3HT show five principal negative 

photoinduced absorption (PIA) bands around 730, 800, 1360, 1450 and 1510 cm-1
. In the 

following, we will focus our discussion on the differences induced by conformational 

disorder in conventional IRAV modes (i .e. those corresponding to Raman modes) in RR-

and RRa-P3HT, and on the origin of the mode around 800 cm-1, which does not have a 

Raman counterpart. 

The conventional IRAV modes, i.e. 730, 1360, 1450 and 1510 cm-1 can be associated to 

the active Raman modes of anti-symmetric Ca-S-ca deformation (727 and 731 cm-1 for 

RR and Ra, respectively), symmetric C~-c~ stretching (1382 and 1375 cm-1 for RR and 

Ra, respectively), symmetric Ca=C~ stretching (1450 and 1458 cm-1 for RR and Ra, 

respectively), and antisymmetric Ca=C~ stretching (1512 and 1522 cm-1 for RR and Ra, 
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respectively) vibrations of ground state P3HT. PIA spectra of RR- and RRa-P3HT show 

significant differences in the 1300-1600 cm-1 region, specifically: i) different intensity 

ratio between the - 1450 cm-1 and the - 1360 cm-1 bands: Il 45011360 (RRa-) < 11450/1360 

(RR-); and ii) - 1450 cm-1 band splitting in the case of RRa-P3HT - this is a direct 

consequence of the reduction of intensity and splitting of the 1443 cm-1 C=C stretching 

Raman mode discussed earlier for RRa-P3HT in the ground state. The PIA band of 

RR-P3HT around 1360 cm-1 can be interpreted as a superposition of the calculated IR 

spectra for polaron, bipolaron and excited state species. In this region are collocated the 

quinoid Cp=Cp symmetric bonds stretching modes at 1324 (polaron), 1325 (bipolaron) 

and 1330-1400 (excited state) cm-1, and the interring Ca=Ca anti-symmetric bonds 

stretching at 1384 (polaron), 1385 (bipolaron) and 1401 (excited state) cm- 1. Thus, the 

activity of these modes in the PIA spectra cannot be uniquely attributed to the IR and 

Raman spectra computed for the neutral species, rather to a photoexcited structure 

resembling that of exciton and/or polaronic species. In the case of RRa-P3HT, the 1360 

cm-1 PIA band is also well reproduced by the computed IR spectra of polaron, bipolaron 

and excited states, but it is more intense than in RR-P3HT. Thus, a thorough comparison 

between the PIA spectra and first principles calculations can provide fine details on the 

degree of disorder of the polymeric chains. 

The intense and specific PIA mode around 800 cm-1 cannot be ascribed to Raman mode 
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conversion induced by charged excitations. This IR active mode ts due to the Ca-S 

stretching of the thiophene rings in the singlet excited state, whereas in the ground state 

normal modes in this spectral regton are assigned to Cp-H out-of-plane 

deformation .103-104 Since this IR active band has a large cross section in the excited state, 

the corresponding IRAV mode can be regarded as a signature of long lived photoexcited 

excitonic spectes C P3HT*) . Similar to carbon-carbon stretching modes, the 

intra-molecular Ca-S stretching mode IS very sensitive to the local chain 

conformations/distortions. Thus, the intensity ratio ls17/l730, can be used as a 

spectroscopic marker of the polymer chain structure. Indeed, this ratio decreases from 

RR- to RRa-P3HT because of their different local intra- and inter-chain structure. To the 

authors ' knowledge, this is the first observation of a vibrational signature of singlet 

excited states in the PIA spectra of P3HT, which provides a new probe for structural 

deformations induced by photo-excitations. 

The two points discussed are crucial to draw proper structural-functional relationships 

of general validity for polymeric chains. RRa- chains are characterized by a larger ground 

state structural distortion than RR-, leading to higher relaxations and favoring 

self-localization and charge trapping processes after the photoexcitation. Exciton, polaron 

and bipolaron are generated at different time scales (from fs tons), leading to localization 

processes and structural relaxation 105
-
106 with spectroscopic signatures sensitive to the 
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local molecular conformations and order. Therefore, as results from our IRAV analysis, 

RRa- chains trap charges and localized the excitations more efficiently than RR-chains, 

leading to more structured IRAV spectral pattern (e.g. see intensity ratios 1450/1360 em·', 

and 817/730 em·' bands, Figure 3.1.7). 
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3.2 Surface Polarity Effects at Photovoltaic Hybrid 

Interfaces 

After stud ying the electronic and vibrationa l properties of conjugated polymers in the 

previous section, here we will use a "organic monolayer/inorganic slab" model to deal 

with the large hybrid polymer/inorganic interfacial structure. This section begins with a 

brief introduction of hybrid polymer/inorganic system for photovoltaic applications, and 

is followed by the description of photophysical processes in hybrid photovoltaics and the 

motivation of studying particular polymer/GaAs systems. The results of surface polarity 

effects on the charge redistribution and transfer at hybrid GaAs/P3HT heterointerfaces 

are then presented by a joint experimental and theoretical analysis of photoelectronic 

spectroscopy on polymer/GaAs bilayers and OFT ca lculations on our proposed model. 

3.2.1 Hybrid Polymer/Inorganic Semiconductors 

Organic/inorganic hybrid so lar cells based on orgamc polymers and inorganic 

nanocrystallites (nanoparticles, nanorods or quantum dots) have attracted great attention 

in developing the low-cost, scalable and robust photovoltaic technologies.4• 107 

Combining the orgamc materials (high absorption coefficients and flexibility) with 

inorganic semiconductors (high electron mobilities, and supenor stabi lity) to form 
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various nanostructures, hybrid solar cells can achieve unique functionalities that cannot 

be achieved by the individual components alone, such as interfacial hybrid state for 

promoting charge transfer. The performance of hybrid photovoltaics IS strongly 

influenced by the competition between interfacial charge separation and charge 

recombination.108-109 Typically, the energetic offsets between conjugated polymers and 

inorganic nanocrystals promote dissociation of the photogenerated excitons and prevent 

charge recombination.110 Recently, significant research efforts were directed toward 

hybrid photovoltaics usmg different inorganic nanostructure composites of group IV 

(Siu 1 and Ge11 2), group IV-VI (PbS 11 3 and PbSe11 4), group II-VI (CdSe11 5-u 6 and CdS11 7) 

and metal oxides (Ti024 and Zn011 8-u9). The mainstream ill-Y semiconductors (e.g. 

GaAs and InP), with high carrier mobility and direct bandgap absorption well-overlapped 

with the solar irradiance, are rapidly emerging as exceptional photovoltaic materials for 

thin film technologies120, including bilayer hybrid solar cells.121-124 However, despite their 

tantalizing potentials, the power conversion efficiencies of these hybrid solar cells are 

still low compared to all organic photovoltaics. Current understanding of the electronic 

properties leading to charge transfer at organic-inorganic interfaces is limited.125
-
128 

Moreover, the nature of charged photoexcitations at the interface of highly delocalized 

inorganic crystals and more localized, disordered conjugated systems is of great 

fundamental interest. 129-133 From this perspective, better understanding of the nature of 
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pnmruy photoexcitations and fundamental physical processes at polymer/inorganic 

heterointerfaces from a theoretical stand point is highly desirable. Figure 3.2.1 shows a 

schematic representation of hybrid P3HT/GaAs bilayer model for studying the electronic 

properties of localized/delocalized system. 

Incident X-ray ,U\1, Visible 

Organic 
{P3HT) 

Figure 3.2.1. Schematic of experimental measurements (absorption, photoluminescence, 

X-ray and ultraviolet photoelectron spectroscopy) and theoretical models on the hybrid 

organic/inorganic interfaces. 

3.2.2 Photophysical Processes in Hybrid Photovoltaics 

In the hybrid active layer, the electron-hole binding energy at the heterointerface is 

efficiently reduced as compared to one in the organic material by taking full advantage of 

the organic light absorbers and dielectric screening from inorganic components.134 This 

means that excitons created at the interface have Wannier-type character (a radius larger 

than lattice spacing); while holes are localized in the organic part, electrons can migrate 

and transfer into the inorganic part. This ultimately facilitates exciton dissociation into 

free carriers, and effectively enhance transport to their respective electrode. Several key 
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quantities could be obtained with the help of theoretical descriptions of such systems, 

including the hybrid interfacial structures and corresponding optoelectronic properties, 

the nature of photogenerated exciton and diffusion, the transport properties of 

charge-carrier, and the time scales of charge separation and recombination. Knowing 

these important parameters through DFT calculations can offer insights into mechanisms 

and phenomena of hybrid systems. 

Donor 
(P3HT) 

Charge 
Separation (CS) 

Acceptor 
(PCBM) 

• Si 

Charge 
Collection(CC) 

• ZnO, Ti02 
• 111-V 

Figure 3.2.2. Charge transfer processes at organic/organic and organic/inorganic 

interfaces. 

Organic or hybrid solar cells usually comprise two different materials with type-II 

energy alignment, as represented in Figure 3.2.2. In the photophysical processes of 
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organic or hybrid solar cells initiated by light irradiation, the first step is light absorption 

by the active materials, for instance low band-gap polymers, quantum dots, or hybrid 

perovskites, resulting in photo-generation of an exciton in the donor material. Note that 

this photo-excitation can be treated as a single photon absorption process. The next step is 

electron relaxation toward the lowest unoccupied molecular orbital (for organic acceptors, 

such as fullerenes) or conduction band minimum (for inorganic acceptors). For organic 

materials, the hole and electron are usually tightly bounded with large exciton binding 

energy (a few hundred meV), due to the strong attraction between the hole and the 

electron in the active layer; therefore, the large spatial electronic overlap of hole and 

electron will lead to a high chance of charge recombination , provided that such electronic 

transitions are not symmetry-forbidden. However, in bulk inorganic materials the exciton 

binding energy is relatively small Uust a few meV), and comparable to the thermal energy. 

The exciton can then be dissociated into free earners, which are transported 

independently and in opposite directions through the active layer toward the metal 

electrodes. Charge transport is primarily limited by the charge carrier mobility end by the 

extraction and collection efficiency of charge carriers by their corresponding electrodes. 

Among these physical processes, the (desirable) charge separation and (undesirable) 

charge recombination compete with each other, ultimately determining the final power 

conversion efficiency. 
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Experimentally, it is difficult to probe charge separation processes since only indirect 

interfacial electronic structures can be obtained. In this respect, DFT calculations can 

provide strong direct theoretical support in understanding the electronic properties and 

photophysical processes via accurate descriptions of hybrid structures at the 

organic/organic or organic/inorganic interfaces. 

3.2.3 Hybrid Polymer/GaAs Heterointerfaces 

GaAs, a typical III-V semiconductor material with large earner mobility (~~8500 

cm2V-1s-1) and absorption spectra well-overlap with solar irradiance, outstands as 

photovoltaic compound in thin film technologies. 135 Early demonstration of a 

quaterthiophene/GaAs bilayer PV gave 1.7% PCE·I21 
' 

while recently GaAs 

nanowire/P3HT (poly(3-hexylthiophene-2,5-diyl)) bulk heterojunctions showed -2.37% 

PCE, 122 and GaAs/polymer bilayers performed the PCE of 1.4-4.2%,136 especially, GaAs 

{lll)B/P3HT can achieve 4.2% PCE. 137 In spite of the attractive device performances, 

current understanding of the electronic properties of organic-inorganic interfaces, such as 

GaAs/P3HT, and their influences on the charge transfer, is relatively limited. 138 For 

instance, the surface polarity effects on the interfacial electronic properties and the 

photophysical processes between delocalized band states of inorganic crystals and 

discrete molecular orbitals of the polymer are still unknown. In this part of the thesis, we 

describe the structural and electronic properties of the hybrid interfaces formed by P3HT 
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thin layers with polar GaAs (111)B and nonpolar GaAs (110) substrates (see Figure 

3.2.3). The most stable interfacial configurations are determined by studying the 

preferred orientation and position of P3HT molecules on the different GaAs surfaces 

from total energy calculations. Overlapping of projected density of states and 

redistribution of interfacial charges suggest that hybrid states are formed at the 

GaAs/P3HT interfaces upon photoexcitation. The energy alignment and electronic 

coupling properties of GaAs/P3HT interfaces obtained from density functional theory 

calculations agree well with the experimental results from ultraviolet photoelectron 

spectroscopy (UPS) and X-ray photoelectron spectroscopy (XPS) measurements. Lastly, 

the effect of ground-state charge transfer on surface polarities are identified, indicating 

that electron and hole accumulation layers can be engineered via the control of GaAs 

crystal orientation to optimize the photovoltaic devices. 

GaAs (111)8 GaAs (110) 

Figure 3.2.3. Crystal structures of GaAs ( 111 )B and GaAs ( 11 0) slabs cutting from bulk. 

60 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.2.4 Experimental Methods 

Computational method: DFT with local density approximation (LOA) functional 139 

calculations are conducted with the QE software package.140 Description of electron-ion 

interactions is realized by the ultrasoft (C, S and H atoms) and norm-conserving of (Ga 

and As atoms) pseudopotentials. The electronic wavefunctions and charge density are 

expanded with an energy cutoff of 40 and 320 Ry, respectively. Considering the 

significant additive stabi lization effect of dispersion forces on CT systems, the vdW-DF 

functional 141 that accounts for dispersion effects self-consistently is also used for 

structural and electronic calculations. Regarding the calculations of bulk GaAs, 

integration over the Brillouin Zone is conducted with a k-points grid of 8 x 8 x 8 while 

optimizing the crystal cell and calculating the e lectron ic properties. The lattice constant is 

determined to be 5.543 A, similar with the experimental value 5.653 A. Since they are 

experimentally observed to be stable and both terminated with As atoms in the top 

layer, 142
-
143 surface orientations of (II 0) and (Ill )B are chosen to investigate the effects 

of GaAs surface polarity. To simulate the GaAs slabs, optimization of the bulk (II 0) and 

bulk (Ill )B crystals is carried out to determine the corresponding in-plane lattice 

parameters of the two GaAs surfaces . They are represented by periodically repeated 4x2 

surface supercells derived from common GaAs (II 0) (I x I) and GaAs (Ill )B (2 x I) 

surface reconstructions. Each slab layer consists of 4 bilayers, where atomic positions in 
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the bottom bilayer are fixed to mimic the bulk GaAs while the others are fully relaxed. A 

vacuum region of - 15 A is added to avoid interaction between adjacent slabs. For the 

calculations of crystalline P3HT, the polymer structure was determined from a repeat unit 

containing two thiophene rings. Our "organic monolayer/inorganic slab" model was built 

by combining the GaAs surface supercells and the two repeated unit (no interdigitation of 

alkyl side chain), to treat the large hybrid interfacial structures. The transverse area is 

found to be 22.17x7. 70 A 2 for GaAs (II 0) slab, and 20.3 7x7 .66 A 2 for GaAs (Ill )B slab. 

A 4x4x I k-point grid is used to study both bare GaAs surfaces and GaAs/P3HT 

heterojunctions. Broyden-Fletcher-Goldfarb-Shanno (BFGS) method is applied for the 

optimizations of all surface and interface geometries, until all the forces on all atoms are 

lower than 0.02 eY/A and the total energy difference between two optimization steps of 

the minimization procedures IS less than I 0"4 eY. Three-dimensional illustrations of 

charge density are produced by VMD. 144 The surface energy is defined as Esurf = 

( 112A)[ Eslab - nEbulk], 145 where Esurf denotes the total energy of the surface, n denotes the 

total number of atoms in the slab, Ebulk denotes the energy per atom of the bulk structure, 

and A denotes the area of the surface. 

XPS and UPS spectroscopy: XPS and UPS are used to study the energy band 

alignments of two types of GaAs/P3HT heterojunctions. n-doped GaAs (II 0) and (Ill )8 

substrates are etched with diluted H2S04:H20 = I : I 0 solution. P3HT is dissolved in 
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1 ,2-dichlorobenzene at a concentration of 4 mg/ml and spin-coated onto the GaAs 

substrates at 3000 rpm for 60 s. The thickness of resulted polymer film is determined to 

be 5-7 nm using atomic-force microscopy. Upon deposition, samples are thermally 

annealed at ISOOC for 20 min in inert atmosphere of Ar gas. XPS and UPS measurements 

are carried out under high vacuum with excitations of AI Ka (hv = 1486.7 eV) and He I 

(hv = 21.2eV). 

3.2.5 Results on the Surface Polarity Effects on the Charge 

Redistribution and Transfer at P3HT/GaAs Heterointerfaces 

Interfacial geometric structures of P3HT on GaAs surfaces 

DFT calculations were performed to optimize the interfacial geometric structures of 

P3HT absorbed on GaAs surfaces by full relaxing the atomistic coordinates, based on 

which the electronic couplings and charge density redistribution were determined. From 

the view of the optimized slabs, the outmost layer alignment of polar GaAs (Ill )B 

surface is very stable, whereas strong reorganization is found at the nonpolar GaAs ( 11 0) 

surface as both As and Ga atoms experience outward and inward relaxation, respectively. 

These structural properties are consistent with previous calculated results. 146
-147 As a 

result of surface relaxation, the Ga-As bonds in GaAs (111 )B surface bilayer are 

elongated from 2.400 to 2.417 A, while Ga-As bonds in GaAs (11 0) surface bilayer are 

shortened to 2.375 A. Similar to the well-studied case of Zn0/P3HT interface, the 
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physisorbed P3HT molecules are believed to form a flat layer upon GaAs surfaces due to 

van der Waals interactions of thiophene 1t band of side-chain. Dag et a!. suggested that 

LDA method can be used to accurately predict ZoO and P3HT interactions although the 

long-range van der Waals attractive components were not included.148 Hence, the same 

method is carried out in our study to model the GaAs/P3HT interfaces, where the outmost 

bilayer of GaAs slabs is used to demonstrate the original GaAs surface and two repeated 

molecular units to represent polymer P3HT. This is a common computational strategy for 

studying the bonding energy of hybrid systems.148
-
149 
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Figure 3.2.4. (a) binding energy of P3HT on GaAs (11 0) and GaAs (Ill )B as a function 

of the interfacial distance along z-axis; (b) bonding energy as a function of the rotation 

angle (0-30°) between P3HT and GaAs. The optimal rotational angles in the x-y plane are 

at Oo in both cases. 
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Figure 3.2.5. Optimized heterointerfacial GaAs/P3HT structures: (a, a') top views of the 

optimized geometries of P3HT on GaAs (11 0) and GaAs (Ill )B; binding energy of P3HT 

on (b, c) GaAs (110) and (b' , c') GaAs (lll)B surfaces as a function of its relative 

position along the x and y axes. 

Various energy minimization steps were conducted to obtain the optimized structures. 

First of all, the stable interfacial distances are found to be 3.10 and 2.95 A for GaAs 

(110)/P3HT and GaAs (lll )B/P3HT, respectively, correspond to the minima of the 

binding energy-distance curves in Figure 3.2.4a. Then the optimal rotational angle in the 
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x-y plane is determined to be 0°, which corresponds to the rrumma of the binding 

energy-rotation angle curves shown in Figure 3.2.4b. Finally, x=1.5 A and y=2 A were 

determined to be the most stable configuration for GaAs (110) (Figures 3.2.5b and 

3.2.5c), and x=3.5 A and y=O A for GaAs (111B) (Figures 3.2.5b' and 3.2.5c'). Figure 

3.2.5a and 3.2.5a' illustrate the resulting most stable P3HT adsorption sites upon GaAs 

(11 0) and GaAs {Ill )B surfaces, respectively. For both GaAs surface orientations, the 

minimal energy configurations of P3HT molecule are obtained when the S atom overlaps 

with the beneath As atom on the top of GaAs surface, and the hexyl chain of P3HT 

inclined to line with the x-axis. Note that all studies presented in the following on 

electronic properties of GaAs/P3HT are based on these stable bilayer configurations. 

