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ABSTRACT 

 

Colloidal quantum dot solar cells have drawn great attention in the past decade due to their 

easy synthesis, tunable bandgaps and low cost. PbS quantum dot solar cell efficiency has 

developed from 3% in 20101 to 12.5% (Reported record in 2018)2. However, the quantum 

dots’ low absorbance together with limits placed on the thickness of the absorbing layer due 

to poor transport properties is hindering the development of quantum dot solar cells. In this 

research, for further developing quantum dot solar cells, a tandem solar cell strategy was 

utilised to address the above problems. A tandem solar cell stacks materials with different 

bandgaps to more efficiently convert the energy of a wider range of photons to electricity to 

overcome the Shockley–Queisser limit.  

This project developed solution processed monolithic tandem solar cells based on PbS 

colloidal quantum dots.  Firstly, single-junction PbS quantum dot solar cells were 

investigated as building blocks for constructing tandem cells. MgCl2 treated ZnO 

nanoparticle electron transport layers were applied to improve single-junction PbS quantum 

dot solar cells by increasing both fill factor FF and short circuit current JSC. Significant 

efficiency improvement of 2% has been observed based on single-junction PbS quantum dot 

solar cells. Secondly, an optical modelling was performed to simulate PbS quantum dot 

tandem solar cells. This modelling could offer exact simulation on photon absorbance and 

current generation in tandem cells’ functional layers. The modelling provided instructive and 

essential guidance for designing the tandem cell’s structure. By this modelling, subcells’ 

bandgaps, absorbing layers’ thicknesses and interlayers’ thicknesses were investigated and 

optimised for experimental fabrication of PbS quantum dot tandem solar cells. Thirdly, based 
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on improved electron transport layer and an established directive modelling, PbS quantum 

dot tandem solar cells were successfully fabricated with different interlayers of both Au and 

ITO. A graded band alignment employing both MgCl2 treated ZnO nanoparticle electron 

transport layer and quantum dots with different bandgaps has been applied to further improve 

tandem cell performance. Due to improved carrier extraction, this strategy successfully 

pushed the efficiency of the PbS quantum dot tandem solar cell to around 7%. 

The successful construction of PbS quantum dot tandem solar cell provides a solution for 

further developing PbS quantum dot based solar cells. The MgCl2 treated ZnO electron 

transport layer can be more widely used on other single-junction as well as tandem solar 

cells. The optical modelling introduced in this research can be used to provide guidance for 

optical devices’ design. The graded band alignment was firstly used on PbS quantum dot 

tandem solar cells, which shows effectiveness on improving the tandem cell’s performance 

and hold a potential to be further applied on other kinds of tandem solar cells.  
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Chapter 1. Introduction 

 

For all human beings, global-warming is a common problem which has shown more intense 

influence in recent years on many regions on earth including but not restricted to polar areas. 

In the meantime, reducing carbon emission and developing green renewable clean energy 

have become world-wide aims and desires for sustainable human development and protecting 

the environment. For solving these problems, solar energy technology has been developed as 

an effective approach which could offer essentially unlimited clean energy for human long-

term future. The sun continuously offers 173,000 terawatts (trillions of watts) of solar energy 

to earth and solar cells could convert this power to electricity at a certain power conversion 

efficiency (PCE) while, importantly, emitting zero carbon to the atmosphere.  

Colloidal quantum dot (CQD) solar cells are a third generation solar cell technology which 

has shown its potential for reducing solar cell manufacturing cost and to further spread solar 

energy application and utilization. The in-solution processed material synthesis and room-

temperature in-air processed cell fabrication provide potential for low cost manufacturing and 

future industrial commercialisation. The relatively high stability of PbS quantum dots over 

many other thin film solar cell material candidates is another important advantage of this kind 

of solar cell. In the past decade, PbS quantum dot solar cells have developed from power 

conversion efficiency of 3% in 20101 to 12.5%2 (single-junction cell record reported in 

2018).  

Indeed, single-junction quantum dot solar cells have undergone significant development in 

the past ten years and drawn growing attention from both academic and industry due to 

quantum dots’ unique properties including tunable bandgaps, solution-processed synthesis, 

low processing temperature and low material cost. Colloidal quantum dots are perfect 

candidate materials for making tandem solar cells not only because of their tunable bandgaps, 

which offer great convenience for tandem cell designation, but also because tandem cell 

strategy is a dedicated solution for quantum dot single-junction cells’ fundamental problem of 

short diffusion length combined with the quantum dot films’ poor absorbance. 

However, the research for quantum dot tandem solar cells, which have greater potential to 

achieve a much higher efficiency, has lagged far behind its single-junction counterpart. A 

tandem cell utilises two subcells, responding to different solar spectrum ranges, connected in 
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series to boost the absorbance of a cell from solar irradiance, so that the thermalisation loss 

for a single-junction solar cell can be alleviated by applying a large bandgap front subcell 

while the transmission loss can also be much reduced by introducing a narrow bandgap rear 

subcell. Nonetheless, the fabrication of high performance solution processed thin film tandem 

cells is not nearly as developed as single-junction cells and remains much more challenging. 

The reasons for this are the limited temperature and solvent tolerance of thin film front cells 

during the subsequent interlayer and rear cell fabricating process, the difficulty in achieving 

subcells current matching and under-developed interlayer selection and design. This research 

tries to address these problems for quantum dot tandem solar cells and finally a working PbS 

quantum dot tandem solar cell with an efficiency of ~7% was achieved successfully.  

 

1.1 Introduction to solar cells and colloidal quantum dot solar cells 
 

1.1.1 Current solar cell development and potential limitation 

 

Solar energy is the fastest developing type of clean renewable green energy, the development 

of which is especially beneficial for minimising the increasingly severe global-warming and 

emerging energy-crisis3-12. Solar cells are specially designed photovoltaic devices for 

converting sun-light energy into electrical energy.13-20 Due to great contributions of 

researchers such as Shockley 21-23, Prince 24, Green 25, 26 and so on 27-30, a variety of 

photovoltaic technologies were invented 31-42 and successful commercialized43-47. A variety of 

cell structures has been developed based on different materials system such as Silicon, GaAs, 

organic polymers, perovskite and quantum dots. Figure 1-1(a-e) shows structures of these 

solar cells. 

The current solar cell market is dominated by silicon based solar cells.48 Commercial 

crystalline-silicon solar cells achieved an efficiency of >20%, while an all-back contacted 

silicon solar cell reached a lab efficiency record of 26.7%, which is approaching the 

theoretical limit of 29.4% for crystalline silicon cells.49, 50 Recently, the previously high cost 

of solar cells has been significantly reduced to be competitive with the commercial market 

electricity price and mass production has been made realistic thanks to great efforts that 

previous and current generations of researchers and industry leaders have made.51, 52 
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Figure 1-1 (a) Structure of Perc silicon solar cell.53 (b) Structure of Alta GaAs solar cell.54 (c) 

Structure of organic solar cell. The absorbing layer is composed of donor (blue) and 

acceptor (red) materials.55 (d) Structure of perovskite solar cell.56 (e) Structure of PbS 

quantum dot solar cell. 

 

1.1.2 Advanced concepts in photovoltaics for high efficiency solar cells  

 

To further improve solar cell performance, researchers have developed novel concepts such 

as multi-exciton-generation, up-conversion, tandem cells and hot carrier solar cells. Multi-

exciton-generation (MEG) aims at generating two or more electrons by absorbing one high 

energy photon while up-conversion (UC) means combining the energy of two or more low 

energy photons to generate one high energy excited electron. The former tackles the carrier 

thermalisation loss while the latter tackles the transmission loss in a single-junction cell. The 

hot carrier solar cell aims at using selective contacts to drain out electrons and holes while 

they are still “hot”, i.e. not being thermalised. Tandem solar cells combine two subcells with 

different bandgaps to form one cell, so that the trade-off between below bandgap loss due to a 

high bandgap and thermalisation due to a low bandgap can be broken. Ideally, high energy 

photons are absorbed in the subcell with the higher bandgap, thus experiencing less 
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thermalisation, and low energy photons transmitted to the subcell with a lower bandgap, thus 

enabling the device to harvest more photons.  

Quantum dots have been viewed as ideal material for generating MEG effect, and this has 

been observed in a PbSe quantum dot material system with an EQE that reached 114%.57 

Graphene quantum dots have been reported to be able to produce up-conversion 

photoluminescence (PL). 58 Recent research shows that hot carrier thermalisation time can be 

largely extended by surface modification on PbSe quantum dots.59 

Nonetheless the tandem solar cell is the only strategy for overcoming the Shockley-Queisser 

(S-Q) limit that has to date been realised by using III-V group compound. Epitaxial growth is 

a commonly used method for processing III-V group matreials.60-63 A very high efficiency of 

46.1% (at 312×AM1.5d) has been reported for a wafer-bonded 

GaInP/GaAs//GaInAsP/GaInAs solar cell grown on InP-engineered substrate.64 The work in 

this thesis aims to take advantage of the tandem solar cell concept strategy to further develop  

low-cost solution processed quantum dot based tandem devices toward approaching and 

eventually overcoming the S-Q limit. 

 

1.1.3 Colloidal quantum dot solar cells  

 

The next generation solar cells with easily synthesised and low-cost new materials such as 

quantum dots, perovskite and polymer have been developed. Among these thin film solar 

cells, polymer solar cells are the earliest emerging kind of cell. The absorbing layer of a 

polymer solar cell is a blend of electron-rich and hole-rich organic semiconductors.65 With 

their limited absorption, tandem organic solar cells have been studied extensively.66, 67 

Perovskite solar cells have achieved a fast development in recent years. With a super high 

efficiency, the stability of perovskite has also been improved in these years 68, but remains a 

concern.  

