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This work focuses on the utilisation of quantum dots (QDs) and resonance energy transfer 

to enhance the properties of existing photovoltaic technologies. Time-resolved 

spectroscopy is used to demonstrate that lead sulphide (PbS) QDs could be used to enhance 

the absorptivity of silicon solar cells. In this scheme, QDs deposited on the solar cell act as 

absorber, while the photogenerated excitons are transferred to the underlying silicon to 

contribute to the photocurrent. QD hybridization is also demonstrated in InGaP solar cells. 

In this case, the QDs are used to mitigate the poor utilisation of the energy absorbed in the 

AlInP window layer. Excitons generated in this layer are non-radiatively transferred to the 

QDs, which emit photons below the AlInP band-gap to generate carriers close to the 

depletion region of the p-n junction. The overall performance of the solar cell is found to 

be significantly improved after hybridization, with a large 14.6% relative and 2% absolute 

enhancement of the photon conversion efficiency. Finally, the integration of QDs into thin 

film Cu(In,Ga)Se2 (CIGS) solar cells is investigated. The deposition of a non-uniform layer 

of QD aggregates in close proximity to the heterojunction is found to provide a 10.9% 

relative enhancement of the photon conversion efficiency. Enhancements of the external 

quantum efficiency in both the blue and near-IR ranges are attributed respectively to 

radiative luminescent down-shifting from the QDs and to scattering on QD aggregates. 

Throughout this thesis, evidence is provided that placing efficient nanocrystaline emitters 

near (< 𝜆) the depletion region of photovoltaic devices can significantly increase its 

performance. In this context, the high energy transfer efficiency of RET at short distances 

makes it a very interesting coupling mechanism for hybrid solar cells integrating QDs 

within traditional thin-film devices. 
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Chapter 1: Introduction 

 

 

1.1. Motivation 

 

While many alternatives energy sources have been developed during the past decades, 

photovoltaics (PV) technology remains one of the strongest symbols of sustainable 

development. The considerable amount of resources invested around the world in research 

and development and the large market introductions schemes implemented by most 

western countries have created a strong recognition of the technology as an important 

vector for sustainable development, both in the minds of the politicians and of the general 

public. In this context, the strong continued growth of the installed global capacity remains 

critical to the mitigation of the impacts of global warming, in a society more and more 

willing to move towards a post-fossil fuel economy. Despite a sustained rapid growth over 

the past fifteen years, the global potential of photovoltaics remains mostly untapped, and 

renewables (hydropower excluded) only accounted for 3% of the global electricity 

production in 2013 [1]. It is for instance striking to realize that the United States, with a PV 

generation potential in excess of 1000 exajoules per year, could “realistically” supply more 

than three times the global primary demand (Table 1) [2]. The potential of PV is also far 

greater than all other sustainable energy sources, with estimated generation potentials of 

respectively 1, 2, 114, 179 and 418 exajoules per year for hydro-, bio-, geothermal, wind 

and concentrated thermal solar energy for the U.S. territory.  

 

Compared to traditional energy sources, photovoltaic technology also has the advantage of 

being highly modular, which allows photovoltaic panels to be used as power bricks to 

assemble small to large generation facilities [3]. This modularity could allow the 

decentralisation of the energy production, displacing energy production closer to the 

consumers and minimizing transportation losses. In a highly volatile geopolitical context 

impacting the world’s major oil producers, solar energy can also offer relatively stable 

prices only weakly dependent on fossil fuel prices [4]. This relatively stable return on 
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investment might provide the necessary incentive for private entities to heavily invest in 

PV technology and could allow PV to become gradually completely decoupled from 

government subsidies. 

 

Table 1: Total estimated U.S. technical potential generation per technology [2]. 

 

Technology 
Generation Potential 

(exajoules per year) 

Urban utility-scale PV 8 

Rural utility-scale PV 1010 

Rooftop PV 3 

Total PV 1021 

 

Concentrated solar power 418 

 

Onshore wind power 118 

Offshore wind power 61 

Total wind power 179 

 

Biopower 2 

 

Hydrothermal power  1 

Enhanced geothermal 113 

Total geothermal 114 

  

Hydropower 1 

 

While photovoltaics could provide large amounts of energy, the technology still suffers 

from important drawbacks, the most important of which being intermittency due to cloud 

coverage and day-only operation. This issue is especially problematic in western countries 

with cold to moderate climates, where the mismatch between peak production (afternoon 

in the summer) and peak consumption (winter in the evening) is the greatest. Introducing a 

large (>10%) amount of solar power in the energy mix would thus require the development 

and installation of large scale storage facilities. Renewable energy production plants are 

also typically very small scale (~1-10 MW) compared to nuclear and coal-fired power 

plants (~1-5 GW). Mass-scale adoption of renewable energy would thus require a rapidly 

evolving “smart” transportation grid, capable of handling multiple intermittent sources and 

large scale storage facilities and of channelling electricity between delocalised production 

sources and consumers. This challenge has proven technologically complex and remains 
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for the time being prohibitively expensive. Land-mounted PV production finally requires 

large amounts of land, which might be needed to feed a rapidly growing global population. 

Improving the efficiency of PV modules is a way to directly mitigate these issues, by 

lowering the generation costs, thus helping the financial viability of complex distribution 

and storage schemes, and by improving the surface efficiency of solar power plants. 

 

1.2.  Hybrid photonics 

 

Colloidal semiconductor nanocrystals represent a very promising material for a wide range 

of applications. Such materials can be synthesised on a mass scale using low-cost liquid 

chemistry techniques with a wide range of sizes and shapes, ranging from simple spherical 

structures (quantum dots) to complex tetrapods [5,6]. Their high absorption cross section, 

absorption and emission tunability and their good processability make them ideal 

candidates for light harvesting applications. Thanks to recent advancements in surface 

chemistry, high photoluminescence quantum yields (PQY) in excess of 90% have  now 

been reported [7] and materials with PQYs in excess of 60% are now commercially 

available. Such materials suffer however from poor charge transport properties, which 

drastically complicates their integration into full-scale devices. This has for now kept the 

efficiency of semiconductor nanocrystal solar cells to about 8% [8]. 

 

Bulk semiconductors present on the other hand rather different properties. Due to their 

relatively low absorption cross section, light harvesting devices need to use relatively thick 

films. Their bandgap is typically fixed, and can only be slightly adjusted by varying doping 

levels or by changing the dilution level of semiconductor alloys. The typical processing 

techniques involved in semiconductor manufacturing are also complex and expensive, 

often requiring high temperatures, vacuum conditions and clean room environments. They 

do however offer well established technological platforms and very good electrical 

properties. 

 

Dexter was the first to propose a hybrid photovoltaic scheme, by depositing a thin layer of 

a strongly absorbing organic dye on top of a semiconductor cell [9]. His idea was to 

combine the large absorption cross section and good processability of organic molecules 

and the good electrical properties of bulk semiconductors. In this scheme, the organic dye 
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would act as an absorber, generating localised excitons that could be non-radiatively 

transferred to the underlying semiconductor using resonance energy transfer (RET). 

Hybrid QD/bulk semiconductor photovoltaics is a direct extension of this work, utilising 

the novel properties of colloidal QDs to funnel excitons to a solid state solar cell.  

 

Due to its near-field nature, RET is especially interesting for thin-film heterojunction solar 

cells. As discussed previously, carriers are in this case typically generated very close to the 

heterojunction interface (~10-100nm) i.e. at roughly the same length scale as resonant 

energy transfer. An interesting idea stemming from this premise is to introduce an emitting 

material (e.g. QDs) at or near the heterojunction interface. While this can introduce 

recombination centres and induce resistive losses for the photogenerated carriers, the 

potential benefits due to RET recycling of poorly extracted carriers, to luminescent down-

shifting in the QDs and to scattering on QD aggregates can far outweigh any detrimental 

effects. This concept is demonstrated in this thesis to a certain extent for InGaP and CIGS 

solar cells and represents the main direction of this thesis. 

 

1.3. Structure of this thesis 

 

This thesis presents the implementation of several QD hybridization schemes for different 

established PV technologies. In chapter 2, the relevant principles of solid state physics are 

detailed, along with the theoretical background of carrier confinement in QDs, of 

photovoltaics generation and of resonance energy transfer. The work in chapter 3 involves 

the hybridization of Si with lead sulphide (PbS) QDs. Time-resolved spectroscopy was 

used to study the dependence of the lifetime of PbS QDs on the separation distance to a 

silicon slab placed in close proximity, so as to unequivocally demonstrate the presence of 

RET between the QDs and bulk silicon. The temperature dependence of RET was also 

investigated. In chapter 4, a RET-mediated luminescent down-shifting layer is 

implemented in high efficiency InGaP solar cells by depositing an epilayer of QDs. A large 

increase of the photon conversion efficiency and of the quantum efficiency of the devices 

is demonstrated. Time-resolved spectroscopy is once again used to demonstrate the 

presence of RET between the QDs and the underlying semiconductor structure. In chapter 

5, a luminescent down-shifting and scattering QD layer is integrated into CIGS solar cells. 

A significant increase of the efficiency of the devices after hybridization is again shown. 
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The morphology of the spray-deposited QD films is investigated, along with the electrical 

and optical properties of the hybrid solar cells. A discussion of the drawbacks of such an 

approach is provided, along with potential mitigations schemes. The final chapter provides 

a discussion of the potential of hybrid structures for photovoltaics generation, along with 

some proposed future developments. 
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Chapter 2: Theoretical Background 

 

 

2.1. Bulk organic semiconductors 

 

The concept of resonance energy transfer, a process that involves the coupling of excitons 

in different semiconductor materials, is central to this thesis. It is thus important to define 

semiconductors and their optical properties. Crystalline solids can be classified in three 

categories: insulator, conductor and semiconductor. While insulators and conductors are 

characterised by their ability to respectively inhibit and allow electron transport, the 

electron transport properties of semiconductors can be modulated over several orders of 

magnitude by introducing impurity atoms, in a process known as doping [10,11]. This is a 

direct consequence of the interaction of the carriers with the crystal lattice, which results in 

the formation of an energy gap in the electron levels. In the case of semiconductors, this 

bandgap is relatively small (~1eV) and lies between occupied and unoccupied electronic 

states, respectively the valence and conduction bands (see Figure 2.1), which describe the 

relationship between energy and momentum for electrons interacting with the lattice [12]. 

 

The valence and conduction bands can be understood by considering the hybridization of 

the electronic states of a hydrogen atom. In this case, the 1s ground state orbitals of the 

hydrogen atoms interact and are linearly combined to form hybridized bonding and 

antibonding states. Similarly, when a quasi-infinite number of atoms are assembled to form 

a crystal, their atomic levels interact and are hybridized to form energy bands that 

determine the electronic properties of the material. In this framework, excited electrons 

undergo transitions from the valence band to the conduction band, leaving unoccupied 

electronic states behind. These excited electrons interact with each-other and with the 

lattice to form a many-body system, too complex to be directly solved. These interactions 

are instead described by defining electron quasiparticles, of same charge and spin as 

elementary electrons, but with an effective mass 𝑚𝑒
∗  that varies by a factor of typically 0.01 

to 10 from the true mass of the electron 𝑚𝑒. In the following discussion “electron” refers to 

the quasiparticle and not to the elementary particle. In the same fashion, the remaining 



22 

 

 

 

electron population in the valence band can be shown to behave as a finite number of 

quasiparticles of opposite spin, charge and momentum to the electrons and of mass 𝑚ℎ, 

called holes. Excited electrons and holes can freely move through the periodic potential of 

the crystal lattice, and are characterized by an energy and a wave vector 𝑘 = 𝑝/ℏ, where 𝑝 

is the momentum of the charge carrier and ℏ is the reduced Planck constant. Using the 

classical expression for free particles 𝐸 = 𝑝2/2𝑚, the kinetic energy of the carriers can 

thus be expressed as 

 𝐸 =
 ℏ2𝑘2

2𝑚
 (1) 

which corresponds to parabolic conduction and valence bands. 

 

 

Figure 2.1: Dispersion curve for a bulk semiconductor. The absorption of a 

photon triggers the promotion of an electron from the valence band to the 

conduction band, which then thermally relaxes to the bottom of the conduction 

band. 

 

In the ground state, the valence band is filled with electrons and the conduction band is 

empty. The promotion of an electron from the valence band to the conduction band of a 

semiconductor, known as an interband transition, thus requires to provide enough external 

energy to overcome the bandgap energy 𝐸𝑔. This energy can be provided in several forms, 

including heat, but optical transitions, mediated by the absorption of a photon, are of 

special interest here. In this case, a photon is absorbed by the semiconductor material and 

transfers energy and momentum to a carrier in the valence band, triggering an optical 

transition (see Figure 2.1). Since the momentum of the photon is negligible compared to 
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the momentum of the electron, optical transitions can be approximated as vertical 

transitions. The principle of conservation of energy in the process thus states that: 

 𝐸𝑝 =
ℎ𝑐

𝜆
= 𝐸𝑔 + 𝐸𝑒 + 𝐸ℎ + 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏 (2) 

where 𝐸𝑝 is the photon energy, ℎ is the Planck constant, 𝑐 is the speed of light, 𝜆 is the 

photon wavelength, 𝐸𝑒 and 𝐸ℎ are respectively the kinetic energies of the electron and the 

hole and 𝐸𝐶𝑜𝑢𝑙𝑜𝑚𝑏 is the Coulomb interaction energy between the electron and the hole. 

The excited state can relax through the reverse transition, where the electron and the hole 

are annihilated and the excess energy is released as a photon or is transferred to the lattice 

in the form of heat. 

 

As stated in the energy conservation equation, the electron and hole, being charged 

particles, interact via Coulomb interaction and form an electron-hole bound state or 

exciton. The resulting quasiparticle is neutral and has a slightly lower energy than its 

unbound constituents. The spatial extension of the excitons can be characterised by their 

exciton Bohr radius. This value is defined in analogy to the Bohr radius of the electron in a 

hydrogen atom by scaling the hydrogen Bohr radius 𝑎0 by the dielectric constant of the 

material 𝜀 and by the ratio of hydrogen electron mass 𝑚0 to the effective mass 𝜇∗: 

 𝑎𝐵
∗ = 𝜀

𝑚0

𝜇∗
𝑎0 =

𝜀ℏ2

𝜇∗𝑒2
 (3) 

where ℏ =
ℎ

2π
, e is the elementary charge and 𝜇∗ is the exciton effective reduced mass 

defined by 𝜇∗−1 = 𝑚∗
𝑒
−1 + 𝑚∗

ℎ
−1

. The exciton binding energy or Rydberg energy (𝑅𝑦
∗ ) is 

given by 𝑅𝑦
∗ =

𝑒2

2𝑎𝐵
∗  and corresponds to the ionization energy of the lowest state. Exciton 

Bohr radii can vary from 1 to 10nm in common bulk semiconductors, yielding Rydberg 

energies of 1 to 100meV. An exciton behaves as a single particle and its motion is 

described by its centre of mass 𝑀∗ = 𝑚𝑒
∗ + 𝑚ℎ

∗ . The dispersion relationship can be 

expressed as 

 𝐸𝑛(𝐾) = 𝐸𝑔 −
𝑅𝑦

∗

𝑛2
+

ℏ𝐾2

2𝑀∗
 (4) 

where K is the exciton wave vector. If an exciton is created by the absorption of a photon, 

the total energy 𝐸𝑒𝑥𝑐 can be derived through the equation: 

 𝐸𝑒𝑥𝑐 = 𝐸𝑔 −
𝑅𝑦

∗

𝑛2
 (5) 
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2.2. Optical transitions in colloidal quantum dots 

 

2.2.1. Colloidal semiconductor nanocrystals 

 

Colloidal semiconductor nanocrystals, also referred to as quantum dots (QDs), are 

spherically shaped crystalline inorganic particles with dimensions ranging between 2 and 

50 nm. Falling in between the size ranges of large organic molecules (1-10 nm) and small 

bulk inorganic crystals, QDs display properties reminiscent of both molecular (for 

instance, narrow photoluminescence spectra and high photoluminescence quantum yields) 

and bulk crystalline solids (such as broad absorption spectra and good photostability). The 

size-dependence of the optical properties of QDs is also especially notable. Due to the 

confinement of the carrier wavefunction in the QDs, the energy level spacing increases 

with decreasing size of the particles, which makes it possible to tune QD emission 

wavelengths over wide ranges (>1 eV) without changing the chemical composition of the 

material [13,14]. This unique size-tunability of the optical and electronic properties has 

been the main motivation behind the development of such materials, with the aim of 

developing low-cost efficient optoelectronic devices. The ability of QDs to create multiple 

excitons from a single photon (multiexciton generation, MEG) and the prospect of 

producing cheap highly efficient photovoltaic devices has also generated a lot of interest in 

the past few years [15,16]. 

 

Since quantum confinement depends strongly on the size the QDs, the effects only become 

significant when the diameter of the QD becomes of the same order as the exciton Bohr 

radius, which represents the natural spatial extension of the exciton. Table 2 presents 

characteristic material properties and the exciton Bohr radii of some semiconducting 

materials. The exciton Bohr radius, and thus the minimum particle size necessary to 

observe quantum confinement, varies very significantly from semiconductor to 

semiconductor, with 𝑎𝐵 values ranging from 2 nm for CdS to 104 nm for PbTe. Since the 

confinement energy scales approximately with the inverse of the electron and hole 

effective mass, materials with low carrier effective masses, i.e. high Bohr radii, will 

display stronger confinement effects. For example, a 2 nm PbTe QD will host much more 

strongly confined excitons than a CdS quantum dot of the same size. It is also important to 

note that, since holes are heavier than electrons in most semiconductors, quantum 
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confinement effects are more pronounced in the conduction band than in the valence band. 

IV-VI lead-salts present a notable exception to this rule, with electrons almost as heavy as 

or even heavier than the holes. 

 

Table 2: Bandgap, electron, hole and exciton relative effective masses and Bohr 

radii for various bulk semiconductors [17]. 