Electronic coupling of P3HT with GaAs surfaces 

The interfacial electron transfer has an important effect on the charge generation 

efficiency of GaAs/P3HT PV devices. The efficiency of electron transfer is generally 

determined by the energy alignment and the electronic couplings cross the hybrid 

interfaces, as well as the variations in geometric and electronic structure of P3HT caused 

by thermal fluctuations. 148 Experimentally, as indicated by Cabanillas et a!. , for 

GaAs/oligothiophene bilayer system, electrons could transfer toward the GaAs 

conduction band after exciton diffuses to the hybrid interface. 150 Theoretically, Prezhdo 

et a/. provided the detailed studies on the interfacial charge separation and relaxation 
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processes in hybrid systems by time-domain ab-initio modelling.19· 151 For alizarin!fi02 

interface, the adiabatic mechanism is believed to be dominate over nonadiabatic one 

because of strong electronic coupling across the hybrid interface.152 For graphene/Ti02 

interface, due to the strong electronic coupling between graphene and Ti02, the time scale 

of electron injection is found to be ultrafast, and the delocalized photoexcited states 

promotes both electron injection and energy transfer.153 Additionally, Hertz et a/. 

investigated the idealized GaAs ( 10-1 O)/P3HT interface using DFT modelling, suggesting 

that the formed interfacial dipole can lower the HOMO level of the low-bandgap polymer 

until the whole hybrid system reached equilibrium. 138 
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Figure 3.2.6. Density of states and electronic orbital distributions of hybrid GaAs 

(110)/P3HT and GaAs (lll)B/P3HT systems: (a, a ') total and projected density of states 

(the vertical dashed line indicates the Fermi level); electronic distribution of the electron 

(b, b') and hole (c, c') orbitals. 

67 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



After charge redistribution, the energy alignment and electronic coupling between 

polymers and semiconductor substrates could be determined by analyzing the total 

density of states (DOS) and projected density of states (PDOS). 154 In Figures 3.2.6a and 

3.2.6a', the overall DOS of GaAs/P3HT combined system is mostly governed by the 

PDOS of GaAs whereas the PDOS of P3HT only contributes little to the valence band of 

the whole system. The characterization of orbital overlap across the interface is realized 

by the analysis of interactions between frontier orbitals of the P3HT and GaAs substrate. 

As compared to the small overlap of the HOMO of P3HT and the GaAs valence band, 

electronic states of the P3HT spread over a broad energy range, resulting in large overlap 

between the LUMO level of P3HT and conduction band of GaAs. This leads to strong 

electronic coupling between P3HT main chain and GaAs surface. Figure 3.2.6 also 

illustrate the spatial electron density distribution of HOMO and LUMO levels of P3HT. 

For GaAs (II O)/P3HT, electrons could be easily transferred to the the GaAs substrate due 

to the highly overlapped electronic clouds at the interface, implying the formation of 

hybrid delocalized states. Meanwhile, hole transfer is unfavorable and hole would be 

confined to GaAs (II 0) surface, which leads to the poor overlap between the GaAs 

conduction band and HOMO level ofP3HT. 

As shown in Figure 3.2.6a', the surface dangling bonds have a severe influence on the 

DOS of GaAs (Ill )B surface: both As-4p states on the top surface layer and Ga-4p states 
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on the bottom layer lie at the Fermi level within the bandgap, which leads to the 

formation of multiple middle-gap states and narrows the energy bandgap upon lowing the 

conduction band. 155 This change of GaAs (Ill )B conduction band has significant effect 

on the relative overlap between GaAs and P3HT and also changes the corresponding 

electronic density distribution . Specifically, the valence band of GaAs (Ill )B can 

overlap with the HOMO of P3HT, facilitating the hole transfer from GaAs (Ill )B to 

P3HT. While electron distribution may be confined to the GaAs (Ill )B surface, 

restricting the electron transfer from P3HT to GaAs (Ill )B as compared to the previous 

case; but holes de localize between the thiophene chain and GaAs (Ill )B surface states 

and penetrate deeply into the GaAs bulk. 

Charge redistributions in GaAs/P3HT heterointerfaces 

For the quantification of actual charge transfer and separation processes at the hybrid 

interfaces, we evaluated the charge density redistribution upon P3HT adsorption on GaAs 

and estimated induced interfacial dipole moment and work function. 156 At the 

organic/inorganic hybrid interfaces, adsorption of organic layer onto the inorganic layer 

is always along with the redistribution of electronic charge density across the interface. 

Consequently, charges would transfer between the organic molecule and the inorganic 

substrate, generating a dipole moment that compensates the interfacial potential as well 

as decreases the energy level mismatch. 157-158 Hence, the innate characters and polarity of 
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inorganic substrate play an important role in forming interfacial dipoles and in promoting 

charge separation. Figure 3.2.7 represents the rearrangement of electronic charge after 

GaAs/P3HT heterojunctions is formed. Quantification of the charge transfer from 

polymer molecule to inorganic substrate is based on the charge density difference : 11p(r) 

= p GaAstP3 HT - [pGaAs + PP3HT], where r denotes the position vector in the computational 

cell , p GaAs,PP3HT and P GaAs/P3HT represent the charge densities of GaAs (I I 0) and (II I )B 

slabs, P3HT alone, and GaAs/P3HT bilayer, respectively. In both cases of GaAs (II 0) 

and GaAs (Ill )B/P3HT heterointerfaces, abundant charge transfer is promoted and 

distinct charge accumulation/depletion layers are formed upon the adsorption of polymer 

molecules onto the substrates, indicating the significance of electrostatic interactions 

between the polymer and inorganic substrate. 159-160 In Figures 3.2.7a and 3.2.7a' , 

one-dimensional plane-averaged charge density difference (11p) along z-direction can 

quantitatively estimate the accumulation of electron (L\p<O) and hole (!1p>O) , implying a 

greater charge rearrangement on the polar GaAs (Ill )B surface ( - 5.3 x I o-3 e/ A 3) in 

comparison with the nonpolar GaAs (II 0) surface (- 0.8 x I o-3 e/A3). The major difference 

of the two surfaces lies in the way that charges accumulate at the interface: for nonpolar 

GaAs (II 0) surface, holes would gather at both sides of the GaAs surface; on the other 

hand, a distinct electron accumulation layer is formed along the top As monolayer of the 

polar GaAs (Ill )B surface. The generated electron accumulation layer can not only 
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reduce electrostatic screening thanks to the great interfacial hole density, but also favor 

the hole transfer from the substrate to polymer molecule in comparison with the nonpolar 

GaAs (110). 
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Figure 3.2.7. Charge redistribution in hybrid GaAs (110)/P3HT and GaAs (111)B/P3HT 

systems: (a, a') one-dimensional plane-averaged charge density difference upon P3HT 

adsorption; (b, b') three-dimensional representation of the charge density difference with 

an isovalue of ±0.005 e/A3. In (a, a' ), solid lines represent the average positions of the 

GaAs surface and the P3HT molecular plane, and horizontal dashed lines indicate the 

interfacial position at which charge depletion converts into charge accumulation. 
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Both bare GaAs (11 0) and GaAs (111 )B surfaces have distinct polarization properties. 

In the case of GaAs (11 0) surface, though it is usually considered to be nonpolar, there is 

a small intrinsic dipole moment produced by the tendency of surface Ga atoms 

penetrating towards the GaAs bulk, resulting in an As-terminated surface. Such kind of 

charge-unbalance generates a negative dipole moment pointing towards the bulk, and 

resulting surface charge density of is q GaAs( II 0)=2 .2 x 1013 e/cm2
. The intrinsic dipole 

moment in GaAs (111)B is much larger than GaAs (110) surface due to the alternately 

stacked As- and Ga-terminated layers, and the surface charge density is determined to be 

Charge rearrangement induced by polymer adsorption can enhance the intrinsic surface 

dipole moment of GaAs surfaces. To understand the origin of interfacial dipole moment, 

Lowdin analysis of charge density was carried out in these hybrid systems. 140 By 

comparing the total Lowdin charges before and after the formation of heterojunctions, 

total charge transfer (~Q) across the interface is determined to be 0.207e and 0.209e for 

GaAs ( 11 O)/P3HT and GaAs (111 )B/P3HT bilayer system, respectively. These values are 

much smaller than typical metal/organic systems, such as Au (111)/Naphthalocyanine 

(~0 . 7e) and Cu (110)/Petencene (~0 . 8 e) , 162
-
163 but they are comparable with 

metal-oxide/polymer (Zn0/P3HT, ~0 . 3 e) and metal-oxide/graphene system 

(ZnO/Graphene, ~0 .4e). 1 64- 1 65 
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Energy alignments of GaAs/P3HT hi/ayers 
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Figure 3.2.8. UPS spectra of thin P3HT film on GaAs substrates at Fermi-edge regions: 

(a) HOMO of P3HT on GaAs (110) = 1.10 eV, (b) VBM of GaAs (110) = 0.69 eV, (c) 

HOMO ofP3HT on GaAs (lll)B = 0.65 eV, (d) VBM ofGaAs (lll)B = 0.68 eV. 

XPS and UPS measurements are utilized to validate our calculated results on the 

energy alignment of GaAs/P3HT interfaces. Using the integer charge transfer (ICT) 

modelling, 166 the energy alignment at organic/inorganic heterojunctions with weak 

interfacial interactions is obtained based on the change of work function after the organic 

molecule is adsorbed onto the substrate. Upon the removal of charges from conjugated 

polymer, significant geometric and electronic relaxation effects can be induced, leading 

to the formation of localized positive polaronic states {p+).167 When the work function of 

substrate (<l>sUB) is higher than the energy of polaronic states (Ep+), electrons transfer 

from the organic moiety to the inorganic part would spontaneously occur, while an 

interfacial dipole that can reduce the vacuum level is created. The interfacial dipole 

energy(~) can be determined as the difference between <l>suB and Ep+. 
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Figure 3.2.9. UPS spectra of thin P3HT film on GaAs substrates at cutoff: (a) WF of 

P3HT on GaAs (110) = 3.78 eV, (b) WF of GaAs (110) = 4.76 eV, (c) WF of P3HT on 

GaAs (111)B = 4.00 eV, (d) WF ofGaAs (111)B = 4.95 eV 

As shown in Figures 3.2.8a and c, the HOMO levels of P3HT coated onto GaAs (11 0) 

and GaAs (111)B are 1.10 and 0.64eV, respectively, lower than the Fermi energy 

indicated by the Fermi-edge regions of UPS spectra of these two heterojunctions. The 

work functions ofP3HT on substrates (<DP3HTtsus) are determined to be 3.78 and 4.00 eV 

for GaAs (1 OO)/P3HT and GaAs (111 )B/P3HT, respectively, according to the cutoff of the 

UPS spectra (Figures 3.2.8a and c). In inert argon-gas atmosphere, the surface oxide layer 

of GaAs substrate is carefully removed via H2S04 solution treatment, followed by P3HT 

adsorption. Complete removal can be confirmed by the absence of Ga20 3 and As20 3 

peaks in the XPS spectra of substrates. For the determination of the energetics of bare 

inorganic substrates, the polymer layers are discarded in-situ by Ar ion sputtering until 

clean GaAs surfaces are recovered. GaAs ( 11 0) substrate gives a valence band maximum 

(VBM) of 0.69 eV and a work function of 4.76 eV, while the corresponding value for 
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GaAs (111)B substrate are 0.68 and 4.95 eV, respectively (shown in Figures 3.2.8b and d, 

Figures 3.2.9b and d). For P3HT, Summation of the optical gap energy (1.9 eV) and the 

HOMO is regarded as the LUMO; similarly, for GaAs, the summation of the optical gap 

energy (1.42 eV) and VBM is the CBM. 

(a) GaAs(110)/P3HT 

~GAAs(1 1 1)B 

4.76 eV 

CBM 

0.69 eV 

VBM 
1.10 eV 

HOMO 

(a') GaAs(111)B/P3HT 

4.95 eV 
LUMO 

CBM 

0.68 eV 0.64eV HOMO 

VBM 

Figure 3.2.10. Energy diagrams of hybrid: (a) GaAs (110)/P3HT and (a') GaAs 

(111 )B/P3HT interfaces interpreted from UPS measurements. 

Figures 3.2.10a and a' summarize the overall energy alignment of the two different 

GaAs/P3HT hybrid interfaces on the basis of the above measurements. The energy band 

alignment at the GaAs (11 O)/P3HT heterojunction is determined to be the type-I, or 

stradding gap, whereas that at the GaAs (111 )B/P3HT interface is observed to be the 

type-II, or staggered gap, in accord with our calculation results as shown in Figures 

3.2.5a and 4.5a'. Thanks to the barrier between the LUMO ofP3HT layer and the CBM 

of GaAs surface, electron transfer from the organic moiety to the inorganic substrate is 
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favored m both configurations. Such displacement of negative charge promotes the 

formation of -0.98 eV interfacial dipole barrier for the bare GaAs (11 0) surfaces over the 

corresponding heterojunctions, and -0.95 eV for the bare GaAs (111 )B. However, GaAs 

(Ill )B provides a lager valence level offset which favors hole transfer into the polymer 

molecules (£ HoMo-EvsM=0.04 eV}, implying that the polymer layer in the current 

heterojunction can function as ' hole acceptor'; while in the case of GaAs (110), it is 

predicted to behave to the contrary. The vacuum level shift caused by the interfacial 

dipole (~ci>) is obtained by comparing the electrostatic potentials between the inorganic 

surface and the polymer layer with the Helmholtz equation: ~ci> = f.U1/Eo 156
, where !l 

denotes the interface dipole moment, namely the amount of excess charge based on the 

Lowdin charge analysis multiplied by the interfacial distance, n = 11 A, where A denotes 

the surface area of the interface). The ~ci> of GaAs (110) and GaAs (111)B are found to 

be 0.868 and 0.769 eV, respectively, slightly lower than the experimental values, as there 

is only one polymer monolayer taken into consideration in our simulations. Our ultrafast 

spectroscopy study on the current hybrid bilayers evidences the following predictions: for 

both GaAs surfaces, electrons transfer rapidly (<100 fs) from the P3HT monolayer into 

the inorganic crystal upon the photoexcitation of P3HT; hole injection into the polymer 

monolayer is also observed by means of energy-selective excitation of GaAs. 
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3.3 Electron Transfer in P3HT/InP Quantum Dots 

Following the previous studies on GaAs/P3HT, in this section we deal with another 

hybrid organic-inorganic system formed by conjugated polymer and quantum dots . We 

get insights into the photophysical processes by implementing the quantum chemistry 

results in Marcus theory to obtain the charge transfer rate between polymer and 

nanocrystal. The discussions and results are mainly focus on the ligands and small size 

effects on the charge transfer processes between P3HT and InP quantum dots (QDs) 

through the combination of spectroscopic measurements on InP QDs/P3HT blends and 

quantum chemistry calculations on the dimer polymer/nanocrystal models. 

3.3.1 Hybrid organic/inorganic nanocrystal system 

Hybrid organic/inorganic solar cells combining organic conductive polymers and 

inorganic nanocrystals have been developed in recent years as an alternative to 

all-organic solar cells .4• 168-
169 The possibility of replacing fullerene derivatives, 

commonly used as acceptors in organic solar cells, with nanostructured inorganic 

semiconductors offers benefits of tunable absorption and emission spectra, particularly in 

the near infrared spectral range, higher charge carrier mobility, 170 multiple exaction 

generation 171 and better thermal- and photo- stability. 172 Meanwhile, the high dielectric 
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constant of inorganic nanocrystals assists charge separation and suppresses 

recombination at the organic/inorganic interfaces. 173 Various composites based on 

Si,174· 175 Zn0,118 CdSe 176· 178 , PbS 179· 181 and a few other II-VI and Ill-Y nanocrystals are 

currently studied from both experimental and theoretical standpoints. Nevertheless, the 

power conversion efficiency of QDs/polymer solar cell remain quite low compared to 

purely organic counterparts (Si: 1.1 %, 174 CdSe : 3.6%,182 CdSe : - 4% 183
, PbS : 4.23%184

). 

For these hybrid systems, the choice of QDs size and organic molecules used for coating 

QDs governs the optical behavior of inorganic cores and influences the performance of 

QDs-based photovoltaic devices .185 On one hand , the organic ligands passivating the 

surface of QDs can exert considerable influence over their photophysical and charge or 

energy transfer properties when mixed with low bandgap polymers, such as P3HT, 

poiy(3-hexylthiophene-2 ,5-diyl) . For example, the long alkane ligands (e.g. 

trioctylphosphine oxide and oleylamine) required to stabilize the colloid can be replaced 

with shorter ligands to reduce the distance between QDs and polymer chains .186 On the 

other hand, reducing the QDs size allows exploiting quantum confinement effects to 

adjust energy levels to match with frontier orbital energy of polymers and form type-11 

hybrid heterojunctions that promote charge separation. 187 For instance, the external 

quantum efficiency of hybrid solar cells was found to decrease by increasing the core size 

of PbS QDs blended with conjugated polymer PTB 1. 187 In extremely small QDs, 
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however, charge transfer may be inhibited by unfavorable energy alignment, particularly 

upon ligand exchange. Thus, quantum size effect, which controls the spread of the wave 

function outside the QD core, must also be carefully considered to improve the 

photovoltaic performance of hybrid blends. 188-189 

III-V QDs display size-tunable absorption and emission in a wide range of the visible 

spectrum, and are somehow less toxic than typical II-VI QDs containing Cd or Se 

elements. 190 In particular, lnP QDs are known to exhibit a range of ligand-dependent 

behavior and provide an ideal system for investigating the underlying photophysical and 

charge transfer mechanisms. However, partly due to the difficulty in the synthesis of 

III-V QDs compared to other types of inorganic QDs, 191 few works on the organic ligand 

effects on the electronic band energies and ultrafast charge transfer dynamics between 

QDs and low bandgap polymers have been reported .192-193 Blackburn eta/. demonstrated 

the successful injection of electrons into the conduction band of InP QDs and the 

relaxation rate of I P-1 S increases with decreasing lnP QD size.194 Hole transfer from 

photoexcited lnP QDs to the hole acceptor TMPD molecule and electron transfer to 

nanocrystalline Ti02 films were also examined by time-resolved transient absorption 

measurements.116 Selmarten et al. showed that the polymer and lnP QD can form a stable 

complex and the excited lnP QD transfers its hole to the conductive polymer. 195 In theory, 

quantitative understanding of interfacial charge transfer processes of hybrid molecular 
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systems have been well described by the Marcus theory based on ab initio calculations. 

Wu et al. studied dangling bonds effect on the charge transfer processes in hybrid silicon 

quantum dots/P3HT system. 196 Wang et al. demonstrated that hole transfer from the 

CdSe/CdS quantum rod to the tethered ferrocene moiety is in the inverted region of 

Marcus theory. 197 

Here we combined a variety of spectroscopy measurements and quantum chemical 

calculations to examine the combined effects of size and organic ligands on the electronic 

properties of lnP QDs and charge transfer processes in hybrid lnP QDs/P3HT thin films . 

We observed an instantaneous creation of singlet excitons that subsequently dissociate to 

form polarons on an ultrafast time scale ; the yield of polaron formation is significantly 

enhanced by adding lnP QDs as electron acceptors . The enhancement of polaron 

absorption upon photoexcitation proves that electron injection from P3HT into 4.5 nm, 

pyridine ligand capped InP QDs is very efficient due to large electronic coupling between 

the lowest unoccupied molecular orbital (LUMO) level of P3HT and the conduction band 

(CB) of lnP QDs. On the other hand, in 2.5 nm lnP QDs/P3HT system, electron injection 

is rather inefficient and back energy transfer is possible because of the overlap between 

the emission spectrum of P3HT and the absorption of 2.5 nm lnP QDs. These findings 

supplement our understanding of interfacial charge transfer dynamics between small QDs 

and organic semiconductors, and can assist the rational design of functional nanocrystals . 
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3.3.2 Materials and Methods 

Materials and sample preparation: regioregular P3HT and InP quantum dots were 

purchased from Rieke Metals and NN-Iab, respectively, and used without further 

purification. To exchange the oleylamine ligands, the InP QDs were precipitated by 

addition of methanol and then isolated by centrifugation to obtain a solid pellet. Then a 

small amount of pyridine was added into the InP pellet and the resulting dispersion was 

heated gently at 60°C under inert atmosphere overnight. Afterwards, the pyridine 

modified lnP QDs are precipitated with methanol , recovered by centrifugation and then 

dispersed in solvent of dichlorobenzene: pyridine (9: 1 vol. ratio). InP QDs/polymer blend 

films with weight ratio of 3:1 (InP QDs: 30 mg/ml and P3HT: 10 mg/ml) were 

spin-coated at 800 rpm under nitrogen atmosphere onto glass substrate for 60 seconds. In 

absence of device data for III-V QD/polymer solar cells, the weight ratio of 3: I was 

chosen based on optimal conditions for 11-Vl/polymer blends, as they are expected to be 

similar. Before spin-coating, the glass substrates were cleaned by subsequent ultrasonic 

treatment in acetone, isopropanol and deionized water for 10 min each step. The images 

of atomic force microspectra (AFM) measurements of these InP QDs/P3HT thin film 

samples (in Figure A.6 of Appendix A) show large number of small domains, yielding 

large interfacial area between lnP QDs and P3HT. 
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Infrared absorption: FTIR absorption spectra were obtained by using Bruker Vertex 

80v equipped with RT-DTGS detector. Spectral and phase resolution used during Fourier 

transformation were 4 and 32 cm·1
, respectively. 