Colloidal quantum dots (CQDs) are solution-processed nanocrystal semiconductors with a 

diameter smaller than the exciton Bohr radius. CQD solar cells possess three unique 

advantages: tunable-bandgaps, facile-synthesis and low-cost. The problem for this material is 

the small diffusion length limiting absorbing layer thickness, which can be solved by utilising 

a tandem cell structure.67 Quantum dot solar cells, the topic of this thesis, take advantage of 
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the quantum confinement effect to create bandgaps in materials. Different ligands are used to 

form n- and p- type quantum dots, leading to tunable properties for functional layers and 

design flexibility for making solar cells. Colloidal quantum dot solar cells are also developing 

swiftly with efficiency increasing from 3% to 16.6% (NREL’s efficiency chart at 

https://www.nrel.gov/pv/cell-efficiency.html) in less than ten years and have drawn great 

attention because of the unique properties of quantum dots, namely tunable bandgaps, in-

solution easy synthesis and much lowered fabrication cost. Hence, the unique properties and 

solution processed synthesis of quantum dots indicate a very promising future for a wider 

application in solar cells. 

However, the efficiency of all these solar cells is bound by the Shockley-Queisser limit. 

Shockley-Queisser limit means that single-junction solar cell efficiency cannot reach above 

33.7% even if the optimal bandgap is chosen and a perfect absorbing material can be made.69 

The reasons for this limit are that only photons with energy higher than the bandgap can be 

absorbed by semiconducting absorbing materials leaving unabsorbed photons transmitted and 

that charge carriers generated by absorbed photons far above the bandgap energy experience 

thermalisation which creates another portion of energy loss. In the meantime, bandgaps of 

CQD solar cells can be tuned by simply adjusting the nanocrystal size, allowing a bandgap 

range from 0.4 eV to 1.6 eV70-72, which provides extreme flexibility for designing high 

performance tandem cells. Both synthesis and cell fabrication for this material are performed 

with an in-solution process. The facile-synthesis of quantum dots not only makes the cell 

fabrication easier but also offers potential for further reducing costs for commercial 

manufacture.73 

 

1.2 Motivation for developing tandem PbS quantum dot solar cells 
 

Currently, achieving a higher efficiency is a common goal for the whole solar cell research 

field and having a reduced mass production cost is a globally preferred scenario at the same 

time. As introduced above, a tandem cell structure is designed to achieve a much higher 

efficiency than single-junction cells, meanwhile, solution-processed room-temperature-

fabricated quantum dots could achieve a much reduced production cost. So tandem quantum 

dots solar cell combining the tandem cell concept for high efficiency and quantum dot 

material for reducing cell fabrication cost is very promising for satisfying current high 

https://www.nrel.gov/pv/cell-efficiency.html


- 6 - 
 

efficiency and low cost demand in industry and research at the same time. In light of this, 

quantum dot tandem solar cells (and its single-junction counterparts) 74 are very appealing 

third-generation photovoltaic materials with low-cost and facile-synthesis and promising 

high-efficiency potential. Moreover, for the realistic consideration for solar cell development, 

quantum dot tandem solar cells, utilising quantum dots’ solution processability, not only 

solves the short diffusion length problem for quantum dots, but also becomes a promising 

way toward a higher efficiency for quantum dot based solar cells. 

Though tunable bandgaps and facile synthesis make CQDs perfect candidates for a multi-

junction cell, only a few reports have been targeting quantum dot tandem solar cells 75-77. 

Quantum dot tandem solar cells’ efficiency has lagged far behind its single-junction 

counterpart. The reasons for this are the limited temperature and solution tolerance of thin 

film front cells, difficulty to achieve subcell current matching and the intricate interlayer 

selection and design. This research tries to address these problems for quantum dot tandem 

solar cells and finally a monolithic quantum dot tandem solar cell was achieved successfully. 

 

1.3 Thesis outline 
 

1. In Chapter 1, a broader background and motivation behind this research are 

introduced. This part introduced a broad background about quantum dot tandem solar 

cell, described current solar cell research field where solar cells with high efficiency 

potential and low cost fabrication are desired, and quantum dot tandem solar cells 

could meet these requirements once for all. Multiple motivations for developing 

quantum dot tandem solar cells are also explained in chapter 1. 

2. Chapter 2 presents a comprehensive literature review on the development of single-

junction quantum dot solar cells and quantum dot tandem solar cells. It covers the 

colloidal quantum dot synthesis methods, single-junction CQD cell fabrication and 

multi-junction CQD solar cell fabrication. 

3. Chapter 3 introduces an important fundamental work of improving single-junction 

cell for making quantum dot tandem solar cells. In this part, MgCl2 passivated ZnO-

NP electron transport layer was developed for improving single-junction cell 

performance. UPS, XPS, XRD, Raman-PL, FT-IR, UV-vis and SEM were used for 
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characterising the treated electron transport layer. The single-junction cell’s 

performance was increased due to both increased JSC and FF. 

4. Another important foundation work of modelling for quantum dot tandem solar cells 

is illustrated in chapter 4. In this part, an optical modelling was performed for 

simulating tandem colloidal quantum dot solar cells. Assisted by this model, the 

influences of absorbing layer bandgaps and thicknesses as well as interlayer 

thicknesses on tandem cell performance were investigated for designing and 

optimising quantum dot tandem solar cell structure. Optimal values for absorbing 

layer bandgaps and thicknesses and interlayer thicknesses are suggested in this 

chapter.  The model provided instructive and essential guidance for designing the 

tandem cell structure. 

5. Chapter 5 reports on the successful fabrication of PbS quantum dot tandem solar cells 

based on the fundamental preparatory works described in chapter 3 and 4. PbS 

quantum dot tandem solar cells with different interlayers of both Au and ITO were 

fabricated and investigated. For the first time, a graded band alignment strategy was 

applied to further improve the performance of the PbS quantum dot tandem solar cell. 

Finally, a monolithic quantum dot tandem solar cell with power conversion efficiency 

around 7% was fabricated in this research. 

6. Chapter 6 summarises the whole research and draws conclusions for the thesis. This 

part points out a few aspects that can be further studied and the main challenges for 

further studying quantum dot tandem solar cells. Based on this chapter, more research 

directions are suggested and are listed in the last part and a blueprint was drawn for 

the future of quantum dot tandem solar cells. 
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Figure 1-1 Brief outline of the research contents and novelties for this thesis. 
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Chapter 2.  Literature Review 

 

In this chapter, a thorough literature review is conducted covering the whole manufacturing 

process from synthesising colloidal quantum dots (CQDs), fabricating single-junction CQD 

solar cells to constructing CQD tandem cells. The current situation of quantum dot solar cells 

and the development history are both reviewed. With a general review of all kinds of 

quantum dot materials, this chapter mainly focuses on reviewing PbS quantum dots which are 

the most widely studied QD material and are also the absorbing materials in this tandem cell 

research. Figure 2-1 is a road-map of this review showing the main aspects reviewed in this 

chapter. 

 

 

  

Figure 2-1 Literature review road-map. It shows reviewed aspects of colloidal quantum 

dots, single-junction CQDs solar cell and tandem CQD solar cells and relationships 

between those aspects. 
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2.1 Solution-processed CQDs for developing solar cells 
 

Colloidal quantum dots are artificially manufactured semi-conductive clusters of atoms 

confined within the exciton Bohr radius. Solution-processed synthesis and tunable bandgaps 

have made colloidal quantum dots widely-used in many fields 78-84 such as photovoltaics, 

light-emitting diodes and photo detectors. The unique property of tunable bandgaps drives 

from quantum confinement effect, which means when the size of a nanocrystal is smaller 

than its exciton Bohr radius, the movement of electrons is confined and the energy spectrum 

becomes discrete.85 For quantum dot based solar cells, the quantum dot’s quality is a critical 

factor for single-junction and multi-junction photovoltaic devices to approach a higher 

performance. The quality of quantum dots is determined by quantum dot synthesis and 

purification processes which have been greatly improved these years leading to the highly 

mono-dispersed well-passivated quantum dots nowadays. 

A typical colloidal quantum dot is usually composed of a crystal core and surface ligands 

(Figure 2-1-1 shows a scheme for a PbS quantum dot). Ligands (also known as surface-

surfactants) are usually long chain or short chain molecules which could passivate as-

synthesised quantum dots by passivating dangling chemical bonds on the quantum dot 

surface. The ligands usually consist of a hydrophilic head and a hydrophobic tail (such as the 

long chain ligand of oleic acid, oleyl amine) 86, 87 which contains a hydroxide hydrophilic 

head and a long carbon chain based hydrophobic tail. Such a structure enables quantum dots 

to be passivated by ligands and the quantum dots with surface ligands are able to disperse 

uniformly in hydrophobic solutions. Long ligands are usually exchanged by short ones (such 

as MPA 88, EDT 89) in the cell-making process, which is reviewed in the following parts in 

this chapter. 
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Figure 2-1-1 A scheme of a PbS colloidal quantum dot (Picture copyright from Oak Ridge 

National Laboratory, https://www.olcf.ornl.gov/2015/05/05/demystifying-quantum-dot-

conundrums/). A typical quantum dot is usually composed of a crystallised core and 

passivating ligands. The ligands usually can be oleic acid, oleyl amine or hydroxyl ligands. 

The size of a quantum dot is confined within its exciton Bohr radius. 

 

2.1.1 Synthesis development for high quality quantum dots 

 

For making high-quality quantum dot solar cells, high-quality colloidal quantum dots are a 

necessary prerequisite. The currently prevailing method for achieving high quality quantum 

dots is the hot- injection method. The hot-injection method is illustrated in Figure 2-1-2(a). A 

two-step reaction is involved in this synthesis process 90-92. Firstly, the sulfur source precursor 

is hot- injected into a solution containing lead source with a pre-settled reaction temperature. 

In this stage, a nucleation reaction occurs, rapidly forming uniform quantum dot nuclei. A 

focusing model 93 can explain the reaction in this stage. In this stage, the concertation of 

ligands (such as Oleic acid ligands) needs to be controlled as it affects the quantum dot size. 