 

  
Eg  

(eV) 

𝑚𝑒
∗/𝑚0 𝑚ℎ

∗ /𝑚0 𝜇∗/𝑚0 𝑎𝐵,𝑒𝑥𝑐 

(nm) 

II-VI CdS 2.48 0.25 0.6 0.176 2 

 CdSe 1.73 0.12 0.9 0.106 4 

 CdTe 1.48 0.09 0.8 0.081 5 

III-V InP 1.34 0.073 0.45 0.063 8 

 InAs 0.35 0.023 0.57 0.022 29 

 InSb 0.17 0.012 0.44 0.012 61 

IV-VI PbS 0.42 0.087 0.083 0.042 21 

 PbSe 0.28 0.047 0.041 0.022 55 

 PbTe 0.31 0.034 0.032 0.016 104 

 

The Bohr radii of the hole, electron and exciton define three confinement regimes for the 

carriers in the QDs: the weak confinement regime, if the QD radius is larger than both the 

electron and hole Bohr radii, the intermediate confinement regime, where either electron or 

hole Bohr radius is smaller than the QD radius, and the strong confinement regime, in 

which both Bohr radii are smaller than the QD radius. The different electronic and optical 

properties of QDs in the different regimes have been extensively investigated [14]. IV-VI 

lead-salt QDs, with similar electron and hole Bohr radii and large exciton radii, represent 

especially interesting materials for the study of the strong confinement regime and have 

been invaluable in establishing the subtleties of QD properties. 
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2.2.2. The “particle in a box” model 

 

The properties of QDs can be inferred using two approaches: “top-down” and “bottom-

up”. In the “bottom-up” perspective, the properties of the QDs are calculated by 

sequentially assembling atoms and hybridizing electron orbitals to form a core particle, 

using many-body simulation techniques such as the tight binding method [18]. This 

approach has been gaining traction in recent years, due to the rapid increase of available 

computational power allowing calculations on hundreds and even thousands of atoms [19]. 

Alternatively, the electronic properties of QDs can be derived from the properties of the 

bulk material, using the “top-down approach”. In this approach, QD confinement is 

accounted for by setting rigid zero boundary conditions to the bulk electron and hole 

wavefunctions at the physical boundary of the QDs. This is analogous to the simple 

“particle in an infinite potential well” or “particle in a box” problem of basic quantum 

mechanics. In this model, a charge carrier of mass 𝑚 is confined in a one-dimensional 

symmetric potential 𝑉, defined as 

 𝑉(𝑥) = {
0

 ∞
    

for 0 < 𝑥 < 𝑎
for 𝑥 ≤ 0 and 𝑥 ≥ 𝑎 

  (6) 

where a is the width of the potential. The Schrödinger equation of the carrier is in this case 

 
ℏ2

2𝑚𝑒

𝑑2𝜓(𝑥)

𝑑𝑥2
+ 𝑉(𝑥)𝜓(𝑥) = 𝐸𝜓(𝑥) (7) 

where 𝐸 and 𝜓 are the energy and the wavefunction of the carrier, respectively. This 

differential equation can be solved using functions of the form 𝜓(𝑥) = 𝐴𝑒𝑖𝑘𝑥 + 𝐵𝑒−𝑖𝑘𝑥, 

where A and B are unit-less scaling parameters. Using the boundary conditions 𝜓(0) = 0, 

the wavefunction can be calculated to be 𝜓(𝑥) = 𝐶sin(𝑘𝑥). The second boundary 

condition 𝜓(𝑎) = 0 is satisfied for 𝐶sin(𝑘𝑎) = 0, which is solved for 𝑘 =
𝑛π

a
 where 

𝑛 ∈ ℕ∗. In this framework, the discrete allowed energy levels are thus given by 

 𝐸𝑛 =
ℏ2𝑘2

2𝑚
=

𝜋2ℏ2

2𝑚𝑎2
𝑛2 (8) 

 

This problem can be extended to a spherically symmetric potential, in which case the 

Schrödinger equations can be separated into radial and angular eigenfunctions 

 𝜓(𝑟. 𝜃, 𝜙) = 𝐶𝐽𝑙(𝑘𝑟)𝑌𝑙
𝑚(𝜃, 𝜙), (9) 
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where 𝐶 is a normalization constant, 𝐽𝑙(𝑘𝑟) is the 𝑙-th order spherical Bessel function and 

𝑌𝑙
𝑚(𝜃, 𝜙) is a spherical harmonic. In this case the boundary conditions impose 𝑘 = 𝛽𝑛𝑙, 

where 𝛽𝑛𝑙 is the 𝑛-th zero of 𝐽𝑙. Allowed energy levels are then given by 

 𝐸𝑛 =
ℏ2𝛽𝑛𝑙

2

2𝑚𝑎2
. (10) 

Several key fundamental expectations regarding optical transitions in QDs can be derived 

from this simple model. First, the confinement energy is found to scale as 1/𝑟2, where r is 

the diameter of the particle. Second, because the Coulomb attraction scales as 1/𝑟 , the 

confinement energy is expected to be the main additional contribution to energy bandgap 

for QD of small diameter, the Coulomb attraction representing only a weak perturbation to 

the quantized energy states. Third, the labelling of the wavefunctions with the quantum 

numbers 𝑛, 𝑙, 𝑚 is analogous to the hydrogen wavefunctions, which allows us to 

characterize QD wavefunctions as 𝑠-, 𝑝- and 𝑑-type with the appropriate selection rules 

derived from the angular momentum intrinsic to these symmetries. 

 

2.2.3. Electronic and optical properties of zero-dimensional crystals 

 

While so far we have only considered the case of a charge carrier in an empty well, the 

electrons and holes in QDs also feel the periodic potential of the QD lattice. This deviation 

from the ideal “particle in a box” model can be implemented using Bloch’s theorem, which 

states that the wavefunction of a free carrier in a semiconductor is the product of a plane 

wave and of a function 𝑢𝑛𝑘(𝑟) that follows the periodicity of the crystal lattice, the so-

called Bloch function [20–22]. The electronic wavefunction can thus be written as 

 𝜓𝑛𝑘(𝑟) = 𝑢𝑛𝑘(𝑟)𝑒𝑖𝑘⃗⃗.𝑟 (11) 

where 𝑛 labels the energy level of the particle and 𝑘⃗⃗ is its wave vector. The plane wave can 

be considered as the backbone of the wavefunction, while the Bloch function corresponds 

to its atomic-like portion, arising from a linear contribution of the orbitals of the atoms 

within the unit cell. In a QD, the lack of translational symmetry has to be accounted for, 

which can be done by assuming that the Bloch function is wave vector independent and is 

equal to the bulk value at 𝑘 = 0, and by replacing the backbone by a linear combination of 

plane waves forming an envelope function 𝑓(𝑟) respecting the boundary conditions: 

 𝜓𝑛𝑘(𝑟) = 𝑢𝑛0(𝑟) ∑ 𝐶𝑛𝑘

𝑘

𝑒𝑖𝑘⃗⃗.𝑟 = 𝑢𝑛0(𝑟)𝑓(𝑟) (12) 
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where 𝐶𝑛𝑘 are expansion coefficients. The electron and hole wavefunctions in a QD are 

thus a product of three contributions: one that originates from the unit cell of the crystal 

(𝑢), a spherical Bessel function satisfying the boundary conditions at the surface of the QD 

(𝑗) and a spherical harmonic (Y). 

 

The total wavefunction of the exciton in a QD can then be written as: 

 𝜓𝑒𝑥𝑐(𝑟𝑒⃗⃗ ⃗, 𝑟ℎ⃗⃗⃗⃗ ) = 𝜓𝑒(𝑟𝑒⃗⃗ ⃗)𝜓ℎ(𝑟ℎ⃗⃗⃗⃗ ) = 𝐶(𝑢𝑐𝐽𝐿𝑒
(𝑘𝑟𝑒)𝑌𝐿𝑒

𝑚)(𝑢𝑣𝐽𝐿ℎ
(𝑘𝑟ℎ)𝑌𝐿ℎ

𝑚), (13) 

where the subscripts 𝑐 and 𝑣 denote the conduction and the valence band, respectively, and 

𝐿𝑒 and 𝐿ℎ are the angular momentum quantum numbers of the spherical harmonics of the 

electron and of the hole. The allowed energy levels of a QD are thus predicted to be 

 𝐸 = 𝐸𝑔 +
ℏ2𝛽𝑛𝑒,𝐿𝑒

2

2𝑚𝑒
∗𝑎2

+
ℏ2𝛽𝑛ℎ,𝐿ℎ

2

2𝑚ℎ
∗ 𝑎2

− 𝐸𝐶 , (14) 

where 𝐸𝐶 is a first-order correction due to the Coulombic attraction between electron and 

hole, which can be calculated from perturbation theory to be 1.8𝑒2/4𝜋𝜖𝑎, where e is the 

elementary charge and 𝜖 is the dielectric permittivity [23]. 

 

The probability of an optical transition exciting an electron from the valence to the 

conduction band of a QD is given by 

 𝑃 = |𝜓𝑒|𝑒 ⋅ 𝑝̂|𝜓𝑝|
2

, (15) 

where 𝑒 is the polarization vector of the incident photon and 𝑝̂ is the momentum operator. 

Assuming that the envelope function is constant within the unit cell, the momentum 

operator only applies to the Bloch function, giving 

 𝑃 = |𝑢𝐶|𝑒 ⋅ 𝑝̂|𝑢𝑣|2|𝑓𝑐||𝑓𝑣|2. (16) 

Since in the case of a particle in a spherical potential the envelope function are 

orthonormal eigenfunctions of a Hermitian operator, 

 𝑃 = |𝑢𝐶|𝑒 ⋅ 𝑝̂|𝑢𝑣|2𝛿𝑛𝑒,𝑛ℎ
𝛿𝐿𝑒,𝐿ℎ

, (17) 

where 𝛿 is a Dirac delta function. In this formula, |𝑢𝐶|𝑒 ⋅ 𝑝̂|𝑢𝑣|2 corresponds to the 

transition dipole matrix element of the optical transition between the two states, while 

𝛿𝑛𝑒,𝑛ℎ
𝛿𝐿𝑒,𝐿ℎ

 only allows transitions following the selection rules Δ𝑛 = 0 and Δ𝐿 = 0 (see 

Figure 2.2). The lowest allowed energy level is usually visible as a peak in the absorption 

spectrum near the absorption onset (see for instance Figure 2.3). At these wavelengths, the 

photon energy is resonant with the energy level, which enhances the oscillator strength of 

the transition. Photon emission from photoexcited carriers follows the reverse process, and 



29 

 

 

 

a thermalized exciton can radiatively recombine to provide a photon at the bandgap energy. 

A red-shift of the photoluminescence energy compared to the lowest lying excitonic peak 

in the absorption spectrum can typically be observed. This effect, called Stokes shift, is due 

to additional contributions to the exciton wavefunction and can be induced by the 

anisotropy of the crystal lattice, by the non-perfectly spherical shape of the QD and by the 

electron-hole interaction [13]. 

 

 

Figure 2.2: Energy level diagram and allowed optical transitions 

in QDs of two different sizes. 

 

As visible from the presence of the absorption peak, quantum confinement strongly 

impacts the oscillator strength 𝑓 of the QDs, due to the overlap between the electron and 

hole wavefunctions. The oscillator strength of exciton absorption per unit volume is given 

by the expression 

 𝑓 =
2𝑚𝑒

∗

ℏ2
∆𝐸|𝑀𝑡|2|𝑈(𝑜)|

2
 (18) 

where ∆𝐸 is the transition energy, Mt the transition dipole moment and |𝑈(𝑜)|
2
 is the 

probability of finding an electron and a hole in the same site [12]. 
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2.2.4. Core-shell QDs 

 

A number of post-synthesis surface treatments were developed to improve the properties of 

colloidal QDs. Due to the small size of the particles, surface atoms play a crucial role in 

the photophysics of the QDs. For instance, a 5 nm PbSe QD has about 40% of its atoms at 

the surface. The wavefunctions of the hole and of the electron extend in this case over 

many surface atom sites, which act as energetic traps for the charge carriers and can 

drastically damage the optical properties of the QD. One the most important of these 

modifications is the epitaxial deposition of a second semiconductor material (“the shell”) 

on the existing particles (“the core”) to form so-called “core/shell” nanostructure. 

Core/shell structures can be classified in two categories, depending on where the electron 

and the hole are trapped. In “type I” QDs, the valence band of the shell is lower than the 

valence band of the core and the conduction band of the shell is higher than the conduction 

band of the core, which confines both electron and hole inside the core. In this case, the 

carriers remain in close proximity and the electron and hole wavefunctions strongly 

overlap. In “type II” heterostructures, the valence and conduction bands of the shell are 

respectively higher than the valence and conduction bands of the core. This results in a 

separation of the carriers, with the electron trapped in the core and the hole in the shell. 

Due to the differences in electron and hole wavefunction overlap, these two type of 

core/shell heterostructures typically display very different optical properties. Since in type 

I structure both carriers are confined within the same material, these QDs are typically 

good light emitters [24,25], with demonstrated QYs in excess of 80% for CdSe/CdS/ZnS 

QDs [26,27]. On the contrary, the charge separation of type II QDs makes them very poor 

emitters, but their large dipolar strength has proven advantageous in photovoltaic devices 

and single exciton lasers [28,29]. 

 



31 

 

 

 

 

Figure 2.3: Schematic representation of type I and type II core/shell QDs. 

 

2.3. Solar cells fundamentals 

 

2.3.1. Photovoltaic conversion 

 

Photovoltaic conversion, i.e. the conversion of light into usable electrical current, consists 

fundamentally of two steps. The first one involves the absorption of an incident photon and 

its conversion into an electron-hole pair or exciton. The second step corresponds to the 

separation of excitons into free electrons and holes and their transport to the negative and 

positive contacts of the device. The band diagram of a prototypical single p-n junction 

solar cell is depicted in Figure 2.4. The structure consists of n and p-doped Si layers 

sandwiched between a back and front contact, the front contact being patterned to allow 

the transmission of the incident light. The p-type base layer is in this case a lot thicker than 

the n-type emitter layer, and absorbs most of the incident light. When photons are absorbed 

in this layer, the minority carriers (electrons for a p-type semiconductor) diffuse towards 

the p-n junction, where they are swept away by the built-in depletion field and driven into 

the n-type layer and the top contact. Excess majority carriers (holes) are free to diffuse 

towards to the back contact, thus forming a usable photocurrent. 
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Figure 2.4: Band diagram of a prototypical single p-n junction solar cell. 

 

An ideal solar cell can be approximated by a current source connected in parallel to a 

rectifying diode. The I-V characteristic of this equivalent circuit is described by the 

Shockley solar cell equation: 

 𝐼 = 𝐼𝑝ℎ − 𝐼0(𝑒
𝑞𝑉

𝑘𝐵𝑇 − 1) 
(19) 

where 𝐼𝑝ℎ is the photogenerated photocurrent, 𝐼0 is the diode saturation current, 𝑘𝐵 is the 

Boltzmann constant, 𝑇 is the absolute temperature, 𝑞 is the electron charge and 𝑉 is the 

applied voltage. The photogenerated current is closely related to the incident photon flux 

and is usually assumed to be independent of the applied voltage. Figure 2.5 shows the I-V 

characteristics of a prototypical solar cell, under one sun illumination (AM1.5 spectrum). 

In this case, 𝐼𝑝ℎ corresponds to the short-circuit current 𝐼𝑆𝐶  and the open circuit current 𝑉𝑂𝐶 

corresponds to the voltage necessary to cancel out the photocurrent, and is thus given by: 

 𝑉𝑂𝐶 =
𝑘𝐵𝑇

𝑞
ln (1 +

𝐼𝑝ℎ

𝐼0
) (20) 

The efficiency of a solar cell is defined by the ratio of the electrical output to the energy 

input from the incident photon flux. The photon conversion efficiency (PCE or 𝜂) is thus 

defined as follows: 

 𝜂 =
𝑃𝑚

𝐸 ∗ 𝑆
 (21) 
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where 𝑃𝑚 is the solar cell’s output at the maximum power point, E is the incident light 

power density and S is the active area of the device. This efficiency can be derived from 

the I-V characteristics:  

 𝜂 =
𝑉𝑂𝐶𝐼𝑆𝑐𝐹𝐹

𝐸 ∗ 𝑆
 (22) 

where FF is the fill factor of the solar cell. The fill factor represents an ideality parameter 

of the I-V characteristics, and is equal to 1 in the case of a perfectly square I-V curve. 

 

 

Figure 2.5: I-V (red) and P-V (black) curve for a prototypical solar cell. 

 

2.3.2. Quantum efficiency 

 

The quantum efficiency of a solar cell for a given wavelength is defined as the ratio of the 

number of electrons delivered to an external circuit to the number of incident photons of 

said wavelength. Two quantum efficiencies are typically defined: the external quantum 

efficiency (EQE) and internal quantum efficiency (IQE). These two values differ in the 

way they treat photons reflected and back-scattered at the front surface of the device. 

While the EQE takes into account the photons incident on the outside surface of the solar 

cell, the IQE only includes the photons absorbed by the device. The total photogenerated 

current can thus be derived from the EQE or IQE: 
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𝐼𝑝ℎ = 𝑞 ∫ Φ(𝜆) ∗ 𝐸𝑄𝐸(𝜆) 𝑑𝜆
𝜆

= 𝑞 ∫ Φ(𝜆) ∗ (1 − 𝑅(𝜆) − 𝑇(𝜆)) ∗ 𝐼𝑄𝐸(𝜆) 𝑑𝜆
𝜆

 

(23) 

where Φ(𝜆) is the photon flux incident on the cell at wavelength 𝜆, 𝑅(𝜆) and 𝑇(𝜆) are 

respectively the reflection and transmission coefficients of the cell at 𝜆 and the integration 

is done over the absorbing spectral range of the solar cell.  