Steady-state absorption and photoluminescence: Steady-state absorption spectra were 

obtained by an UY-Vis spectrophotometer (Cary IOOBio, Varian) at 1.0 nm resolution , 

and the steady state photoluminescence spectra were recorded by a spectrofluorometer 

(Fluoro log-3 , HORIBA Jobin Yvon). 

Time-resolved photoluminescence: Fluorescence lifetime measurements were 

performed by time-correlated single photon counting (TCSPC) and by fluorescence 

upconversion. TCSPC measurements were conducted on a FluoTime 200 platform from 

Picoquant GmbH. A titanium- sapphire I 00 fs laser (Chameleon, Coherent Inc. I 00 fs 

pulse width, 80 MHz repetition rate) combined with a harmonic generator was used as 

the excitation source with an excitation wavelength of 400 nm (1=8.5 nJ/cm2) . The 

detector was a microchannel plate (MCP) PMT system HAM-R3809U-50 (Hamamatsu) 

with spectral sensitivity from 200 nm to 850 nm and instrument response function of 30 

ps. Fluorescence up-conversion was measured with a FOG I 00, COP spectrometer using 

400 nm excitation femtosecond laser source (I 00 fs , 80 MHz) . The fluorescence was 

collected by parabolic mirror and focused into a 0.5 mm BBO crystal (cut angle 38, ooe 

interaction) together with the fundamental radiation (800 nm) . The resulting 
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sum-frequency radiation after passing through a double monochromator (CDP2022D) 

was detected by photomultiplier-based photoncounting electronics. 

Transient absorption spectroscopy: Transient absorption experiments were carried out 

using a femtosecond pump-probe setup where the excitation source was generated from 

the optical parametric amplifier (OPA). The second (400 nm) or third harmonic (267 nm) 

of the fundamental (800 nm) of a Ti:Sapphire femtosecond laser (repetition rate I KHz, 

pulse width of I 00 fs and 2 W power) were used as pump, and white light was used as 

probe for measuring the transient absorption spectrum. The signals were collected and 

monitored using a monochromator/PMT configuration with lock-in detection . Third order 

nonlinear effects were minimized by setting the excitation density to a value 15 j..tJ/cm 2 

per pulse. The entire measurements were performed on samples placed in a cryostat 

which was brought to pressure of < I o-3 Pa. 

3.3.3 Computational Approach 

Similar to the magic-sized Cd33Se33 structure, 198 the JnP QDs were constructed using 

Jn3t PJt clusters with diameters of about 1.3 nm characterized with high stability, although 

magic-sized InP has not been experimentally reported yet. On the other hand, lnJtPJt 

model is large enough to exhibit the characteristic feature of a nanocrystal but are still 

feasible for ionic relaxation. The initial geometry of the ln31 P31 was obtained from the 

bulk structure using a spherical cutoff. Then the ligands were added to the optimized 
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ln31 P31, and geometries of the combined ligand-capped lnP systems were optimized. The 

geometries were optimized using the hybrid B3L YP functional with the 

LANL2DZ/6-31 G* mixed basis set, where the LANL2DZ core pseudopotentials and 

associated valence basis sets were chosen for heavy In atoms and the 6-3 I G* all-electron 

basis set was assigned to other atoms (H, C, N, S and P atoms). The oligomers were 

considered to represent the low bandgap polymer P3HT (eight repeated units) based on 

the effective conjugated length of polythiophene as being between 6- I 2 units. The 

InP/P3HT interfacial structures were obtained from optimized molecular structures of 

P3HT and ln31 P31 and superimposing them to mimic the interfacial structures. The 

beginning intermolecuelar distance between P3HT and lnJ1P31 was set to be 3.5 A. Here 

we only considered the thiophenes of P3HT faced to lnP surface because of the effective 

interactions between these donor-acceptor systems acquiring relatively larger electronic 

couplings. 

Non-radiative charge transfer rate: The rates of charge transfer between organic and 

inorganic hybrid systems can be approximately described by Marcus equation 199 by the 

following equation k = zrr IVI 2 ,j 
1 exp (- _.-1._) in the high-temperature limit, 

h 4rrA.KBT 4KBT 

where T is the temperature, k and li refer to the Boltzman and Planck constants, 

respectively, A is the electron reorganization energy due to geometric relaxation 

accompanying charge transfer, and Vis the electronic coupling matrix element between 
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the interesting frontier orbitals of donor and acceptor. In lower temperature, it is 

appropriate to use the Marcus Levitch Jortner (MLJ) equation formulation of the rate 

expression containing the effect of the quantum vibrational modes: 200 

where setf is the effective Huang-Ryhs factor, weft is the frequency of one effective 

mode that incorporates the effect of all the quantum modes in an average way. b.G is the 

Gibbs free energy between the initial and final states. These parameters were extrated 

from quantum chemistry results to predict charge transfer/recombination rates between 

polymer and nanocrystals as following: 

Internal and external reorganization energy: The reorganization energy (A.) can be 

separated into the internal reorganization energy (Aint) and external reorganization energy 

('-ex1) . Aint is normally further decomposed into contributions along the various normal 

frequency modes of the molecule according to Aint = L. SJtwi, where Si is the 

Huang-Rhys factor of the corresponding frequency mode, describing the 

electron-vibration coupling strength in terms of the projection along the normal mode of 

the displacement between the equilibrium of initial and final geometry. The analysis of 

the electron transfer rate was greatly simplified by defining effective frequency Weft 

and effective Huang-Ryes factor Serf = Li SJtwifweff. The calculations of the 

Huang- Rhys factors were carried out with the DUSHIN program. 20 1 
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The Aext empirical formula can be expressed as: 

where ~q is the transferred charge, Ri are the semi-axes of the ellipses that separately 

encompass the donor and acceptor: (7.91, 5.41 , 7.88) A for lmiPJI and (14.59, 5.43 , 7.84) 

A for P3HT. The loA = I 0.08 A is the center-to-center distance between donor and 

acceptor, and Eopt and Es are the optical and static dielectric constants of the surrounding 

P3HT matrix202 by using experimental values ofEopt =1.96 and Es =3 .3 .203 

Electronic couplings: The electronic coupling Vij, which is defined as (¢dPI¢J), 

between the ¢i and ¢1 orbitals of the isolated donor and acceptor fragments can be 

calculated by projecting the Fock Matrix of dimer onto molecular orbitals of respective 

donor and acceptor molecule with the subsequent symmetric orthogonalization, where F 

is the Kohn-Sham Fock operator of the whole system. The electronic coupling in the 

charge separation process (Vcs) is taken to be the coupling between the LUMO of P3HT 

and ln31 PJI . The electronic coupling in the charge recombination process ( VcR) is taken to 

be the coupling between HOMO ofP3HT and LUMO oflnJI PJI. 

Gibbs free energy: The Gibbs free energy for charge recombination (~GcR) and 

separation (~Gcs) can be calculated as the energy changes of isolated donor and acceptor, 

where the .1Gcs = E"J + Ei + Ec - £2 - £1 - E%pt , and .1GcR = £2 + £1 - E"J -
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Ei - Ec , where £;10 and £;;10 are ionic/ground state energy of donor and acceptor, 

Ec is the Coulomb stabilization energy, and E;ptis the optical gap of the donor. 

3.3.4 Results on Ligand and Small-Size Effects on Electron Transfer in 

P3HT/InP Quantum Dots 

Ligand exchange and characterizations of lnP QDs 
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Figure 3.3.1. (a) Transmission electron microscopy (TEM) images of InP QDs 

encapsulated with oleylamine and pyridine ligands, after the oleylamine to pyridine 

ligand exchange process shown in the schematics; (b) XPS of In 3d orbitals and (c) FfiR. 

transmittance spectra of InP QDs, capped with oleylamine and pyridine ligands. 
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Given the extremely large surface to volume ratio, the electronic properties of QDs are 

strongly dependent on surface functionalization. 204-205 In this work, the long ligand 

(oleylamine) used to stabilize colloidal dispersions of InP QDs and prevent their 

aggregation was replaced by a short ligand (pyridine) to reduce the spacing between InP 

core and P3HT polymer chains in hybrid photovoltaic blends (Figure 3.3.1a). Different 

from common ligand-exchange methods for II-VI QDs, here methanol was used to 

precipitate the InP cores instead of the less-polar hexanes (see experimental section for 

details on ligand exchange). 

Low resolution transmission electron microscopy (LR-TEM) images recorded before 

and after ligand exchange reveal that the average radii of original InP QDs were 2.5 and 

4.5 nm, and that QDs retain almost the same size after ligand exchange (Figure 3.3.1a).206 

XPS and FTIR transmittance spectra measurements were used to determine the elemental 

composition and chemical bonding of InP QDs with different ligands. As shown in 

Figure 3.3 .1 b, the In 3d XPS spectrum exhibits two contributions, 3dsi2 and 3d3/2, 

respectively located at 44 7 and 454 eV, which are subject to a rather small shift (less than 

1 cm-1
) due to formation of In-N(pyridine) bonds upon ligand exchange. This suggests 

that N atoms bind much stronger to In rather than to P atoms, in agreement with previous 

fmdings by Dung et a/.207 Nevertheless, in InP(4.5 nm) the red shift of the 3ds/2 and 3d3i2 

peaks is larger than in InP(2.5 nm), most likely due to the high binding efficient of pyridine 
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on the surface. The P 2p spectrum indicates the presence of two chemical environments 

for the P atoms: the predominant peak, with binding energy below 130 eV, is 

characteristic oflnP; the other peak, located at higher binding energies (133.2-134.1 eV), 

can be attributed to the phosphorus in an oxidized environment (lnPOx).208 The FTIR 

spectrum in Figure 3.3.1c shows two bands between 1100 and 1200 cm·1, which can be 

attributed to the P=O stretching mode corresponding to phosphine oxide. 209 The 

vibrational signatures confirm the success of ligand-exchange with pyridine, with clear 

signatures of the C=CH out of plane vibration at 869 cm·1
, and C=N stretching mode at 

161 0 cm·1
, proving that N in pyridine was successfully bounded to the InP QD surface 

after ligand exchange. The oleylamine ligands are not fully removed as indicated by the 

appearances of stretching modes at 962 and 1072 cm·1 (C=C stretching), and 1262 cm· 1 

(C-N stretching). 
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Density functional theory calculations of lnP QDs 
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Figure 3.3.2. (a) Calculated energy level (HOMO and LUMO) of InP QDs with and 

without organic ligands (methylamine represents the oleylamine), for different coverage 

of In atoms ( 5%, 50% and 100% ); PDOS on In (gray) and P (yellow) atoms with organic 

ligand (b) amino (purple) and (c) pyridine (green). The Fermi level (vertical dashed line) 

is chosen to be in the middle of the HOMO-LUMO. 
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Methylamine (NH2CH3) ligand modified ln31 P31 is a good reduced model for InP QDs 

chemically passivated by oleylamine ligand. Although the experimental band gap of InP 

QDs (2.5 and 4.5 nm) cannot be reproduced using small size InP model , it still allows 

capturing the effects of different organic ligands and surface coverage on the electronic 

properties from computable point of view, which can provide guidance to design 

ligand-InP QDs complexes with proper energy levels. As shown in Figure 3.3.2a, the 

OFT results demonstrate that both type of organic ligands and surface coverage have 

significant influence on the HOMO and LUMO energy levels. For both methylamine and 

pyridine ligands, increasing the ligand coverage can destabilize both HOMO and LUMO 

levels. The band gap of ln31 P31 slightly reduces due to the surface reconstruction and 

introduction of midgap levels from pyridine segments capped on the surface. Figure 

3.3.2a also shows the spatial electronic density distributions of HOMO and LUMO levels 

of the representative ln31 P31 with different organic ligands . It can be clearly seen that the 

HOMO mainly resides on the surface, representing the p-orbital character oriented to the 

(Ill) direction, while the LUMO is localized in the inner regions of ln31 P3J QDs, where 

most of the contributions of LUMO and HOMO stem from InP core atoms obtained from 

the projected density of state (PDOS, shown in Figure 3.3.2b). The methylamine ligands 

have little contribution to the density of states at the frontier energy region, but pyridine 

ligands contribute to the LUMO level of ligand-InP QD complex, where the HOMO is 
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localized within the lnP core and the LUMO is localized on pyridine. Electronic coupling 

between the pyridine HOMOs and the first state for hole (ISh) of lnJJPJJ in the ground 

state of the complex create hybrid orbitals at the inorganic/organic interface. Such 

orbitals present a lower potential energy barrier, allowing holes to delocalize into the 

newly accessible states with mixed QD-surfactant character. 188 Thus, the band gaps of 

InP QDs, directly affected by both HOMO and LUMO states, could loosely depend on 

the non-conjugated ligand species binding to the surface, but only on conjugated ligands, 

such as pyridine used here. The pyridine ligands are not expected to contribute to optical 

transition near the HOMO-LUMO gap energy, because the overlap of these LUMO wave 

function with the HOMO is negligible and optical transition into these states are expected 

to have small transition matrix elements. 

As shown in Figure 3.3.3, the photoluminescence of2.5 nm lnP QDs in toluene solvent 

shows a slightly red-shift after pyridine replacement and enhancement of the emission 

peak at 700 nm, possibly due to the presence of surface trap states. Conversely, for 4.5 nm 

QDs, the modest reduction in the average dot size during ligand-exchange becomes 

dominant, resulting in a slight blue shift of photoluminescence spectra after pyridine 

exchange. 
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Figure 3.3.3. Normalized photoluminescence spectra of (a) lnP(2.5 nm) and (b) lnP(4.5 

nm) with ligands of oleylamine and pyridine in toluene solvent. 

Absorption and photoluminescence properties of InP QDs 

The absorption spectra of P3HT, InP QDs capped with oleylamine and pyridine, and 

their lnP/P3HT blends (weight ratio of 3: 1) are shown in Figure 3.3.4a (left curves). The 

lowest energy absorption offsets, due to the lowest allowed transition ( 1 Sh-1 Se), occur 

from 530 to 640 nm, in accordance with the size of InP QDs obtained by TEM.206 After 

mixing InP QDs with P3HT (black solid curve), the absorption spectra reflects the 

superposition of the absorption of individual components (P3HT and InP QDs). The 

photoluminescence spectra of these blends, obtained by photoexcitation at 500 nm, are 

also shown in Figure 3.3 .4a (right curves; note that emission intensity was normalized 

with respect to the absorbance at the excitation wavelength) . The photoluminescence 

intensity of InP(4.5 nm)/P3HT is found to be significantly reduced compared to pristine 

P3HT, especially in the case ofpy-InP(4.5 nm). It is possible that the oleylamine coating 

of the InP QDs quenches the photoluminescence as electron transfer occurs over a 
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relatively small distance (5 to 8 A). In the case of InP(2.5 nm)/P3HT, the 

photoluminescence intensity from P3HT is even higher than the pristine polymer, 

suggesting that electron injection from P3HT to InP(2.5 nm) is inefficient. 

(a) 2.5 (b) - 1 
-PJHT ~ Gl 
- ln P(2 .5 nm)-P3HT ~ u 

2.0 c 
- Py -ln P(2.5 nm )·P3HT 

Gl Gl 
Q) - lnP(4 .5 nm)-P3HT l!! ~ 0 0.1 c -Py~nP(4 . 5 nm)-P3HT Gl 

1.5 Q) ... 
! u 0 

II) ::I ... Q) ~ 0 c .a 1.0 e , 0.01 -PJHT 

~ - lnl'(2.5 nm)~3HT 
ct: ::I 

-py~nP(2.5 nm)~HT 0 ii - lnl'(4.5 nm)~3HT - E 0 -py~nP(4.5 nm)~HT 
.&; 1E-3 
0.. 0 z 
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Figure 3.3.4. (a) Absorption (left) and photoluminescence (right) spectra ofthin films of 

P3HT (solid black line), InP QDs (dashe•d lines) and InP QDs/P3HT blends (solid lines); 

(b) Time-resolved photoluminescence decay of thin films of P3HT and InP QDs/P3HT 

blends upon pulsed photoexcitation at 400 nm. 

To deepen our understanding of exciton dynamics in InP(2.5 nm) and InP(4.5 nm) 

blended with P3HT, we conducted time-resolved photoluminescence measurements by 

TCSPC, Figure 3.3.4b. All the samples were excited at 400 nm, and emission was 

monitored at 650 nm. The photoluminescence decays show a fast and a slow decay 

component, which were fitted by a double exponential function, l (t) = a 1 exp (- :J + 

a 2 exp (- :J. The extracted parameters are reported in Table A.2. For pristine P3HT, 

the fast decay component is 57 ps, while the slow decay component is 337 ps. The slow 

component agrees well with reported values of singlet exciton annihilation by 
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monomolecular non-radiative or radiative processes. 2 10 Photoluminescence lifetimes are 

shorter in QD/polymer blends due to effective exciton dissociation at the InP/P3HT 

heterointerfaces. The interfacial charge transfer efficiency can be estimated from the ratio 

between the exciton lifetime of QD/P3HT blends and that of pristine P3HT. The resulting 

efficiencies are 14.2% in py-InP(2.5 nrn)/P3HT and 17.8% in py-InP(4.5 nrn)/P3HT. In 

agreement with OFT calculations, the py-InP(4.5 nrn) QDs are more effective electron 

acceptors than the py-lnP{2.5 nrn) QDs thanks to their proper energy alignment. To 

elucidate the origin of the fast decay components, we measured the fluorescence lifetime 

of our samples at t< 15 ps by upconversion measurements (see Figure A. 7 in Appendix A). 

Here the fast decay time is strongly sensitive to excitation intensity, and even at the 

lowest intensity needed to obtain a detectable signal (1=8.5 nJ/cm2
) , the fluorescence 

lifetimes are reduced to only few picoseconds. This indicates that the fast fluorescence 

decays are due to diffusion-limited singlet-singlet annihilation. Similar bimolecular 

recombination effects were previously observed in PbS QDs/P3HT blends.2 11 
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Transient absorption and kinetics measurements of InP QDs 

(a) • P3HT -200ta (b) : P3HT 
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Figure 3.3.5. Transient absorption spectra of pristine P3HT, (a) lnP(2.5 run) QDs/P3HT 

and (b) lnP(4.5 run) QDs/P3HT before and after ligand exchange measured at 200 fs, 10 

ps, 100 ps and 500 ps after excitation. Excitation: 400 run, 15 ~/cm2 . 