When the concentration of ligands is high, the critical size for forming quantum dots is small, 

(The critical size is the smallest size for a nanocrystal to grow-up stably.) more and smaller 

size quantum dots would form.94 In contrast, when a low ligand concentration is applied, the 

critical size is larger, small nucleis could not exist stably while only large quantum dots could 

form, so large size quantum dots are formed. The pre-settled injection temperature is also 

critical as different injection temperatures lead to quantum dots with different crystal sizes.71, 

94 A lower reaction temperature produces smaller quantum dots with larger bandgaps.71, 94, 95 

Secondly, growth happens following the rapid nucleation. Prolonging the growth time71 in 
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this stage could also adjust the size of synthesised quantum dots. In addition, a heat-up 

method shown in Figure 2-1-2(b) is also an optional way to obtain quantum dots via heating a 

precursor solution continuously96, 97. 

 

 

Figure 2-1-2 Synthesis methods for colloidal quantum dots 97 (a) Illustration of the hot-

injection method for synthesising colloidal quantum dots. (b) The heating-up method for 

synthesising colloidal quantum dots. 

 

For the widely used hot- injection method for PbS quantum dots, currently there are two 

synthesis routes available. The first route is based on lead oleate reacting with 

bis(trimethylsilyl)- sulfide in octadecene (referred to as the Hines synthesis from here on).98 

This offers monodispersed quantum dots over a wide size range (2.6-7.2 nm, corresponding 

to an absorption peak of 825-1750 nm). Figure 2-1-3 shows the absorbance and TEM images 

of the synthesised quantum dots. One thing worth a note is that post-synthesis self-narrowing 

of the particle size distribution was observed in Hines’ research. With storing the synthesised 

quantum dots sample in the dark sealed in a cuvette for a period, the exciton peak blue-shifts 

and sharpens, suggesting a narrowing of the size dispersion and a decrease in average particle 

size. Figure 2-1-3(d) shows the absorbance of the sample stored at different time period and 

TEM images before and after storing are shown in Figure 2-1-3(e, f).  
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Figure 2-1-3 Absorbance and TEM for PbS quantum dots.98 (a) Absorption spectra 

spanning the range of tunable sizes with absorbance peak ranging from 825 nm to 1750 

nm. (b) TEM images of colloidal PbS nanocrystals. (c) HRTEM images of colloidal PbS 

nanocrystals. (d) Absorption spectra of of PbS nanocrystals stored in toluene solution 

measured at time intervals spanning up to 96 h. The spectral evolution indicates a post -

synthesis self-focusing of the size dispersion. (e,f) TEM images of the nanocrystal solution 

taken initially (e) and after 24 h storage (f). 

 

The second route employs lead chloride (PbCl2) and elemental sulfur (S) in oleylamine 

(OlAm) as precursors and OlAm as the solvent (Cademartiri synthesis).99 Moreels et al 71 

modified this synthesis by incorporating tri-n-octylphosphine (TOP). A much enlarged range 

of quantum dot size (3-10 nm) can be obtained by this modified method and the available 

bandgaps span from 1.34 eV (925 nm) to 0.59 eV (2100 nm). Quantum dots with their peak 

absorption below 1200 nm and above 1600 nm were obtained with the assistance of TOP. In 

addition, a simple purification process was introduced in Moreel’s research. By adding a 

small amount of ethanol (EtOH) to the suspension of PbS quantum dots until precipitation 

starts, the large clusters can be efficiently removed and the size-dispersion can be much 

narrowed. Figure 2-1-4 shows the absorption spectra of quantum dots synthesised with this 

approach and the TEM images of quantum dots before and after size-selection. 
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Figure 2-1-4 Absorbance spectra and TEM images of PbS quantum dots.71 (a) Typical 

absorbance spectra of PbS quantum dot suspensions. Full lines are quantum dots 

synthesized with TOP, while dotted lines are those without TOP. (b,c) TEM images of 

typical PbS quantum dots before (b) and after (c) size-selective precipitation. 

 

By adjusting the size of nanocrystals during the synthesis process, bandgaps of quantum dots 

can also be tuned and controlled 71, 100-102. The relationship between bandgap and size of PbS 

quantum dots can be described by an empirical equation (1) introduced by Moreels et al71. 

 𝑬𝟎 = 𝟎. 𝟒𝟏 +
𝟏

𝟎. 𝟎𝟐𝟓𝟐𝒅𝟐 + 𝟎. 𝟐𝟖𝟑𝒅
 (2-1) 

In this equation, d is the diameter of a quantum dot (in nm) while E0 is the width of the 

bandgap (in eV).  
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In order to understand the mechanism of quantum dot synthesis, models have been 

established that provide explanations for quantum dot formation at different stages of 

nucleation and growth. For now, different stages need to be explained separately by different 

models. Based on a diffusion-controlled growth assumption, a focusing model 93, 103, 104 was 

established which could offer an effective explanation for the nucleation stage. In the 

meantime, a defocusing model 105, 106 can explain the growth stage, which is also recognised 

as Ostwald ripening. Introducing those models helps understanding and then developing a 

quantum dot synthesis procedure for obtaining highly monodispersed colloidal quantum dots.  

After synthesising quantum dots, a purification process needs to be introduced because the 

residues of precursors and impurities would decrease the performance of solar cells107-109. 

The purification can be conducted by performing solvent and anti-solvent treatments. The 

purification process is usually repeated multiple times for a higher purity. However, too 

extensive purification (i.e. repeating the washing process too much times) would cause PL 

reduction as ligands can be lost with too much solvents 110. The PL reduction can be 

compensated by restoration of lost ligands 111, 112. Effects of ligands and ligand exchange are 

reviewed in detail in the following section. 

 

2.1.2 Ligand Exchange in solar cell fabrication  

 

Ligand exchange is usually performed on synthesised quantum dots for making solar cells or 

other kinds of optoelectronic devices.113-118 

In most cases, long-chain ligands need to be exchanged by shorter ligands for making 

optoelectronic devices. For example, in the typical PbS quantum dot synthesis, the ligands of 

oleic acid with a long carbon chain tail could indeed keep quantum dots stabilised in solution, 

however, these long ligands are also insulators between quantum dots which would hinder 

electron transport from dot to dot when those quantum dots are used in a solar cell. Hence, 

exchanging these long chains with shorter conductive ligands is a necessary step for quantum 

dot based solar cells to exhibit the high conductivity necessary for a high performance.119-126 

One of the major reasons for ligand exchange is that a shortening distance between quantum 

dots are desired for achieving a high conductivity.127 To achieve a high conductivity through 

ligand exchange, short ligands such as chalcogenide complexes and halides have been 
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extensively studied. Figure 2-1-5(a) shows the relationship between ligand length and spacing 

between quantum dots. With the carbon unit number n increasing from 2 to 10, the distance 

between quantum dots increases according to integrated GISAXS measurement. The 

advantage of metal chalcogenide complexes as ligands is that a full exchange of ligands can 

be achieved, leading to increased conductivity 128-134 as indicated in Figure 2-1-5(b).  These 

studies provide a competing pathway to achieve ligands that lead to both high conductivity 

and hence high photovoltaic efficiency.94 Meanwhile, halides, as atomic ligands, can provide 

solution-processed room-temperature ligand exchange leading to both increased conductivity 

and an increased quantum yield.135-139 Besides, perovskite has been studied as ligand recently 

and its application on PbS quantum dots has shown its effectiveness for surface passivation 

and maintaining the cell stability under constant illumination.140-142  

 

  

Figure 2-1-5 (a) Relationship between ligand length and inter PbS quantum dot spacing.140 

The organic ligands applied are 3-mercaptopropionic acid (MPA, HS(CH2)2COOH), 6-

mercaptohexanoic acid (MHA, HS(CH2)5COOH), 8-mercaptooctanoic acid (MOA, 

HS(CH2)7COOH), and 11-mercaptoundecanoic acid (MUA, HS(CH2)10COOH). As the carbon 

unit number n increases, d-spacing between quantum dots increases. (b) Relationship 

between inter-particle distance and conductivity based on PbSe CQDs.134 As inter-particle 

distance increasing, the conductivity increases significantly. 

 

A second reason for performing ligand exchange is that surface-passivation is an important 

criterion for high performance solar cells which can be achieved by applying well-passivating 

ligands. High quality ligands should show effectiveness on passivating surface dangling-
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bonds on quantum dots which can create detrimental traps and can act as highly efficient 

carrier recombination centres. The high surface-to-volume ratio of quantum dots makes 

passivating quantum dot surfaces a very important task as a large amount of traps tends to 

dominate solar cell performance. Mercaptopropionic acid (MPA), ethanedithiol  (EDT) and 

halide atoms are successfully developed quantum dots surface passivators 89, 143, 144 which are 

quite extensively applied on solar cells. Highly passivated quantum dots can be realised by 

using these ligands which not only show passivation effects but also increased dot-to-dot 

conductivity.145 

A third reason is that adjusting surface ligands can impact the energy levels of a quantum dot, 

leading to n-type or p-type behaviours.146 Currently the n-type PbS quantum dots are obtained 

mainly using iodine ligands 147-149, while p-type quantum dots can be made by applying 

organic ligands 146, 150-152 such as ethanedithiol 152. 

Current primary ligand exchange methods are solid-state ligand exchange and solution-phase 

ligand exchange. Figure 2-1-6 illustrates these two methods. For solid-state ligand exchange, 

a layer of CQDs with original long ligands is coated on an indium-doped tin oxide (ITO) or 

fluorine-doped tin oxide (FTO) substrate at first153, 154, followed by applying a solution 

containing short-chain ligands in an optimised concentration on the as-coated quantum dot 

layer. The ligand-exchanged film is rinsed by harmless solvents for numerous times to 

remove the residual ligand molecules. Solid-state ligand exchange provides very efficient 

exchanging and facilitates high performance thin film devices 155 and there is more design 

freedom in solid-state exchange as well.156 For example, each layer’s quantum dot size and 

ligand type can be designed for achieving specific band off-set such as a graded band 

structure. Solution-phase ligand exchange is still a developing method compared to solid-

state ligand exchange. In solution-phase ligand exchange, quantum dots with long ligands are 

mixed with short ligands in solution with the whole exchange process conducted in solution. 