 

The spectral response 𝑆𝑅(𝜆) of a device provides another way to quantify the photocurrent 

generated. It is defined as a ratio of the current generated by the solar cell to incident 

power on the solar cell.  The spectral response can be derived from the EQE using the 

following equation: 

 𝑆𝑅(𝜆) =
𝑞𝜆

ℎ𝑐
∗ 𝐸𝑄𝐸 (24) 

where h is the Planck constant and c is the speed of light. 

 

The EQE and spectral response of a typical silicon solar cell are displayed in Figure 2.6. A 

number of physical insights can be gleaned from such characteristic curves. The EQE 

curve shows an almost square behaviour, with a drop in the near UV and in the near IR, 

near the silicon bandgap. At short wavelengths, photons are absorbed very near the front 

surface of the solar cell, where generated carriers tend to get trapped on surface states and 

defects and recombine non-radiatively. On the contrary, the absorption cross-section of the 

material is gradually lowered at higher wavelengths and photons are absorbed very deep in 

the silicon p-type layer. Carriers tend in this case to recombine on defects at the back 

surface of the cell. For higher wavelengths, below the Si bandgap, the absorber becomes 

transparent and no light is absorbed. While maximum external quantum efficiencies can be 

very high in silicon devices (> 90%), the mismatch between measured and ideal values in 

the optimal wavelength range is due to reflections at the front surface and to the finite 

diffusion length of the generated carriers. The spectral response of the solar cell 

additionally shows the impact of using a fixed bandgap semiconductor. Contrary to the 

EQE, the spectral response gradually decreases for decreasing wavelengths, i.e. for 

increasing photon energies. High energy photons need to thermally relax to the Si bandgap 

before they can be extracted, which induces important losses in the form of heat. On the 
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contrary, an “ideal” device capable of extracting carriers at their generation energy (hot 

carriers) would provide a flat SR response curve. 

 

 

Figure 2.6: (a) External Quantum Efficiency (EQE) of a commercial (black) 

and ideal (red) silicon solar cell. (b) Spectral Response (SR) of a commercial 

(black) and ideal (red) silicon solar cell. 

 

Several loss mechanisms are inherent to single p-n junction photovoltaic devices, and a 

maximum theoretical efficiency can be calculated: the Shockley-Queisser limit. Depending 

strongly on the material’s bandgap, this limit sets an upper boundary for the photon 

conversion efficiency of a PV device (Figure 2.7). Three primary mechanisms need to be 

taken into account. Like any material that is not at a zero absolute temperature, solar cells 

emit blackbody radiation. In the case of a solar cell at room temperature, these losses 

represent about 7% of the incoming solar energy. Radiative recombination of 
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photogenerated carriers can also prove a significant limiting factor for the performances of 

the device, by diminishing the photocurrent. Finally, the most important loss mechanism 

for all PV devices remains spectrum losses. As discussed previously, the presence of a 

single bandgap in a basic solar cell induces large losses. Before being separated and 

extracted, the excitons thermally relax through lattice interaction. The heat thus dissipated 

represents about 33% of the incoming energy for a 1.1 eV bandgap. Finally, due to the 

transparency of the semiconducting material below its bandgap, low energy photons are 

transmitted through the PV device, which represents a 19% loss for a silicon solar cell in 

one-sun illumination. All these fundamental losses drastically limit the efficiency of a 

single p-n junction device with a 1.1 eV (silicon) bandgap to 33.7%. It is to be noted that 

this limit is only absolute for single p-n junction devices under one-sun illumination 

(unconcentrated) with the assumption that a photon generates one exciton that thermally 

relaxes. Overcoming the Shockley-Queisser limit thus requires to negate one of these 

assumptions, by using tandem cells, concentrated sunlight, multiexciton generation (MEG) 

or hot carrier extraction schemes. 

 

 

Figure 2.7: Shockley-Queisser efficiency limit as a function of the bandgap of the 

semiconductor material of the solar cell. 

 

35

30

25

20

15

10

5

M
ax

im
u

m
 e

ff
ic

ie
n

cy
 (

%
)

3.02.52.01.51.00.5

Band-gap (eV)



37 

 

 

 

2.4. Thin film solar cells: a rapid overview  

 

While crystalline Si solar cells now provide high PCEs and represent a robust and proven 

PV technology, with lab-scale cells exceeding 25.6% [30], silicon wafers remain expensive 

and material costs are an important limiting factor for the overall cost competitiveness of 

the modules. On the contrary, due to greatly lowered material consumptions, to the 

possibility of fabricating devices on inexpensive substrates, such a stainless steel or plastic, 

and to the prospect of low-cost monolithically connected tandem cells, thin-film PV 

technology has the potential to drive costs well below grid parity. Rapid progress has been 

achieved over the past 20 years, and thin-film PV now represents a significant portion of 

the photovoltaic production, with a market share of around 10%. Three main technologies 

dominate at the moment the inorganic thin-film PV market: thin-film silicon (mostly 

amorphous), cadmium telluride (CdTe) and copper indium gallium diselenide (CIGS). 

 

2.4.1. a-Si:H technology 

 

Amorphous silicon thin-films were first reported in 1965 as ‘silicon from silane’ deposited 

using radio frequency glow discharge [31]. The semiconducting nature of these materials 

and their successful n and p doping was only demonstrated 10 years later by Walter Spear 

and Peter LeComber [32]. While at the time the importance of hydrogen in the electrical 

properties of a-Si was not fully recognized, it was later shown that this atomic impurity 

plays an important role in passivating the dangling bonds of the material now referred to as 

hydrogenated amorphous silicon (a-Si:H). At the time, this new development gave rise to 

enormous amounts of interest. The large absorption cross-section of a-Si:H (1 µm being 

enough to absorb 90% of the visible light) coupled to the possibility of rapid low-cost 

plasma enhanced chemical vapour deposition (PECVD) over large areas (> 1m
2
) at low 

temperature (< 400°C) offered for the first time the possibility of producing cheap flexible 

lightweight thin-film solar cells.  

 

Since the first a-Si:H solar cell was fabricated in 1976 with a PCE of 2.4% [33], 

considerable improvements in deposition and treatment technique have allowed a-Si:H 

single PV devices to reach PCEs in excess of 13% [30]. While these PCEs cannot compete 

with bulk Si or other thin-film PV technologies, the possibility of integrating such 
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materials into “low-cost” tandem cells has raised a lot of interest over the past decade. The 

low ambipolar diffusion lengths of a-Si:H (typically below ~0.3 µm) makes the use of 

standard p-n junction architectures inefficient, since most of the carriers would recombine 

before diffusing to the depletion region, and requires the use of more advanced p-i-n 

architectures. A schematic depiction of an a-Si:H p-i-n solar cell is presented in Figure 2.8: 

Schematic representation of an a-Si:H p-i-n solar cell. [34]. In these devices, an absorbing 

layer (~300 nm) is sandwiched between thin p- and n-doped layers (~10-20 nm), that build 

up a field across the active region. A textured transparent conductive oxide (TCO) contact 

increases light absorption by scattering incident photons. It is to be noted that these cells 

typically suffer from important light induced degradation issues, through a process known 

as the Staebler–Wronski effect, which still makes their integration into long lifetime (> 10 

years) modules somehow problematic. [126] 

 

 

Figure 2.8: Schematic representation of an a-Si:H p-i-n solar cell. [34] 

 

2.4.2. CIGS solar cells 

 

With demonstrated lab-scale efficiencies in excess of 21% coupled to excellent thermo- 

and photo-stability when encapsulated, coper indium gallium diselenide (CIGS) solar cells 

have attracted a lot of attention over the past decades. A wide variety of techniques has 
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been used to deposit CIGS film, using both vacuum depositions, such as evaporation, and 

liquid processing, such as electrodeposition and spray deposition. These films typically 

display a polycrystalline chalcopyrite structure, with crystal sizes ranging between several 

hundreds of nanometres to a few microns [35]. This material is a direct p-type bandgap 

semiconductor, with bandgap energy that can be tuned between ~1.00 eV (CuInSe2) and 

1.68 eV (CuGaSe2) by varying the indium/gallium ratio. Since it has proven very difficult 

to deposit high-quality n-type CIGS, the thick (~1 µm) absorbing CIGS layer needs to be 

coupled with an heterojunction partner, typically a much thinner (50-100 nm) n-CdS layer. 

Similarly to the homojunction case, the doping level difference between the layers builds 

up a strong depletion field at the CIGS/CdS interface, which allows the efficient separation 

of photogenerated excitons. The full device structure is typically obtained by growing 

successively the CIGS absorber and CdS buffer on a conductive transparent substrate, 

typically glass/molybdenum, and by terminating the device with intrinsic ZnO (~70 nm), 

aluminium doped ZnO (~100 nm) and an electric metal contact. 

 

2.4.3. CdTe technology 

 

With a bandgap (~1.5eV) very close to optimum value for a solar absorber, cadmium 

telluride (CdTe) was one of the first semiconductor to be considered for solar panels, with 

early research dating back to the 1950s. Similarly to CIGS and other CIS alloy 

technologies, CdTe solar cells are heterojunction devices, with a thick (~1-2 𝜇m) p-type 

polycrystalline CdTe absorber and thinner (~100 nm) n-type CdS junction partner. The 

active layers are typically deposited on a TCO-coated glass substrate and terminated with 

Au or Ni-Al metal contact, in a superstrate configuration. Much like CIGS, CdTe has 

benefitted from slow but steady technological improvements, which has brought lab-scale 

and module efficiencies respectively above 21%  and 17% in 2014 [36]. 

 

2.4.4. Conclusion on thin film PV technology 

 

With proven lab-scale efficiencies in excess of 21%, thin-film solar cells now outperform 

multicrystaline technology [30]. Being much thinner than first generation devices, they can 

also be produced on cheap flexible substrate and be made flexible. This could potentially 

drastically reduce the installation costs, which represent now a very significant portion of 
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the overall PV system costs. The market share of thin-film PV nevertheless never exceeded 

20%, and has been reclining in recent years. [37] In this context, hybridization with low 

cost colloidal QDs (such as the recently synthesised perovskite QDs) could enhance the 

commercial viability of thin-film PV system. 

 

2.5. Resonance energy transfer 

 

Resonance energy transfer (RET), also known as Förster resonance energy transfer 

(FRET), is a non-radiative near-field electrodynamic mechanism involving the transfer of 

excitons between an excited donor and an acceptor in the ground state. As a resonant 

process, it requires a good overlap between the emission spectrum of the donor and the 

absorption spectrum of the acceptor. The process of RET involves several step (see Figure 

2.9). First a photon is absorbed by the donor, and an exciton is generated in the n
th

 excited 

state. This exciton rapidly (~ps) relaxes to the ground state by transferring phonons to the 

crystal lattice. The energy of the thermalized exciton is then transferred to the acceptor by 

annihilating the exciton in the donor and generating an exciton in the acceptor in a dipole-

dipole interaction. The RET-generated exciton in the acceptor can then thermalize and 

recombine by emitting a photon. First introduced by T. Förster [38,39], RET is now 

routinely used to determine the separation distance between molecules in biology and 

chemistry. RET also of course applies to excitons in inorganic semiconductors, and many 

RET-optoelectronic devices have been postulated and demonstrated, both for lighting [40–

44] and light harvesting applications [9,42,45–50]. 
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Figure 2.9: Schematic representation of RET between a donor and an acceptor 

 

RET originates from an interaction of the form 

 𝐻𝑅𝐸𝑇 = −𝐸⃗⃗ ∙ 𝑃𝑎
⃗⃗ ⃗⃗  (25) 

Where 𝐻𝑅𝐸𝑇 is the dipole-dipole coupling Hamiltonian, 𝐸⃗⃗ is the electrostatic field 

generated by the oscillations of the donor dipole and 𝑃𝑎
⃗⃗ ⃗⃗  is the polarisation of the acceptor 

[45]. The electric field generated by the donor dipole at the acceptor site can be calculated 

using the classical equation 

 𝐸(𝑅⃗⃗) =
1

4𝜋𝜖0

1

𝑅3
[3

( 𝑃𝑑
⃗⃗⃗⃗⃗ ∙ 𝑅⃗⃗)𝑅⃗⃗

|𝑅⃗⃗|
2 − 𝑃𝑑

⃗⃗⃗⃗⃗]   (26) 

where 𝑅⃗⃗ is the vector between the donor and the acceptor and 𝑃𝑑
⃗⃗⃗⃗⃗ denotes the polarization 

vector of the donor. The corresponding energy transfer rate can then be calculated to be 

 𝑘𝑅𝐸𝑇 =
1

𝜏
(

𝑅𝐹

𝑅
)

6

 (27) 

where 𝜏 is the lifetime of the excited state of the donor and 𝑅𝐹 is the Förster radius, a 

material parameter depending on the donor quantum yield and on the spectral overlap 

between the donor emission and the acceptor absorption. This theoretical framework can 

be extended to the case of a single dipole coupling to an array of dipoles, by spatially 

integrating over the acceptor arrays, which yield the formula 

 𝑘𝑅𝐸𝑇 =
1

𝜏
(

𝑅𝐹

𝑑
)

𝑛

 (28) 

where d is the minimum donor-acceptor separation distance and 𝑛 is a function of the 

dimensionality of the acceptor array: a thin line of dipoles yields 𝑛 = 5, a thin layer yields 

𝑛 = 4 and a bulk volume yields 𝑛 = 3 [51]. It is important to remember that this 

theoretical framework only applies to point-like dipoles, which may not be case in all 
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material systems, such as for extended Wannier Mott excitons. This assumption is however 

reasonable for QDs, and a good agreement between theory and experimental evidence was 

found for instance by Lunz et al. [52] in alternating QD layers. 

 

2.6. RET optoelectronics 

 

2.6.1. Hybrid solar cells 

 

The idea of combining organic molecules and inorganic bulk semiconductors through RET 

to enhance the efficiency of solar cells was first envisioned by Dexter in 1979 [9]. In this 

scheme, the high absorption cross-section of organic materials is used to efficiently absorb 

the incoming solar radiation. The photogenerated excitons are then non-radiatively 

transferred through RET to an underlying semiconductor slab, capable of efficiently 

transporting and extracting carriers. Published at a time when silicon wafers represented 

most of the cost of solar panels, the hybrid concept presented in this paper nevertheless 

attracted very little interest and was soon forgotten. Significant studies of the underlying 

mechanisms were however undertaken during the same period. The review paper by 

Agranovich et al. “Hybrid Resonant Organic-Inorganic Nanostructures for Optoelectronic 

Applications” [45] includes an overview of the work carried out during that time and is a 

recommended read. One of the main focuses was to study the impact of placing an emitter 

close to a metallic surface on its photoluminescence behaviour. This provided a direct 

experimental demonstration of the Purcell effect, through which the spontaneous decay 

rate of an emitter depends on the photon mode density at the position of the emitter 

[53,54]. Of special interest here, careful theoretical studies of the behaviour of emitters in 

very close proximity (≪
𝜆

2
) to a semiconductor slab were also carried on [55]. A very 

strong quenching of the photoluminescence intensity of the emitter was observed in this 

case, indicating the predominance of an additional non-radiative decay channel.  

 

Experimental demonstrations of energy transfer from organics to semiconductor was 

presented early on in two papers by Alivisatos et al. in 1983 and 1987 [56,57], in which 

they demonstrated non-radiative energy transfer from pyridine thin films to bulk GaAs and 

Si by carefully modulating the separation distance between the materials. The concept of 
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hybrid solar cell remained seemingly dormant until 2007, when Lu et al. demonstrated 

energy transfer between a PbS QD epilayer and a single InGaAs/GaAs quantum well (QW) 

[49]. Dexter’s scheme as initially intended, using an organic absorber, was “inadvertently” 

demonstrated a year later by Gowrishankar et al. [58]. While their work was focused on the 

study of charge separation at the interface between amorphous silicon and organic 

materials (P3HT and MEH-PPV), they found that non-radiative exciton transfer from the 

organics to a-Si:H was significant for P3HT-hybridized devices, with a 30% efficiency, 

and even dominated in the case MEH-PPV, with a transfer efficiency in excess of 80% 

[58]. The first demonstration that RET could be used to enhance the electrical 

photoresponse of a solar cell was obtained in 2009 by Chanyawadee et al. [47,48,59]. The 

hybrid devices investigated in these studies consisted of GaAs/AlGaAs multi quantum 

wells (MQW) p-i-n solar cells hybridized with CdSe/CdS and CdTe QDs. Before 

hybridization, deep channels were etched through the MQW region of GaAs diodes using a 

focused ion beam. This allowed the deposition of QDs in close proximity to the depletion 

region of the devices, where RET-injected excitons could be efficiently separated into 

useable carriers. The highly absorbing QDs could in this configuration directly contribute 

to the photocurrent and improve the performance of the device. A six-fold enhancement of 

the photocurrent conversion efficiency was obtained after hybridization. Implementation of 

a RET hybridization scheme in silicon nanowire photovoltaic devices was demonstrated 

during the same year by Lu et al. [60]. In this work, PbS QDs were used to improve the 

absorptivity of a planar array of silicon nanowires. They showed that RET-hybridization 

enhanced the photocurrent by 79%. More recently, in 2010 and 2011, Nguyen et al. 

demonstrated nonradiative energy transfer from CdSe/ZnS QDs to planar Si and to Si 

nanomembranes [50,61]. Both studies used SiO2 films of varying thickness separating 

donor and acceptor to study the separation distance dependence of RET between QDs and 

Si. High energy transfer efficiencies (radiative and nonradiative) in excess of 80% could be 

demonstrated. RET was also used simultaneously to improve the efficiency of dye-

sensitized solar cells (DSSCs) using so-called energy relay dyes (ERDs) [62]. In this 

scheme, ERDs absorb sunlight and non-radiatively transfer energy to the sensitizing dyes 

[63,64], in which the charge separation takes place. Since the ERDs do not participate in 

the charge transfer mechanisms, their energy levels do not need to be perfectly aligned, 

which allows a wide variety of dyes to be used. Hardin et al. demonstrated for instance an 

excitation transfer efficiency in excess of 90% between the ERD 4-(Dicyanomethylene)-2-
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methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) and the NIR sensitizing dye TT1. 