Transient absorption (TA) measurements were further performed to quantify the charge 

transfer processes in the hybrid InP QDs/P3HT blends following excitation at 400 run, 

with a fluence of l5J.1l/cm2
. Transient spectra of neat P3HT and InP QDs/P3HT films at 

different time delays are compared in Figure 3.3.5. At 400 run, both P3HT and InP QDs 

absorb, and the spectra were recorded in the differential transmission mode (~T!f) . Here 

the positive features in TA spectra correspond to ground state bleaching (GSB), revealing 

the characteristic vibronic structure of the P3HT film; negative features correspond to 

photoinduced absorption (PIA) mainly due to polarons arising from exciton dissociation 

at the hybrid interfaces. The corresponding kinetics of transient absorption signals for 

GSB and PIA are compared in Figure 3.3.5 and fitting parameters are shown in Table A.3 
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and A.4. Comparing with pristine P3HT, the GSB kinetics of InP(2.5 nm)/P3HT thin film 

decays within the first 100 ps, suggesting that the electron transfer from P3HT to InP (2 .5 

nm) is insufficient, even with pyridine ligands, likely due to trapping states induced by 

the ligand exchange on the surface of InP QD cores. In the case of InP( 4.5 nm)/P3HT, the 

GSB signal at 600 nm shows slow decay kinetics within 500 ps, which is an evidence for 

the formation of long-lived charges in this blend. The control sample ofpy-InP(4.5 nm) 

was obtained by isolating QDs on the PMMA matrix. Figure 3.3 .6 compares the ground 

state bleaching kinetics of py-InP(4.5 nm) in PMMA matrix and P3HT with same QDs 

concentration. Expectedly, the observed GSB signal (Aprobe=550 nm) is very weak control 

sample, and dominant in InP/P3HT blend; observation of a long-lived GSB in InP/P3HT 

confirms the efficient electron injection from P3TH to the InP QDs. 
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Figure 3.3.6. Comparison of kinetics of transient absorption signals for py-InP (4.5 nm) 

in PMMA matrix and P3HT with probe wavelength of 550 nm. 
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Figure 3.3.7. Comparison of kinetics of transient absorption signals for ground state 

bleaching (Aprobe=600 nm) and polaron formation (A.probe=900 nm) of P3HT and InP 

QDs/P3HT blends. 

The PIA region between 850-1000 nm, known as positive polaron absorption of P3HT, 

reveals additional differences between the hybrid blends and neat P3HT. In the absence 

of electron acceptor, excitons generated in the pure P3HT film decay without forming 

polarons. Addition of InP(4.5 nm) QDs to P3HT rapidly reduces the number of singlet 

excitons and also reveals a region of enhanced PIA signal. Since no detectable signal 

could be recorded in this spectral region in the control sample, we deduce that the PIA 

signal originates from the interaction of InP QDs and P3HT in the blend and conclude 

that the enhanced PIA features in lnP( 4.5 nm)/P3HT blend is due to the formation of 
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P3HT hole polarons, generated by electrons transferred from polymer to the InP QDs. In 

the InP(2.5 nm)/P3HT blend, this polaron absorption is also present, albeit at a 

significantly reduced level. From a comparison of the 900 nm PIA signal magnitude in 

neat P3HT film and hybrid heterojunction, we infer that polaron yield increases by more 

than a factor of 2 in InP QDs/P3HT heterojunctions. Clearly, there is an ultrafast electron 

transfer from P3HT to InP(4.5 nm) QDs, a promising electron acceptor for hybrid 

photovoltaic devices. Finally, we assign the photoinduced absorption in this spectral 

range (11 00-1300 nm) to absorption by singlet excitons, in agreement with previous 

investigations. 212 The kinetics probed at 1300 nm (Figure 3.3.8) also suggests that, 

independently of the choice of ligands, P3HT excitons are efficiently quenched by the 

InP QDs, in line with the photoluminescence kinetics in Figure 3.3.4. The hybrid films 

exhibit a long-lived component that is fully absent in the neat polymer. This long-lived 

PIA is therefore related to the presence of QDs in the blends, which could arise from 

electronic transitions in the reduced InP QDs after charge transfer or from transitions 

from states akin to CT states that involve positive polarons on the polymer chains and 

electrons on the QDs. Although there is a small signal in this 850- 1000 nm region in the 

neat polymer films, its decay dynamics are similar to those of the singlet and polaron 

bands. Therefore, this neat polymer film signal can be separated from the large and 

long-lived signal observed in the hybrid films . In addition, both the prompt polymer 
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bleach (observed at 600- 800 nm) and the prompt polaron signal are enhanced in the 

hybrid blends. This enhancement is due to higher yield of charge carriers (by a factor of 

2- 3 at 1 ps), comparable to the yield estimated in py-InP(4.5 nm)/P3HT hybrid 

heterojunctions . This observation and the concomitant increase of polaron absorption 

when P3HT is combined with InP QDs suggest the dissociation of singlet excitons being 

a precursor for polaron formation. We therefore conclude that the enhancement of 

polaron yield in P3HT by adding InP( 4.5 nm) is due to an ultrafast electron transfer from 

P3HT (electron donor) to InP (electron acceptor). 
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Figure 3.3.8. Comparison of kinetics of transient absorption signals for exciton 

(Aprobe=1300 nm) ofP3HT and InP QD/P3HT blends. 

Charge transfer and separation rates between InP QDs and P3HT 

Quantum chemical calculations using a phonon-assisted full quantum treatment are 

used to elucidate the charge separation and recombination processes in these systems. 

Similar to the typical organic/organic system (P3HT:PCBM) shown in Figure 3.3.9a, the 

calculated hole wave function in hybrid QD/polymer blends is localized along the P3HT 
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molecule. This and other factors such as the presence of the spacer between the QD and 

the polymer, as well as the absence of actual chemical bonds or hybrid clusters, strongly 

reduce the possibility of direct charge generation in the InP QDs/P3HT blends. 

Conversely, the electron wave function is localized both at the InP core and on P3HT. 

This is indicative of charge transfer occurring at the InP/P3HT interface after 

photoexcitation. 

(a) P3HT:PCBM (b) 

LUMO 

HOMO HOMO 

HOMO 

HOMO 

Figure 3.3.9. Energy level alignment and electronic distribution of HOMO and LUMO 

of (a) P3HT/PCBM and (b) lnJJPJJIP3HT interface with fully passivated InP with 

hydrogen. The isosurfaces are plotted with electron densities of0.02 e/A3. 

Table 3.3.1 summarizes and compares the charge transfer and recombination rates at 

P3HT:PCBM and ideal lmiP3JIP3HT interfaces (InP QD is fully passivated with 

hydrogen) calculated using non-radiative Marcus charge transfer theory. The average 

electronic coupling for charge separation ( Vcs) between initial state (LUMO of P3HT) 
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and fmal state (LUMO oflnP QD) is 15.2 meV, which is larger than that ofthe reference 

P3HT:PCBM system. The calculated electron transfer rate is 4.49x10 11 s-1 for lmtPJt, 

indicating efficient charge separation in InP QDs/P3HT hybrid system. This value is in 

good agreement with our pump-probe measurements (<1 ps), demonstrating that the 

model of InJt PJtiP3HT accurately captures the key features of the charge transfer 

dynamics. The predicted charge separation rate is larger by 3- 4 orders than the charge 

recombination rate, in accordance with the time scale of electron injection from P3HT to 

InP QDs. Different from the ideal model (fully passivated InP QD), dangling bond 

defects or oxidation state on the surface may act as charge recombination centers m 

hybrid blends, resulting in increased charge recombination rate. 

Finally, we propose a mechanism of charge and energy transfer at InP QDs/P3HT 

heterointerfaces, as shown in Figure 3.3.10. For InP(4.5 nm)/P3HT blend, electrons can 

be effectively injected from P3HT into InP QDs within 1 ps. This can be attributed to the 

proper energy alignment and short spacing between InP cores and P3HT by replacing 

oleylamine ligand with pyridine. Electron injection is inefficient at the InP(2 .5 nm)/P3HT 

hybrid interface, probably due to the unfavorable interfacial energy aligrtment after ligand 

exchange. The enhancement of photoluminescence at 724 run could result from either 

P3HT or InP(2.5 run) emission. Energy transfer from InP(2.5 run) to P3HT may also 
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increase the emission intensity of P3HT due to the overlap of P3HT absorption and 

lnP(2.5 run) photoluminescence spectra, as shown in Figure 3.3 .10c. 

Table 3.3.1. The calculated parameters for non-radiative charge separation and 

recombination rates at P3HT/PCBM and lnJIPJJIP3HT interfaces. 

Gcs /GcR A.ext 4u VcsfVcR kcs lkcR 
System s.rr 

(s.J) (eV) (eV) (eV) (meV) 

P3HT:PCBM 1.38 -0.96/-1.24 0.26 0.320 13.8/19.6 5. 73 x 1 011/1.96x 1010 

ln3JP3JIP3HT 1.36 

(a) 
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Figure 3.3.10. Proposed mechanism of (a) electron injection process between P3HT and 

py-InP(4.5 run), and (b) energy transfer process between P3HT and py-InP(2.5 run), and 

(c) spectral overlap between absorption of P3HT and photoluminescence of py-lnP(2.5 

run). 
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In polymer/small QDs with short ligands, Dexter transfer is the dominating energy 

transfer mechanism.2 13 We evaluated the Dexter energy transfer rate for our systems 

according to koexter = Kjexp (-z~vA) , where J is the normalized spectral overlap 

integral, RoA is the calculated distance between the InP QD and P3HT, and L is the van 

der Waals radius of P3HT (evaluated by the Polymorph code) and K is a proportionality 

factor (K=213 in the case ofpolymer/fullerene blends).214 For the py-InP(2.5nm) QDs, we 

Obtained koexter = 1.83 X } 013 s·t, WhiCh is indeed larger than the Charge injection rate 
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3.4 Summary 

In this chapter, different computational strategies and various experimental 

spectroscopy measurements were combined to study hybrid polymer/Ill-Y systems for 

photovoltaic applications. Starting from electronic and vibrational properties of the 

individual components, we investigated effects of dimensionality in P3HT/GaAs 

interfaces and P3HT/InP QDs blends. 

Experimental IR, Raman and PIA spectroscopy and quantum chemical calculations 

were combined to study the signatures of polaron, bipolaron and singlet excited states for 

both RR- and RRa-P3HT. We successfully assigned theIR, Raman, and fRAY modes and 

correlated them with the local molecular structure of the polymer. Moreover, theoretical 

models were developed to obtain the vibrationa l signature of singlet excited states by 

TDDFT calcu lations for the first time, which provides a new tool for studying structural 

deformations induced by photo-excitations. We also attributed the specific fRAY 

fingerprints (band splitting and intensity patterns) of RR- and RRa- P3HT to their 

different regioregularity. 

For P3HT/GaAs planar heterointerfaces, we provided the monolayer/slab models to 

mimic the GaAs/P3HT heterojunctions and study their atomic configurations and 

electronic properties. The surface polarity of GaAs substrates is found to greatly affect 

the electronic orbital and charge redistribution properties according to the calculated 
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projected density of states and interfacial dipole moments. For both GaAs orientations, 

the electron transfer from organic moiety to inorganic moiety is favored ; meanwhile, 

GaAs (Ill )B surface can promote the hole transfer into the polymer layer and function as 

' hole acceptor '. Our theoretical predictions confirmed the ambipolar charge 

photogeneration and transfer at GaAs/P3HT heterointerfaces. 

In lnP QOs/P3HT blends, we presented a combined theoretical and experimental study 

of their charge transfer processes. Various spectroscopic measurements were performed 

to study the interfacial charge carrier dynamics, showing that InP (4.5 nm) is more favor 

for charge separation and transfer than lnP (2.5 nm). Our OFT calculations on the lnP 

nanocrystals and lnP/P3HT dimer model help elucidate this phenomena: the effective 

charge separation in lnP ( 4.5 nm)/P3HT is due to the large charge transfer rate predicted 

by Marcus theory, and the inefficient charge transfer in lnP (2.5 nm)/P3HT is due to the 

unfavorable energy alignment and dominant energy transfer. 

In short, our calculated results correlate well with experimental observations made by 

UPS and ultrafast spectroscopy measurements, validating our proposed theoretical OFT 

framework, and suggesting that it could be applied with confidence to a vast set of 

organic semiconductors and hybrid organic/inorganic systems to elucidate the degree of 

disorder of the organic constituents and dimensionality effects of the inorganic parts on 

the chemical-physical properties occurring upon photoexcitation. 
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Chapter 4 

Multidimensional Hybrid Perovskites 

While the field of conjugated polymers and organic semiconductors has somehow 

reached its maturity, in the past few years, a new class of solution-processable hybrid 

organic-inorganic perovskite materials has emerged conspicuously as an alternative for 

photovoltaic and light-emitting applications. The recent advancement in metal-halide 

perovskite solar cells with extremely high power conversion efficiency has stimulat ed 

significant theoretical efforts on the understanding of fundamental mechanism of these 

structures and compounds. 

With the experience gained from studying hybrid organic-inorganic system for 

photovoltaics, in this Chapter, similar theoretical framework is employed to investigate 

three- and two-dimensional organic-inorganic perovskites, mainly focusing on their 

electronic bands, charge transport and self-trapping properties, as well as hybrid 

interfaces formed by small molecules and perovskites. The calculated transport results 

were published in "Lead iodide perovskite light-emitting field-effect transistor " (Nat. 

Commun. , 2015, 6, 7383), the results of self-trapping charges in two-dimensional 

white-light emission perovskites are to be submitted in "White-light emission by polaron 
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self-localization in 2D hybrid perovskites ", and charger transfer properties were 

published in "Interfacial charge transfer anisotropy in polycrystalline lead iodide 

perovskite films " (J. Phys. Chern. Lei/., 2015, 6, 1396). 
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4.1 Background and Motivations 

Perovskite refers to the mineral CaTi03 and any structure adopting the same ABX3 

three-dimensional (3D) structural framework. 3D perovskites have the octahedral form 

with an extended network by all-comer-connected type. In the case of organic-inorganic 

perovskites, typically, A cation is organic, while B is a metal and X is a halogen (Cl, Br, 

or 1). As for two-dimensional (2D) perovskite with layered structure, we can imagine that 

the 3D perovskite is cut into one layer-thick slices and separate them apart. After the 

substitution by the appropriate organic molecules/ions, the monolayer inorganic 

perovskite slabs are sandwiched by the organic amine molecules and the corresponding 

2D perovskite is produced. This structural flexibility and tunability of the dimensionality 

provide a rich "playground" for searching for investigating the crystal structures with 

varying physical properties. 

In the following we will give the detail descriptions of 3D and 2D perovskites and 

organic/perovskite heterointerfaces, and discuss three main issues based on our developed 

theoretical methods/models as following: i) obtaining the electronic structure, optical and 

transport properties of 3D lead iodine perovskite (CH3NH3Pbl3) from DFT calculations to 

investigate the ambipolar nature of charge transport in CH3NH3Pbb; ii) OFT descriptions 

of self-trapping charges of 2D lead iodine perovskites (EDBEPbCb and EDBEPbBf3) to 

reveal the broad photoluminescence of these 2D perovskites; and iii) extending our 
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interfacial models to study charge transfer and redistribution properties at organic hole-

(electron-) transporting materials/CHJNJhPbb hybrid interfaces. 

4.1.1 3D organic-inorganic perovsk.ites 

Perovskite-structured hybrid halide (CH3NH3Pbl3) 

Organic cation 
(Methylammonium) 

~ Inorganic anion 
(Iodine) 

Inorganic cation 
(Lead) 

Figure 4.1. Crystal structure for typical organic-inorganic perovskite hybrid halide. 

The combination of solution-processable methylammoniurn metal halide perovskites, 

typically lead iodide perovskite (CH3NH3Pbh, see Figure 4.1 ), with organic materials has 

opened new avenues to high-efficiency, low-cost, third generation photovoltaic devices. 

These devices operate similarly to solid-state dye-sensitized solar cells, in that the 

CH3NH3Pbh sensitizer doubles as light absorber and charge carrier transporter. 215-216 

Since the first demonstration of CH3NH3Pbh in solid dye-sensitized solar cells, the 

efficiency of lead halide perovskite solar cells has dramatically increased from 3.8% to 

more than 20%.6· 217-220 Such highly efficient conversions can be related mainly to the 

high optical absorption coefficient, ambipolar properties22 1 and long carrier diffusion 

lengths (- 1 J.Un) of lead halide perovskites.222
-
223 The high optical absorption coefficient 
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(~ 105 cm-1) of perovskites enables improved efficiency but with much thinner absorber 

layer(< 500 nm). 

In addition to the bulk properties of perovskites, surface passivation, interfacial 

construction and energy alignment between perovskite and the carrier transporting layers 

exert a major impact on the efficiency of charge extraction and carrier transport. 224 

Recently, research on the electrical potential distribution in mesoporous photovoltaic 

devices has emphasized the similarity to p-i-n type junctions, confirming the significance 

to optimize charge transfer from perovskite towards both hole and electron transporting 

materials.225 The control over crystallization and morphology of perovskite active layers 

using solvent engineering techniques also plays an important role220 on photovoltaic 

performances,226 by affecting interfacial energetics,227 optical absorption,228 charge 

carrier mobility, and exciton diffusion length.229 The highest PCE has reached ~ 19.3% in 

a planar geometry through careful control of perovskite layer crystallization and prudent 

choice of charge transporting materials .218 Lately, millimeter-scale single crystals have 

been produced by means of vapor-assisted crystallization and solution-based 

hot-casting, 230
-
23 1 leading to low trap state density and long carrier diffusion. From 

theroatical point of view, it is interesting to study and understand the unique physical 

propertes of 3D perovsktes as a start, such as the crystal and electronic structures, density 
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of states, optical absorption and ambipolar nature of charge carriers, to unreal the origin 

of outstanding photovoltaic perfomance. 

4.1.2 20 organic-inorganic perovskites 

Similar to the three-dimensional perovskite, 20 perovskites have the formula of 

A2MX4 and BMX4, where M is a metal in 2+ oxidation state (e.g. Pb2+, Sn2+, Cu2+), X is 

a halogen and A and 8 are respectively mono- and bidentate organic cations, usually 

ammonium salts R-NH / .232 The basic structure is formed by an alternation of inorganic 

sheets of corner sharing octahedra [MX4t sandwiched between organic layers, which 

allows the incorporation of bulky organic cations preserving the stability of the layered 

structure and multiplying the synthetic combinations and functionalization. 233
-
234 The 

layered configuration is responsible for the formation of a quantum well structure leading 

to a strong exciton confinements within the inorganic sheets. This would result in sharp 

excitonic absorption peaks visible at room temperature as well sharp photoluminescence 

peaks.235
-
237 Interestingly, broadband photoluminescence has also been observed in a 

restricted group of 20 perovskites. For examples, broadband emission was reported in 

(C6H 11 NH3)2Pb8r4, showing the coexistence of both excitonic and broadband 

photoluminescence at low temperature and supporting the hypothesis of self-trapped 

excitons formation. 238 At this stage, the exact mechanism responsible for white light 

generation and the identification of the emissive species of 20 perovskites remain elusive. 
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In particular, open questions remain regarding the origin of the large Stoke-shift of the 

luminescence, such as the identity of emissive traps and their distribution in the material , 

or the nature of self-trapped excitons and the role played by organic cations in their 

formation. So a deeper understanding of the processes involved is necessary to guide the 

design of materials with improved optoelectronic properties. 

4.1.3 Organic/perovskite heterointerfaces 

Besides the rapid improvement in photovoltaic devices, the deep understanding of the 

fundamental mechanisms governing the photovoltaic performance of lead halide 

perovskites has also led to impressive progress. Previous studies based on OFT 

calculations has successfully unraveled effects of intrinsic optical and transport 

parameters, interfacial energetics, and crystallographic-electronic structure properties of 

perovskite materials.239-243 For example, the long-range ambipolar transport property of 

CH3NH3Pbb was explained by effective masses of photogenerated electrons and holes 

including spin- orbit coupling (SOC) effects.244 The absorption spectra of bulk perovskite 

was well reproduced based on crystal structure by DFT+D2 method .245 The crystal (110) 

and (00 1) surfaces of CH3NH3Pbb were found to contribute to the long carrier lifetime, 

and the shallow surface states on these flat terminations to be efficient intermediates for 

hole transfer.243 The electronic structure of hybrid Ti02/perovskite interfaces showed that 

the stronger interaction of MAPbh-xCix with Ti02 modifies the interface electronic 
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structure leading to a larger interfacial coupling.246
-
247 

The surface orientation of CH3NH3Pbh was found to strongly affect hole/electron 

injection behaviors towards the corresponding charge transfer layer. The calculated 

interfacial dipoles at the CH3NH3Pbh surfaces were used to quantitatively estimate the 

charge transfer yield and determine the most favorable surface polarity to each of the 

charge carriers: electron transfer is enhanced on polar surfaces with PCBM and 

Spiro-OMeTAD, while hole transfer yield is higher on nonpolar surfaces. The interfacial 

model and simulations underline the importance of control over the crystallization and 

surface orientation of perovskite for the design of optimized hybrid perovskite 

photovoltaic devices, and may be furhter exteneded to a broad range of 

organic/perovskite heteroj unctions. 