After purification of ligand-exchanged quantum dots in solution, quantum dots with short 

ligands are spin-coated layer-by- layer directly to substrates without any further solid state 

process. The advantage of solution-phase exchange is that it could facilitate a more complete 

surface-passivation and that it greatly simplifies the solar cell manufacture process144. A 

recent work on one-step solution phase ligand exchange for PbS CQD solar cells has shown 

that an optimised spacing between quantum dots using 2D-matrix spacing improves quantum 

dot solar cell performance.157 
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Figure 2-1-6 Illustration for (a) solid-state ligand exchange method and (b) solution-phase 

ligand exchange method.156 For solid state ligand exchange in (a), the as-synthesised CQDs 

with long ligands are firstly spin-coated onto the substrate, then the spin-coated film is 

immersed into short ligand solution, where short ligands replace long ligands to form new 

surface passivation on quantum dots. After rinsing and drying the ligand exchanged film a 

quantum dot absorbing layer can be obtained. Usually this process is performed multiple 

times to obtain a desired film thickness. For solution state ligand exchange in (b), the 

ligand exchange process is performed by mixing the quantum dot (with long ligands) 

solution with short ligand solution, precipitating ligand exchanged quantum dots by 

adding anti-solvent and centrifuging, then directly spin-coat CQDs with short ligands onto 

the substrate to form a film. Thickness control can be realised by adjusting spinning speed 

and acceleration. 

 

2.1.3 Defect control for developing high performance CQD solar cell 

 

As discussed above, due to the high surface-to-volume ratio of quantum dots, surface defects 

can dominate solar cell performance. This is an issue worth addressing specifically. For 

dealing with this high defect density problem, theories explaining defect formation and nature 

have been developed widely in recent years.158-163 Strategies for controlling defects have also 

been studied extensively. 
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Numerous studies have been conducted for understanding possible PbS CQD surface defect 

formation mechanism.  Li et al 158 pointed out that dangling lead bonds on the quantum dot 

surface are mainly responsible for defect states forming in quantum dot absorbing layers. 

Another research further pointed out that for a PbS quantum dot crystal, facets (111) and 

(100) are primarily dominating the surface states of nanocrystals, where excess-Pb (111) 

facets could exhibit obvious non-stoichiometric effect, which would lead to excess charges 

which could be the main origin of in-gap defects.159-162 Those defects could perform as 

efficient recombination centres and cause decrease in both carrier mobility and carrier 

lifetimes 162 as shown in Figure 2-1-7.163 Hence, reducing quantum dot surface defects 

increases VOC, JSC and FF for quantum based solar cells at the same time, leading to a much 

improved solar cell performance164. 

 

 

Figure 2-1-7 A scheme of recombination centres.165 Mid-gap defects perform as 

recombination centres which leads to both reduced carrier mobility and lifetimes. 

 

A series of strategies for eliminating surface mid-gap states have been investigated broadly. 

Introducing more efficient ligands 86, 166-170 (such as metal chalcogenide complex and halogen 

atoms) onto the nanocrystal surface has shown improvements on solar cell efficiency by 

reducing surface defects and increasing carrier diffusion lengths 167, 171. In addition, solution-

phase passivation has attracted attention recently, by which iodine element solution-phase 

ligand exchange has led to a certified record efficiency at 12.5% by passivating surface 

defects effectively.172 Furthermore, atomic as well as hybrid ligand passivation approaches 

both provide optional and efficient strategies for substantially reducing surface defects and 
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effective surface passivation.173-175 A scheme illustrating the density of states (DOS) before 

and after eliminating mid-gap states is shown in Figure 2-1-8. 

 

  

Figure 2-1-8 Density of states (DOS) before (a) and after (b) quantum dot surface 

passivation.173 Traps states (a) sit right in-between bandgaps performing as detrimental 

recombination centres and can be eliminated (b) by surface passivation. 

 

2.2 CQD solar cells 
 

Due to the unique material properties of colloidal quantum dots (e.g. tunable bad-gaps, facile 

synthesis and low-cost), CQD solar cell efficiency has developed rapidly, on average, 1.1% 

per year (16.6% certified record in 2018, referring to NREL’s efficiency chart at 

https://www.nrel.gov/pv/cell-efficiency.html) since the first successful CQD solar cell 

fabrication in 2005 176. This section illustrates the CQD solar cell development history, the 

most recent development strategies and various currently developed kinds of single-junction 

quantum dot solar cells. 

 

2.2.1 PbS CQD solar cell development (structure evolution) 

 

In 2005, Sargent et al 176 first applied quantum dots in a polymer solar  cell to extend the 

width of the absorbed spectrum, which opened the gate for investigating quantum dots as 

photovoltaic absorbing materials. This solar cell employed a Schottky structure, where CQD-

sensitised polymer was chosen as absorbing layer while ITO and metal magnesium were 

electrode contacts sandwiching the CQD-polymer composite. Soon enough, a solar cell 

employed pure quantum dots as absorbing layer and showed considerable efficiency 

https://www.nrel.gov/pv/cell-efficiency.html
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(~1%).177 Inspired by this achievement, Schottky structured CQD solar cells were extensively 

studied by alternating the metal contacts 178-183 and the efficiency developed from 1.3% to 

4.2%. A scheme of a Schottky quantum dot solar cell is shown in Figure 2-2-1.184 In this 

work, Loi et al 184 used a post-synthesis “washing” treatment to develop the cell efficiency to  

5.2%. Indeed, Schottky structure CQD solar cells have certain advantages such as easy-

fabrication and fewer interfaces which potentially reduce the opportunities for interface 

defects. However, there is an intrinsic limitation in the Schottky CQD cell structure 185 due to 

fermi- level-pinning in the metal interface which could significantly suppress solar cell 

performance and a much lower voltage caused by a small depletion the amount of fixed 

charges generated in this structure. 

 

 

Figure 2-2-1 A scheme of the first pure CQD solar cell in a Schottky structure.184 (a) 

Illustration of the cell structure and absorbance curve. (b) Dark and light J-V curves for PbS 

CQD Schottky-junction solar cell. This cell shown an efficiency of 5.2%.  

 

To overcome the disadvantages of Schottky solar cells, heterojunction CQD solar cells were 

developed as the second stage of CQD solar cell development. Figure 2-2-2 shows the 

differences in the band diagrams between a heterojunction cell and a Schottky-junction cell. 

In a heterojunction structure, the junction is created by a n-type metal oxide and a p-type 

CQD layer. The advantage of this heterojunction structure is that the charge-carrier 

generation zone is in the vicinity of the depletion zone, meaning that more charge is separated 

across the junction. Compared to a Schottky structure solar cell in which the junction is 

located at the very rear part near the back contact, a heterojunction junction structure 
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facilitates more efficient carrier separation due to the carrier generation and depletion zones 

being closer. The heterojunction device provided an efficiency of 5.1%.155 The developed 

charge-carrier separation enabled a higher efficiency for PbS-ZnO heterojunction solar 

cells.186 

 

 

Figure 2-2-2 Band diagrams of Schottky-junction (left) and heterojunction structure 

(right).155 In Schottky-junction structure, the junction is located at the rear side of a cell. In 

a heterojunction solar cell, the junction is located at the front part of the cell near the 

depletion region. 

 

However, drawbacks limiting cell performance still exist in heterojunction structures, due to 

the band alignment and interface traps on the metal electrode-side, which is also hindering 

their application in multi- junction structures. For solving these problems, quantum junction 

CQD cells showing much improved performance (PCE=5.4%) were introduced and 

developed.187 Figure 2-2-3 shows cell structures of both quantum junction and heterojunction 

cells. Figure 2-2-3 shows that in quantum junction cells, the carrier extraction is much 

improved because of elimination of barriers. PbS CQD solar cells in quantum junction 

structure have shown acceptable performance.188-191  
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Figure 2-2-3 Comparing quantum junction and heterojunction quantum dot solar cells.187 

In the quantum junction structure, an improved band offset is created which facilitates 

carriers’ transport. 

 

In 2014, Bawendi et al 152 introduced a graded doping structure for assisting carrier extraction 

for quantum dot solar cells. The graded doping was achieved by employing different ligands 

in a quantum dot solar cell. Via graded doping, the improved  cell performance was attributed 

to the introduced band offsets between the two PbS CQD layers, which efficiently block 

electron flow to the anode side while facilitating the hole extraction. Combining with novel 

ligands, this graded doping strategy yielded a certified efficiency record at 8.55%.152 A 

graded doping structure is shown in Figure 2-2-4. In this structure, Tetrabutylammonium 

iodide (TBAI) was used on the ZnO electron transport side to provide iodine ligands for the 

PbS quantum dots, forming a more “n-type” quantum dot absorbing layer zone. On the hole 

transport side, PbS quantum dots with 1,2-ethanedithiol (EDT) ligands were applied forming 

a more “p-type” absorbing layer zone. The graded band-alignment structure was formed by 

using these two kinds of quantum dots with different ligands. The cell performance was 

improved because of enhanced carrier extraction and an enlarged depletion region due to this 



- 24 - 
 

graded band engineering. This graded doping cell structure has been widely used and has 

become a prevailing cell fabrication strategy and many following high performance quantum 

dot solar cell devices were based on this unprecedented structure.192, 193  

 

Figure 2-2-4 A graded doping structure.152 This quantum dot solar cell is composed of a 

ZnO electron transport layer, a PbS-TBAI “n-type” quantum dot layer and “p-type” PbS-

EDT quantum dot layer. This graded band structure developed PbS CQD solar cell 

performance to PCE=8.55% because of improved carrier extraction and a widened 

depletion region. 