This enhanced the PCE of the device from 3.5% to 4.5%, by improving the device 

absorption in the blue-green wavelength range. Similar ERD approaches were also notably 

implemented in P3HT:PCBM polymer solar cells [65] and non-fullerene based organic 

solar cells [66], which yielded significant performance enhancements. 

 

2.6.2. Hybrid LEDs 

 

The utilisation of RET for colour conversion application in LEDs was first postulated by 

Agranovich, Basko and La Rocca, who proposed in the late 90s to non-radiatively transfer 

energy from a shallow QW to an emitting organic epilayer [40,67]. Such an approach 

would combine the efficient carrier injection properties of inorganic structure and the high 

luminescence quantum yield of organic emitters to obtained white and coloured LEDs. An 

early experimental demonstration of this scheme was achieved by F. Heneberger’s group 

in 2006 [68], when they optically showed the possibility of efficient RET from a ZnO QW 

to a α-sexithiophene organic overlayer. Several studies then focused on transposing this 

scheme to InGaN QW, due to its industrial relevance. Works by Heliotis et al. studied RET 

between an InGaN QW to a F8DP epilayer and its dependence on the QW capping layer 

thickness [44,69]. In parallel, M. Acherman demonstrated that this colour conversion 

scheme could be extended to QD emitters using time-resolved spectroscopy, with early 

studies of RET from InGaN QW to CdS/ZnS core-shell QDs [41,70]. The temperature 

dependence study of RET between InGaN QWs and colloidal CdS QDs reported by S. 

Rohrmoser et al. demonstrated soon after that high energy transfer efficiencies (>60%) 

could be obtained with such hybrid configurations [71]. While all the experimental studies 

were done so far on single QWs using optical excitations, S. Chanyawadee showed in 2010 

that non-radiative colour conversion could be extended to electrically excited MQW LEDs 

[42]. In this work, holes both deep (penetrating through the MQW region) and shallow (not 

reaching the active area) were etched into the structures, which were then hybridized with 

QD. A large enhancement of the colour conversion efficiency was demonstrated in the case 

of the deep-etched devices, where the QDs are in close proximity with the QWs, compared 

to shallow-etch reference case. In 2011, J. J. Rindermann showed that the RET transfer 

efficiency from a GaN QW to a F8BT overlayer was strongly temperature dependent, with 

a clear maximum around 150K [72]. This temperature dependence was attributed to a 
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balance between localized and free exciton populations in the QW, free exciton transfer 

being about one order more efficient than in the case of localized excitons. The author 

interestingly outlines that the excitonic localisation length of the QW could be tuned to 

enhance RET-mediated colour conversion at room temperature. 

 

2.6.3. Conclusion 

 

While the previous schemes historically studied focused on trying to separate photon 

absorption and charge transfer (for solar cells) or charge injection and photon emission (for 

LEDs), the author believes that more advanced schemes need to more carefully 

investigated. With quantum yields ever increasing and much improved photostabilities, 

quantum dots could in the regard prove very interesting materials to hybridize existing 

optoelectronic technologies. Specifically for solar cells, numerous effects, such as the 

internal light management and RET harvesting schemes developed in the next chapters, 

can be combined and tuned to enhance the properties of specific technologies. This is 

especially true for low-cost thin film devices, which can be manufactured using roll-to-roll 

processes that could easily integrate rapid QD spray deposition. 
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Chapter 3: Resonance Energy Transfer between 

PbS quantum dots and bulk silicon 

 

 

3.1. RET silicon photonics 

 

As mentioned in the previous chapter, QDs represent a promising material for 

optoelectronics applications. Amongst this family of materials, the large Bohr radius of 

lead chalcogenide QDs (PbS, PbSe, and PbTe QDs) make these colloidal nanocrystals 

ideally suited to study the strong confinement regime [73–75]. Their widely tuneable 

bandgap, ranging from 0.5eV to 2.5 eV, also made them good candidates for multi-exciton 

generation (MEG), a process in which a high energy photon (𝐸 > 2𝐸𝑔) generates more 

than one exciton in the absorbing material [16,76]. While this phenomenon remains rather 

controversial, with several recent studies reporting discrepancies and lower conversion 

yield than initially measured [77–79], the prospect of overcoming the Shockley–Queisser 

limit and of obtaining quantum efficiencies in excess of 100% is a strong driving force in 

the field of quantum dot photovoltaics. In the simplest scheme, the large absorption cross 

section of PbS QDs in the visible can be leveraged by utilizing the material as a solar 

absorber. The near-infrared extension of their absorption spectra could also allow the 

efficient collection of low energy solar radiation, typically discarded by conventional solar 

cells. While they present very interesting absorption properties, extracting the 

photogenerated carriers from strongly confined QDs has proven challenging, even though 

significant progress has been previously reported [8,80]. Excitons generated in the PbS 

QDs could on the other hand be transferred to a bulk semiconductor such as silicon using 

RET. Such hybrid solar cell devices would be able to take advantage of the high absorption 

cross section of the QDs and of the good carrier transport properties of bulk crystalline p-n 

junctions [60]. 

 

Much effort has been focused on improving the passivation of QDs. Due to their large 

surface areas, surface properties are critical to the optical and electrical properties of the 
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QDs. The abrupt termination of the crystal lattice at the interface with the surrounding 

material can induce high densities of electronic trap states, which can dramatically impact 

the quantum yield of the QDs and the performances of QD devices. To mitigate this 

problem, a number of passivation techniques have been developed over the years, either by 

adding an additional semiconductor shell around the QDs (as discussed in Section 2.2) or 

by using organics ligand molecules and advanced surface chemistry techniques to 

passivate the surface of the QDs. These surface treatments can also limit particle 

aggregation, which can drastically lower their QY. Recent advancement in surface 

chemistry and passivation technology utilising tetrabutylammonium iodide (TBAI) have 

allowed largely improved PbS QDs photostabilities [8,80,81]. These air-stable particles 

were employed to make PbS QDs p-n junction PV devices, enabling record photon-

conversion efficiencies in excess of 8% (compared to previous certified records of ~7%). 

This recent development has triggered a renewed interest in both the material and all-QD 

photovoltaic devices, with PCEs surpassing the “psychological” 10%-threshold in sight. 

 

The QDs used in this chapter are thiol-passivated PbS QDs, properties of which have been 

previously extensively investigated [82]. The intensity of the photoluminescence (PL) of 

thiol-capped PbS colloidal QDs was shown to be enhanced for increasing temperature 

below 50K, but to decrease with increasing temperature above that threshold. The 

behaviour has been explained by introducing temperature dependent population of trapped 

excitons in the QD. No fine structure splitting was however derived from these 

observations. While the exact impact of surface states remains unclear, the fine exciton 

splitting in colloidal PbS QDs has been shown to be dependent on the surface area of the 

QDs, and thus on the diameter of the particles. 

 

3.2. Material and methods 

 

3.2.1. Time resolved spectroscopy 

 

Time resolved measurements were performed using a streak camera system with a 

temporal resolution of about 30 ns. All QDs were excited non-resonantly at 400 nm with 

150 fs pulses at a 27 kHz repetition rate. Samples were mounted on a cold finger helium 

flow cryostat and excited at an oblique angle (~30°) as illustrated in Figure 3.1. The 
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fluorescence was collected at normal incidence to the sample surface. Steady-state PL 

measurements were carried out using a fiber-coupled spectrometer equipped with a CCD 

detector with a 1 nm resolution. Absorption measurement were obtained in a UV-VIS-NIR 

spectrophotometer 

 

 

Figure 3.1: Time resolved photoluminescence experimental setup. Excitation is 

provided by a Ti:Saph femtosecond laser fed into an Optical Parametric 

Amplifier (OPA) which converts frequency doubles the excitation and 

decreases the repetition rate to 27kHz. The generated photoluminescence is 

collected by optics and directed to a streak camera. 

 

The operating principle of a streak camera is depicted in Figure 3.2. These ultra-fast and 

ultra-sensitive photon detectors use a fast sweeping electric field to provide spatial and 

temporal information with sub-ps resolution. In these instruments, the light passes through 

a slit which is imaged onto the photocathode of the streak tube. At this point, the photons 

are converted into electrons, which are accelerated through the streak tube by a pair of 

electrodes and bombarded onto a phosphor screen. In the streak tube, a high voltage is 

applied to the sweep electrodes, which induces a high-speed spatial sweep of the electrons 

passing in between the electrodes. This allows electrons arriving at different times to be 

deflected at different angles and to be projected onto different areas of the micro-channel 

plate (MCP). The MCP then multiplies the electron population several hundred times 

before the electrons can reach a phosphor screen and be converted back into light. An 

image of the phosphor screen is finally acquired by a CCD camera to obtain usable images. 

An example of a streak camera image is displayed in Figure 3.2b. In this image, the 

horizontal and vertical axis respectively provide spectral and temporal information on the 

photoluminescence signal. The time decay curve is obtained through an horizontal average 

of the streak camera image. 
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Figure 3.2: (a) Operating principle of a streak camera and (b) typical streak 

camera image. (Adapted from [83]) 

 

The decay dynamics of the PbS QDs was found to exhibit a significant non-single 

exponential behaviour, and the decay curves were satisfactorily fitted with a bi-exponential 

function: 

 𝐼(𝑡) = 𝐴1𝑒−𝑘1𝑡 +  𝐴2𝑒−𝑘2𝑡. (29) 

The average decay rate was calculated using the equation 

 < 𝑘 >=
𝐴1𝜏1 + 𝐴2𝜏2

𝐴1𝜏1
2 + 𝐴2𝜏2

2 (30) 

where 𝜏1 =
1

𝑘1
 and 𝜏2 =

1

𝑘2
 are the lifetimes of the two exponential components in the 

above equation. 

 

(a) 

(b) 
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3.2.2. Fabrication 

 

Thiol-passivated PbS nanocrystals were synthesized following a slight modification of the 

previously reported method
[21]

. The devices studied in this work consisted of PbS QDs 

deposited on silicon substrates with different thicknesses of silica (SiO2). To produce the 

silica spacers on the silicon samples, a 100 nm silica thin film was thermally grown on a 

silicon wafer in a furnace. This wafer was then diced into 20x20 mm
2
 samples. Each 

sample was finally etched down using reactive ion etching to obtain the required spacer 

thicknesses. The final SiO2 thickness was measured using ellipsometry. 

 

3.3. Size and temperature dependent optical properties 

 

3.3.1. Room temperature optical properties in solution 

 

The absorption and emission spectra of oleic-acid passivated QDs of 6 different diameters 

were measured using a UV/visible spectrophotometer and a fibre-coupled CCD 

spectrometer, respectively, and are presented in Figure 3.3. The particle diameters were 

measured using a zetasizer. As expected from the theory, as the size of the QD decreases, 

the confinement contribution to the exciton energy increases, which blue-shifts the 

absorption spectra. The maxima of the first exciton absorption peak is found to located at 

~2.08, 1.73, 1.50, 1.43, 1.35 and 1.24 eV for QDs of diameter 2, 2.3, 3, 3.5, 3.6 and 

3.8 nm, respectively. The PL emission spectra show the same size-dependent behaviour as 

the absorptions spectra, with emission peaks of 1.61, 1.45, 1.37, 1.32 and 1.27 eV for QD 

of diameter 2, 2.3, 3, 3.5 and 3.6 nm, respectively. The emission spectrum of the 3.8 nm 

QDs could not be measured, due to the poor responsivity of the detector near the silicon 

bandgap. The Stokes shift energy of the QDs, mentioned in Section 2.2.3, is plotted as an 

inset in Figure 3.3b as a function of the diameter of the QDs. In lead salt QDs, the lowest 

excitonic manifold occurs at four equivalent L-points in the Brillouin zone. The electron-

hole exchange interaction and spin-orbit coupling force a splitting of the energy levels, and 

in particular of the lowest 1S-1S state. This leads to the formation of a dark state (singlet) 

and of a 3-fold degenerate bright exciton state (triplet), separated by an energy gap [73]. 

As the diameter of the QD decreases, quantum confinement and the electron-hole 
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wavefunction overlap are enhanced, which increases the dark-bright splitting and thus the 

Stokes shift. 

 

 

Figure 3.3: Absorption (a) and photoluminescence (b) spectra of PbS QDs of 

different sizes. Inset: Stokes shift energy as a function of the diameter of the 

QDs. 

 

The PL decay curves of PbS QDs of various sizes in solution are presented in Figure 3.4a. 

The decays were fitted as previously described (Equation 29), and the average decay rate is 

plotted in Figure 3.4b. The decay rate of the QDs is found to be very size dependent, with a 

rapid increase below 3 nm. As the size of the QDs decreases, the |𝑈(𝑜)|
2
 factor describing 

the electron-hole wavefunction overlap in equation (18) increase, which increases the 
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oscillator strength𝑓. As a first approximation, the oscillator strength of the first excitonic 

transition (𝑓1) is inversely proportional to the volume of the QD, through the equation 

 𝑓1 = 𝑓𝑒𝑥

𝜋𝑎𝐵
3

𝑉
=

3

4
𝑓𝑒𝑥 (

𝑎𝐵

𝑟
)

3

 (31) 

where 𝑓𝑒𝑥 is the exciton oscillator strength of the bulk, 𝑉 and 𝑟 are the volume and radius 

of the QD (assumed spherical) and 𝑎𝐵 is the Bohr radius. Since the radiative decay rate 

𝑘𝑟𝑎𝑑 is proportional to the oscillator strength, the dependence 𝑘𝑟𝑎𝑑 ∝ 𝑟−3 is also verified. 

 

 

Figure 3.4: (a) Time-resolved photoluminescence decays of QDs of various 

sizes. (b) Fitted decay rate as a function of QD diameter. 
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3.3.2.  Temperature dependence study of PbS QDs on glass 

 

Time-resolved spectroscopy measurements were performed on oleic acid capped PbS QDs 

spincoated on glass substrates placed inside a helium cryostat. The concentration of the 

QDs was kept low (~1 mg/mL) so as to avoid inter-QD interactions. The PL decays were 

again found to be bi-exponential, and analysed as previously described. This bi-

exponential behaviour is attributed to the presence of dark and bright recombination 

channels, as reported in [84]. PL intensities were extracted by integrating steady-state 

spectra of the QD emission. The PL decay rate and intensity are presented as a function of 

temperature in Figure 3.5 for QDs of diameter 2.3, 3, 3.5 and 3.6 nm. 

 

 

Figure 3.5: PL intensity (a) and decay rate (b) of PbS QDs of various sizes as a 

function of temperature. 
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A non-monotonic temperature dependence can clearly be observed for larger QDs. This 

behaviour becomes gradually more monotonic for decreasing particle sizes, with 2.3 nm 

QDs displaying virtually monotonic temperature dependences. Three temperature regimes 

can be identified: a low temperature regime below ~180 K, and intermediate temperature 

regime in the ~180 to ~250 K temperature range and a high temperature regime above 

~250K. This behaviour was modelled in detail in [84] by P. Andreakou and only a short 

description of the phenomenon is provided here. In this model, the fine structure of the 

lowest exciton state is represented by a bright and a dark level, with radiative 

recombinations rates 𝑘𝐵 and 𝑘𝐷 respectively (see Figure 3.6). The energy gap ΔE 

separating these two levels is dependent on the size and shape of the QD, and is in the 

range of a few meV [73,84].  An in-gap trap state representing surface states is also 

present. An energy barrier is present between the bright state and the trap state to avoid 

complete quenching of the bright state, which renders the trap state thermally activated.  

 

 

Figure 3.6: Schematic representation of the exciton relaxation process in PbS QDs. 

 

The low temperature regime (< ~180 K) is characterised by a decrease in intensity and an 

increase in PL decay rate with increasing temperature. The increase of the decay rate is 

attributed to the dark-bright splitting of the lowest exciton state, as previously reported 

[85]. As the temperature increases so does the phonon population. This allows the bright 

state to be gradually more and more populated, thus increasing the overall decay rate of the 

QDs. The intensity increase in this regime, while counter-intuitive in this model, is a 

commonly observed phenomenon, attributed to trap states [85]. Carriers with energy 

𝑘𝐵𝑇 > 𝐸1 are quenched on surface trap states, thus decreasing the overall number of 
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excitons radiatively recombining. This phenomenon also explains the strong size-

dependence of the intensity variations: small QDs, such as the 2.3 nm QDs, display a 

stronger quenching of the intensity than larger ones, such as the 3.5 nm QDs, their higher 

surface to volume ratios making them more sensitive to surface traps. In the intermediate 

temperature regime, the average decay rate of the QDs decreases and the PL intensities 

gradually recovers. The effect is again found to be most predominant for larger QD. Above 

a temperature threshold (~180 K), the thermal energy of the trapped carriers is sufficient to 

overcome the 𝐸2 energy barriers, repopulating the dark and bright states and increasing the 

PL intensity. Finally, in the high temperature regime (> ~250 K), the PL intensity is found 

to be gradually quenched for increasing temperature, which indicates the presence of a 

non-radiative recombination channel from the trap state, not represented in the model in 

Figure 3.6. 