4.2 Experimental Methods 

Computational approach: Optimizations on the geometry and electronic structures 

have been conducted with the GGA method using the QE package.248 Electron-ion 

interactions are described by ultrasoft pseudopotentials with electrons from H (ls 1) ; 0 , N 

calculations.249 Single-particle wave functions (charges) are expanded on a plane-wave 

basis set up to a kinetic energy cutoff of 40 Ry (300 Ry) for unit slabs and 25 Ry (200 Ry) 

for large interfacial structures to acquire computational modelling of the interface 
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considering accurate and computational point. The vdW -DF2 functional 250-25 1 is used for 

both dispersion effects self-consistently and electronic calculations, considering the 

significant additive stabilization effect of dispersion forces on the charge transfer 

systems. 14 1
• 

252 The Monkhort-Pack type k-meshes is 4x4x2 for tetragonal phase of bulk 

CH3NH3Pbb. A regular (4 x4) grid of k-points is used to sample the 20 Brillouin zone of 

the slab cell and (2 x2) for the hybrid interfaces. Periodically repeated supercells are used 

for the simulation of all involved systems. The unit cells have a (2 x2) lateral periodicity 

and contain four bilayers of CH3NH3Pbb exposing the (001) and (100) surface. Slab 

replicas are separated by -15 A of vacuum. All forces on single atoms of each structure 

are smaller than 0.02 eV/A after optimization. The ground state charge transfer occurring 

in the electronic ground state is taken into consideration in the current study. Car-

Parrinello (CP) molecular dynamics 18 is applied to investigate the effect of thermal 

fluctuations on the ground state charge transfer at the heterojunctions. The fictitious 

electron mass and time step are fixed as 500 a.u. and 0.121 fs , respectively. The 

interfacial configuration of Spiro-OMeTAD/CH3NH3Pbb is firstly optimized to an energy 

minimum by static relaxation, and then to reach thermal equilibrium by damped dynamics 

for both ions and electrons within I 00 fs and subsequently heated up to 300 K with a I 00 fs 

molecular dynamics run, and then maintained at 300 K for I 000 fs . Lastly, another I 000 fs 

MD production run is carried out and six selected electronic structures are recorded 
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during the first I 00 fs trajectory. Molecular graphics vtewer YOM and VEST A are 

utilized to plot the molecular structures and wavefunctions.144 

Mobility Calculations: The crystal cell parameters were a= b = 8.81 A, and c = 12 .99 

A for tetragonal phase (Pm3m space group); and a = 8.77 A, b = 8.56 A and c = 12.97 A 

for the orthorhombic phase (PNMA space group) of bulk CH3NH3Pbb. The effective 

masses for electron (m;) and hole (mh) were estimated by fitting of the dispersion 

2 -1 

relation of m· = h.2 [a a:~k ) ] from band structures along the directions r-X, r-z and 

r -M for tetragonal phase and r -X and r -Z for orthorhombic phase together with average 

values in these different routes. The carrier lifetime was evaluated by the semi-c lassical 

Boltzmann transport theory. 253 The only contribution of acoustic phonons was considered 

in evaluating scattering lifetime, where the charge carrier density (n) and mobility (p.) are 

approximated as254-255 

2rrh4 eB 3°F 1 

J1 = mj(2mbkBT)3f2 ::;2 oFg/~; 

k8 is the Boltzmann constant, e is the elementary charge, Tis the temperature, h. is the 

Planck constant, and ~ is the reduced chemical potential ; m * is the density of state 

effective mass, m; is the conductivity effective mass, m~ is the band effective mass ; B 

is the bulk modulus (B = a 2EjaV 2
) , 3e-pfh-pis the electron- phonon (or hole- phonon) 
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coupling energy c:::e-pfh-p = Vo(LlEcBM/VBMfllV), n, m, and I power integer indices, Eg 

is the electronic band gap, and s the reduced carrier energy. Note that the GOA method 

including SOC yields largely underestimated values of the band gaps. Detailed estimate 

of the band gap values would require many-body perturbation theory (OW method) .49· 50 

However since the band structure is not significantly affected by OW correction our 

calculations of the effective mass and mobility are still reliable. 

Self-trapping Charge Calculations: Norm-conserving Trou II ier-Martins 

pseudopotentials including full-relativistic effect were used to describe electron-ion 

interactions with electronic orbitals of H (ls 1); 0 , Nand C (2s2, 2p2); Cl (3s2, 3p5); Br 

(4s2, 4p5) and Pb (5d 10, 6s2, 6p2). Plane-wave basis set cutoffs of the wave functions and 

the augmented density was set to be 60 and 400 Ry, respectively. The 4x4x4 and 4x2x4 

Monkhorst-Pack grids were chosen for sampling the Brillouin zone of (EDBE)PbCI4 and 

(EDBE)PbBr4, respectively. Spin polarized calculations were used for mapping the 

self-trapping hole/electron: one electron was removed or added to the stable neutral 

structure, and then relaxed to the corresponding charged state. To mimic the thermally 

induced self-trap holes/electrons, ab-initio molecular dynamic calculations were 

performed to raise the temperature to 300 K with repeated velocity scaling; the charged 

crystal system was then kept at 300 K for 500 fs. The molecular dynamic production run 

was performed for another 500 fs with a time-step of I fs. At every 25 fs, the 
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self-trapping hole/electron density was plotted as the charge density difference between 

charged and natural one (ptrap= P charge-Pnetrual). 

Sample preparation: Methylammonium iodide (CH3NH3l) was prepared by mixing 15 

ml methylamine solution (CH3NH2, 40% in methanol , TCI) with 14 ml hydroiodic acid 

(57 wt% in water) in ice bath for 2 h. Solvent was then removed by rotary evaporator at 

60 oc for I h, and the obtained solid was dissolved in ethanol. Recrystallization was 

conducted with diethylether, followed by 6 times wash and desiccation in vacuum oven at 

60 oc for 24 h, to obtain CH3NH3l as white powder. Methylammonium lead iodide 

(CH3NH3Pbb) wass prepared by mixing 0.395 g CH3NH3l with 1.157 g Pbb (99%, 

Sigma-Aldrich) in 2 ml DMF overnight at 60 oc under nitrogen flux. Solvent was 

removed by rotary evaporator at 80 oc for 2 h and the solid was dried in vacuum oven at 

I 00 oc for 12 h. The obtained CH3NH3Pbb was spin-coated onto p-doped silicon 

substrate in N2 atmosphere to form thin film, where the substrates are pre-cleaned by 

successive sonication in acetone and IPA for I 0 minutes and exposure to 0 2 plasma for 

20 min. To fabricate the organic/perovskite heterojunctions, 49.5 mg CH3NH3l and 144.5 

mg Pbh are firstly dissolved in I ml y-butyrolactone and stirred at 60 oc overnight. The 

solution was spin-coated in three steps: I 000 rpm for 60 s, 2000 rpm for 60 s and 4000 

rpm for 60 s; and the films are annealed at I 00 oc for 30 min. Then, Spiro-OMeTAD (50 
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mg/ml in chlorobenzene) and PCBM (10 mg/ml in chlorobenzene) are spin-coated onto 

the perovskite layer at 4000 rpm for 30 s, respectively. 

XRD measurements: Diffractometer BRUKER D8 ADVANCE with Bragg-Brentano 

geometry was used for the X-ray characterization, using Cu Ka. radiation (I = 1.54056 A), 

with step increment of 0.02° and acquisition time of 1 s. The Pawley fit was processed 

with TOPAS 3.0 using the lattice parameter for the tetragonal structure and space group 

14/mcm previously reported. Peak profile and background are fitted with a TCHZ 

Pseudo-Voigt function and a Chebichev polynomial of fifth order with 1/x function, 

respectively. The refined parameters include the scale factor, lattice parameters, zero 

error, and linear absorption coefficient. 

UPS spectroscopy: UPS analysis was used for the investigation of energy alignments 

within Spiro-OMeT AD/CH3NH3Pbh and PCBM/CH3NH3Pbh interfaces. The organic 

molecules are dissolved in chlorobenzene to a concentration of 50 mg/rnl, followed by 

spin-coating onto the p-doping Si substrates with CH3NH3Pbh at 2000 rpm for 60 s. The 

thickness of resulted organic films are - 20 nm according to our AFM measurements. 

Upon deposition, samples are thermally annealed at 150 oc for 20 min protected by 

nitrogen atmosphere. All UPS measurements are carried out under high vacuum with 

excitations of AI Ka. (hv = 1486.7 e V) and He I (hv = 21 .2 e V). 
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4.3 Results on Three-Dimensional Perovskites 

The solution-processed lead iodine perovskites (CfuNHJPbb) have a polycrystalline 

character with tetragonal phase domains at room-temperature and interestingly it 

becomes the orthorhombic phase at low temperature with increases charged carrier 

mobility ( <167 K). In this part of the thesis work, we study the structural, electronic, and 

transport properties of bulk lead iodine perovskite in different phases, and also investigate 

the electronic bands and surface energies of perovskite slabs with different surface 

orientation. 

4.3.1 Structural and optical properties of CHJNHJPbh 
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Figure 4.2. X-ray diffractogram of CH3NH3Pbb powders synthetized from DMF solution; 

side- and top-view of bulk CHJNHJPbb in tetragonal phase. 

A commonly used deposition method was adopted for fabricating CH3NH3Pbb films, 

specifically, Pbh and CH3NH3l precursors are spin-coated in one-step,226 generating a 
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polycrystalline thin film with tetragonal phase domains which is similar to the bulk 

crystal powders (Figure 4.2a). Comparing with the XRD data of CHJNHJPbh bulk, the 

thin films show a weak preferential orientation toward the (001) orientations relative to 

the substrate plane (Figure 4.3b ). 
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Figure 4.3. (a) SEM image of top-view the polycrystalline film; (b) XRD pattern, 

indicating a single-phase sample with tetragonal phase at room temperature; (c) 

Side-view oftetragonal CH3NH3Pbh slabs along the direction (001), (110) and (100); (d) 

Calculated band structure and measured absorption and photoluminescence spectra 

(insert: Tauc plot of the absorption spectrum). 

To understand the spontaneous formation of polycrystalline domains, the tetragonal 

crystal structure of CHJNHJPbh was optimized based on the experimental cell 

parameters and coordinates (space group 14/mcm, a=8.87 A, c=12.65 A). From the 

calculating crystal surface energies in Table 4.1, most stable slab geometries were 
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determined to be (110) (Es=4.7x i0-3 eV/A2), (100) (Es=3.5x i0-3 eV/A2), and (001) 

(Es= I.6x i0-3 eV/A2). Side-view of the slab structures along these orientations are 

illustrated in Figure 4.3c. 

Table 4.1. Surface energies for CH3NH3Pbb slabs with different orientation of (001), 

(1 00) and (11 0) . 

Surface Area Before relaxation After relaxation 
Orientation 

(A2) (eV/A2) (eV/A2) 

(001) 16.672 X 16.672 0.002495 0.001642 

(100) 16.672 X 23 .905 0.006564 0.003521 

(110) 23 .905 X 23 .705 0.006133 0.004676 

In the optimized bulk crystalline structure, the Pb- 1 bond lengths were estimated to be 

3 .278, 3.258 and 3.155 A, in good agreement with previous results reported by Geng, W. 

and Torres, A. who also took SOC out of consideration.242· 256 After optimizing the 

geometry with vdW-DF2, a direct band gap energy of £ g= l.60 eV was obtained at the r 

point (Figure 4.3d). Although it is slightly higher than the value from the Tauc plot of 

experimental absorbance (£g= l.58 eV), it nicely parallels earlier predictions.242 Figure 

4.4 shows a decrease in band gap energy (£g=0.52 eV) caused by the inclusion of SOC. 

Due to the big volume of our interfacial structures, many-body perturbation theory (GW 

method) calculations, cannot be used for correction. 257 Therefore, further studies on the 

electronic properties of the current heterojunctions with vdW-DF2 were carried out 
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without SOC for heavy atoms (Ph). This allowed us to qualitatively follow the GW-SOC 

trends, and to capture the long-range dispersive interactions, which have great impact on 

the understanding of hybrid interfacial structures and physisorption process. In 

comparison with the bulk, the optimized (00 1 ), ( 1 00) and ( 11 0) CH3NH3Pbh slabs share 

similar conduction and valence bands, which are basically composed by the 6p orbital of 

Ph and the 5p orbital of I. As shown in Figure 4.4, only small decrease in the band gaps 

(~0 . 2 eV) has been observed in spite of excluding SOC. We believe the major reason lies 

in the existence of surface dangling bonds, considering the less contribution of the 

projected density of states (PDOS) of the organic part (CH3NH3) at the CH3NH3Pbh 

surface to both valence band top region and conduction band (CB) bottom region for both 

bulk and slabs. 
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Figure 4.4. Density of states of tetragonal CH3NH3Pbh bulk and slabs along the direction 

(001), (110) and (100) (a) with and (b) without SOC effects. 
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4.3.2 Transport properties of crystalline CHJNHJPbb 
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Figure 4.5. Band structures of the tetragonal (a) and orthorhombic (b) phases calculated 

by DFT-PBE method with (solid blue curves) and without (dotted black curves) spin 

orbital coupling (SOC); (c) calculated temperature dependence hole (red curves) and 

electron (black curves) mobility in tetragonal (T=300-160 K) and orthorhombic 

(T=l60-77 K) phases ofCH3NH3Pbh. 

The charge earner transport m organic-morganic perovskite materials can be 

theoretically described by coherent band-like model, where earner mobility has 

temperature dependence that the mobility was limited by scattering of the charge carriers 

(electrons or holes) and phonons at room temperature induced by crystal lattice 

deformations, and increased mobility can be achieved at low temperature. On the other 
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hand, different from traditional high-mobility inorganic semiconductors, 

so lution-processed organic-inorganic perovskite thin films have polycrystalline domains, 

which will weaken the electronic coupling and further reduce the effective carrier 

mobility; charge earner transport along and across these domain boundaries can be 

described based on hopping transport model. Thus, from theoretical point of view, it ' s 

crucial to build a relationship of charge transport and perovskite crystal structure, i.e. 

inorganic framework and composition of halogen element. 

Table 4.2. Estimated effective mass for electron and hole of CH3NH3Pbh from band 

structure including spin-orbital coupling effect. 

Phase m * e mh Reduced Masses 

r-x 0.178 0.261 0.106 

r-z 0.284 0.474 0.177 
Tetragonal 

r-M 0.129 0.284 0.089 

Average 0.197 0.340 0.124 

r-x 0.289 0.344 0.157 

Orthorhombic r-z 0.189 0.370 0.125 

Average 0.239 0.357 0.143 

We estimated the mobility of CH3NH3Pbb for both tetragonal and orthorhombic 

crystallographic phases using semi-classical Boltzmann transport theory,253 upon 

deducing charge earner effective masses and electron (hole)-phonon coupling. The 

effective masses of electron and hole in Table 4.2 were derived by quadratic fitting of the 

band structure dispersion (Figures 4.5a and 4.5b). The average effective mass of electrons 

(tetragonal: 0.197 mo, orthorhombic: 0.239 mo) is consistently smaller than the one of 
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holes (tetragonal: 0.340 mo, orthorhombic: 0.357 mo), which are m agreement with 

previous reports. 258• 259 

The resulting mobilities (Figure 4.5c) increase at lower temperatures due to the 

Boltzmann activation energy, in agreement with the trend of the experimental data. 260
.
261 

Although the calculated mobilities are substantially larger than the experimental values, 

calculations reflect fairly well the relative magnitude of electron vs hole mobility, as well 

as the different mobility of the two crystallographic phases. Within the entire temperature 

range investigated , electron mobilities exceed hole mobilities by approximately a factor 

of two, and increase by nearly one order of magnitude below the phase transition 

temperature (}.1 e=2577- 11249 cm·2v -' s·1 and J.lh=1060-4630 cm·2v -'s·' for the 

orthorhombic phase and J.le=466- 2046 cm·2v -'s·' and J.l h= 140- 614 cm·2v -' s·' for the 

tetragonal phase). 

Table 4.3. Band (m~), conductivity (mn and density of state (m*) effective mass, 

electron (hole)-phonon coupling(:::), and bulk modulus (B). 

Tetragonal Orthorhombic 

Electron Hole Electron Hole 

m* b 0.197 0.340 0.239 0.357 

mi 0.157 0.290 0.163 0.288 

m* 0.166 0.304 0.173 0.29 1 

:=: ( e Y) 7.2 8.4 6.8 7.4 

B (GPa) 2.6 2.6 3.3 3.3 
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The small experimental values can partly be attributed to the increase of effective 

masses by elastic carrier-phonon scattering, which is expected m real crystals due to 

defects and disorder induced by the organic components, as well as carrier-carrier 

scattering at high electron and hole concentrations. 262 Formation of segregation pathways 

for hole and electron transport due to the ferroelectric methylammonium cation could 

also elongate the carrier drifting path, hence lower carrier mobilities. 263 In addition, 

polycrystalline domains typical of solution-processed CH3NH3Pbb thin films are likely to 

weaken the electronic coupling between grains, requiring charge carriers to hop along 

and across domain boundaries, further reducing the effective carrier mobility. This is 

consistent with observation of giant photoinduced modulation of the dielectric constant, 

which was attributed to localized polaron hopping with relatively small activation 

energy.264 

4.4 Results on Two-Dimensional Perovskites 

Different from the narrow bandgap and light-emission of 3D perovskites, 2D 

perovskites usually have the large bandgap and broad photoluminescence. In this part of 

the thesis work, we studied the mechanisms involved in the white light emission using 

the perovskite (EDBE)PbX4 (X= Cl , Br) as model material. We develop a theoretical 

method by a combination of molecular dynamics and charge density mapping obtained to 

explain the broad emission of these two perovskite compounds. The calculated results 
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show that electron and hole localization m specific lattice sites resulting m their 

self-trapping within the inorganic framework of the perovskite. 

4.4.1 Electronic properties of (EDBE)PbC14 and (EDBE)PbBr4 

The band structures and optical transitions calculated by OFT are used to elucidate the 

origin of experimental band gap and absorption spectra.265 As shown in Figure 4.6, 

(EDBE)PbCI4 demonstrates a direct band gap (3.53 eV) at the r point and (EDBE)PbBr4 

shows an indirect band gap (2.52 eV) at A point. Even though the spin-orbital coupling 

(SOC) effects weren ' t included for the heavy Pb atoms, the resulting band gap values are 

still lower than the experimental absorption edges, which are 4.09 eV for (EDBE)PbCI4 

and 3.65 eV for (EDBE)PbBr4. Including the SOC effects lowers the band gap energy to 

2.93 and 1.91 eV, respectively. The projected density of states (PDOS) suggests that the 

organic compound (EDBE) contributes little to both top region of the valence band and 

bottom region of the conduction band in both cases, having a similar feature as 

three-dimensional Pb-based perovskites, like CH3NH3Pbh. From the PDOS, the P-bands 

can be assigned to the exciton resulting from the interband transition Pb2+(6s)CI-(3p) ~ 

Pb2+(6p) and Pb2+(6s)Br-(4p) ~ Pb2+(6p),266 similarly to the transitions involved in the 

parent lead halides PbX2.267 Consequently, the optical properties are mainly determined 

by the inorganic part of the perovskite. 
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Figure 4.6. Crystal, band structure, and projected density of states of (a) (EDBE)PbCl4 

and (b) (EDBE)PbBr4. 