 

2.2.2 Further improving PbS CQD solar cells with various strategies 

 

Due to quantum dots’ attractive properties of tunable bandgaps, convenient solution-

processed synthesis and low-cost as well as the fast developing solar cell efficiency, quantum 

dot based solar cells have become a promising research hot-spot in recent years. PbS is the 

mainstream material for quantum dot solar cells and numerous novel ideas have shown 

potential to further improve single-junction PbS CQD cell performance including structure 

evolution and other strategies introduced in this section. 
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One of the strategies is the graded bandgap structure which can be used to improve carrier 

extraction. Using tunable bandgaps of quantum dots, a graded bandgap structure based on 

PbS quantum dots has been created 194, 195, and the application of this concept on this PbS 

CQD solar cell has achieved improved current and voltage.196 Figure 2-2-5 shows the scheme 

for the graded and anti-graded PbS CQD solar cells. The graded cell reached an efficiency of 

2.7% while those of the ungraded and antigraded cells were 2% and 1.5% respectively. 

 

Figure 2-2-5 A scheme of graded and anti-graded solar cells based on PbS CQDs.195 A 

graded band-offset structure facilitates carrier extraction and enlarges the depletion 

region so that this can enhance the cell performance while an anti-graded band-offset 

hinders carrier extraction and promotes recombination in the area near the Au contact 

leading to suppressed cell performance. 

 

Another strategy about improving the cell structure is the inverted solar cell concept. An 

inverted structure moves the junction between n-type quantum dot layer and p-type quantum 

dot layer to the front side of the cell. As high energy photons which contribute the largest part 

of photon absorbance are mainly absorbed in the front part of solar cell, moving the p-n 

junction to the front side increases the cell performance by improving charge separation of 

excitons generated by high energy photons. Ruili et al 197 have introduced an inverted PbS 

CQD solar cell which exhibited a PCE>9%. Kunyuan et al 198 also fabricated an inverted 

CQD solar cell with different hole transport layers and the cells with inverted structure 

achieved an efficiency of >8%. Figure 2-2-6 shows an inverted CQD solar cell structure. 
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Figure 2-2-6 Structure scheme of an inverted CQD solar cell.197 The junction between “p-

type” PbS-EDT and “n-type” PbS-I was moved to the front side of this cell, which is 

favourable for charge separation of excitons generated by high energy photons, which are 

mainly absorbed in the front part of the cell. 

 

Solution-phase one-step ligand exchange as a promising strategy has developed PbS CQD 

solar cell cell efficiency greatly. In 2016, Mengxia et al 191 developed solution phase ligand 

exchange and created a one-step quantum dot film fabrication method. This solution-phase-

ligand-exchange method significantly reduced surface defects which are introduced largely 

when the solid-state- ligand-exchange method is applied. This is the first time solution-phase-

ligand-exchange has been applied on PbS CQD solar cells to achieve high quality materials. 

For solid-state- ligand-exchange, repeating the film making process is necessary to reach a 

desired film thickness, where more interfaces can be created and more chances for forming 

defects. In contrast, solution-phase- ligand-exchange requires spin-coating only once for 

forming the film which tremendously reduces defects. Note that this one-step method is also 

a time-savings and convenient approach for cell fabrication, which provides greater potential 

for industrial manufacturing. An unprecedented 11.3% efficiency has been reached by this 

one-step method. Two years later, Jixian et al 157 introduced a modified one-step method and 

a new record PCE of 12.5% has been reached by this method. In the same year, Havid et al 

199 achieved solid-state- ligand-exchange-free quantum dot inks and the cell made with these 

inks achieved a PCE of 11%. Figure 2-2-7 illustrates reactions and processes involved in 
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solution-phase- ligand-exchange. The achievement of one-step method is an important 

milestone in history of quantum dot solar cell development. 

 

 

 

Figure 2-2-7 A scheme for the processes of solution-phase-ligand-exchange.191 Process 1 

(ligand exchange): the bulky oleic acid ligands are replaced by the PbI2 with the aid of 

ammonium ions. Process 2 (CQD precipitation): after ligand exchange, CQDs are 

precipitated via the addition of toluene, an anti-solvent, and are separated by 

centrifugation. 

In addition, developing p-type hole transport layer and n-type electron transport layer both 

improve solar cell performance. For hole transport layers, Hu et al 200 used an Ag doped hole 

transport layer and achieved above 10% efficiency. For n-type electron transport layer, 

recombination at the interface between metal-oxide and quantum dot absorber has been a 

concern. Making a trap- less interface with acceptable well aligned band-offset is a possible 

direction for further improving device efficiency. To solve this problem, inserting a buffer 

layer such as zinc oxide or [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) decreases 

trap density and increases efficiency 201, 202 and a heavily doped n-type layer improved charge 
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carrier extraction significantly 203. Besides, a post annealing process was introduced by 

Yiming et al 204 in 2016. This annealing process removed excess hydroxyl ligand so that an 

improved CQD solar cell performance was achieved. Figure 2-2-8 shows the increased 

performance after annealing. 

 

Figure 2-2-8 J-V curves of solar cells with and without annealing.205 With 80 °C annealing, 

cell performance has been improved from 3.5% to 6.4% with tetrabutylammonium iodide 

(TBAI) and ethanedithiol (EDT) liangds. 

 

2.2.3 Other CQD solar cells  

 

Besides PbS quantum dots, PbSe is another extensively studied quantum dot material. PbSe 

quantum dots exhibit a strong multi-exciton generation effect (MEG effect) which has 

already resulted in external quantum efficiency (EQE) exceeding 100%.57, 206-208 This is a 

very unique property which may lead to efficiency beyond Shockley-Queisser limit in the 

future. Huang et al 209 introduced a PbSe CQD cell using perovskite quantum dot as hole 

transport layer which has improved the cell’s efficiency to 7.22% . Halpert et al 210 fabricated 

perovskite passivated PbSe quantum dots and the cell efficiency reached 9.2%. For a long 

time, low stability of PbSe CQD solar cell in ambient was a considerable problem compared 

to PbS CQD solar cells, which hinders the application of PbSe quantum dot in solar cells.59, 
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211, 212 In 2019, Huang et al 213 fabricated a SnO2/PCBM electron transport layer improved 

PbSe CQD solar cell with 10.4% efficiency which can be stably stored for 30 days in ambient 

conditions. Figure 2-2-9 shows the band structure and J-V curve for this record high 

performance PbSe CQD solar cell. 

 

 
 

Figure 2-2-9 Band alignment scheme (a) and J-V curves (b) of a high performance PbSe 

CQD cell.213 In this cell, the application of SnO2/PCBM electron transport layer is in favour 

of electron transfer, so that the performance of the cell had been improved greatly. 

 

Other kinds of chalcogenide (CdTe, CdS, PbSe) quantum dots are also promising materials 

for absorbing layers.214-218 A novel ligand design has boosted CdTe CQD cell efficiency to be 

above 10% 219 while a doping strategy improved CdS CQD cell efficiency to be over 5%. 

Perovskite quantum dots have drawn a lot of attention alongside the research hotspot of 

perovskite as bulk material. Instability at room-temperature is a problem concerning 

perovskite bulk material research.220-222 Recently, a perovskite CQD solar cell provided a 

potential solution to this problem. In 2016, Luther et al 223 shown that CsPbI3 perovskite 

quantum dots exhibited much improved stability over bulk material at room temperature. In 

2017, Luther et al 224 continuously pushed the efficiency of perovskite CQD solar cell to 

13.4% using halite salt treatment, which settled a new record for CQD solar cells. 

Alongside with chalcogenide-containing materials, non-toxic material elements such as 

bismuth, indium, tin, copper and silver are also very attractive research topics due to their 
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non-toxic, user- friendly characters 225-227. Applying these non-toxic environmental friendly 

elements can be very appealing to materials and solar cell researchers. However, 

development of non-toxic materials for solar cells is in a very initial stage. The CuInS2 CQD 

solar cell has just reached above 1% efficiency228 . Though a remarkable 6.3% PCE has been 

achieved by a AgBiS2 CQD solar cell 229, the stability of this material is a problem for further 

developing its application. Further applying these materials needs better understanding and 

investigation into their properties and processing techniques. 

 

2.3 Application of CQD in tandem solar cells 
 

2.3.1 Tandem solar cells  
 

Tandem solar cells are, so far, the only realised strategy that has overcome the Shockley-

Queisser limit to date.64 The Shockley-Queisser limit was introduced by Shockley and 

Queisser in 1961 21 using detailed balance limit (DBL) calculation to analyse single-junction 

solar cell efficiency potentials. Figure 2-3-1 illustrates the result of detailed balance limit 

calculation, where below bandgap transmission loss, high-energy carrier thermalisation loss, 

Boltzmann loss due to entropy generation, Carnot loss due to the finite temperature of the cell 

and emission loss due to modified black-body emission effect are all responsible for the 

power losses for a single-junction solar cell.230 From the Figure 2-3-1 we can see that 

intrinsic losses of below-bandgap non-absorbed photons and carriers cooling to bandgap edge 

are the dominating primary loss mechanisms leading to this Shockley-Queisser limit for 

single-junction cells230, 231. Hence, tandem or multi-junction cells could provide a solution to 

alleviate these two primary losses by combining two or more cells corresponding to different 

spectral ranges with specially designed interlayers into one monolithic tandem structure. 

Figure 2-3-2 shows a scheme of the structure of a tandem cell. In this tandem cell, the front 

cell (high bandgap cell) responds to high energy short-wavelength light, while the rear cell 

(low bandgap cell) respond to lower energy long-wavelength light respectively, so that a 

more efficient utilisation of the solar spectrum can be obtained by this monolithic multi-

junction tandem solar cell. 
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Figure 2-3-1 Fractions of energy losses at different bandgaps 230 . Below bandgap 

transmission loss and high-energy carrier thermalisation loss are the dominating losses. 

1.33 eV is the optimal bandgap for a single-junction solar cell where the maximum 

efficiency expectation is 33.7%. 