 

3.4. Donor-acceptor separation dependence of resonance 

energy transfer 

 

Oleic acid capped particles with an absorption exciton peak at ~800 nm were spin-coated 

onto substrates consisting of SiO2 thin films of various thicknesses on bulk Si (see Figure 

3.7a). The QDs, with a 1s emission peak around 900 nm, were chosen so as to allow RET 

between the QDs and Si. Their diameter was found to be 2.9 nm, using a zetasize. Their 

strong absorption in the visible spectral range provides a good overlap with the solar 

spectrum, which makes them ideal as solar absorbers. Their absorption and 

photoluminescence spectra are displayed in Figure 3.7b. The efficiency of RET depending 

strongly on the separation distance between the donor and the absorber, the presence of a 

SiO2 spacer of variable thickness allows the gradual activation of the RET channel. This 

additional channel quenches the PL of the QD and accelerates its PL decay. Studying the 

dependence of the QD dynamics on the spacer dynamics can thus provide a strong 

evidence of the presence of RET between the QDs and bulk silicon. 
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Figure 3.7: (a) Schematic representation of energy transfer between PbS QDs 

and bulk Si. (b) Absorption (dashed) and photoluminescence (continuous) 

spectra of the PbS QD chosen for this study. 
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Time-resolved spectroscopic measurements of the QD photoluminescence were carried on 

as previously described for SiO2 thicknesses ranging between 5 and 56 nm. The decay 

rates were again found to be non-single exponential, and were fitted with a double 

exponential to extract an average decay lifetime (see Section 3.2.1). The decays of PbS 

QDs on glass and on 5 nm and 8 nm SiO2 spacers are displayed in Figure 3.8a. A clear 

acceleration of the decay dynamics as the QD/Si separation distance decreases is observed. 

The average lifetime of the QDs is plotted in Figure 3.8b as a function of the spacer 

thickness. As expected in the presence of a RET decay channel, the PL decay rate 

increases rapidly for decreasing separation distances below 12 nm. The decay rate is found 

to be constant above that threshold, with values comparable to the decay rate of PbS QDs 

on glass (blue dashed line). The observed acceleration in the lifetimes of PbS QDs for short 

separation distances is a strong evidence of RET from the QDs to the bulk silicon. The data 

was fitted with a power law to extract the separation distance dependence of the decay rate 

of the QDs: 

𝑘(𝑡) = 𝐴 + 𝐵 ∗ 𝑡𝐾 (32) 

where 𝐴 and 𝐵 are fitting paremeters, 𝐾 is the power factor and 𝑡 is the thickness of the 

spacer layer. The fitted curve is displayed in Figure 3.8b. A value of 𝐾 of -2.6 ± 0.52 was 

found, in good qualitative agreement with the value of -3 predicted by the theory described 

previously in the case of RET between a dipole (here a QD) and a bulk semiconductor 

(silicon) [67]. The constant 𝐴, corresponding to the QD decay rate for an infinitely thick 

spacer layer, is found to be 1.08 s
-1

, in good agreement with the experimental value of 0.98 

s
-1

 measured for the QDs on glass. This is also in agreement with separation distance 

studies of RET from a dye molecule to bulk silicon [56]. 
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Figure 3.8: (a) Time-resolved photoluminescence decays of PbS QDs on glass 

(blue), on a 8 nm SiO2 spacer (purple) and on a 5 nm SiO2 spacer (red). (b) 

Average decay rate of PbS QDs as a function of the spacer thickness. The blue 

line indicates the decay rate of the QDs on a glass substrate. 

 

3.5. Temperature dependence of energy transfer in oleic acid 

capped PbS quantum dots/silicon hybrid structures 

 

To characterise the temperature dependence of RET between PbS QDs and bulk silicon, 

temperature dependent time-resolved PL measurements were performed on PbS QDs 

spincoated on a glass substrate, on a 5 nm SiO2 spacer and on a 20 nm SiO2 spacer on Si. 
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The average decay rate is plotted as a function of temperature for these three samples in 

Figure 3.9. The temperature dependence of the decay rate of the QDs exhibits a similar 

behaviour on all three substrates. This behaviour was described in details in Section 3.3.2, 

and is attributed to the fine structure of the lowest exciton state of the QDs. The decay rate 

of QDs on a 20 nm spacer (black markers) remains lower than on a 5 nm spacer (red 

markers) across the 6 to 290 K temperature ranges, and is close to the decay rate of QDs on 

glass (blue marker). The dynamics of the QDs on a 5 nm spacer layer includes an 

additional decay channel compared to both the 20 nm spacer and the glass substrates, 

which was demonstrated previously to be RET between the QDs and the underlying Si. 

Since it was shown that the decay rate remains constant for spacer thicknesses above 

12 nm, RET between the QDs and Si is assumed to be completely supressed for a 20 nm 

spacer. The good match with the decay rates of the QDs on glass further corroborates this 

assumption. 

 

 

Figure 3.9: Average decay rate of PbS QDs deposited on a glass substrate (blue 

markers), on a 5 nm SiO2 spacer (red markers) and on a 20 nm SiO2 spacer 

(black markers) as a function of temperature. 

 

The RET rate for a 5nm separation distance between donor and acceptor can be extracted 

using the formula: 

 𝑘5𝑛𝑚 = 𝑘20𝑛𝑚 + 𝑘𝑅𝐸𝑇 (33) 
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where k5nm is the decay rate of PbS QDs deposited on the 5 nm SiO2 spacer sample,k20nm 

is the decay rate of PbS QDs deposited on the 20 nm SiO2 spacer sample and kRET is the 

RET rate between the QDs and silicon. The RET efficiency is calculated using the 

equation: 

 𝜂𝑅𝐸𝑇 =
𝑘𝑅𝐸𝑇

𝑘5𝑛𝑚
 (34) 

where 
RET is the RET efficiency. The RET rate is plotted in Figure 3.10: RET rate for a 

5nm spacer as a function of temperature. as a function of temperature. It is found to follow 

a trend similar to the temperature dependence of the decay rate of the PbS QDs on glass. 

This non-monotonictemperature dependent behaviour of the PbS QDs photoluminescence 

results in an increase of RET rate close to room temperature, with a room temperature RET 

rate comparable to the values at low temperatures. The RET efficiency was calculated to 

be 44% at room temperature and 57% at 5K. 

 

 

Figure 3.10: RET rate for a 5nm spacer as a function of temperature. 

 

3.6. Conclusion 

 

Efficient resonance energy transfer from PbS QDs to bulk silicon was demonstrated. The 

PL decay rate of the QDs was found to be significantly quenched for spacer thicknesses 

below 12 nm and the RET rate was found to be roughly proportional to the inverse cube of 



62 

 

 

 

the separation distance between the PbS QDs and the silicon. Time-resolved 

photoluminescence measurements for a range of temperatures were also presented for PbS 

QDs deposited on glass and silicon with 5 nm and 20 nm spacer thicknesses substrates, 

showing a strong non-monotonic behaviour previously described in the literature. The 

good match between the solar spectrum and the absorption spectrum of PbS QDs make 

these QDs especially interesting for photovoltaic applications. The large absorption cross 

section of the QDs makes them ideal visible light absorbers, but at the cost of typically low 

carrier extraction efficiencies. We demonstrated that resonance energy transfer was a 

viable candidate to activate exciton transfer between such absorbers and bulk 

semiconductors.  

 

In this framework, associating PbS QDs with bulk silicon and using RET as a transfer 

mechanism could allow the fabrication of hybrid photovoltaic devices that combine the 

excellent absorption properties of quantum dots with the high carrier mobility and 

extraction efficiency of bulk semiconductors. A previous study by H. Nguyen at al. [50] 

demonstrated that colloid QDs could be used to hybridize a thin Si nanomembrane, by 

strongly enhancing the overall absorption of the semiconductor structure. An energy 

transfer efficiency of 85% was demonstrated. These CdSe/ZnS QDs were however tuned 

to emit in the visible and thus could not absorb the red/near infrared parts of the solar 

spectrum. Using a blend of high quality visible (such as CdSe/ZnS) and near-infrared (such 

as PbS) QDs could provide an optimum structure, potentially improving the overall 

transfer efficiency across the solar spectrum. While many high energy transfer efficiencies 

were reported ([47,50,84]), it is important to note that a paper by M. T. Nimmo et al. ([86]) 

is questioning the validity of the underlying analysis. In this work, a theoretical framework 

was developed to model energy transfer between emitters and a bulk semiconductor. The 

model includes both radiative and non-radiative energy transfer terms. They claim that 

these emitters can also efficiently radiatively couple to waveguiding modes in the 

semiconducting slab, modifying the decay dynamics of the emitters. 
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3.7. Contributions to the work 

 

The optical measurements were carried out by the author and Peri Andreakou, who also 

developed the modelling of exciton dynamics in PbS QDs. The analysis of the time-

resolved spectroscopy data was done by the author. The SiO2 spacer samples were 

fabricated by the author. The QDs were produced by Maria Bernechea and Gerasimos 

Konstatos at ICFO, Barcelona. 
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Chapter 4: Resonance energy transfer mediated 

luminescent down-shifting in high 

efficiency InGaP solar cells 

 

 

4.1. Introduction 

 

The spectral mismatch between the response of a solar cell and the solar spectrum 

represents the largest loss factor for all photovoltaic technologies. While sub-bandgap 

photons cannot be absorbed by the semiconducting material, the excess energy of high 

energy photons is lost via non-radiative relaxation of the carriers in the form of heat. These 

fundamental losses limit the theoretical maximum photon conversion efficiencies (PCE) 

efficiency to 34% for an optimal 1.34eV bandgap. The best experimental single junction 

solar cells achieve conversion efficiencies around 30% under one sun illumination [87]. 

These high experimental efficiencies are typically achieved through advanced front surface 

optimization of the solar cells, to maximize the collection efficiency of the high energy 

photons absorbed at the surface of the devices. Such optimization techniques prove in 

many cases too costly for large-scale industrial production, and typical mass-produced 

solar modules only reach conversion efficiencies of around 20% [88]. Inefficient use of 

high energy photons thus remains an important limiting factor for commercial solar cells.  

 

High performance solar cells can exhibit very high PCEs, with demonstrated values in 

excess of 40% [89–91] and even reaching 44.7% [92]. These solar cells are typically triple-

junction devices, with a Ge bottom cell absorbing mostly near-infrared photons between 

0.65 eV and 1.4 eV, a middle InGaAs cell principally absorbing red photons in the 1.4-1.86 

eV range and an InGaP top cell harvesting blue and UV photons above 1.86 eV. A thin 

window layer of AlInP is typically deposited above the top cell to act as a passivation 

layer. This layer minimizes non-radiative surface recombination of the excitons created 

near the surface of the top cell by creating an energy barrier for the minority carriers (see 

Figure 4.1a). While improving the extraction efficiency in the top cell, the window layer 
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also acts as an absorber for high energy photons, since AlInP is an indirect semiconductor 

with a bandgap around 2.2 eV [93]. The carriers created in the window layer tend to 

recombine through surface states, which reduces their extraction efficiency [94]. This 

effect lowers the quantum efficiency of the solar cell in the high energy region of the solar 

spectrum. Figure 4.1b presents the wavelength dependence of the absorptivity of a 30nm 

AlInP window layer, calculated with refractive index extracted from [88], and of the 

typical IQE of a single p-n junction InGaP PV device, which shows that the IQE drop in 

the blue and UV parts of the spectrum correlates with a rapid increase of the absorptivity of 

the window layer at shorter wavelengths. A typical 30nm window layer can in this way 

induce a loss of more than 5% of the incident solar power. 

 

 

Figure 4.1: (a) band diagram of the hybrid InGaP solar cell and (b) wavelength 

dependence of the absorptivity of a 30nm AlInP layer and of the typical IQE of 

a single-junction InGaP PV device. 
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A simple approach to achieve a better utilization of high energy photons is luminescent 

down-shifting (LDS) of the solar spectrum. In this scheme, short wavelength (high energy) 

photons are absorbed by a luminescent material which re-emits at a more favourable higher 

wavelength. Organic dyes [88,95–97] and colloidal quantum dots (QDs) [98–102] have 

been considered as LDS materials for a wide range of photovoltaic technologies. The high 

absorptivity at shorter wavelengths, narrow emission spectral range, good absorption and 

emission tunability, high absorption cross-section and high photoluminescence quantum 

yield [7,103] of colloidal QDs make them ideal candidates for LDS layers [104]. Large 

scale LDS films can be readily deposited using low-cost techniques such as spray coating 

and do not significantly add to the cost of the final modules, thus maintaining the cost 

competitiveness of the modules. 

 

To harness the carriers captured in the passivation layer, we deposit an epilayer of colloidal 

semiconductor QDs and use resonance energy transfer (RET) to funnel indirect excitons 

from the passivation layer to the QD epilayer. RET is a non-radiative electrodynamic 

process occurring between a donor (in our case the AlInP layer) and an acceptor (QDs in 

this study). Photons absorbed by the donor create excitons that non-radiatively transfer to 

the acceptor through dipole-dipole interaction. Since AlInP is an indirect semiconductor, 

resonance energy transfer of excitons from the AlInP layer to the direct bandgap InGaP p-n 

junction is forbidden by momentum conversation. The indirect bandgap nature of AlInP 

also forbids radiative recombination of the carriers generated in this layer, which prevents 

luminescent down-shifting in the window layer. On the contrary, quantum confinement in 

the QDs breaks the translational symmetry invariance, relaxing the constraints imposed by 

momentum conservation. This allows for RET between the indirect bandgap window layer 

and the epilayer of QDs. The QDs are tuned to emit below the bandgap of the window 

layer, optically pumping the p-n junction, where the photogenerated carriers can be 

efficiently extracted. Since AlInP has a much higher refractive index than air (nAlInP=3.00 

at 585nm) [93], most of the QD emission couples into the cell. This scheme allows us to 

circumvent the window layer bottleneck for high energy photons, leading to a 2% absolute 

increase in photon conversion efficiency. 
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4.2. Materials and Methods 

 

4.2.1. Fabrication 

The InGaP solar cells used in this work were grown by low pressure metal organic 

chemical vapour deposition (MOCVD) in a Veeco E475 epitaxial growth reactor. The 

growth took place at a temperature of 650℃ and a pressure of 40 Torr on Si-doped GaAs 

wafers with a (100) 2 degree off to [110] orientation. The structure consists of a n++/p++ 

GaAs tunnel diode, a 50 nm Al0.7Ga0.3As back surface field (BSF) layer, that provides an 

energy barrier for the minority carriers, a 1500 nm p-In0.5Ga0.5P base layer, where most of 

the carriers are generated, a 40 nm n-In0.5Ga0.5P emitter layer and a 30 nm Al0.5In0.5P 

window layer, that provides an energy barrier for the majority carriers. Gold bottom and 

top contacts were deposited using electron beam evaporation, and the final devices were 

microbonded to circuit boards for analysis. The active area of the devices is 16.24 mm
2
. 

Figure 4.2 presents a schematic representation of the layer stack of the device, along with a 

picture of the final device micro-bonded to a carrier PCB. The QDs are Trilite
TM

 585 (here 

QD-585) and Trilite
TM

 665 (here QD-665), procured from Cytodiagnostics. These QDs are 

oleic acid capped CdSxSe1-x/ZnS core/shell colloidal semiconductor quantum dots, with 1s 

emission wavelengths of respectively 585+/-15nm and 665+/-15nm and 1s absorption 

peaks of respectively 560nm and 660nm indicating a respective Stokes shift of 9.5meV and 

1.4meV. QDs epilayers were deposited using dynamic spincoating at 1500RPM. The film 

thickness was estimated to be 10nm using a M-2000 J.A. Woollam multi-angle 

ellipsometer. Ellipsometry measurement were taken in the 193-1690nm for 3 different 

angles, and the data was fitted using a B-spline model in the software CompleteEase. 

Devices were fully characterized before and after QD deposition, to discard any possibility 

of sample to sample disparities. 
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Figure 4.2: (a) Schematic representation of the hybridized InGaP PV device and (b) 

photograph of a device micro-bonded to a carrier PCB. 

 

 

4.2.2. Characterization Methods 

Absorption spectra were obtained using a Jasco V-570 UV/VIS/NIR spectrophotometer. 

The complex refractive index of the QDs spin-coated on glass was measured using 

ellipsometry. The complex refractive index of AlInP was obtained from the literature. [93] 

The EQE of the devices were obtained using a Bentham PVE300 PV Characterization 

System, equipped with a monochromatic probe source (dual Xenon/quartz halogen light 

source and TMc300 monochromator). The EQE was measured with a 25 mm
2
 focused 

beam, for wavelengths between 300 and 1100 nm. The system was calibrated with a 

standardized silicon photodetector (Bentham DH-Si) before every measurement. The 
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absorptivity of the structure was measured in an integrating sphere using the same 

excitation source, by placing the sample at the reflectance port of the sphere. Every run 

was preceded by a calibration measurement, where the sample was replaced by a scattering 

surface. The beam size was in this case kept smaller than the sample size, with an area of 

about 9 mm
2
. Absorptivity was calculated as 𝐴 = 1 −

𝐼𝑠

𝐼𝑟𝑒𝑓
, where 𝐼𝑠 and 𝐼𝑟𝑒𝑓 are the 

currents collected by a photodiode at the bottom port of the integration sphere for the 

sample and for a reference barium sulfate scattering surface. The IV characteristics and the 

PCE of the devices where measured using a separate solar spectrum simulator (ABET 

Technologies Sun 3000), equipped with a Xe lamp and an AM1.5G filter. The calibration 

of the system was checked with a standardized silicon photovoltaic cell before each 

measurement. Photoluminescence spectra and time-resolved photoluminescence 

measurements of the QDs were obtained using a Jobin Yvon VS140 spectrometer and a 

silicon single photon avalanche diode (PicoQuant PDM Series) coupled to a time-

correlated single photon counting (TCSCP) acquisition card (Becker & Hickl SPC-14). 

The excitation source was a tunable femtosecond Ti:Sapphire (Coherent Chameleon, 80 

MHz repetition rate and 180fs pulse duration) coupled to a second harmonics generator 

(Coherent SHG). A confocal configuration was used, with a dichroic mirror (Thorlabs 

DMLP567, cut-off at 567nm) separating excitation and emission. The excitation was 

focused on the sample using a 10x objective (Nikon M-Plan 10, NA=0.25), while the 

photoluminescence was focused onto the APD and onto the slit of the spectrometer with a 

40x objective (Nikon M-Plan 40, NA=0.50). The photoluminescence was filtered by a long 

pass edge filter (Thorlabs FEL450) and a short pass filter (Thorlabs FES0700), to 

respectively filter out the excitation and the InGaP emission. The photon flux absorbed by 

the sample was kept constant for all wavelengths, using a reference of 0.5mW at 450nm. 