4.4.2 Self-trapping charge properties of (EDBE)PbC14 and (EDBE)PbBr4 

The broad photoluminescence of (EDBE)Pb~ (X = Cl and Br) can be observed in the 

whole visible range from 1.6 to 2.8 eV as shown in Figure 4.7a. The inorganic layers 

present in (EDBE)PbX4 are closely related to the original lead halide precursors PbX2 

and the broad photoluminescence of the two-dimensional perovskite are mainly affected 

by the inorganic component. Here we assume that the self-trapping mechanisms can be 

similar to those involved in PbX2. To prove this hypothesis, we calculated the charge 

density mapping at room temperature for holes and electrons in (EDBE)PbCl4 (Figure 

4.7b) and (EDBE)PbBr4 (Figure 4.7c). We can observe that the charge density is mainly 
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confined in the inorganic scaffold, suggesting that polaron formation is taking place in 

the Pb-X framework, while the organic part do not actively contribute to the trapping 

process. Interestingly, we notice that charges are not selectively trapped at the 

organic/inorganic interface, excluding the possibility that surface states are acting as main 

trapping sites, as was previously suggested for similar layered materials like 

2D-[CdzSz(n-butylamine)]. 268 The temporal evolution of charge localization is shown 

independently for holes and electrons for both the perovskite in supporting information 

(Figures B.1-B.4 of Appendix B). In particular, for both the materials, electrons are 

selectively localized on lead atoms, consistently with previous observation in lead halides 

of self-trapped electrons (STEL) sites Pbz3+,269-271 which are dimers formed when one 

electron is equivalently localized in two nearest-neighbors Pb2+ centers. Alternatively, the 

electron could also localize on a single lattice point to form Pb+, however the existence of 

this STEL have never been demonstrated.272 In our calculations, we cannot exclude the 

formation of Pb+ STEL, as we do not see a significant change in the nearest-neighbors 

Pb-Pb distance which would strongly support the formation of the dimer Pbz3+, but this 

could be due to the rigidity of the inorganic framework. However, we clearly see that 

electron localization on lead atoms causes the elongation ofPb-Cl (2.841 ----+ 3.074 A) in 

apical position of the PbC164
- octahedra, as expected by the reduced positive charge of the 

lead center upon electron trapping. On the contrary, holes localize both around lead and 
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halogen atoms, oscillating in time from one site to the other. This will give rise to two 

different polarons, the self-trapped holes (STH) Pb3+ and X 2}72-275 where X = Cl or Br 

depending on the perovskite type. The last type of self-trapped holes are also known as 

Vk centers,276
-
277 commonly observed in alkali halides/ 78 which lead to the formation of 

the dimer-molecules X 2- within the crystal lattice, where a pair of halides is more strongly 

interacting as a consequence of the hole localization. 273 Consistently, from the calculated 

structure we observe this pairing effect as slight decrease of the X-X distances compared 

to the neutral structure (e.g. 3.112 A ---+ 3.060 A for Cl-Cl and 3.831 A ---+ 3.821 A for 

Br-Br). 
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Figure 4.7. (a) photoluminescence spectra of EDBEPbCl4 and EDBEPbBr4 in the 

temperature range between 78 K and 298 K; charge density differences calculated for (b) 

EDBEPbCl4 and (c) EDBEPbBr4. The charge density mapping shows confinement in the 

inorganic layers, with preferential localization of electrons on Ph atoms, while holes are 

distributed between Ph and Cl atoms, both acting as self-trapping sites for polaron 

formation. 
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We then propose an original model to explain the white light generation m 

(EDBE)PbX4. The electronic excited states undergo relaxation to form polaron intra-band 

states, which we identify specifically as self-trapped electrons (STEL) Pb23+ and 

self-trapped holes (STH) Pb3+ and X2-, with relative energies £~~+ < EJfH < E~fJ as 

determined from our calculations. Since the charge density maps for holes gives an 

averaged situation between the two possible trapping sites Pb3+ and X2- and the charge 

distribution oscillates between these two sites at different time, we can estimate their 

relative energy by considering two different time in which positive charges are 

preferentially localized in one of the two trapping sites. As a consequence of different 

charge-phonon coupling in different trapping sites, the two STH levels will also have 

different shift in the configuration coordinate. Annihilation of each of these self-trapped 

states via electron-hole recombination finally results in light emission centered at 

different wavelengths, which correspond to the three main bands observed in steady state 

photo! uminescence. 

4.5 Results on Organic/ Perovskite Hybrid Interfaces 

The objective of this part of the thesis work was to understand the effects of surface 

orientation of perovskite on the electronic properties within organic/polycrystalline 

CH3NH3Pbl3 hybrid systems based on our "organic monolayer/inorganic slab" model. We 

used a combination of ultraviolet photoelectron spectroscopy (UPS) analysis and 
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first-principle DFf and molecular dynamics calculations to investigate the ground state 

electronic properties, charge transfer and redistribution at the hybrid interfaces , namely 

4.5.1 Electronic structures of organic molecules on CH3NH3Pbl3 surfaces 

Given the weak physisorption between perovskite and the organic materials, the 

interfacial models in the current study are built by simply placing the organic monolayer, 

Specifically we used Spiro-OMeT AD and PCBM, respectively, over the optimized 

CH3NH3Pbh slabs with preferred orientations. It should be noted that chemical or 

covalent bonds are hardly formed at the heterojunctions since the bonding energy 

between CHJNHJPbb surface dangling atoms (e.g., Pb and I) and the organic terminal 

groups is too small. 
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Figure 4.8. Density of states of the Spiro-OMeTAD molecule on CHJNHJPbh (a) (001), 

(b) (100) and (c) (110) surfaces (the vertical dashed line shows the Fermi energy level); 

three-dimensional representation of VBM, HOM0-1 and HOMO levels of (d) 

Spiro-OMeTAD/CHJNHJPbh (001), (e) Spiro-OMeTAD/CH3NH3Pbh (100) and (f) 

Spiro-OMeTAD/CHJNHJPbh (110). 

The PDOS after charge redistribution can be used to interpret the energy levels and 

electron distribution of orbital wavefunctions at the heterojunctions. Figures 4.7a-c show 
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the total PDOS of Spiro-OMeTAD/CHJNHJPbb interface with different orientations, 

where the contributions from Spiro-OMeTAD part have been broke down and shown as 

the gray shaded areas. In all three cases, the HOMO and HOMO-I (degenerated energy 

levels) of the organic molecules are higher than the perovskite valence band maximum 

(VBM), facilitating hole transfer towards the Spiro-OMeTAD monolayer and thereby 

increasing the charge separation efficiency across the interface. Meantime, electron flow 

is restricted due to the higher LUMO of Spiro-OMeTAD. For both (00 I) and (II 0) 

orientations, holes preferentially lay on the top of perovskite surface, partially 

overlapping with the HOMO electronic clouds localized on the organic branches of 

Spiro-OMeTAD; whereas holes reside well beneath the top layer of CH3NH3Pbb (I 00) at 

the hybrid interface. Consequently, the former two orientations yield stronger electronic 

cloud overlap across the heterojunction, forming a hybrid interface state near the Fermi 

energy once holes are transferred. Haruyama eta/. also conclude CH3NH3Pbh (00 I) and 

(II 0) surfaces as efficient hole transfer intermediates in their recent simulation reports, 

which agrees well with our findings .243 

Experimentally, charge separation at the Spiro-OMeTAD/CHJNHJPbb hybrid interface 

has been observed at a time scale of 100 fs upon the photoexcitation of perovskite 

absorber.279 Theoretically, molecular dynamics together with time-dependent OFT are the 

main tools to address such photoinduced interfacial charge separation and relaxation 
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processes m heterojunctions. 19 However, it has also been reported that pure 

molecular-dynamic method can sufficiently describe the photophysics of hybrid systems, 

such as dye-Ti02, where adiabatic mechanisms are preferred over nonadiabatic ones as a 

result of the strong electronic coupling at the heterojunction. 152 In light of this, Car-

Parrinello molecular dynamic simulations were utilized in the current study to investigate 

the ground-state charge transfer process caused by thermal fluctuations at room 

temperature. As illustrated in Figure 4.9, the Spiro-OMeTAD molecule on top of 

CH3NH3Pbb (00 I) surface starts to accumulate holes at 30 fs after relaxing the initial 

ground state owing to the fluctuation of perovskite VB energy edge and the orbital 

overlap with Spiro-OMeTAD HOMO. This observation agrees well with the high 

efficiency of hole transfer towards Spiro-OMeTAD which is estimated by hybridizing the 

s-p states of Pb atoms in perovskite with the HOMO orbitals at the hybrid interface 

(Figure 4.8a).246 Namely, the photoexcited charge transfer in current hybrid interface is 

enhanced by the surface-delocalized hole states of CH3NH3Pbb as shown in Figure 4.8d. 

Conversely, the overlap between Spiro-OMeT AD HOMO and the VB energy edge of 

CH3NH3Pbb (I 00) is weak (Figure 4.8e), suggesting hindered hole transfer resulted by 

the highly localized electronic distribution within the perovskite bulk. Therefore, (00 I) 

and (II 0) orientations of CH3NH3Pbb surface are determined to be more preferable in 
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promoting hole transfer towards the hole extracting material in hybrid photovoltaic 

devices based on CHJNHJPbh. 

Ground State Hole Transfer 

Ofs 2fs 10 fs 30 fs 50 fs 80fs 

Figure 4.9. Car- Parrinello molecular dynamics simulation of Spiro-OMeT AD on 

CHJNHJPbh (00 1) surface within the first 80 fs from the beginning of ground-state 

relaxation. Hole wavefunction distributions are plotted at different time intervals. 

Orientations of CHJNHJPbh surface also play an important role m defining the 

electronic and charge transfer properties of the PCBM/CHJNHJPbh heterojunctions, 

where PCBM functions as electron-acceptor. As presented in Figure 4.1 Oa, our calculated 

LUMO of PCBM lies higher than CBM of CHJNHJPbh, facilitating the electron transfer 

from perovskite towards the PCBM layer while blocking holes. Despite the well-known 

underestimation in band gap energies, DFT calculation can accurately predict the electron 

distributions. The CBM electronic cloud distributions of the nonpolar CHJNHJPbh (00 1) 

and ( 11 0) both localize beneath the top layer, generating a weak overlap with LUMO of 

PCBM (Figure 4.1 Od and 4.1 Of). On the other hand, surface charges of the polar 

CH3NHJPbh ( 1 00) at the VBM exhibit enough electronic delocalization that can afford 
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efficient overlap with localized charges at the PCBM LUMO (Figure 4.1 Oe), promoting 

the electron migration from perovskite towards PCBM. 
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Figure 4.10. Density of states of the PCBM molecule on CH3NH3Pbh (a) (001), (b) (100) 

and (c) (110) surfaces (the vertical dashed line shows the Fermi energy level); 

three-dimensional representation of CBM and LUMO levels of (d) PCBM/CH3NH3Pbh 

(001), (e) PCBM/CH3NH3Pbh (100) and (f) PCBM/CH3NH3Pbh (110) . 
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4.5.2 Energy alignments of organic molecules on CH3NH3Pbl3 surfaces 
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Figure 4.11. UPS spectra of thin Spiro-OMeT AD and PCBM film on perovskite 

CH3NH3Pbh substrates at Fermi-edge regions. 

Despite the anticipated dependency of hole/electron transfer on the electronic charge 

distribution of VBM and CBM of CH3NH3Pbh, our calculated energy band alignments 

obtained by the PDOS analysis are found to be considerablely similar among those stable 

surface orientations, facilitating the comparison of calculated results to experimental data 

obtained from UPS measurements and thereby providing an ensemble average over all 

the possible orientations. As shown in Figure 4.11 , VBM and WF of organic and 

CHJNHJPbh films can be obtained from the VB onset in UPS spectra after baseline 

subtraction around the Fermi level, and the results agree well with previous 

observations.2 19
• 
280

-
28 1 Figure 4.12 summarizes the general interfacial energy alignments 

within CHJNHJPbh/Spiro-OMeT AD and CH3NH3Pbh/PCBM hybrid interfaces based on 
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the UPS and optical data . Specifically, UPS results confirm our DFT predictions on the 

formation of type-II heterojunctions, which can promote charge transfer from perovskite 

to the organic layers. It should be noted that the experimental discontinuities of valence 

(~h) and conduction (~e) levels in our ~20 nm thick organic films indicate flat-band 

energy levels of the bulk, 227 and are consistently smaller than interfacial discontinuities 

predicted from simulations of a single organic monolayer used to build the interfacial 

model (Figures 4.5 and 4.7). 
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Figure 4.12. Energy alignments of (a) Spiro-OMeTAD and (b) PCBM on CH3NH3Pbb 

film obtained from UPS measurements. 

4.5.3 Charge redistributions of organic molecules on CH3NH3Pbl3 surfaces 

For the quantification and comparison of actual charge transfer across the hybrid 

interfaces, charge redistribution density and corresponding electrostatic potential were 

evaluated after the organic layers were adsorbed on different perovskite surfaces, and the 

resulted interfacial dipoles are also estimated. 282 
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Figure 4.13. One-dimensional plane-averaged charge density differences (Pditr) and 

induced electrostatic potential (green lines) of (a) Spiro-OMeT AD/CH3NH3Pbb (001); (b) 

Spiro-OMeTAD/CH3NH3Pbh (100); (c) PCBM/CH3NH3Pbh (001) and (d) 

PCBM/CH3NH3Pbh ( 1 00) interfaces. 

Figures 4.13 shows the plane-averaged charge density differences (~p) and 

corresponding electrostatic potential along the vertical direction, as a quantitative 
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description of the electron (i¥><0) and hole (i¥>>0) accumulation behavior. Upon organic 

layer deposition, the major difference of charge redistribution between perovskite polar 

( 1 00) and nonpolar (00 1) ( 11 0) surfaces, lies in that the former attract more electrons at 

the PCBM/CH3NH3Pbb heterojunction while the latter collect more holes above the top 

layer when interacting with Spiro-OMeT AD. Both kinds of charge accumulation would 

reduce the electrostatic screening and therefore favor the charge exchange across the 

hybrid interfaces. 

To quantitatively compare the charge density above different CH3NH3Pbb surfaces, 

integration of the surface components of ~p (shaded areas in Figure 4.13) was carried out, 

where a total surface-accumulated positive charge density of 2.99x 10 13 e/cm2 is obtained 

for (001) and 9.20x l0 11 for 

Spiro-OMeT AD/CH3NH3Pbb ( 1 00). Obviously, there is more significant hole 

accumulation in the case of (00 1) orientation, thanks to the large charge displacement 

between surface Pb atoms and the methoxybenzene group (CH30C6Hs). On the other 

hand, similar charge displacement is gained at the PCBM/CH3NH3Pbb ( 1 00) 

heterojunction, and its negative charge density above perovskite top layer is determined 

to be -3 .25 x 1012 e/cm2
, while it is only -l.27x 1012 e/cm2 for (001) surface. 
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Figure 4.14. One-dimensional plane-averaged charge density differences and induced 

electrostatic potential at (a) Spiro-OMeTAD/CH3NH3Pbh (110) and (b) 

PCBM/CH3NH3Pbh (110) interfaces. 

As indicated by the solid green line in Figure 4.13, the electrostatic potential provide 

additional information regarding the effect of organic charge transporting materials on 

the local charge redistribution once hybrid interfaces are formed. For 

Spiro-OMeT AD/CHJNH3Pbh, the large potential leads to significant hole accumulation, 

promoting interfacial electron-hole pair dissociation. While in the case of 

PCBM/CHJNHJPbh, especially in (100) surface, the potential dropps attracting more 

electrons than holes. According to Berger and coworkers' real-space analysis, the 

electrical potential barrier formed upon accumulation of excess holes may be a serious 

bottleneck to improving device efficiency.225 Our experimental UPS analysis has 

confirmed the formation of interfacial dipole barriers, whose values are 0.43 eV for 

Spiro-OMeTAD/CHJNHJPbh and 0.19 eV for PCBM/CHJNHJPbh, due to the flow of 

positive charge from perovskite towards Spiro-OMeT AD and negative charge from 
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perovskite towards PCBM, respectively. The vacuum level shift caused by interfacial 

dipole can be obtained by comparing the interfacial electrostatic potential (ilcD) between 

perovskite surface and the organic molecular plane with Helmholtz equation LlcD = !ffi/co, 

where ~ denotes interface dipole moment, namely the amount of excess charge obtained 

from integrating Llp from the origin to the point where charge depletion switches to 

charge accumulation, n = 11 A, and A denotes the surface area of the interface. 283 

Theoretical interfacial dipole barriers are calculated to be ~0.09 and ~0.04 eV for 

Spiro-OMeT AD/CH3NH3Pbb and PCBM/CH3NH3Pbb, respectively. Although they are 

lower than the experimental values due to the organic monolayer used in our simulation, 

the relative magnitude of electron and hole interfacial dipoles are well reproduced. Hence, 

we believe the proposed hybrid interfacial model could be applied for the search of novel 

charge transporting materials, as an effort to surmount the charge extraction bottleneck in 

hybrid photovoltaic devices based on hybrid perovskite. 
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4.6 Summary 

Here we presented our studies on electronic and transport properties of hybrid 20 and 

30 organic-inorganic perovskites, an emerging design of materials for photovoltaic and 

light-emitting applications. 

We discussed the electronic and optical properties of 30 perovskite (CH3NH3Pbb) for 

both tetragonal and orthorhombic phases and their slabs with different surface 

orientations. In addition, we deduced the charge carrier effective masses and electron 

(hole)-phonon couplings of two phases CH3NH3Pbb from electronic band structures and 

estimated their mobility using semi-classical Boltzmann transport theory. We found the 

calculated mobilities increase from room to lower temperatures, in agreement with the 

trend of experimental results, confirming the ambipolar nature of charge transport in 

We then studied the electronic bands and self-trapping charge properties of white- light 

emission 20 perovskites (EOBEPbCI4 and EDBEPbCI4). The optical transitions were 

mainly determined by the inorganic framework and strongly influenced by excitonic 

confinement in the layered hybrid structure and the corresponding emissive species were 

self-trapped electrons and holes. We successfully correlated these chromophores to the 

formation of polarons strongly confined in the inorganic lattice from simulated 

time-resolved charge density mapping. 
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Finally, we investeigated the energy alignment and charge transfer properties within 

hybrid interfaces formed by different CHJNHJPbh surfaces and organic charge 

transporting materials. Our theoratical predictions show that the nonpolar perovskite (00 I) 

and (II 0) surfaces tend to favor the hole injection towards Spiro-OMeTAD, whereas the 

polar perovskite (I 00) surface is likely to promote the electron transfer towards PCBM 

owing to largely delocalized surface states and orbital coupling. Hole/electron are 

predicted to accumulate above the top layers of CHJNHJPbh with different orientations, 

leading to the formation of large interfacial dipole moments at the hybrid interfaces. 

Our findings point out the significance of the crystallization and surface orientation of 

perovskite in optimizing not only transport parameters but also charge transfer properties 

of perovskite-based solar cells. We believe that tuning the dimensionality of 

organic-inorganic perovksites can provide additional solutions to increase the charge 

carrier mobility and enlarge the intrinsic interfacial dipole moments and optimize the 

performance of hybrid perovskite photovoltaic devices. 
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Chapter 5 

Plasmonic Topological Insulators 

As a final part of the thesis work, we extended our studies to a different and very 

interesting class of multidimensional hybrid material system - topological insulators (II). 

Tis can be viewed as hybrid dielectric/metallic systems, where the different phases are 

protected by topological effects. In particular, our interest, motivated by recent 

experimental results, was in understanding the nature of TI plasmonic response and its 

dependence on Tl crystal composition, which have profound plasmonic response up to the 

visible part of the spectrum. DFT and MBPT calculations were combined to obtain 

electronic bands and optical permittivity of dichalcogenides compounds and to isolate the 

optical response of conducting surfaces of these TI materials. Our results show the 

potential of first-principle calculations to identify low-loss plasmonic topological 

insulators and design the next-generation broadband metamaterials, that could be 

ultimately tuned by injection of free carriers or by manipulating the spin degree of 

freedom . This work will be reported in "Plasmonic Topological Insulators " (manuscript 

under submission). 
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5.1 Background and Motivations 

Topological insulators (Tis) represent a new quantum phase of matter originating from 

the topological character of the bulk electronic bands in certain materials and compounds. 