There are three criteria for designing a high performance tandem cell, namely, a well aligned 

band offset, highly effective interlayers and current matching between adjacent subcells.67, 77, 

232 The first criterion of a well aligned band offset could be met by choosing suitable 

absorbing materials. For now, the highest certified record among tandem cells and also 

among all kinds of cells of PCE=46.1% is achieved by III-V group materials.64 This cell 

employed a bandgap combination of 1.9, 1.4, 1.0, and 0.5 eV for sub cell absorbers, which is 

close to the ideal values of 1.9, 1.4, 1.0, and 0.5 eV bandgaps combination obtained from 

detailed balance calculation.233 The record organic tandem solar cell with 17.3% efficiency 
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was achieved largely due to a careful selection of rear cell material with a bandgap of 1.2 

eV.67 Combined theoretical and experimental work may facilitate the selection for 

appropriate bandgaps for a tandem cell. For Si-perovskite tandem cells as an example, the 

theoretical optimal bandgap for front perovskite cell is 1.7 eV,234, 235 while experiments 

shown that 1.6 eV is the optimal value due to parasitic absorption which is not included in 

calculations.236, 237 

 

                  

Figure 2-3-2 Scheme of the structure of a tandem solar cell.238 The high bandgap cell is also 

referred to as front cell, while the low bandgap cell is also referred to as rear cell. Front 

cell and rear cell are connected by the interlayer to more efficiently utilise the solar 

spectrum. In this scheme, the “gap” between “Interlayer” and “Active layer 2” is 

specifically drawn for showing light splitting, which does not exist in a monolithic device.  

 

The second criterion of a recombination layer or interlayer is a crucial part for making a high 

performance CQD tandem solar cell. For III-V group tandem solar cells, tunnelling 

recombination layers were usually constructed by employing lattice-matched materials with 

different doping levels.239-243 For organic tandem solar cells, a variety of recombination layers 

have been developed such as PEDOT:PSS/ZnO 244-248, TiOx/PEDOT:PSS 249, 250, ZnO/MoO3 
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66, 251, PF3N-2TNDI/PEDOT:PSS 252 and MoO3/Ag/PFN 253, 254. Compared to organic tandem 

cells, perovskite tandem cells show more similarities with CQD tandem cells because they 

both require an avoid-polar-solvent fabrication process where interlayers such as (spiro-

OMeTAD / PEDOT:PSS / PEI / PCBM:PEI)255-259 have been applied. One noteworthy work 

achieved a 23.6% efficiency using a perovskite/Si tandem cell with a NiO/ITO interlayer.260  

The third criterion, which is also one of the biggest challenges to fabricate high performance 

two terminal monolithic tandem solar cells, is the current matching for subcells.67 In a 

monolithic tandem configuration, the front cell and rear cell are connected in series. 

Therefore the overall current is limited by the lower one of the two currents from front and 

rear cells reducing the device performance. Balancing subcells’ currents by adjusting both 

absorbing layers’ thicknesses until subcells’ currents match with each other is an optional 

strategy to optimise tandem cell current. Optical modelling can predict the current from each 

subcell under a certain absorbing layer thickness and provides significant guidance for the 

design of the tandem structure.236 Modified detailed balance limit calculation 67, 237 and semi-

empirical modelling 261 are also reported methods for providing guidance for designing 

subcells’ thicknesses for achieving current matching. 

 

2.3.2 CQD tandem solar cells 

 

CQD-CQD tandem cells are drawing more and more attention recently. This is mainly due to 

the recent great development of single-junction CQD solar cell efficiency and processing 

techniques. The recent progresses 188-191 of single-junction CQD solar cells (>12% PCE) has 

paved the way for CQD tandem cells to become an up-coming research hot-spot considering 

quantum dots’ unique advantages dedicated for tandem solar cells. 

Quantum dots possess dedicated advantages for forming a tandem solar cell. Firstly, 

bandgaps of quantum dots could be tuned from 0.4 eV to 1.6 eV by simply adjusting nano-

crystal size.71, 72 Secondly, doping types of quantum dots are also tunable by using different 

ligands. For example, iodine ligands could create n-type quantum dots 119, 126 while p-type 

quantum dots can be obtained by using MPA ligands.88, 147 Thirdly, as-deposited quantum dot 

films are relatively robust to solvents during the subsequent interlayer and rear cell 

processing, which makes it easier to fabricate tandem structures.262 In addition, in-solution-

processability can further provide convenience for CQD tandem solar cell construction.147 
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However, previous research on CQD tandem solar cells has yielded a relatively small number 

of reports to date.75-77, 261, 263  

In 2011, Wang et al75 fabricated the first  PbS CQD tandem solar cell. In that work, Front cell 

and bottom cell bandgaps of 1.6 eV and 1.0 eV were chosen respectively according to a 

simulation based on a graphical method.264, 265 A gradual recombination layer was designed 

showing an ideal combination of two subcells. This gradual recombination layer includes a 

combination of MoO3, ITO, ZAO and TiO2 layers. Current matching of subcells was reached 

by calculating the absorption of both subcells. Both experimental adjustments and 

calculations were conducted to make accurate thickness adjustment. A scheme of the tandem 

cell structure is shown in Figure 2-3-3(a). The cell had shown a PCE of 4.21%. The tandem 

cell voltage is the sum of subcells’ voltages, which indicates an ideal combination of subcells 

by the designed interlayer. Figure 2-3-3(b) shows J-V curves for the tandem cell and 

corresponding subcells. 

 

    

  

Figure 2-3-3 (a) A scheme of Wang’s PbS CQD tandem solar cell structure. The complicated 

gradual recombination layer (GRL) includes four layers of MoO3, ITO, ZAO and TiO2. (b) J-V 

curves of this tandem cell and corresponding subcells.75 
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In the same year, Choi et al 76 reported another PbS CQD tandem solar cell with a simpler 

recombination layer of thin Au layer. Choi’s work employed CQDs’ bandgap combinations 

of 1.6 and 1.0 eV for front and rear subcells respectively according to detailed balance 

limitation calculation.266 A simpler recombination layer composed of a thin Au layer was 

employed which effectively combined subcells’ voltages. However, the PCE of tandem is 

much lower than that of Wang’s work. This may be partly due to too thin absorbing layers 

which are only 50nm in thickness, leading to low current density for the tandem cell. Figure 

2-3-4 shows the band diagram of Choi’s PbS CQD tandem solar cell. A well designed 

subcells’ thickness combination by optical modelling236 can be a promising way to improve 

the tandem cells’ current. 

 

   

 

Figure 2-3-4 Choi’s PbS CQD tandem solar cell structure (a) and band-diagram (b).76 (a) the 

front cell and rear cell used 1.6 eV and 1.0 eV PbS CQDs respectively. An ultra-thin Au 

interlayer of 1 nm was applied in this tandem cell. (b) A well designed band alignment is 

illustrated here. Schottky barriers formed between Au and ZnO as well as between Au and 

PEDOT.  
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A hybrid CdTe-PbS CQD tandem solar cell was reported by Luther et al261 in 2016. For the 

first trial of this kind of cell, the experimental PCE reached 5%. In Luther’s study, one 

significant contribution is that a systematic simulation was made for a hybrid CdTe-PbS 

CQD tandem solar cell. In this simulation, not only a classical detailed balance limit 

calculation was conducted with the assumption that a subcell absorbs all photons with energy 

above the bandgap, as shown in Figure 2-3-5(a), but also the calculation with a semi-

transparent absorbing film assumption was carried out, of which the simulated result is shown 

in Figure 2-3-5(b). According to this simulation, based on a CdTe front cell with bandgap of 

1.5 eV and a PbS rear cell with a bandgap of 0.95 eV, an optimum efficiency of above 40% 

can be expected by the simulation. The judiciously designed recombination layer of ZnTe-

ZnO shown a smooth transition between the subcells with minimal voltage loss. Both 

modelling and experimental tests were combined for deciding the absorbing layer thicknesses 

for subcells in this work. 

 

 

Figure 2-3-5 Simulations for CdTe-PbS CQD tandem solar cell 261 . (a) Based on classical 

detailed balance limit calculation, the assumption that all photons above the bandgap are 

absorbed by a subcell was applied. (b) A semi-transparent film assumption was applied in 

contrast with above mentioned simulations, which means photons can transmit through a 

subcell by adjusting this subcell’s thickness. 
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In 2017, Ma et al 77 reported a research about PbS CQD tandem solar cells with a champion 

cell achieving ~9% efficiency, which is more than double the previous record value. This 

research employed two rationally designed recombination layers: PbS-EDT/PEDOT/ZnO and 

PbS-EDT/Au/ZnO. The tandem cells' structure is shown in Figure 2-3-6. The results of 

experiments (Table 2-3-1) in Ma’s research showed that replacing PEDOT with a thin layer 

of gold increased the PCE of a tandem solar cell from 7.7% to 8.6%, while a significant 

increase in FF from 58.5% to 66.4% was the main reason for the increased PCE. In Ma’s 

research, a 1.13 V tandem cell voltage was obtained showing well aligned bandgaps and 

ideally combined subcells. In Table 2-3-1, a series of recombination layer were investigated 

and reported in the research, which can provide a detailed guidance for future studies on this 

kind of cell. In Ma’s research, for optimising the tandem cell’s current density, a series of the 

absorbing layers’ thicknesses were tested for identifying the optimal thicknesses. One thing 

worth a note is that though PbS quantum dots with the same size were used for front and rear 

cells in Ma’s work, an unprecedented efficiency was still achieved. 

 

                               

Figure 2-3-6 Illustration of Ma’s PbS CQD tandem solar cell structure.77 Front cell and rear 

cell are both composed of ZnO electron transport layer and PbS absorbing layer. An 

interlayer of PEDOT:PSS or ultra-thin Au layer was used to connect the subcells.  
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Table 2-3-1 Different interlayers investigated in Ma’s PbS CQD tandem solar cell study.77 In 

this table, by comparing PEDOT/ZnO and PbS-EDT/PEDOT/ZnO as well as Au/ZnO and PbS-

EDT/Au/ZnO, PbS-EDT layer shown its necessity for the tandem cell to achieve a high 

current density. Tandem cells with Au interlayers can achieve a higher FF than those with 

PEDOT interlayer.  