 

 

4.3. Hybridization with QD575 

 

In this work, we use colloidal semiconductor QDs to engineer a single layer, LDS, 

antireflective coating that utilizes RET to harvest the carriers trapped in the window layer. 

Single junction InGaP devices (Figure 4.1a) coated with a 30nm AlInP window layer were 

hybridized with two batches of oleic acid capped CdSxSe1-x/ZnS core/shell colloidal 
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semiconductor QDs emitting at 585nm and 665nm (respectively QD-585 and QD-665). 

The band diagram of the hybrid solar cell is depicted in Figure 4.1b along with the energy 

transfer processes at play. 

 

After hybridization with the QDs, absorptivity measurements showed a drastic increase 

(Figure 4.3a). The effect is especially pronounced in the UV, where the QDs are strong 

absorbers, with a 22% relative increase in absorptivity at 325 nm. The enhancement 

remains significant across the 300-1100nm wavelength range under consideration, even for 

energies below the bandgap of the QDs. This indicates that the QD film acts as a refractive 

index matching layer between the air and the window layer, enhancing the overall light 

coupling efficiency across the spectral range. The optimal value for a refractive index 

matching layer at normal incidence can be approximated to the geometric average of the 

refractive indices of the materials above and beneath it [105,106]. In our case, using a 

value of n=3.00 for AlInP [88] and n=1 for air at 585nm, the optimal value is found to be 

n=1.73. This is indeed close to the refractive index of the QDs, with a value of 1.61 at 585 

nm. The absorptivity enhancement due to refractive index matching can be approximated 

at normal incidence using the transfer matrix method at the air/QDs and QDs/AlInP 

interfaces for a 10nm thick QD thin film, as reported in the literature [107,108]. These 

calculations only account for variations in the specular reflectance, while diffuse 

reflectance (scattering) is neglected. The calculated relative absorption enhancement for a 

non-absorbing film is presented as a green dashed curve in Figure 4.3a. A good match 

between measured and calculated data can be observed between 600 and 900nm. In this 

range, the QDs do not absorb light and the calculations, that assume a non-absorbing layer, 

provide a good approximation of the absorptivity enhancement. The slight mismatch above 

900nm is assumed to be due to the additional contribution of the InGaP/GaAs interface. 

Below 600nm, the QDs become strong absorbers and the mismatch between measured and 

calculated curves is attributed to the absorption of the QDs. The fringe patterns visible in 

the absorptivity spectra above 750 nm are attributed to interferences within the InGaP layer 

for photon energies below its bandgap. Hybridization with QD-665 was found to have a 

similar effect on the absorptivity of the devices, with a broadband increase due to 

refractive index matching and an additional increase due to the absorption by the QDs (see 

Section 4.4).  
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Figure 4.3: a) Absorptivity of the devices before (black) and after (red) 

hybridization with QD-585. b) Measured (black, solid) and calculated (green, 

dashed) relative absorptivity enhancement due to hybridization, assuming a 

non-absorbing layer of QDs. c) I-V characteristics of the device before (black) 

and after (red) hybridization with QD-585. 

 

The current-voltage (I-V) characteristics and PCEs of the solar cells were investigated 

under one sun illumination in a solar simulator (Figure 4.3b). As expected from the 
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absorptivity data, the short-circuit current (Jsc) of the QD-585 hybridized device is strongly 

enhanced, increasing from 13.31mA/cm
2
 to 15.21mA/cm

2
. The PCE is found to increase 

from 13.6% to 15.6%, indicating a relative enhancement of 14.6%. The open-circuit 

voltage (Voc) and fill-factor (FF) are mostly unchanged, as expected for an LDS driven 

enhancement. In the case of QD-665, hybridization is found to be detrimental, with a 

relative decrease of the PCE by 10.6%. 

 

The external quantum efficiency (EQE) spectra of the devices, both before and after the 

QD deposition, are presented in Figure 4.4a. The EQE of the hybrid device (red curve) is 

significantly improved compared to the bare case (black curve) across the wavelength 

range, with a maximum relative enhancement of 227% at 320 nm. The 1s absorption peak 

of the QDs is clearly visible as a negative dip in the EQE spectrum of the hybrid device at 

560nm. To separate the effects of light coupling enhancement and of QD absorption, the 

EQE after hybridization can be estimated for a non-absorbing film as follows:  

 𝐸𝑄𝐸𝑐𝑎𝑙𝑐 = 𝐸𝑄𝐸𝑏𝑎𝑟𝑒 ∗ (1 + Δ𝐴𝐹𝑟𝑒𝑠𝑛𝑒𝑙) (35) 

where 𝐸𝑄𝐸𝑏𝑎𝑟𝑒 is the EQE of the device before hybridization and Δ𝐴𝐹𝑟𝑒𝑠𝑛𝑒𝑙 is the relative 

absorption enhancement for a non-absorbing layer shown in Figure 4.3b. The calculated 

EQE, shown as a green curve in Figure 4.4a, corresponds to the EQE of a device coated 

with a non-absorbing material of the same refractive index as the QDs. Below 382nm, the 

EQE of the hybrid device is largely enhanced compared to 𝐸𝑄𝐸𝑐𝑎𝑙𝑐. This indicates that the 

enhancement is not only due to refractive index matching, but that the absorption 

properties of the QDs activate efficient photon conversion channels that increase the EQE. 

Above this crossing point, the EQE of the hybrid solar cell remains significantly lower 

than the calculated values. The presence of a dip in the EQE spectrum of the hybrid device 

at the 1s absorption wavelength of the QDs clearly shows the detrimental effect of QD 

absorption in this wavelength range. Above 600nm, the QDs are only weakly absorbing 

and 𝐸𝑄𝐸𝑐𝑎𝑙𝑐 matches the values measured for the hybrid device.  



74 

 

 

 

 

Figure 4.4: a) EQE of the device before (black) and after (red) hybridization 

with QD-585 and calculated EQE of the hybrid structure assuming a non-

absorbing QD layer (green). b) Photoluminescence spectrum (black, solid) and 

absorption spectrum (black, dashed) of QD-585 on glass. c) IQE of the device 

before (black) and after (red) hybridization with QD-585. The green solid 

curve corresponds to the fitted hybridized IQE with a RET efficiency of 70%. 

 

To explain the EQE variations after hybridization, we consider two QD-mediated pumping 

mechanisms. On the one hand, the QD film acts as a LDS layer: QDs are optically excited, 

radiatively relax and the resulting photoluminescence is transmitted through the window 
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layer into the InGaP p-n junction, where it is absorbed to create efficiently extractable 

carriers. The second mechanism involves RET of excitons photogenerated in the AlInP 

window layer to the QD epilayer that consequently luminesce, resulting in a RET mediated 

LDS process. Since both LDS processes involve the absorption of the QD luminescence by 

the p-n junction, their overall PCEs are proportional to the spectral overlap between the 

emission of the QDs and the EQE of the bare solar cell. The emission wavelength of QD-

585 was chosen so as to be close to the maximum EQE of the bare device (Figure 4.4b), 

with a value of 70% at 585nm. In the case of QD-665, the emission wavelength 

corresponds only to a 28% EQE in the bare device. The EQE is found to be strongly 

suppressed after hybridization with QD-665 (see Section 4.4), which demonstrates the 

importance of the spectral overlap between the QD emission and the EQE of the bare 

device for the mechanisms under consideration.  

 

The Internal Quantum Efficiency (IQE) is shown in Figure 4.4c for both devices, before 

and after hybridization. The IQE of the QD-585 hybridized device (red) is found to be 

significantly higher than the IQE of the bare device (black) below 385nm, with a 

maximum enhancement in excess of 200% at 310nm. Hybridization proves to be 

detrimental to the IQE above 385nm. This crossing point confirms the presence of a 

competition between LDS mechanisms and direct radiative excitation of the InGaP p-n 

junction, due to radiative coupling losses and non-radiative recombination channels 

intrinsic to the QDs. For lower wavelengths, LDS is efficient enough compared to direct 

pumping of the p-n junction to beneficially contribute to the IQE of the hybrid device. The 

absorptivity of both the QDs and the window layer increases rapidly towards the UV, 

which enhances the impact of LDS. Above the crossing point, LDS cannot compete with 

direct radiative pumping of the p-n junction and the hybridized IQE is lower than in the 

bare case. Getting closer to the InGaP bandgap, the QDs become non-absorbing and the 

hybridized and bare IQEs match. Hybridization with QD-665 strongly suppressed the IQE 

across the absorbing spectral range of the QDs (see Section 4.4). 

 

The IQE of the hybrid structure was modelled to separate the contributions of LDS and of 

direct optical pumping of the p-n junction: 

 𝐼𝑄𝐸𝐻𝑦𝑏𝑟𝑖𝑑(𝜆) = 𝐼𝑄𝐸𝑑𝑖𝑟𝑒𝑐𝑡(𝜆) + 𝐼𝑄𝐸𝐿𝐷𝑆(𝜆) + 𝐼𝑄𝐸𝑅𝐸𝑇(𝜆) (36) 
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where 𝐼𝑄𝐸𝑑𝑖𝑟𝑒𝑐𝑡, 𝐼𝑄𝐸𝐿𝐷𝑆 and 𝐼𝑄𝐸𝑅𝐸𝑇 are the contributions of direct optical pumping of the 

p-n junction, of LDS due to direct optical pumping of the QD film and of RET mediated 

LDS to the overall IQE, respectively. These contributions are described as follows: 

 𝐼𝑄𝐸𝑑𝑖𝑟𝑒𝑐𝑡(𝜆) = (1 − 𝛼𝑄𝐷(𝜆)) ∗ (1 − 𝐴(𝜆)) ∗ 𝐼𝑄𝐸𝐼𝑛𝐺𝑎𝑃(𝜆) (37) 

 𝐼𝑄𝐸𝐿𝐷𝑆(𝜆) = 𝛼𝑄𝐷(𝜆) ∗ 𝑄𝑌 ∗ 𝐼𝑄𝐸𝐵𝑎𝑟𝑒(𝜆𝑃𝐿−𝑄𝐷) (38) 

 𝐼𝑄𝐸𝑅𝐸𝑇(𝜆) = (1 − 𝛼𝑄𝐷(𝜆)) ∗ 𝐴𝐴𝑙𝐼𝑛𝑃(𝜆) ∗ 𝜂𝑅𝐸𝑇 ∗ 𝑄𝑌 ∗ 𝐼𝑄𝐸𝑏𝑎𝑟𝑒(𝜆𝑃𝐿−𝑄𝐷) (39) 

where 𝐼𝑄𝐸𝐻𝑦𝑏𝑟𝑖𝑑 and 𝐼𝑄𝐸𝐵𝑎𝑟𝑒 are the IQEs of the hybrid and bare devices, 𝐼𝑄𝐸𝐼𝑛𝐺𝑎𝑃 is the 

IQE of the InGaP p-n junction, 𝛼𝑄𝐷 and 𝑄𝑌 are the absorptivity and quantum yield of the 

QDs, 𝜆𝑃𝐿−𝑄𝐷 is the emission wavelength of the QDs, 𝐴𝐴𝑙𝐼𝑛𝑃 is the absorptivity of the 

AlInP window layer and 𝜂𝑅𝐸𝑇 is the efficiency of resonance energy transfer between the 

window layer and the QDs. For zero extraction efficiency of excitons photogenerated in 

the window layer: 

 𝐼𝑄𝐸𝐵𝑎𝑟𝑒 = (1 − 𝐴(𝜆)) ∗ 𝐼𝑄𝐸𝐼𝑛𝐺𝑎𝑃(𝜆) (40) 

For simplicity, the quantum yield and the resonance energy transfer efficiency are assumed 

independent of the excitation wavelength. The absorptivity of a 30nm thin film of AlInP 

was calculated using the complex refractive index of the material [88]. The absorptivity of 

the QD film on the solar cell was assumed to be the same as for the QDs on glass, 

measured in an ultraviolet-visible spectrometer. Initially, we neglect the RET mediated 

LDS contribution and set the RET efficiency to zero. A least squares technique was used to 

fit the measured data by varying the QY, which yielded an unrealistic value of QY of 66%. 

This value is much higher than the QY of 40% which was measured for QDs deposited on 

glass in an integrating sphere and higher than the QY of the QDs in solution (50%). Next, 

we fit the data by setting the QDs QY to 40%, as measured on glass, and by using the RET 

efficiency as a fitting parameter. The resulting IQE spectrum is shown as a green 

continuous line in Figure 4.4c. The analysis yielded a value of 71% for the RET efficiency, 

in agreement with previous measurements in similar hybrid QD/epitaxial semiconductor 

configurations [42]. The remaining variations between fitted and measured data are 

attributed in part to the neglected excitation energy dependence of the QY of the QDs 

(demonstrated in CdTe/ZnS and CdSe/ZnS QDs) [109,110]. Resonant Rayleigh scattering 

near the band-edge of the QDs could also explain why the 1s absorption peak of the QDs is 

more pronounced in the measured data than in the simulated curve. 
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The contributions of the various IQE components to the generated photocurrent can be 

estimated using the following equation: 

 
𝐼𝑋

𝐼𝑆𝐶
=

∫ 𝐼𝑄𝐸𝑋(𝜆) ∗ 𝐴ℎ𝑦𝑏𝑟𝑖𝑑(𝜆) ∗ Φ𝐴𝑀1.5(𝜆)𝑑𝜆

∫ 𝐸𝑄𝐸ℎ𝑦𝑏𝑟𝑖𝑑(𝜆) ∗ Φ𝐴𝑀1.5(𝜆)𝑑𝜆
 (41) 

where 𝐼𝑋 and 𝐼𝑄𝐸𝑋 are respectively the contributions of each pumping channel to the 𝐼𝑆𝐶  

and to the IQE of the solar cell, 𝐴ℎ𝑦𝑏𝑟𝑖𝑑 is the absorptivity of the hybrid structure and 

Φ𝐴𝑀1.5 is the photon flux of the AM1.5 direct spectrum (ASTMG173). RET mediated LDS 

is found to account for 3.5% of the total photocurrent, while direct LDS from the QD film 

is found to amount to 5.2% of the total photocurrent, resulting in an 8.7% overall 

contribution of LDS to the total photocurrent.  

 

The PCE variations can be correlated to the EQE data, since the PCE is proportional to the 

integral of the product of the EQE and of the AM1.5 photon flux: 

 𝑃𝐶𝐸 𝛼 ∫ 𝐸𝑄𝐸 ∗ Φ𝐴𝑀1.5𝑑𝜆 (42) 

where Φ𝐴𝑀1.5 is the AM1.5 photon flux spectrum (NREL ASTM G173-03 Direct + 

Circumsolar) and where the integration is done from 300nm to 750nm. Calculating these 

values for the bare and hybrid cases, we find a relative PCE enhancement of 13.3%. The 

slight discrepancy between the values measured and calculated from the EQE is attributed 

to the difference in power density between the monochromatic source used for the EQE 

measurements and the AM1.5 solar spectrum. Since the absorption of the hybrid and bare 

structure vary significantly, spectral mismatch issues due to imperfections in the simulated 

AM1.5 spectrum of the solar simulator can complicate direct PCE measurements. Deriving 

these values from EQE measurements thus represent an important verification of the 

validity of the measured photon conversion efficiencies. The enhancement is even more 

pronounced if the AM1.5 photon flux spectrum is replaced by the AM0 solar spectrum 

(ASTM E490 Air Mass Zero) in Equation 41. This spectrum describes the solar spectrum 

outside the earth’s atmosphere, and is of interest for space applications. The PCE is found 

to increase in this case by 17.6% after hybridization with QD-585, which further 

underlines the usefulness of RET luminescent down-shifting for space applications, where 

costly III-V multi-junction solar cells are typically used. 

 

Further evidence of RET between the AlInP window layer and a QD-585 epilayer was 

obtained using time-resolved spectroscopy, by monitoring the photoluminescence rise time 
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of the QDs as a function of excitation wavelength. The photoluminescence rise dynamics 

of the QDs on glass and on AlInP are presented as an insert in Figure 4.5 for an excitation 

wavelength of 355nm using 180fs pulses. The photoluminescence rise dynamics was fitted 

with a single exponential for the first 200 ps for both glass and AlInP substrates and the 

rise times are presented as a function of the excitation wavelength in Figure 4.5. The rise 

dynamics of the QDs on glass is found to be only weakly dependent on the excitation 

wavelength. The slow relaxation dynamics are attributed to the ternary nature of the QDs, 

while the weak excitation wavelength dependence on glass is attributed to an accelerated 

photoactivation for shorter wavelengths. On the contrary, the rise time of the QDs on 

AlInP is found to vary strongly with excitation wavelength, with a rapid acceleration below 

400nm and a 25% decrease at 355nm compared to the value on glass. Excitons 

photogenerated in the AlInP window layer can rapidly relax (~100fs) and transfer non-

radiatively through RET to the overlying QDs. The transferred excitons are relatively cold 

(~2.2eV) and can quickly relax to the ground state of the QD (~2.1eV), thus accelerating 

the average rise time of the QDs population. As the excitation wavelength decreases, the 

exciton population in the window layer increases, which enhances the RET contribution to 

the rise time of the QDs. This provides strong evidence of the presence of RET between 

the AlInP window layer and the QD epilayer in hybrid InGaP solar cells.  
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Figure 4.5: Photoluminescence rise time of QD-585 on glass (black) and on 

AlInP (red) as a function of the excitation wavelength. The inset shows the rise 

dynamics of QD-585 on glass (black) and on AlInP (red) for a 355nm excitation 

wavelength. 