Different from other electronic states of condensed matter, topological insulating phases 

were first proposed theoretically and then observed experimentally.284
-
285 These phases 

can appear due to strong spin-orbit interactions, as described in band theory. Topological 

surface states form Kramer pairs with linear dispersion, have a helical spin texture, and 

are topologically protected as long as time-reversal symmetry is preserved. The surface 

conduction electrons also exhibit unusual spin-momentum locking features (carrier spin 

lies in-plane, locked at right angles to the carrier momentum).286 These effects on a TI 

surface coupled with magnetic layers are relevant to potential applications in designing 

new quantum computing,287 THz detectors ,288 and spintronic devices289
. Recent 

experimental demonstrations of TI plasmonic behaviour from THz 290 to visible29 1 

spectral region have also opened novel opportunities to realize broadband metamaterials 

and induce topologically protected surface plasmon polariton. However, detailed studies 

of plasmonic features in the visible region of chalcogenide TI materials are still missing, 

and isolating the contribution of conducting surface layers to the optical response of TI 

thin films is a big challenge. 
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5.1.1 Chalcogenide topological insulators 
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Figure 5.1. (a) crystal structure ofBi2Se3 with three lattice vectors; (b) top viewofBi2SeJ 

crystal along the z-direction; (c) side view of the quintuple layer structure. (Nature 

Physics, 2009, 438) 

The most widely studied 3D Tis are the Bi chalcogenides Bh X3 (X = Se, Te). Their 

crystal structures are rhombohedral with the space group D~d (R3m) and with five 

atoms in the trigonal unit cell. This structure can be also simply visualized in terms of a 

layer structure and a hexagonal unit cell as shown in Figure 5.la. Take an example of 

Bi2Se3, the five individual atomic layers are formed as the quintuple layer with the 

sequence Se(l }-Bi- Se(2}-Bi- Se(l ), where Se(l) and Se(2) denote the two different types 
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of selenium atom in the crystal. The intra-layer interaction within the quintuple layer 

shows the covalent or ionic character, whereas inter-layer interaction is weak van der 

Waals. 

5.1.2 Electronic properties of TI Materials 

a E b E 

Figure 5.2. Energy-band structure and spin orientation in normal and helical metals. a) in 

a normal metal, electrons occupy energy levels up to a maximum level, the Fermi level; b) 

in a helical metal, the energy levels form two cone-shaped bands that meet at their tips, 

and for a given k there is only one spin orientation. (Nature, 2010, 323) 

In topological insulators, the spin-orbit interaction is so strong that the insulating 

energy gap is inverted-the states that should have been at high energy above the gap 

appear below the gap. This twist in the order of electronic states cannot be "unwound" 

(this accounts for the topological nature of the new class of insulators). As a result, highly 

conducting metallic states appear on the surface, unlike ordinary insulators. Moreover, it 

was experimentally demonstrated that these surface states predicted in theory have 

electrical properties which are fundamentally different from other two-dimensional 
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conducting states. Underlying the novel properties of these topological surfaces states are 

their unusual spin texture and their light-like (Dirac) energy-momentum relation. The 

prediction and confirmation of these novel electronic states have led to an explosion of 

activity in this area. Specifically, Bi2X3 surfaces present a single nondegenerate Dirac 

cone around the Brillouin zone center. The electrons populating the topological surface 

states, although free to move parallel to the surface, are mainly confined within the two 

surface most QLs, fo rming a two-dimensional massless Dirac Fermion gas with a 

we ll-defined spin helicity. Therefore, surfaces and nanostructures of Bi chalcogenides are 

ideal candidates to realize the predicted exotic plasmonic phenomena. 

5.1.3 Plasmonic properties of TI Materials 

Surface plasmons, defined as electromagnetic waves arising from collective 

oscillations of electrons at hybrid metal/dielectric interfaces, can support highly localized 

oscil lation and either confine light into subwavelength volumes or propagate along the 

surface.292 Surface plasmons in the visible spectral region are an appealing research topic 

due to their application in photovoltaics,293 wavegu ides,294 and sensing.295 On the other 

hand, the fields of metamaterials and plasmonics have seen in recent years an 

extraordinary evolution, from the initial demonstrations of unusual phenomena,296-297 

towards a more general paradigm enabling optical (meta)devices with various 

functionalities that can be engineered and obtained on demand. 298
-
300 Typical plasmonic 
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materials such as gold or silver have high carrier concentration with the large optical loss 

in the UV -visible region . There are needs to find the new low-loss plasmonic materials 

that can be operated at the UV-visible region. Generally, there are two approaches to 

achieve plasmonic behavior at optical frequencies. One is to heavily dope semiconductors 

to increase their charge carrier concentration, but this approach has been successful only 

up to near-IR regime; the other is to mix metals with non-metals or other metals. 

Nevertheless, the UV-visible spectrum region remains an extremely challenging for 

plasmonics using these doped semiconductors or intermetallic. 

Some two-dimensional plasmonic materials, such as Tis have attracted recent 

attentions as plasmonic materials. Tis behave as insulator in their interior but possess a 

conducting surface, where electrons can form a metallic 2DEG at the surface and only 

move parallel to the surface. These surface states are protected by time-reversal symmetry, 

and cannot be destroyed or gapped by scattering processes. The plasmonic behavior of 

several TI materials was previously observed, in particular: i) Dirac plasmon excitations 

were observed at terahertz frequencies in the Bi2Se3 thin film ;290 ii) Bi2Se3 microrings 

were shown to have bonding and antibonding plasmon modes by tuning their frequency 

in the THz region;301 iii) Bi 15SbosTe u Se u was proved be a good plasmonic material in 

the visible part of the spectrum due to a combination of bulk charge carrier response and 

topo logical surface charge carriers;29 1 and very recently iv) solution-synthesized 
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hexagonal Bi2Te3 nanoplates showed multiple plasmon modes covering the entire visible 

range.302 

Topological insulators are particularly interesting because they exhibit a wide tunability 

of their optical properties, which means that their plasmonic response can be improved 

and optical losses lowered via the engineering of the electronic band structure by varying 

their elemental composition. Typically, the optical permittivity of plasmonic media is 

obtained by optical measurements and theoretically described through the 

phenomenological Orude-Lorentz models. These approaches, however, are not capable of 

capturing permittivity variations that depend on elemental composition or dimension, 

especially within a few atomic layers. Theoretical techniques like OFT are best suited to 

predict the optical properties of "on-demand" plasmonic materials, and have already 

proven effective in screening out many potentially good plasmonic materials such as 

alkali-noble intermetallics,303 and gallium-doped zinc oxide.304 At the same time, OFT is 

immensely beneficial for examining the optical response of thin-films, leading to a 

parameter-free bottom-up design of plasmonic materials for photonic device applications. 

In this chapter, we employ first-principles OFT to study the influence of elemental 

composition on the electronic band structure, optical properties and plasmonic behaviour 

of seven different topological insulator compounds of the BixSb t-x TeySe t-y (BSTS) family, 

both in bulk and thin-film samples. Optical permittivities determined from interband 
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transitions of bulk TI materials are calculated based on many-body theory and compared . 

The contribution of surface carriers to the plasmonic response of the optical permittivity 

is also determined by extracting effective mass, surface carrier concentration and in-plane 

permittivity of slab models with the (Ill) orientation. Our results elucidate the interplay 

of bulk and surface contributions to the short-wavelength plasmonic response of these 

families of topological insulators, enabling the design of a new class of low-loss 

plasmonic materials operating at optical frequencies. 

5.2 Computational Methods 

OFT calculations were used to study the electronic structure and optical response of Tl 

materials employing the local density approximation (LOA), using the QE package.24 

Experimental lattice parameters of bulk Tl materials305-306 were used as the initial 

structure, and ground states geometries of the TI systems were obtained by the total 

energy minimization method upon relaxing their crystal framework and atomic 

coordinates. Electron-ion interactions (plane waves and core electrons) were generated by 

norm-conserving non-relativistic and relativistic pseudopotentials with electrons for Bi 

(6s 2, 6p 3, 5d I 0) ; Sb (5s 2, 5p 3); Se ( 4s 2, 4p 2); Te (5s 2, 5p 2, 4d I 0). The relativistic 

effects and spin-orbital coupling (SOC) have significant effects on the band structure due 

to heavy elements, such as Bi, Sb, and Te. Figure C. I shows the small energy differences 

( <0.005 Ry) between all-electron and our generated pseudopotentials, confirming the 
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good transferability properties of these pseudopotentials. Single-particle wave functions 

were expanded on a plane-wave basis set up to a kinetic energy cutoff of 40 Ry for both 

TI bulk and slabs. The bulk and thin film layers were relaxed until forces on the atoms 

were lower than 0.01 eV/A. The k-space grid of 6x6x6 in the Brillouin zone, and 32 

q-points for the calculation of the dynamical matrix. 

The optical response calculations were performed by the Bethe- Salpeter equations 

(BSE) method with the YAMBO code, using ground state wavefunctions from Quantum 

ESPRESS0:22-23 

where Eck and Evk are the quasiparticle energies of the conduction and valence states, 

respectively; A~ck are the expansion coefficients of the excitons, and .fl5 are the 

eigenenergies. The imaginary part of the permittivity was calculated by evaluating direct 

electronic transitions between occupied and higher-energy unoccupied electronic states as 

obtained from 

E'(w) ex: L jz: As (cklpilvk)l cS(.ns- hw- r) 
S cvk vck Eck-Evk ' 

where (cklpdvk) are the dipole matrix elements for electronic transitions from valence 

to conduction states. The real part can then be calculated via the Kramers-Kronig relation 

2 oo E"(w')w 'dw' . . . . 
E'(w) = 1 + -P f.

0 
,2 2 

• SOC mteract10ns and the spmor wave functiOns were 
rr w -w 

included as input for the electronic and optical calculations on the level of many-body 
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perturbation theory. Previously this approach has been used to successfu lly study the 

optical properties of systems with strong spin-orbital interaction.307 For optical 

permittivity calculations a k-point grid corresponding to 12 x 12 x 12, both for bulk and 

slabs, was chosen to ensure a sufficient description of the optical permittivity. 

For the Tl slabs, the optical permittivity consists of interband contribution from the 

bulk and Drude-like free-electron intraband contribution from the metallic surface, which 

can be described by the Drude model determined by the plasma frequency and 

w2 Ne 2 

Phenomenological Drude damping, £(w) = £ 00 -
2 

P , where wp2 = -- IS the 
w +zw r m·co 

plasma frequency dependent on the free earner concentration and effective mass of 

electrons. £ 00 is the high-frequency dielectric constant, and r is the damping constant 

of free electron plasma. Giving the accurate description of the interband component of 

the dielectric response and positon of the plasma frequency, by this simple addit ive 

method we can accurately describe the optical response ofTI slabs. 

5.3 Results on Electronic and Optical Properties of Plasmonic 

Topological Insulators 

In this part of the thesis work, we study the influence of elemental composition on the 

electronic band structure, optical properties and plasmonic behaviour of seven different 

topological insulators compounds (both bulk and slab models). Optical permittivities 

determined from interband transitions of bulk TI materials are calculated based on 
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many-body theory. The contribution of surface carriers to the plasmonic response of the 

optical permittivity is also studied by extracting the effective mass, surface earner 

concentration and in-plane permittivity of slab models with the (Ill) orientation. 

5.3.1 Crystal and electronic structures of BSTS Compounds 

To determine the optical properties of topological insulators of the BSTS family from 

first principles, we first optimized their crystallographic structures. Bi-chalcogenides 

three dimensional topological insulator compounds maintain the same rhombohedral 

crystal structure as their binary end members when arranged in the order of 

Bi(Sb)-Se(Te)-Bi(Sb)-Se(Te), and belong to space group R3m.306 As shown in Figure 

5.2a, the equivalent hexagonal phase has a layered structure with five atomic layers, 

forming the quintuple layer (QL) unit cell. The intra-layer interaction within a QL has 

covalent or ionic character, whereas inter-layer interaction is weak van der Waals. The 

equilibrium lattice constants of the seven BSTS compounds calculated with and without 

SOC effects are shown in Figure 5.2b and 5.2c, together with available experimental data 

for comparison. We find that the optimized lattice parameters of bulk Tis by our 

generated non-realistic and realistic pseudopotentials well reproduce the experimental 

crystal structures from literature. 305
-
306 
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Figure 5.2. (a) Crystal structure of BSTS TI compounds (rhombohedral and equivalent 

hexagonal lattice cell); lattice parameters <Xhex (b) and Chex (c) of the hexagonal lattice cell 

calculated by LDA and LDA+SOC method. 

The LDA method tends to underestimate the experimental lattice parameters, a known 

consequence of the local density approximation, which nevertheless does not affect 

accuracy of resulting electronic properties. As the Te content of the quaternary alloys 

increases relative to Se (e.g. Bi2Te3 vs. Bi2Se3), both lattice parameters ahex and Chex 

increase, due to the larger ionic radius ofTe. The same trend is obtained with inclusion of 

SOC corrections, which further validates the accuracy of our generated pseudopotentials. 
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Figure 5.3. (a) Band Structure of bulk BSTS TI compounds calculated with and without 

SOC (the dashed lines indicate the Fermi energy levels); (b) 3D Brillouin Zone of the 

bulk TI compounds and 2D projection of the (111) surface; (c) Direct and indirect 

electronic band gap energies determined from the band structures. 

The calculated band structures of the seven BSTS TI compounds without (black dashed 

line) and with (solid blue line) SOC effects are shown in Figure 5.2. Without inclusion of 

SOC effect, all the bulk TI materials show Dirac-like band dispersion with small (<0.5 

eV) direct bandgap at the r -point. The calculated direct energy gap values for the binary 

compounds Bi2SeJ, Bi2TeJ and Sb2TeJ are 54 meV, 159 meV, and 123 meV, respectively, 
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and for the ternary compounds Bi2Se2Te and Bi2Te2Se are 477 meV and 84 meV. These 

values are comparable to the results of previous calculations which did not include SOC 

effects. 308·309 The characteristic effect of SOC in DFT calculations of the electronic band 

structure of Tis is to produce band inversion at special time-reversal-invariant momentum 

points, induced by the atomic band splitting of the heavy atoms and open up the direct 

band gaps.310-311 This can indeed be seen at the r-point of the band structures obtained 

with SOC (blue solid lines in Figure 5.3a), confirming the topological insulator nature of 

these compounds. Consequently, the conduction band minima and the valence band 

maxima shift away from the r-point along the symmetric Z-F direction, inducing a 

transformation from minimum direct band gaps to minimum indirect band gaps with 

energies in the range ofO.I0-0.35 eV (refer to the values in Figure 5.3c). Note that the 

absolute values of band gap energies may be estimated more accurately introducing 

self-energy corrections in the quasiparticle energy approximation, using many-body 

perturbation theory (e.g., the GW method);312-313 however this would not have noticeable 

effects on the visible to near-infrared optical properties, which are dominated by higher 

energy interband transitions. 

5.3.2 Optical response of TI materials 

To quantify the plasmonic performance of BSTS TI compounds, we separately 

evaluated the bulk and surface contributions to the dielectric functions. The bulk 
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contribution to the real (a') and imaginary (a") parts of the dielectric functions due to 

interband transitions was obtained from the band structures using the Bethe- Salpeter and 

Kramers- Kronig equations (see Computational Methods for details}, and the results are 

shown in Figure 5.4. Composition of the BSTS compounds has significant effect on both 

a', which describes the strength of the polarization induced by an external electric field, 

and a", which describes the losses encountered in polarizing the material. 314 The strongest 

peak of the imaginary part of the dielectric function moves from the near-infrared 

(0.5-1.5 eV) to the visible spectral region (1.5-2.5 eV) when reducing Te content. This 

peak originates from interband transitions occurring along the symmetry line near the 

f-point (0, 0.16666, -0.16666). The transition details for the optical permittivity are listed 

in Table S1 of Supporting Information. Our predicted optical permittivity without SOC 

effects agree well with the available experimental data, with the prominent peaks of the 

imaginary part of permittivity appearing around 2 eV for Bi2Te3, Sb2Te3 and 

Bi uSbo.s Tel.8Se1.2 (see Figure 5 .4b ). 315
-
316 The amplitude of calculated permittivity peaks 

for the Bi2 Te3, Sb2 Te3 and Bi uSbo.s Tel.8Se1.2 are consistently higher than the 

experimental ones due to the lack of broadening in our calculations. Once SOC effects 

are included in the optical response calculations (see Figure C.3 of Appendix C), the main 

peaks of a" red-shift to - 1.5 eV, and other strong peaks appear at - 0.5 eV due to interband 

transitions around the (0.33333, -0 .5, -0.5) point, which are totally absent without 
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inclusion of SOC effects. This optical transition is expected to become dominant in the 

nanoscale TI thin films due to the significant surface states, so SOC effects are still 

included in obtaining the optical permittivity ofTI slabs in the following studies. 

(a) Calculated 
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Figure 5.4. Interband transition contribution to the real (e') and imaginary part (e") of the 

permittivity of bulk TI materials: (a) DFT results and (b) experimental data obtained from 

references. 

For the real part of the optical permittivity, the main features are fairly broad peaks 

cantered around 1.0-2.0 eV, followed by a steep decrease between 1.5 and 3.0 eV, after 

which e' becomes negative and eventually increases slowly toward zero at higher energies. 

Minimum values of e' appear in the UV-visible region (between 2.0-3 .0 eV). Negative 

permittivity due to interband transitions has been theoretically predicted for Bi2Se3 within 
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the DFT framework based on full potential linearized augmented plane wave and local 

orbitals.317 Here it is interesting to find that increasing the composition of Te results in 

larger negative permittivity, especially for BizTe3, but at the same time increases the 

optical losses in the same spectral region. 
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Figure 5.5. Q-factor for surface plasma polariton (QsPP) for bulk BSTS compounds, 

together with the experimental Q-factor of noble metals Au and Ag. 

The performance of media for plasmonic devices and metamaterials are usually 

quantified over a wide frequency band through quality factors (Q-factors), whose 

definitions vary depending on the applications they are intended for, such as, for example 

waveguiding, focusing, transformation optics, etc. 314' 318 Here we use the Q-factor 
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definition for surface plasmon polaritons (SPP) to evaluate the properties of the bulk TI: 

QsPP = e'2/e" (for le' l»l). We plot both experimental and calculated Q-factors for bulk Tis 

compounds in Figure 5.5a and 5.5b, and compare them to the best plasmonic metals in 

the UV to near-IR spectral region. We observe that all the TI compounds show a 

plasmonic behaviour in their bulk properties that outperforms classical plasmonic metals, 

such as gold and silver, in a wide spectral region spanning from ~250 to 550 nm. 

Interestingly, Tis retain a small negative real part of the permittivity in the UV together 

with low losses, thus are potentially interesting for transformation optics devices in this 

wavelength region. 
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Figure 5.6. Band structure of (a) 3QL and (b) 5QL-slab BhSe3 with and without SOC 

effects and corresponding the charge distribution of conducting Dirac surface state; (c) 

real and (d) image part of dielectric function for Bb Se3 bulk, 3QL and 5QL. 
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In addition to their negative bulk permittivity, topological insulators show robust, 

spin-polarized surface states, which are capable of supporting surface plasmons over a 

very broad wavelength range, far beyond the region where the bulk switches from metal 

to dielectric : topological insulators are for these reasons appealing candidates for the 

development of many devices benefiting from a combination of metallo-dielectric 

materials whose properties can be controlled by optical and electrical stimuli , like 

reconfigurable metamaterials and plasmonic waveguides. To study the optical response of 

topological surface states, we performed OFT calculations considering thin slabs of the 

BSTS compounds presented thus far. 

The emergence of topological effects and charge accumulation at surface states in Tis 

is expected to onset in slabs with thickness greater than three quintuple layers (3QL), 

since previous theoretical work has predicted a penetration depth of the topological 

surface states of the order of two quintuple layers (2QL).311 · 319 This has been confirmed 

experimentally, since 5QL thick films already show dominant surface states. 320 Based on 

this, we carried out OFT calculations for (Ill) Tl slabs with 3QL (- 3 nm) and 5QL (- 5 

nm), and looked for the emergence of surface states upon activation of SOC effects . Here 

we take Bi2Se3 slabs as an example and present their electronic structure, charge 

distribution of the Dirac surface state, and optical permittivity (Figure 5.6). Similar data 

for the other BSTS compounds are provided in Figure C.3 and Figure C.4 of Appendix C. 
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Without inclusion of SOC effects, the band structure of the 3QL and 5QL Bi2Se3 slabs 

(black solid lines in Figure 5.6) are rather similar to those obtained for the bulk using 

fully periodic boundary conditions (Figure 5.3). Increasing the slab thickness from 3QL 

to 5QL decreases the energy band gap because of the reduction of quantum confinement, 

with the energy gap approaching the bulk value at about 19QL thickness (see Figure C.2 

in Appendix C). Upon including the SOC effects, a single non-degenerate Dirac point 

appears at the r -point. At the Dirac point, the electronic wavefunction distribution is 

mainly localized at the surface with the penetration depth of 2 or 3 QLs. The optical 

response of 3QL or 5QL-slab behaviour shows simi lar spectral features as the bulk. For 

the imaginary part of the permittivity, the dominant peak appears at 2.5 eV, and a 

low-energy peak clearly emerges around 0.5 eV. This further improves the agreement 

with the experimental dispersion curves ofTis shown in Figure 5.3b. 