Fabrication 
technique 

Structure 
Jsc [mA 
cm−2] 

FF [%] Voc [V] PCE [%] 

Full solution 
processing 

PEDOT/ZnO 9.11 42.5 0.61 2.4 

  PbS-EDT/ZnO 10.27 45.2 0.42 1.9 

  PbS-EDT/PEDOT/ZnO 12.92 58.5 1.02 7.7 

Solution 
processing/e-
beam 
evaporation 

Au/ZnO 7.12 52.4 0.65 2.4 

  PbS-EDT/Au/ZnO 11.93 66.4 1.08 8.6 

  PbS-EDT/Au/n-ZnO 12.26 64.1 1.13 8.9 

 

The most recent research on CQD tandem solar cell was about a PbS CQD tandem solar cell 

by Bi et al 263 in 2018. Bi et al 263 introduced a chemical vapor deposited graphene layer as 

interlayer for the PbS CQD tandem solar cell. A high efficiency of 8.2% was achieved by 

using a 1.4 eV and 1.3 eV bandgap combination of quantum dots. A more ideal bandgap 

combination of 1.43eV and 0.95eV was expected to be able to reach higher tandem cell 

efficiency, however, only an efficiency of 7.1% was achieved by this bandgap combination. 

The reason can be that a narrow bandgap CQD rear cell led to a lower overall tandem cell 

voltage. Figure 2-3-7 shows Bi’s PbS CQD tandem solar cell structure and EQEs of subcells. 

Subcells’ thicknesses were determined by both optical modelling and experimental tests. One 

thing worth a note is that an ultra-high rear cell current integrated from EQE measurement of 

17.5 mA/cm2 could be achieved in this research. 
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Figure 2-3-7 Bi’s PbS CQD tandem solar cell structure(a) and EQEs of subcells (b).263 A 

chemical vapour deposit (CVD) graphene interlayer was introduced in this tandem cell . 

With a front cell bandgap of 1.43 eV and a rear cell bandgap of 0.95 eV, the integrated 

current from EQE of the front cell achieved 16.5 mA/cm2 and that of the rear cell reached 

17.5 mA/cm2. 

 

2.3.3 Tandem solar cells using CQD and other materials 

 

Colloidal quantum dots and organic material have been combined to form tandem cells  

because of their mutually compensated absorbing spectrums.267, 268 Tong et al 267 reported a 

CQD/organic tandem solar cell with an efficiency of 7.4%. A scheme of this tandem cell 

structure is shown in Figure 2-3-8(a) and absorbance curves of both subcells are shown in 

Figure 2-3-8(b). Complementary absorption was achieved in this tandem cell by using 

organic front cell and PbS CQD rear cell which respond to different but compensating 

wavelength ranges. Sargent et al 268 also studied CQD/organic tandem (PCE=5.3%) which 

could extend the absorption spectrum of an organic cell by incorporating a CQD subcell 246, 

248. Tong 267 and Sargent 268 both found that using quantum dots as the bottom cell absorbing 

material could achieve a better tandem cell performance than switching subcells’ sequence as 

the solvent processability of quantum dots is better than polymers. 

For adjusting the thicknesses of subcells in CQD/organic tandem cells, a modelling was 

introduced for optimising CQD/organic current matching  by Speirs et al269. The result of the 
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modelling as shown in Figure 2-3-9(a), the solid line indicates the optimised thicknesses of 

subcells when PbS CQD cells were used as front cells. As an early stage research, guided by 

the modelling, the tandem cell efficiency reached 1.8%. This PbS CQD/organic tandem solar 

cell employed Al/WO3 as inter- layer and the champion cell showed a VOC of 0.89 V 

occupying 92% of the sum of subcells. The J-V curve of Speirs’s CQD/organic tandem solar 

cell is shown in Figure 2-3-9(b). 

 

      

Figure 2-3-8 (a) Scheme of Tong’s CQD/organic tandem solar cell’s structure.267 (b) 

Complementary absorbance of subcells of Tong’s CQD/organic tandem solar cell.267 

 

A series of interlayers were investigated for CQD/organic tandem cells such as Spiro-

MeOTAD/MoO3/Ag/PEIE 267, MoOx/ZnO/PFN 268,  Al/WO3 
269. A high performance 

CQD/polymer tandem solar cell was developed by Havid et al 270 with a MoOx/Au/ZnO 

recombination layer. The PCE of this tandem cell rose from 7.6% to 8.3% by inserting a thin 

layer of gold in the recombination profile. Sargent et al 271 found a similar trend in another 

CQD/organic tandem work in which the PCE increased to 7.9% from 5.3% due to the 

insertion of a Au layer. This increase is due to improved conductivity by inserting the Au 

layer. However, inserting an Au interlayer may cause reduction in transparency.  
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Figure 2-3-9 (a) Simulation of current matching for PbS CQD/organic tandem solar cell. The 

black solid line indicates the optimised thickness combinations. (b) J-V curves of PbS 

CQD/organic tandem solar cell.269 

 

The only CQD/perovskite tandem solar cell research to date so far was reported by Ma et al  

in 2018.262 There are few reports on this kind of tandem cell because the perovskite absorbing 

layer is easily destroyed when casting rear cell layers onto a perovskite front cell substrate. 

Even in this, only, research about CQD/perovskite tandem solar cells, the PbS CQD cell was 

employed as front cell and the perovskite cell as rear cell due to the difficulty of adding 

layers onto a perovskite substrate. When a perovskite cell was applied as the front cell, the 

poor solvent tolerance of perovskite would lead to front cell degradation in this structure. So 

making perovskite as a front cell is still a great challenge for tandem cell researchers. Ma’s 

CQD/perovskite tandem solar cell reached a PCE>10%, which is still a pioneer contribution 

to this kind of tandem solar cell research. Figure 2-3-10 shows the structure of Ma’s 

CQD/perovskite tandem cell and a cross-sectional SEM image of the cell. 
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Figure 2-3-10 (a) Scheme of Ma’s CQD/perovskite tandem solar cell and (b) a cross-

sectional image of this tandem cell.262 A PbS CQD front cell and a perovskite rear cell were 

adopted in this tandem cell structure. 

 

2.4 Conclusion 

 

In this chapter, the following aspects are reviewed in sequence: quantum dot synthesis and 

ligand exchange, single-junction PbS CQD solar cell development and the application of 

CQDs in tandem solar cells. The advantages of tunable bandgaps, solution-processed low-

cost synthesis and easy cell fabrication process have made quantum dot a suitable material 

candidate for absorbing layers in a tandem solar cell.  

Regarding the PbS CQD tandem solar cell, the material synthesis and single-junction cell 

fabrication techniques have been developed which provides a solid foundation for further 

pushing quantum dots into the tandem solar cell application. In chapter 3 after this chapters, a 

MgCl2 doped ZnO electron transport layer would be introduced for further improving the 

single-junction PbS CQD solar cell’s performance. 

By investigating quantum dot related tandem solar cells including CQD tandem solar cells as 

well as tandem solar cells using quantum dot and other materials, the most fundamental 

problem facing a tandem device is the current matching problem. Current matching is an 
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important criterion for high performance in any tandem cell. In a monolithic tandem 

configuration, the front cell and rear cell are connected in series. Therefore the overall current 

is limited by the lower one of the two currents from front and rear cells reducing the device 

performance for current-mismatched cells.  Optical analysis is a powerful tool to predict the 

current from each subcell based on their optical constants. Current matching can be achieved 

by adjusting the thicknesses of the absorbing layers to optimize device performance. In 

chapter 4 in this thesis, optical modelling is used to analyse PbS CQD tandem solar cells and 

to provide useful guidance for the design of PbS CQD tandem solar cells. 

Currently, the tandem PbS CQD solar cell research field has yielded a limited number of 

reports. Most of them have adopted an ultra-thin Au interlayer, while only one work75 utilised 

transparent ITO material within a complicated composite interlayer. In chapter 5 in this 

thesis, PbS CQD tandem solar cells with Au interlayer were further investigated and a graded 

band alignment strategy has been applied to improve tandem cell performance by developing 

the rear cell’s carrier extraction. Additionally, a much simplified mono-layer ITO interlayer 

has been applied and investigated in PbS CQD tandem solar cells. 
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Chapter 3.   Improving Single-junction PbS CQD 

Solar Cell by MgCl2 Treated Electron Transport 

Layer  

 

 Making high-qualilty single-junction cell is a fundamental work for achieving a working 

tandem cell. High performance CQD solar cells rely on good-quality electron transport layers 

(ETL) that act as carrier selective contacts for extracting electrons. Though a variety of n-

type oxides have been extensively studied as electron transport layers, a detailed 

understanding of their surface and interface states as well as mechanisms to improve their 

optical properties are still being developed. This chapter reports on a simple procedure to 

produce MgCl2 passivated ZnO nanoparticle electron transport layers that have improved PbS 

CQD solar cell performance. The MgCl2 treated ZnO electron transport layers have boosted 

the PbS CQD solar cell efficiency from 6.3% to 8.2%. The cell has exhibited both improved 

FF and JSC due to reduced surface defects on ZnO nanoparticle surfaces an improved carrier 

extraction, leading to significantly improved cell performance. This low-temperature MgCl2 

treated ZnO electron transport layer can be applied not only in solution processed single-

junction PbS CQD solar cells but also in PbS CQD tandem solar cell interlayer as a 

promising strategy to further increase solar cell efficiencies.  

 

3.1 Introduction 

 

Colloidal quantum dots have been developed as competitive candidates for fabricating LEDs, 

272-274 photodetectors 275, 276 and photovoltaic devices 147, 189, 277-281 due to their tunable 

bandgaps 71 and simple solution processed synthesis.282 Improvements in CQD solar cell 

performance has been dependent mainly on developments in quantum dot surface passivation 

283, 284 and beneficial changes to the cell architecture as reviewed in the last chapter.152, 155, 184, 

195, 285 A typical structure of PbS CQDs single-junction solar cells is shown in Figure 3-1. 

ZnO is a typical electron transport layer for this cell structure. Recently, modifications to the 
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electron transport layer (ETL) have shown potential for improving solar cell performance.286-

290 Further developing this essential electron transport layer creates a new avenue to improve 

CQD solar cell efficiencies. 