 

4.4. Hybridization with QD665 

 

Absorptivity, EQE, IQE and I-V measurements were carried out before and after 

hybridization with QD-665. The absorptivity of the bare (black curve) and QD-665 

hybridized (red curve) device are displayed in Figure 4.6a and the relative enhancement 

after hybridization is show in Figure 4.6b. The enhancement is found to be especially 

important in the UV, where QDs absorb strongly, with a relative increase of 30% at 

320nm. The broadband enhancement of the absorptivity across the spectral range under 

consideration is a clear sign that the QD epilayer acts as a refractive index matching layer, 

increasing the light coupling efficiency. The absorption and photoluminescence spectra of 

the QDs on glass are presented in Figure 4.7a. 
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Figure 4.6: a) Absorptivity of the solar cell before (black) and after (red) 

hybridization with QD-665. b) Relative increase of absorptivity after 

hybridization with QD-665. 

 

The EQE of the device before (black curve) and after (red curve) hybrization with QD-665 

are shown in Figure 4.7b. The EQE is found to be significantly lowered after hybridization 

in the 300 to 600 nm range. This indicates that the absorption of the dots is in this case 

detrimental, countering any potential increase due to refractive index matching. The slight 

increase above 600nm, where the absorption cross section of the QDs is low, is attributed 

to refractive index matching. 
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Figure 4.7: a) Photoluminescence spectrum (black, solid) and absorption 

spectrum (black, dashed) of QD-665 on glass. b) EQE of the device before 

(black) and after (red) hybridization with QD-665. 

 

The IQEs of the device before (black curve) and after (red curve) hybrization with QD-665 

are presented in Figure 4.8. The IQE is found to be strongly supressed after hybridization 

across the 300-700nm wavelength range. LDS cannot in this case compete with direct 

radiative pumping of the p-n junction, as expected from the poor overlap between the 

emission spectrum of the QDs and the EQE of the bare device. 
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Figure 4.8: IQE of the device before (black) and after (red) hybridization with 

QD-665. 

 

The I-V characteristics of the devices are presented in Figure 4.9. As expected from the 

previous data, the Jsc is strongly lowered after hybridization, with a relative decrease of 

11.1%. The Voc and the FF are not significantly impacted (<1% relative variations). The 

PCE is found to decrease from 13.4% to 12.0%, indicating a relative decrease of 10.6%. 
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Figure 4.9: I-V characteristics of the device before (black) and after (red) 

hybridization with QD-665. 

 

4.5. Conclusion 

 

In this work we present a new paradigm for luminescent down-shifting layers that uses 

resonance energy transfer to engineer a recycling scheme for the carriers generated in the 

AlInP window layer of InGaP solar cells. We demonstrate an important enhancement of 

both internal and external quantum efficiencies in the UV-blue region of the solar spectrum 

due to direct and resonance energy transfer-mediated luminescent down-shifting. 

Refractive index matching at the air/AlInP interface also provides a broadband increase of 

the EQE across the solar spectrum. The quantum dot epilayer provides a large relative 

increase of 14.6% and an absolute increase of 2% of the photon conversion efficiency. 

Resonance energy transfer mediated luminescent down-shifting is believed to be a 

promising scheme to improve the high energy response of photovoltaic technologies 

plagued by strongly absorbing high bandgap materials, such as CdTe or CIGS. 
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4.6. Contributions to the work 

 

This work was done in collaboration with Prof. Peichen Yu from the Department of 

Photonics of the National Chiao Tung University in Taiwan, who provided the bare PV 

devices. All electrical and optical (including time-resolved) measurements presented here 

were carried on by the author in Southampton university. The theoretical framework and 

analysis was also carried on by the author. A patent related to this work, and to RET-LDS 

in general, was filed in December 2014, and included significant contributions from the 

author. 
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Chapter 5: Hybrid QD/CIGS solar cells 

 

 

5.1.  Introduction 

 

With lab-scale efficiencies exceeding 20% [111], thin film Cu(In,Ga)Se2 (CIGS) solar cells 

have established themselves as frontrunners of thin-film photovoltaic (PV) technology. 

The intrinsic qualities of polycrystalline CIGS, such as its high absorptivity, bandgap 

tunability and easy grain boundary passivation, have attracted a lot of attention since the 

early days of PV technology [30]. Their compatibility with high throughput roll-to-roll 

processing could allow a drastic reduction of the device cost and payback time compared 

to traditional vacuum co-evaporation or sputtering techniques [112]. Typical CIGS solar 

cells are deposited on a rigid glass, flexible stainless steel or plastic substrate coated with a 

layer of molybdenum that acts as a back contact and reflector. A thick (2 µm) p-type CIGS 

absorber and thin (~50 nm) n-type CdS buffer layer are subsequently deposited to form a 

CdS/CIGS heterojunction. The devices are terminated with a thin intrinsic ZnO widow 

layer (~50 nm) and an Al:ZnO (AZO) transparent conductive oxide (TCO) layer (see 

Figure 5.1). An important drawback of this device stack architecture is the poor response 

of the solar cells in the UV to green part of the spectrum, due to the strong optical 

absorption of the CdS buffer, ZnO window and AZO TCO layers [61,113]. The strong 

doping asymmetry between the CIGS and CdS layers confines the depletion region to the 

CIGS. This inhibits the extraction efficiency of the carriers generated in the CdS layer and 

results in large quantum efficiency losses at lower wavelengths.  

 

Luminescent down-shifting (LDS) provides a simple scheme to mitigate this issue. In this 

approach, a luminescent material deposited on or integrated into the device absorbs high 

energy photons and reemits below the bandgap of the buffer, window or TCO layers, 

optically pumping the absorber and generating efficiently extractable carriers [99,114]. 

Both organic dyes and quantum dots [98,102] have been extensively investigated as LDS 

materials for numerous PV technologies suffering from similar limitations [88], such as 

III-V and cadmium telluride solar cells [88,96–98,114]. The high absorptivity in the UV 

band, narrow emission spectral range, good absorption and emission tunability and high 
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quantum yields of QDs make them especially well-suited for such applications [115,116]. 

Previous attempts to implement LDS in CIGS solar cells focused on depositing 

luminescent material onto the AZO layer and resulted in relative low efficiency 

enhancements between 3 and 5% [98,117,118]. 

 

 

Figure 5.1: (a) Schematic illustration of a flexible inkjet-printed QD/CIGS 

hybrid solar cell. (b) Photograph of a hybrid device. (c) Schematic illustration 

of the pulsed-spray QD deposition system. 

 

In this work, we report on the successful incorporation of self-assembled clusters of 

CdSe/ZnS core/shell QDs into flexible CIGS solar cells. The QDs are embedded between 

the CdS buffer and the ZnO window layer using pulsed-spray deposition (see Figure 5.1). 

We leverage the poor uniformity of spray deposited QD layers to engineer an integrated 

luminescent and light scattering layer of self-assembled QD aggregates. The nanocrystals 

are tuned to emit below the bandgap of CdS, with an emission wavelength of 560 nm, and 

LDS is found to provide an important enhancement of the quantum efficiency within the 

absorption range of the QDs. The QD clusters also provide a large increase of the PCE in 
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the red to near-IR spectral range. The QD aggregates scatter the incident light and displace 

the absorption closer to the CIGS/CdS interface, where the depletion field is strongest, 

which consequently increases the average extraction efficiency of the photogenerated 

carriers. The morphology of the QD aggregates is investigated using luminescence 

microscopy and cross-sectional transmission electron microscopy (TEM), while LDS is 

characterized using time-resolved spectroscopy. An optimum QD dose is obtained and 

hybridization is found to result in a 10.9% relative enhancement of the PCE. Integrating 

the QDs into the layer stack is believed to be beneficial to the performances of the 

hybridized structures. Placing scattering centres in close proximity to the p-n junction 

increases the in-coupling angle, which lowers the average penetration depth of scattered 

photons and thus increases the extraction efficiency of the generated carriers.  

 

5.2. Materials and methods 

 

5.2.1. Fabrication of the CIGS solar cells 

 

The copper oxide (CuO), indium oxide (In2O3) and gallium oxide (Ga2O3) have been 

mixed with a Ga/(In+Ga) ratio of 0.3 and a Cu/(In+Ga) ratio of 0.8~1 in deionized water. 

The wet stirred milling process was then used with a small amount of surfactant to avoid 

nanoparticle aggregation, transforming particles with an initial size of a few micrometres 

into particles with size of only 50-80nm in a stable non-flocculated state. The solid content 

of the stable ink was measured to be about 0.2 g/ml. A doctor blade was used to coat the 

precursor film on a Mo/Cr/stainless steel (SS) substrate. The precursor was then reduced in 

an H2 atmosphere at 450°C for 30 minutes, before being annealed in an H2Se atmosphere 

and in an H2S atmosphere at 400°C for 30 minutes and 500°C for 30 minutes, respectively. 

The CIGSeS absorption layer was rinsed in a KCN (5 wt%) solution to remove the excess 

CuSe. The CdS buffer was deposited using Chemical Bath Deposition (CBD) in a 

cadmium sulfate, thiourea and ammonium hydroxide solution. Before deposition, all 

substrates were rinsed with DI-water to prevent air voids. All substrates were blow-dried 

using nitrogen after deposition. Finally, the CdS/CIGSeS layer was coated with a 

transparent conductive oxide (TCO) using sputtering deposition, and a silver contact grid 

was deposited using a printing process.
[26]

 The resulting device structure is a Al:ZnO 
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(250nm) / ZnO (50nm) / CdS (50nm) / CIGS (2μm) / Mo(800 nm) layer stack on a 

stainless steel substrate. 

 

5.2.2. Deposition of nanocrystal quantm dots 

 

A solution of colloidal CdSe/ZnS core-shell QDs procured from Sigma Aldrich 

(Lumidot™ 560, 0.08 mg/ml in toluene) was dispensed onto the surface of the CdS layer 

using air pressure pulsed-spray deposition. The QDs displayed 1s absorption and emission 

peaks of 525 nm and 561 nm, respectively. The QDs were chosen for their good quantum 

yield (>50% in solution) and their relatively low cost. The emission wavelength was tuned 

to limit absorption of the QD photoluminescence in the CdS layer while providing a good 

spectral overlap between QD and CdS absorption. In traditional spraying techniques, the 

viscosity of the spraying mixtures can considerably affect the uniformity of the finished 

film. The interaction between the particles in the pre-mixed solution can cause an 

aggregation of the material, which can impede the propagation of the spray. Pulsed-spray 

deposition mitigates this issue by using an air-injection mechanism in the nozzle, an 

intermittent spraying frequency (5 to 10 Hz) and a constant stirring system. This allows a 

better separation of the target particles in the suspending solution compared to traditional 

methods. The atomized NQD solution is projected through a small nozzle before reaching 

the desired surface, which further limits quantum-dot self-assembly. The operation was 

computer controlled to precisely monitor the amount of material deposited. 

 

5.2.3. Optical measurements 

 

A 470 nm pulsed diode laser was used for the spectrally-resolved and time-resolved 

photoluminescence (PL) measurements. The repetition rate of the laser was 4 MHz for the 

spectrally-resolved measurements and 0.5 MHz for the time-resolved measurements. The 

excitation power was kept constant at 0.5 mW and the excitation beam was focused at 

normal incidence with a 20 cm lens. The PL signal of the CIGS and of the QDs was 

collected at an oblique angle with a 10 cm lens, transferred to a monochromator and 

detected by a an avalanche photodiode (PicoQuant PDM series) connected to a TCSPC 

acquisition card (PicoQuant TimeHarp 200). All PL measurements were taken at room 

temperature. A UV-VIS-NIR spectrophotometer (Hitachi U4100) equipped with standard 
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mirror optics and an integrating sphere was used to measure the absorption of the solar 

cells. An Olympus BX51M brightfield/darkfield reflected light microscope equiped with 

Olympus UIS2 fluorescence mirror units and an Olympus DP26 digital camera was used to 

obtain bright and dark field images of the samples. The samples were excited with a 

filtered mercury lamp (BP330-385) and the photoluminescence signal was collected by an 

objective (Olympus MPLFFLN20x) and filtered with a long-pass filter (BA420) and a 

dichroic mirror (DM400). All fluorescence images were taken with an integration time of 

80 ms and a magnification of 12.6x. 

 

5.2.4. Electrical characterisation 

 

Current-voltage measurements were performed following the procedure described in the 

international standard CEI IEC 60904-1. All solar cells were characterized under a 

simulated Air Mass 1.5 Global (AM1.5G) illumination with a power of 1000W/m
2
. The 

temperature was actively controlled during the measurements and was kept at 25±1 °C. 

The power conversion efficiency (PCE) measurement system consisted of a 1000 W Class 

A solar simulator (Newport 91192A) equipped with a Xenon lamp (Newport 6271A), an 

AM1.5G filter (Newport 81088A) and a current-voltage source (Keithley 2400). The 

spectrum of the solar simulator was measured with a calibrated spectroradiometer (Soma 

S-2440) between 300 to 1100 nm. The external quantum efficiency (EQE) of the devices 

was measured using a 300 W Xenon (Newport 66984) light source and a monochromator 

(Newport 74112). The system was calibrated before each measurement with a calibrated 

silicon photodetector. The EQE measurements were carried out using a lock-in amplifier 

(Standard Research System, SR830), an optical chopper unit (SR540) operated at 260 Hz 

and a 1 Ω resistor in shunt connection.  

 

5.3. Results and discussion 

 

5.3.1. Optical properties 

 

The PV devices studied consist of a Al:ZnO(250 nm)/ZnO (50 nm)/QDs/CdS(50 

nm)/CIGS(2 μm)/Mo(800 nm) layer stack deposited on a stainless steel substrate, as 

depicted in Figure 5.1a and b. The air pressure pulsed-spray deposition system used to 
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deposit the QD layer is illustrated in Figure 5.1c. The QDs used in this study are colloidal 

ZnS/CdSe core-shell nanocrystals dispersed in toluene with a photoluminescence quantum 

yield (QYQD) of ~40%. Reference (without QDs) and hybrid devices were fabricated side-

by-side on the same 4 cm
2
 sample to eliminate sample to sample disparities. Figure 5.2 

shows the photoluminescence (PL) and absorption spectra of spray coated QDs on a glass 

substrate, along with the absorption spectrum of bulk CdS on glass. The emission 

wavelength of the QDs (560 nm) is chosen so as to minimize absorption from CdS. At 

higher wavelengths, CdS becomes transparent and the buffer layer allows transmission of 

the incident light into the underlying CIGS absorber. 

 

Figure 5.2: Absorption spectrum of a CdS thin-film on glass (blue, dashed line) 

and absorption/photoluminescence spectra of the QDs (orange, dashed and 

solid line) on glass.  

 

The absorptivity of the 9-pulse hybrid device and its reference device were obtained in an 

integration sphere (Figure 5.3). Both spectra exhibit strong interference oscillation patterns 

across the wavelength range under consideration. This behaviour is attributed to 

interference within the 250 nm thick transparent AZO layer. No clear variation of the 

absorptivity due to hybridization is evident. Variations between the hybrid and reference 

remain below 1%. The absorption of the QD is potentially hidden by slight variations in 

the AZO thickness which impacts the interference pattern. 
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Figure 5.3: Absorption spectra of CIGS solar cells embedded with 9 pulses of QDs 

(red) and the corresponding reference devices (black). 

 

5.3.2. Morphology study of the QD film 

 

The in-plane morphology of the QD aggregates was studied using dark field fluorescence 

microscopy. A 2 μm thick CIGS layer capped with a 50 nm CdS thin-film was investigated 

before and after deposition of 9 pulses of QDs. The weak dark-green non-uniform PL 

signal in the bare sample (Figure 5.4a) is attributed to the bulk CdS emission. The 

hybridized sample exhibits bright emission from a non-uniform mesh of QD aggregates as 

shown in Figure 5.4b. Micrometer-wide features spanning 10 to 100 µm in length can be 

observed. Such a morphology is characteristic of the self-assembly of spray deposited QDs 

during solvent evaporation [119]. The lateral size of the QD aggregates was further 

investigated using cross-sectional TEM in two CdS/CIGS p-n junctions coated with 9 and 

17 pulses of QDs (Figure 5.5). In these images, the QD aggregates are visible as a pale 

grey region embedded between the darker CdS layer and the black carbon support. 

Hybridization with 9 pulses of QDs is found to form thin (~10 nm) aggregates with a 

lateral spatial extension of ~500 nm. Aggregation is found to be more pronounced in the 

case of the 17-pulse deposition, with thicknesses in excess of 300 nm and lateral sizes 

ranging between 1 and 2 µm. The 17-pulse deposition is thus expected to induce a high 

series resistance at the ZnO/CdS interface, detrimental to the device performance. High-

resolution magnifications of the areas marked with a red square in Figure 5.5a and d are 

presented in Figure 5.5b and e, respectively. In these images, 3-5 nm diameter 

nanoparticles can clearly be resolved . 
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Figure 5.4: Fluorescence microscopy images of a CdS/CIGS junction before (a) and 

after (b) QD hybridization (9 spray pulses).  