5.3.3 Plasmonic behaviour of TI materials 

Knowledge of band structure and surface charge distribution of the TI slabs allows 

extracting effective mass (m *) and sheet earner concentration (nm) to derive the 

three-dimensional plasma frequency, Wp = n e 2 

__E2_. For the TI 5QL-slabs, the effective 
E0 dm' 

2 -1 

mass for electron was estimated by fitting the dispersion curve (m* = /i 2 [a a:~k ) ] ) for 

the lowest conduction band (see Figure C.5a), while the surface carrier concentration was 

obtained by integrating the two-dimensional surface charge distribution (see Figure C.5b ). 
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As shown by consolidated results in Table 5.1 , the quaternary TI materials (BiSbTeSe2 

and BiSbTeS~) have higher surface carrier concentration than the binary and ternary 

compounds. Nonetheless, irrespectively of the actual carrier concentration, the 

three-dimensional plasma frequencies inferred from DFT calculations all lay in the UV 

part of the spectrum, within 4 and 6 eV. In particular, the plasma frequency of Bi2Se3, 

wP =5.76 eV, agrees very well with the experimental value determined by electron 

energy loss spectroscopy measurement probing the surface plasmons. 32 1 

Table 5.1. The effective mass (m*), earner concentration ( ne) of surface state and 

three-dimensional plasma frequency ( wp) of 5QL-TI slabs. 

Carrier Surface State Plasma 
Effective Mass 

Surface Concentration Thickness Frequency 
m*(x m 0 kg) 

n 20 (efcm3
) (om) Wp(eV) 

0.158 6.33 x i014 

BhSe3 0.92 7.74 
(exp: 0.15, ref. 33) (exp: 3.0xi0 13, ref. 21) 

Bi2Se2Te 0.191 2.97x 1013 1.27 4.11 

BhSe2Te 0.191 7.91 X I 013 1.28 6.68 

BhTe3 0.172 8.74 x 1013 1.90 6.07 

Sb2Te3 0.164 5.67x 1013 1.79 5.16 

BiSbTeSe2 0.231 7.74x i014 1.20 6.20 

BiSbTe2Se 0.330 9.56x 1014 2.05 4.41 
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Figure 5.7. The real and image part of surface conductivity of topological surface state 

with a Drude-like dispersion. Exp-Surface are the experimentally determined optical 

constants from Ref. 11 , in which a surface Drude layer was used to fit ellipsometric data 

of BSTS, with plasma frequency of7.5 eV and damping factor of0.05. 

To quantify the plasmonic contribution to the optical response of TI slabs, a Drude term 

was then added to the theoretical model of the optical transitions, using the parameters 

determined from DFT calculations (Table 5.1). When the Drude term (intra-band) is 

added to the inter-band contribution (refer to Figure C.6) to the optical response of the TI 

slabs, the calculated spectra correctly reproduce the dispersion of the optical permittivity 
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determined experimentally from ellipsometric measurements of BSTS, assuming a 

multilayer model with a thin surface Drude layer (Figure 5.7). 315 This confirms that the 

oscillation of topologically protected surface charge carriers has appreciable contribution 

to the plasmonic response of metallic-like TI surfaces in the UV -visible part of the 

spectrum. It also gives us confidence that the proposed TI slab model , in which the 

contributions of the conducting surface layer and the bulk are treated independently, can 

adequately describe the optical and plasmonic response of this family of Tl materials. 

To conclude, we would like to discuss the implications of adopting a 3D rather than a 

2D model for the Drude dispersion of the thin surface layers of TI. In these systems, 

surface plasmons arising from charge carriers on the crystal surface have been previously 

assimilated to Dirac plasmons in double layer graphene,30 with an effective plasma 

1 ( 2 )1/ 2 
frequency given by Wzv =- {J( _;__h VF.J2nnzv9s9v ,9.29 where k is the 

2rr 4rre0 e 

wavevector, VF is the Fermi velocity, n2v is the 20 electron gas density, and gs and gv 

are the spin and the valley degeneracies, respectively. Within this framework, even for the 

highest surface carrier density and Fermi velocity of our BSTS compounds (refer to Table 

1 

C.2), the plasma frequency is only of the order of Wzv/.fk = 2 x 10- 5eV · m2 (gs and 

gv are taken to be both equal to I). For symmetric nanogratings patterned in TI like in Ref. 

II , with typical width of W==500 nm and selected wavevector of k==n/W==6.3x I 06 m-1
, 

290
• 

323-324 289, 322-323 288, 321-322 287, 320-32 1 286, 319-320 286, 319-320 285 , 318-319 the resulting plasma 
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frequency would then be located in the mid-infrared region (wzv-0.07 eV). Therefore, 

recent experimental evidence of the existence of visible plasmons supported by Tls,315
• 

325·326 implies that the conventional 30 Drude model is a far better description of surface 

plasmons in Tl crystals than 20 models for graphene plasmons. Indeed , our OFT 

calculations and previous reports on the onset of spin-orbit effects in Tl slabs311
• 

319
-
320 

indicate a thickness of the surface charge layers of the order of 2 to 3 nm, which is also 

consistent with thicknesses derived from ellipsometric modelling of the optical 

constants31 5 and two-channel modelling of the Hall conductivity327 of Bi uSbo.s Tei8Seu. 

Such large thickness of the surface layer is inconsistent with the description of Tl surface 

electrons as a pure 20 Fermi gas. 
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5.4 Summary 

We presented a systematic study of the optical and plasmonic properties of BSTS 

topological insulator compounds by OFT and many-body perturbation calculations. We 

highlighted the dependence of the optical bandgap and permittivity on composition by 

comparing the calculated dielectric functions of Tl films , indicating that plasmonic 

behaviour of these compounds in the UV -NIR spectral region arises from the interplay 

between a bulk negative permittivity and a contribution from metallic-like surface states. 

Figures of merit for propagating surface plasmons confirm that BSTS compounds are 

better plasmonic materials than conventional noble metals Ag and Au in the UV -visible 

part of the spectrum, and suggest that increasing Te vs Se content can extend the overall 

plasmonic response to the NIR region. 

We a lso show that the electron ic wavefunction distribution is uniformly spread within 2 

to 3 quintuple layers from the surface (- 2.5-3.5 nm), suggesting that a conventional 30 

Orude model shou ld be used to describe the optical response of plasmonic surface layers 

rather than 20 Orude models typical of graphene and other 20 materials with physical 

thickness of only few Angstroms. Our OFT results demonstrate the potential of OFT 

calculations to predict not only the electronic but also the optical properties of topological 

insulators, and will be useful to effectively screen for low-loss TI plasmonic compounds. 
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Chapter 6 

Conclusions and Perspectives 

This thesis employed different computational/modelling methods and spectroscopic 

measurements to investigate vibrational modes, electronic bands, optical response, and 

charge transfer processes of different optoelectron ic material systems, including low 

band-gap conjugated polymers, polymers/Ill-V nanocrystals, molecules/hybrid 

perovskites, and topological insulators. We have i) developed a theoretical method by 

implementing the TDDFT method in vibrationa l calculations to describe vibrational 

modes of singlet excited state of polymers; ii) built a robust "organic 

monolayer/inorganic slab" model for studying surface polarization effects; iii) involved 

the quantum chemistry results in Marcus theory to predict charge transfer rates between 

polymer and nanocrystals ; and iv) integrated molecular dynamics and electronic density 

calculations to demonstrate se lf-trapping charges of hybrid organic-inorganic crystals. 

Our detailed theoretical and experimental results provided insight into the effects of 

adsorption of organic molecules or polymers on the inorganic compounds with different 

dimensionality and orientation on electronic properties and photophysical processes. 

Additionall y, several design strategies were proposed for improving the performance of 

172 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



photovoltaic devices, such as properly choosing the orientation of two-dimensional III- V 

semiconductor compounds for bilayer system, the size and organic ligands of III-V 

nanocrystals for heterojunction system, and the composition of topological insulators for 

plasmonic system. These computational/modelling methods could be further extended to 

other hybrid material systems to accelerate the design and screening of new functional 

materials for photovoltaic and plasmonic applications. 

The specific results emerging from our thesis work could be summarized as follows: 

I) In Chapter 3, we used OFT calculations and spectroscopic measurements to study 

hybrid polymer/ III-V photovoltaic systems. We showed that i) for conjugated 

polymers, the electronic and vibrational properties are strongly influenced by their 

degree of disorder; ii) for P3HT/GaAs planar heterointerfaces, the electronic 

orbitals and charge redistribution are highly affected by GaAs surface polarity; iii) 

in P3HT/InP quantum dots blends, surface ligand functionalization and core size 

should be optimized simultaneously for promoting exciton dissociation and charge 

transfer. Our OFT framework can be applied to understand the influence of disorder 

on exciton and charge-carrier localization in functional organic systems and the 

effects of inorganic dimensionality on the interfacial charge transfer in hybrid 

organic-inorganic systems. 
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2) In Chapter 4, we studied the electronic, optical , and transport properties of three-

and two-dimensional perovskite and charge redistribution at the interfaces between 

different orientations of CH3NH3Pbh surface and typical organic hole acceptor 

Spiro-OMeTAO or electron acceptor PCBM. We elucidated the origin of am bipolar 

nature of 30 CH3NH3Pbb and broad photoluminescence of 20 (EOBE)PbCI4 and 

(EOBE)PbBr4 attributing it to the self-trapping of holes and electrons . We also 

demonstrated that the orientations of CH3NH3Pbh surface have significant 

influence on both electron and hole interfacial transfer: both (II 0) and (00 I) 

surfaces favor the hole injection into Spiro-OMeTAO, while the (I 00) surface tends 

to facilitate the electron transfer towards PCBM . Molecular dynamic simulations 

suggest that this may be due to the significant orbital interactions under thermal 

fluctuations at room temperature, implying potential improvements of charge 

separation and extraction in perovskite-based photovoltaic devices through the 

control on film crystallization and surface orientation. 

3) In Chapter 5, we presented an ab-initio analysis of the band structures and 

dielectric functions of the important class of quaternary dichalcogenide compounds 

that exhibit topological insulator behavior. The calculated results elucidate origin 

of bulk plasma properties and reveal the contribution of surface electrons to the 

optical response . We showed that surface plasmonic properties of certain 
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dichalcogenides are better than that of than of gold and silver in the visible and 

near-infrared parts of the spectrum and found that increasing tellurium content 

tends to extend plasmonic behavior to longer wavelengths . These results will help 

designing new hybrid electro-optical and plasmonic devices that exploit plasmonic 

peculiarities of the band structure and topologically protected surface spm 

dependent response in these compounds. 

Overall, the theoretical results obtained in the different model systems we have 

advanced our understanding of the complicated electronic and photophysical properties 

of hybrid optoelectronic materials, elucidating some of the complex interactions between 

different nanostructure components. Despite significant progress in searching for 

emerging materials, many additional computational effects are needed for further 

developments, particularly in these three areas : 

I) Although OFT calculations are proved to be a powerful tool to describe the charge 

transport properties of organic crystals and the electronic interactions taking place at 

organic/ inorganic interfaces. More theoretical efforts are still needed to estimate the 

electronic couplings between molecular orbitals and energy bands, and 

electron-phonon couplings at a high level of theory within acceptable computational 

cost. Moreover, nonlocal electron-vibration couplings must be included to provide a 
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full account of phonon dispersion m describing the IRAY modes of conjugated 

polymers. 

2) Combining many-body (GW method) calculations and spin-orbital coupling (SOC) 

effects for heavy atoms (Pb, Sn) or including spin-polarization effects for transition 

metals (Zn and Cu) should be considered in predicting the electronic properties and 

optical response of new hybrid perovskites. However, the SOC-GW approach is not 

suitable for treating the large molecule/perovskite interfaces that contain hundreds of 

atoms. Thus, improved modelling strategies by combining different computational 

codes and theoretical techniques are needed to investigate these large-scale hybrid 

systems. 

3) Advanced theory/modelling is needed to improve our understanding exciton formation 

and dissociation and carrier diffusion in hybrid perovskite-based solar cells. Although 

substantial efforts were made to treat non-adiabatic processes within the ab-initio 

molecular dynamics framework, challenges remain for both theoretical developments 

and numerical efficiencies. Combining time-dependent density functional theory with 

nonadiabatic molecular dynamics might be an alternative approach to generate a 

statistically accurate ensemble of trajectories for investigating the time evolution of 

the electronic structure. This will allow us studying lifetime of electronic excitations 
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and the dynamics of electron transfer processes at hybrid polymer/inorganic 

interfaces. 

Regarding the design of new hybrid materials and interfaces, we propose several 

interesting ideas for the future work. 

I) Since surface polarization/orientation effect of inorganic or hybrid organic-inorganic 

materials plays an important role for promoting charge separation and reducing 

charge recombination at the heterojunctions, this effect should be considered in other 

low-dimensional semiconductor systems with c leaved surface for improving 

efficiency of hybrid photoelectronic devices . 

2) We have argued that the broadband emission of 20 organic-inorganic perovskites 

stems from self-trapped charge carriers. Further studies in this direction may regard 

structural design strategies to increase charge-phonon correlations, such as reducing 

the interlayer distance using short organic cation or hydrostatic pressure. It will also 

be interesting to identify charge self-trapping effects in 30 perovskites, particularly to 

achieve white-emitting materials with large mobility in the relevant transport 

direction. Such studies may ultimately improve performance of perovskite-based 

white-light emitting diodes. 

3) We determined the plasmonic behavior of the Bi-chalcogenide family of topological 

insulator compounds by first principles and screened the most favorable compositions 
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for topological plasmonic materials. Similar workflow could be applied to other 

classes of topological insulator compounds, such SnTe or phase-change GeSbTe 

(GST). Another very interesting possibility is to include effects of an external 

magnetic field to DFT calculations to predict the optical response of actively tunable 

plasmonic devices. 
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Appendixes 

A. Appendix to Chapter 3 
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Figure A.l. Optimized molecular structures of ground, charged and first excited states of 

RR- and RRa-P3HT. 
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Figure A.2. Calculated Raman spectra ofRR-P3HT with repeated units from 2 to 8. 
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Table A.2. Fitting parameters of time-resolved photoluminescence spectra using TCSPC 

technique. 

Sample a , 'ti (ps) a 2 't2 (ps) 

P3HT 0.58 57 0.42 337 

lnP(2.5 nm)/P3HT 0.64 62 0.36 322 

py-InP(2 .5 nm)/P3HT 0.60 56 0.40 289 

lnP(4.5 nm)/P3HT 0.64 51 0.36 280 

py-lnP(4.5 nm)/P3HT 0.68 52 0.32 277 

Table A.3. Fitting parameters of kinetics for photobleaching at 600 nm. 

Sample a , 't i (ps) a 2 't2 (ps) a 3 't3 (ps) 

P3HT 44% 1.6 31% 28.0 25% 866.8 

InP(2 .5 nm)/P3HT 51 % 1.0 35% 14.3 14% 1015.4 

py-lnP(2.5 nm)/P3HT 55% 0.9 32% 13.9 13% 1826.6 

lnP(4.5 nm)/P3HT 24% 2.1 54% 71.8 22% > 10 ns 

py-lnP(4.5 nm)/P3HT 24% 6.5 38% 93 .3 38% >10 ns 

Table A.4. Fitting parameters of kinetics for polaron at 900 nm. 

Sample a , 'ti (ps) a 2 't2 (ps) a 3 't3 (ps) 

P3HT 40% 1.1 30% 15.6 30% 376.4 

lnP(2 .5 nm)/P3HT 35% 1.7 43% 17.2 22% 227.7 

py-lnP(2 .5 nm)/P3HT 33% 2.2 35% 16.9 32% 296.5 

lnP(4.5 nm)/P3HT 28% 2.6 27% 23.5 45% 493.6 

py-lnP(4.5 nm)/P3HT 22% 2.3 26% 27.8 52% 566.3 
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Figure A.6. Atomic force microspectra (AFM) images of thin films of pure P3HT and 

InP QDs/P3HT blends with different ligands (oleylamine and pyridine). 
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Figure A.7. Time-resolved photoluminescence decay of thin films of P3HT and InP 

QDs!P3HT blends upon pulsed photoexcitation at 400 nm using fluorescence 

upconversion technique. 
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B. Appendix to Chapter 4 

Figure B.l. (EDBE)PbCl4 hole density maps. Time evolution of the hole distribution in 

the perovskite, showing that holes localizes on both lead and halides, oscillating in time 

between these two sites. This originates the two self-trapped holes (STH) Pb3+ and Ch·. 

The relative energies of these two species were estimated by evaluating the energy of the 

system at the time 75 fs and 275 fs , where holes are preferentially localized on lead or 

chlorine, respectively. 
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Figure 8.2. (EDBE)PbCl4 electron density maps. Time evolution of the electron 

distribution in the perovskite, showing strong electron localization on the Pb2+ sites, 

originating the self-trapped electron Pb23+. The trapped species Pb+ may also be formed 

during the localization process, however their existence have never been demonstrated in 

lead halides. 
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Figure B.3. (EDBE)PbBr4 hole density maps. Time evolution of the hole distribution in 

the perovskite, showing that holes localizes on both lead and halides, oscillating in time 

between these two sites. This originates the two self-trapped holes (STH) Pb3+ and Brf. 

The relative energies of these two species were estimated by evaluating the energy of the 

system at the time 225 fs and 400 fs, where holes are preferentially localized on lead or 

chlorine, respectively. 
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Figure B.4. (EDBE)PbBr4 electron density maps. Time evolution of the electron 

distribution in the perovskite, showing strong electron localization on the Pb2+ sites, 

originating the self-trapped electron Pb23+. The trapped species Ph+ may also be formed 

during the localization process, however their existence have never been demonstrated in 

lead halides. 

208 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



C. Appendix to Chapter 5 
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Figure C.l. Comparison of the all-electron wavefunctions with pseodowavefunction of 

Bi, Sb, Te and Se atom. 
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Figure C.2. Band gaps of BbSeJ slabs with 3QL to 19QL. 
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Figure C.J. Interband transition contribution to the real (E') and imaginary part (E") of the 

permittivity of bulk TI materials calculated by the BSE method with SOC effects. 
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Figure C.4. Band structures of 5QL-slab ofTI materials including SOC effects. 
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Table C.l. Peak position of image part (~>") of BizSe3 together with the dominant 

contributions to each peak. 

Peak 
Energy 

Dominant Transitions Direct Transition K-point 
(eV) 

LDA 2.051 VBM->CBM (0, 0.16666, -0.16666) 

1.540 VBM-3->CBM, VBM-2->CBM+1 
LDA+SOC (0.33333, -0.5, -0.5) 

0.697 VBM-1->CBM, VBM->CBM+1 
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Figure C.5. (a) Band structure of lowest conduction band of TI slabs; (b) surface charge 

distribution ofTI materials. 
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Figure C.6. (a) real and (b) image part of dielectric function forTI 5QL-slabs including 

SOC effects. 

Table C.2. The Fermi velocity (m*), two-dimensional earner concentration (ne) of 

surface state and 2D Dirac plasma frequency ( wp) of 5QL-TI slabs with W=500 nm. 

Carrier Plasma 
Fermi Velocity 

Surface Concentration Frequency 
(m/s) 

ne(efcm2
) wp(eV) 

Bh Se3 6.66x 105 6.33 x 1014 0.095 

Bb Se2Te 6.35 x105 2.97x 1013 0.077 

Bb Se2Te 7.84x105 7.91 X 1013 0.109 

BbTe3 6.84x 105 8.74x 1013 0.105 

Sb2Te3 5.04x105 5.67x 1013 0.081 

BiSbTeS~ 5.1 5x 105 7.74x1014 0.088 

BiSbT~Se 7.22x105 9.56x 1014 0.110 
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