 

 

Figure 5.5: Low (a) and high (b) resolution TEM images of a CdS/CIGS junction 

hybridized with 17 pulses of nanocrystal quantum dots (NQDs). Low (c,d) and 

high (e) resolution TEM images of a CdS/CIGS junction hybridized with 9 pulses 

of QDs. The areas selected for magnification are marked with a red square. 
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5.3.3. Electrical caracterisation 

 

The external quantum efficiency (EQE) and current-voltage (J-V) characteristics of the 

hybrid and reference devices were investigated for various QD doses, by varying the 

number of QD spray pulses between 1 and 17. The corresponding J-V curves are presented 

in Figure 5.6 and the relative variations in short-circuit current density (JSC) (Figure 5.7a), 

photon conversion efficiency (PCE) (Figure 5.7b), open-circuit voltage (VOC) and fill 

factor (FF) (Figure 5.7c) between each hybrid device and its corresponding reference 

device are presented as a function of the number of QD pulses. The variations in device 

series resistance RS are derived from the slope of the J-V curves by fitting the curves with 

a linear function in a 20mV range centered on the open-circuit voltage (Figure 5.7a). The 

9-pulse deposition is found to provide the maximum JSC enhancement. The initial increase 

of the JSC enhancement at lower QD doses is attributed to an increased contribution of LDS 

and of internal scattering on QD aggregates. The decrease of the JSC above 9 pulses is due 

to the gradual emergence of an additional series resistance at the CdS/ZnO interface, as 

shown in Figure 5.7a. This interpretation is further corroborated by the cross-sectional 

TEM study, which showed that high QD doses promote the assembly of thick clusters 

larger than the CIGS grains (~1 µm) (Figure 5.4c and d), which strongly impede the 

extraction of the minority carriers. The PCE variations (Figure 5.7b) are principally driven 

by the JSC, and the PCE dependence on the QD dose follows closely the behaviour of the 

JSC. Hybridization is found to be slightly detrimental to the VOC for lower QD doses 

(Figure 5.7c), the QDs acting as recombination centres at the CdS/ZnO interface. The VOC 

increase above 9 pulses is attributed to scattering on QD aggregates, which lowers the 

average penetration depth of the longer wavelength photons and limits bulk recombination 

in the CIGS layer. Contrary to the VOC, the FF displays a net enhancement at lower doses 

and a reduction above 9 pulses (Figure 5.7c). The initial enhancement is attributed to LDS 

of the solar spectrum, which displaces carriers away from the CdS/ZnO interface and limits 

the space-charge screening of the depletion field. The reduction of the FF for higher QD 

doses is a consequence of the increase in series resistance. The low FF of the 1-pulse 

sample was found to be related to an increased shunt resistance, possibly due to a poor 

homogeneity of the CdS layer. The J-V characteristics of the optimized 9-pulse hybrid 

solar cell and of its corresponding reference device are presented in Figure 5.7d. The 9-

pulse hybridization is found to provide the best overall performances, with a relative 
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increase in 𝐽𝑆𝐶  of 12.2% (31.9 mA/cm
2
 to 35.5 mA/cm

2
) yielding a large 10.9% relative 

enhancement of the PCE (8.42% to 9.34%).  

 

 

Figure 5.6: J-V curves of CIGS solar cells embedded with (a) 1 pulse, (b) 5 

pulses, (c) 13 pulses and (d) 17 pulses of QDs (red) and their corresponding 

reference devices (black). 
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Figure 5.7: (a) Relative variations of the JSC (black) and of the Rs (red). (b) 

Relative variations of the PCE. (c) Relative variations of the VOC (black) and of 

the FF (red. 

 

The EQE enhancement dependence on the QD dose was investigated by measuring the 

hybrid and reference EQEs for various numbers of QD spray pulses. The absorptivity of 

the 9-pulse hybrid and reference samples was measured in an integrating sphere and was 

found to be weakly impacted by hybridization (< 1%), thus discarding any potential anti-

reflection coating effect (Figure 5.3). The EQE of the hybrid devices and their 

corresponding references are presented in Figure 5.8, along with the relative EQE 

enhancements. Hybridization with 1 pulse of QDs is found to provide a slight broadband 

increase of the EQE (1-4%), with a noticeable feature in the near infrared. Increasing the 

dose to 5 pulses and 9 pulses enhances the effect in the near-IR and another feature appears 

in the UV-blue part of the spectrum. Hybridization with higher doses starts to prove 

detrimental, with noticeable decreases of the EQE above 13 pulses. Hybridization with 17 
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pulses seriously damages the properties of the devices, with a large decrease of the EQE 

over the 350-1250 nm spectral range. A 9-pulse QD deposition is thus again found to be 

optimal, in good agreement with the JSC dependence on the QD dose. For this QD dose, the 

rapid enhancement in the lower part of the spectrum corresponds to the absorption range of 

the QDs and is attributed to LDS. The QDs are directly photo-excited and the resulting 

photoluminescence is absorbed in the CIGS layer to generate extractable carriers, thus 

enhancing the overall quantum efficiency of the device. Above 560 nm, the QDs are non-

absorbing and the EQE enhancement is attributed to scattering of the incident photons on 

QD aggregates. The embedded QD aggregates offer a good refractive index contrast to the 

surrounding ZnO/CdS interface (nQDs = 2.5, nZnO = 1.94 and nCdS = 2.34 at 1000 nm) and 

act as efficient scattering centres. The contributions of LDS and of scattering on QD 

aggregates to the photocurrent of the hybrid device can be estimated using the following 

equation: 

 ΔJ =
∫ (𝐸𝑄𝐸ℎ𝑦𝑏𝑟𝑖𝑑 − 𝐸𝑄𝐸𝑟𝑒𝑓) ∗ ΦAM1.5G

𝜆2

𝜆1
𝑑𝜆

∫ 𝐸𝑄𝐸ℎ𝑦𝑏𝑟𝑖𝑑 ∗ ΦAM1.5G
𝜆2

𝜆1
𝑑𝜆

 (43) 

where 𝐸𝑄𝐸ℎ𝑦𝑏𝑟𝑖𝑑 and 𝐸𝑄𝐸𝑟𝑒𝑓 are the EQEs of the hybrid and reference devices, 

respectively, ΦAM1.5G is the photon flux of the AM1.5G solar spectrum (ASTMG173), ΔJ 

is the current density relative enhancement due to hybridization, and where the integration 

is done between 300 nm and 560 nm for the LDS contribution and between 560 nm and 

1300 nm for the scattering component. Using this analysis, LDS and scattering on QD 

aggregates are estimated to contribute 1.9% and 8.1% of the JSC enhancement due to 

hybridization. The significant contribution of LDS to the total photocurrent of the hybrid 

device reinforces the interest of using luminescent material as a scattering layer. In this 

analysis, the EQE enhancement for wavelengths below 560nm is entirely attribute to LDS, 

which may not be entirely accurate but provides a rough indication of the impact of the 

effect. Indeed in the ~500 to ~560nm wavelength range the EQE of the bare structure 

exceeds the QY of the QDs, negating any potential LDS. This is attributed to the neglected 

scattering contributions, which extends into the blue and UV parts of the solar spectrum. 
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Figure 5.8: EQE curves of hybrid CIGS solar cells embedded with (a) 1 pulse, 

(b) 5 pulses, (c) 9 pulses, (d) 13 pulses and (e) 17 pulses of QDs (red) and their 

corresponding reference devices (black). The lower panel indicates the relative 

EQE variations due to hybridization. 
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5.3.4. Time-resolved spectroscopy 

 

LDS in the QD layer was demonstrated using a 470 nm pulsed laser diode and time-

resolved spectroscopy, by monitoring the PL decay of CIGS in a hybrid QD/CdS/CIGS 

structure and in a reference CdS/CIGS sample (red and black curves respectively in Figure 

5.9). The bi-exponential dynamics of CIGS is found to be noticeably slower in the hybrid 

sample compare to the reference case, which indicates the presence of an additional slower 

pumping channel. The PL decay dynamics of the QDs in the hybrid sample (blue curve in 

Figure 6) is observed to be slower than the fast component of the CIGS decay dynamics. 

The PL decay of the QDs was fitted with a stretched exponential function to account for 

the distribution of lifetimes in the QDs, yielding an average lifetime of 4.79 ns. The CIGS 

dynamics was found to display a strong non-exponential behaviour and was modelled 

using the universal equation for free minority carrier recombination [120] 

 
𝑑𝑛𝐶𝐼𝐺𝑆

𝑑𝑡
= −𝑘𝐶𝐼𝐺𝑆,1𝑛𝐶𝐼𝐺𝑆(𝑡) − 𝑘𝐶𝐼𝐺𝑆,2𝑛𝐶𝐼𝐺𝑆

2 (𝑡)  (44) 

which can be analytically solved to provide the excess minority carrier population in CIGS 

𝑛𝐶𝐼𝐺𝑆: 

 
𝑛𝐶𝐼𝐺𝑆(𝑡) =

𝑛𝐶𝐼𝐺𝑆(0) exp(−𝑘𝐶𝐼𝐺𝑆,1𝑡)

1 + 𝑛𝐶𝐼𝐺𝑆(0) ∗
𝑘𝐶𝐼𝐺𝑆,2

𝑘𝐶𝐼𝐺𝑆,1
∗ (1 − exp (−𝑘𝐶𝐼𝐺𝑆,1𝑡))

 
(45) 

where 𝑘𝐶𝐼𝐺𝑆,1and 𝑘𝐶𝐼𝐺𝑆,2 are the linear and quadratic recombination rate constants of the 

CIGS dynamics, corresponding to the low and high injection regime respectively.  
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Figure 5.9: Photoluminescence decay dynamics of CIGS in a reference 

CdS/CIGS sample (black) and of CIGS and the QDs in a hybrid QD/CdS/CIGS 

sample (red and blue, respectively). The green dashed curve is a best fit to the 

CIGS dynamics in the hybrid sample using a rates equations model. 

 

During the early times of the PL decay, the excess minority carrier density, estimated to be 

~10
19

 cm
-3

, is much larger than the typical net acceptor density of CIGS films (~10
16

-10
17

 

cm
-3

) [120,121]. The decay dynamics is then driven by the quadratic term and the PL 

signal decays rapidly. When the excess minority carrier density decreases, linear 

recombination become dominant and the PL signal of CIGS starts decaying exponentially. 

A best fit to the measured decay curve of the reference CIGS sample yielded linear and 

quadratic decay times of 24.6 ns and 1.2 ns respectively, in good agreement with previous 

reports [122].
 
In the case of the hybrid QD/CIGS solar cell, the PL dynamics of CIGS was 

modelled using two coupled rate equations: 

 
𝑑𝑛𝑁𝑄𝐷

𝑑𝑡
= 𝛼𝑁𝑄𝐷δ(t) − 𝑘𝑁𝑄𝐷𝑛𝑁𝑄𝐷 (46) 

 
𝑑𝑛𝐶𝐼𝐺𝑆

𝑑𝑡
= (1 − 𝛼𝑁𝑄𝐷)δ(t) + 𝑘𝑁𝑄𝐷𝑄𝑌𝑁𝑄𝐷𝑛𝑁𝑄𝐷 − 𝑘𝐶𝐼𝐺𝑆,1𝑛𝐶𝐼𝐺𝑆 − 𝑘𝐶𝐼𝐺𝑆,2𝑛𝐶𝐼𝐺𝑆

2  (47) 

where 𝑘𝑁𝑄𝐷 is the average decay rate of the QDs, measured experimentally, 𝛼𝑁𝑄𝐷  is the 

absorption of the QDs at 470 nm, 𝑄𝑌𝑁𝑄𝐷 is the quantum yield of the QDs and 𝛿(t) is a 

Kronecker delta function. A least squares optimization technique was used to fit the CIGS 

decay dynamics in the hybrid sample. A value of 𝛼𝑁𝑄𝐷 = 0.12 was obtained, in good 

agreement with absorption measurements of QD films on glass. The LDS contribution to 

the CIGS PL, given by 
𝛼𝑁𝑄𝐷QYQD

1−𝛼𝑁𝑄𝐷
, is found to be ~5.5%. Taking into account the variation 
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in EQE between 470 nm and 560 nm, this LDS contribution corresponds to an EQE 

relative enhancement of 8.4%, in good qualitative agreement with the measured 11% EQE 

relative enhancement at 470 nm. This analysis provides further evidence of the presence of 

a significant LDS pumping channel for the CIGS absorber in the hybrid QD/CIGS devices. 

 

To understand the mechanism involved in the long wavelength enhancement of the EQE, a 

quantitative compositional study of the CdS/CIGS junction was undertaken using energy-

dispersive X-ray spectroscopy (EDS). A cross sectional TEM image of the QD/CdS/CIGS 

region is overlaid with the EDS depth-resolved quantitative distributions of the atomic 

species constituting the different layers in Figure 5.10. A cadmium diffusion region 

extending nearly 100 nm into the CIGS absorber layer can be observed. p-type CIGS is 

known to contain abundant copper vacancies (VCu) and to allow massive cadmium ions to 

diffuse from the CdS layer to occupy copper sites (CdCu) [123]. This high concentration of 

CdCu sites locally dopes the CIGS and forms a type-inversion layer which creates a shallow 

buried CIGS homojunction [124]. The enhanced device performance induced by cadmium 

diffusion is understood to be in part due to the passivation of copper vacancies in the 

CIGS, which have been shown to be strong radiative recombination centres [125]. 

Cadmium diffusion also provides a strong enhancement of the built-in electric field 

intensity, which increases the extraction efficiency of the carriers generated near the 

CdS/CIGS interface [126]. Scattering of the incident light on QD clusters lowers the 

average photon penetration depth. This allows excitons to be generated closer to the 

depletion field of the cadmium diffusion layer and promotes their efficient extraction, thus 

enhancing the external quantum efficiency. The presence of Zn, S, Se and Cd also 

confirms that the particles visible previously in TEM are in fact CdSe/ZnS QDs. 
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Figure 5.10: Depth-resolved quantitative compositional distributions of a 

CIGS/CdS junction coated with 17 pulses of QDs. The red crosses indicate each 

measurement point. The QD, CdS and CIGS layers were color-coded to 

facilitate comprehension (respectively beige, green and brown). 

 

5.4. Conclusion 

 

In this study, the successful integration of self-assembled aggregates of luminescent 

nanocrystal quantum dots (QDs) into flexible CIGS solar cells is demonstrated, yielding an 

~11% relative enhancement in photon conversion efficiency. Luminescent down-shifting 

in the QDs and internal scattering of the incident light on self-assembled nanoparticle 

aggregates induce a large increase of the external quantum efficiency, in excess of 50% at 

320nm. The low-cost pulsed-spray processing technique used to deposit the QDs makes 

this approach easily scalable and cost-effective, while the high deposition rates make it 

compatible with high-throughput roll-to-roll manufacturing. In this work, we utilize the 

self-aggregation of QD clusters, typical in spray deposited QD layers, to engineer an 

efficient light management scheme that significantly improves the efficiency of hybrid 

CIGS devices. The incorporation of luminescent colloidal QDs into hybrid photonics 

devices is believed to be a promising approach to help tackle the energy challenges of 

tomorrow. 
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5.5. Contributions to the work 

 

The devices were designed in collaboration with NCTU, Taiwan, and fabricated in NCTU. 

The device characterization (IV, EQE, IQE) was done both in Southampton and NCTU, 

and the time-resolved spectroscopy study was carried out in NCTU. The detailed analysis 

of the data presented in this chapter was done by the author. 
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Chapter 6: Conclusions and Future Work 

6.1. Conclusions 

 

This thesis focuses on the integration of colloidal quantum dots into existing photovoltaic 

technologies. With a price rapidly decreasing and improving performances, the large-scale 

integration of QDs into consumer products is starting to become a reality. Having already 

found their way into next-generation televisions, with their inclusion in QD LED 

backlighting technology, these efficient low-cost emitters have proved to be of interest to 

the industry. In this context, the hybridization of solar cells with QDs appears to be a rather 

natural technological evolution. While the PV market was plagued by anticompetitive 

measures by the Chinese government for the past few years, which triggered anti-dumping 

measured by the European Commission in 2012, these subsidies are believed to be soon 

phased out. A more liberal PV market could provide the framework necessary for hybrid 

QD-PV devices to thrive. 

 

In the 3
rd

 chapter, we demonstrated the value of using PbS QDs as an absorber for thin-

film PV devices. In this scheme, the high absorption cross-section of the QDs could be 

used to enhance the overall absorptivity of silicon structures. We demonstrated that 

excitons generated in the QDs can be efficiently non-radiatively transferred to an 

underlying silicon substrate through RET. This offers a strong proof of concept that QD 

excitons could be efficiently funneled to a bulk p-n junction, which could separate them to 

provide useable photocurrents. 

 

In the 4
th

 chapter, we demonstrate that QDs can also be used in InGaP thin-film solar cells 

to better match the device response of the devices with the solar spectrum, through LDS, 

and to recycle carriers trapped within the window layer. This is found to provide a large 

14.6% relative enhancement of the efficiency. In this study, the QDs were simply spin-

coated on top of the device, in close proximity with the window layer. III-V solar cells 

typical integrate complex AR-coating at the surface, which help quench the reflection at 

the interface between air and high-refractive index semiconductors. Using the QDs as the 

first layer of a multilayer AR coating could then allow the combination of LDS and RET-
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LDS enhancement with an improved broadband light coupling, while protecting the QD 

under a protective dielectric barrier. 

 

The 5
th

 chapter focused onto the integration of QDs within the layer stack of a CIGS solar 

cell. In this case, the QDs are spray-deposited between the CdS layer and the top contact. 

Luminescent down-shifting is demonstrated using time-resolved spectroscopy. Spray 

deposition is also found to provide a way to control the morphology of the QD film, which 

is found to form micrometer wide dendrite-like structures. This structuration of the QD 

film is found to be very beneficial to the devices, by inducing scattering above the p-n 

junction and lowering the average penetration depth of the solar excitation. The 

dependence of the photon conversion efficiency of the hybrid devices on the QD dose is 

investigated, and a clear optimum is found.  

 

6.2. Future work 

 

The enhancement schemes proposed in this thesis are novel and remain unoptimitized. 

This is especially true of RET-LDS and internal scattering on structured QD films in PV 

devices, which are believed to be reported for the first time in this work. Optimization of 

the hybrid QD-CIGS devices is on-going. The careful tuning of the emission wavelength of 

the QDs, critical to all RET mechanisms, is under investigation. The possibility of a better 

control of the QD film structure, using techniques such as inkjet-printing and dip-coating, 

could also lead to a better tuning of the scattering properties of the QD film while 

increasing the overall QD coverage. Such hybridization schemes are of course also good 

candidates to improve the efficiency of CdTe solar cells, which share a very similar layer 

structure with CIGS devices. An ongoing collaboration with Ken Durose’s group in 

Liverpool has already shown some promising results, with a large enhancement of the EQE 

in the UV and blue, but at the cost of significant additional series resistances. 
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