 

          

Figure 3-1 (a) A scheme of a typical PbS CQD solar cell structure. This structure is 

composed of ITO substrate, electron transport layer (ZnO), n-type PbS CQD layer (PbS-I) 

and p-type PbS CQD layer (PbS-EDT) (b) A photo of a fabricated PbS CQD solar cell. 

 

ZnO nanoparticle electron transport layers have been used extensively in quantum dot solar 

cells as well as other thin film solar cells such as perovskite and polymer cells. This is 

because of their high transparency, high charge carrier mobility, high electron affinity, facile 

synthesis and low crystallization temperature.286, 291-295 One remaining problem with ZnO 

nanoparticles is their surface defects. The large surface-to-volume ratio of ZnO nanoparticles 

turns the nanoparticle surface defects into a significant problem. A large amount of defects 

can trap electrons resulting in reduced charge transport and these defects can a lso cause 

surface defect induced recombination that could lead to both reduced VOC and JSC.294-297 

Though reduction of ZnO nanoparticle surface defects has been studied by introducing 

interlayers, 278, 288, 298 organic passivators 288, 299, 300 and inorganic passivators, 287, 298, 301-305 

further reduction in ZnO nanoparticle defects can still significantly improve the performance 

of colloidal quantum dot devices. 
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Utilising NaCl to passivate ZnO nanoparticles has shown its potential to improve electron 

transport layers, 306 and Choi et al 306 have used this strategy to create a high efficiency of 

11.6% for PbS CQD solar cells. According to Choi’s work, the anion Cl- has shown that it 

can reduce surface defects by passivating surface oxygen vacancies and the PbS CQD solar 

cell performance has been improved by this. However, the residual Na+ cations did not show 

any effect on PbS CQD solar cell performance.306 

Also, Mg2+ doping of ZnO has been studied as an effective method to improve ZnO electron 

transport layers by increasing transparency and by enlarging their bandgap.307, 308 Inspired by 

these works and in order to combine benefits from both, Cl- and Mg2+ treatments, a simple 

MgCl2 treatment has been developed in this work to passivate ZnO nanoparticle surfaces and 

optimize the electron transport layer for PbS CQD solar cells. By this one simple chemical 

treatment, three effects, reduction in defects, increased transparency, and improved carrier 

extraction were achieved. The PbS CQD solar cell with the MgCl2 treated electron transport 

layer achieved an efficiency of 8.2%, while an efficiency of 6.3% was acquired by the device 

without the MgCl2 treatment. For the device with MgCl2 treated ZnO electron transport layer, 

both the FF and JSC were increased after the treatment. 

 

3.2 Method 
 

3.2.1 Preparation of ZnO-MgCl2 nanoparticles 

ZnO nanoparticles were synthesized following a previously reported method.280, 306, 309, 310 A 

solution of potassium hydroxide (2.95 g) in methanol (125 ml) was added slowly, dropwise, 

into a solution of zinc acetate dehydrate (1.48 g) in methanol (65 ml) at 60°C. Then, the 

solution was stirred at 60°C for 2 hours. ZnO nanoparticles were extracted by centrifuging 

and washed using methanol twice. ZnO nanoparticles were finally re-dissolved in a mixed 

solvent containing chloroform and methanol. For MgCl2 treatment, based on the previously 

reported optimal ratio 306 , a mole ratio of Mg : Zn = 1 : 50 was made by adding 0.3 ml 

MgCl2-methanol solution with a concentration of 0.7 mmol/ml drop-wise into 10 ml of the 

as-synthesized ZnO nanoparticle solution. The final solution was stored overnight to let the 

reaction complete before being used. The same percentage of methanol was also added to the 

pristine ZnO nanoparticle solution in order to maintain the same ZnO concentration with the 

MgCl2 treated samples.  
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3.2.2 Preparation of PbS quantum dots 

PbS quantum dots were synthesized by following previously reported methods 147, 306, 311. 1-

octadecene (ODE, 5 g) was degassed overnight and then mixed with 

Bis(trimethylsilyl)sulfide (TMS, 0.144 g). In the meantime, a mixture of PbO (0.45 g), Oleic 

acid (OA, 1.8 g) and ODE (10 g) was heated to 100°C for 3 hours under vacuum. The 

mixture was then cooled down to 90°C followed by injection of the TMS/ODE mixed 

solution. Then the heating mantle was removed and the mixture was left to cool down 

naturally. The as-synthesized PbS CQDs were purified three times using acetone as anti-

solvent and hexane as solvent. The as-synthesised quantum dots were averagely divided into 

4 centrifuge tubes (50 ml in volume). For each centrifugation, 20 ml hexane was added to 

dissolve quantum dots and then 30 ml acetone was added as anti-solvent. A spinning speed of 

6000 rpm was usually used for centrifugation process. The purified final quantum dots were 

dispersed in hexane (30 mg/ml in a typical synthesis). 

3.2.3 Fabrication of PbS CQD cells 

ITO coated glass substrates were cleaned using detergent, distilled water, IPA (isopropyl 

alcohol) and acetone, respectively. Then the substrate was UV-Ozone cleaned for 30 min. 

The MgCl2 treated ZnO-NP solution (or pristine ZnO NP solution) was spin-coated onto the 

cleaned ITO glass at 2500 rpm for 30 s. This process was repeated twice and the samples 

were stored at room temperature in air for an hour to dry out the solvent. Then, the PbS-OA 

CQD solution was spin-coated onto the ZnO-NP film at 3000 rpm for 30 s. Next, the as-cast 

PbS-OA film was soaked in PbI2 (4.6 mg/ml in DMF) for 45 s for ligand exchange. From 

this, a layer of PbS quantum dots with iodine ligands (PbS-I) was obtained. Then, the PbS-I 

layer was rinsed with acetonitrile (ACN) multiple times to remove the residual ligands. The 

PbS-I layer fabrication process was repeated 8 times to produce a 280 nm thick intrinsic PbS-

I absorber layer. For the deposition of the hole transport layer, ethanedithiol (EDT) was used 

for ligand exchange to form a PbS-EDT layer. EDT (0.015% vol in ACN) instead of PbI2 was 

used as ligand source to treat the PbS-OA quantum dot layer, which was finally washed with 

ACN. Two layers of PbS-EDT were deposited onto the PbS-I layer. Finally, 100 nm of Au 

was deposited by thermal evaporation onto the CQD film as an electrode. The cell area was 

0.03 cm2 defined by the size of the Au electrode. 

All chemicals were purchased from Sigma-Aldrich and used as received. 
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3.2.4 Materials characterisation 

X-ray diffraction (XRD) was performed on a PANalytical X’pert Materials Research 

Diffractometer. A Cu Kα radiation source (λ = 0.1541 nm) was used at 45 kV and 40 mA 

with the sample measured in air.  The film samples of pristine ZnO and MgCl2 treated ZnO 

were spin-casted on pure glass substrates. XRD was performed for analysing the materials’ 

crystal structures. 

X-ray Photoelectron Spectroscopy (XPS) and Ultra-violet Photoelectron Spectroscopy (UPS) 

were performed using an ESCALAB250Xi system produced by Thermo Scientific (UK). The 

X-ray source was a mono-chromated Al K alpha (energy 1486.68 eV) and the ultraviolet 

source was a He Iamp (energy 21.2 eV).  The ZnO (or MgCl2 treated ZnO) sample for XPS 

and UPS measurements were spin-coated films onto ITO substrates. The estimated 

thicknesses were 500-1000 nm. XPS measurement was carried out mainly for analysing 

elemental compositions while band offset information could be derived from UPS spectra. 

The transmission and reflection spectra were measured on a Perkin Elmer Lambda1050 

UV/Vis/NIR spectrophotometer.  The T&R measurement is for analysing the samples’ optical 

properties. The samples were nanocrystals spin-casted onto ITO glasses in the same condition 

with processing solar cells. 

The Raman Photoluminescence (PL) measurement was performed on a LabRAM Raman 

system. An excitation laser of 325 nm was used. Sample films with more than 100 nm 

thickness were fabricated to fully absorb the excitation light. The intensity of Raman-PL 

peaks could represent in-gap defects, so that the level of passivation can be analysed by these 

curves. The relatively thick (~800 nm) sample films for ZnO (or MgCl2 treated ZnO) was 

spin-casted onto pure glass substrates.  

Scanning electron microscope (SEM) images were obtained using a FEI Nova Nano 450 

SEM. Samples for surface SEM images were ZnO (or MgCl2 treated ZnO) films spin-casted 

on ITO glasses in the same condition with processing solar cells. Cross-sectional SEM image 

was taken for analysing the solar cell’s laminar information.  

FT-IR measurements were performed on a Spotlight 400 FT-IR system. The KBr pellet 

method and transmission mode were used in this measurement. The scanning range was from 

1000 cm-1 to 450 cm-1. ZnO (or MgCl2 treated ZnO) powders were added to KBr powders 
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followed by compressing the mixture into a pellet. FT-IR measurement could give the 

samples’ composition and bonding information. 

Photoluminescence (PL) measurement for PbS solution is conducted by a Horiba 

Photoluminescence System. PbS solution is contained in a quartz cuvette. Excitation light 

with a wavelength of 600 nm was used. 

3.2.5 Device characterisation 

The current density–voltage (J-V) measurements were performed using an IV5 solar cell J-V 

testing system from PV measurements, Inc. with a Keithley 2400 source meter and an 

AM1.5G Oriel model 94023A solar simulator. The incident illumination power is 1000 

W/m2. A forward scan from -0.25 V to 0.75 V was used.  

External quantum efficiency (EQE) measurements were performed on a PV Measurement 

QXE7 spectral response system with monochromatic light generated from a xenon arc lamp. 

All characterizations were performed at room temperature in ambient conditions except the 

XPS, UPS and SEM analyses, which were carried out in a vacuum chamber. 

 

3.3 Improved single-junction PbS CQD solar cell 
 

   
Figure 3-2 (a) Absorbance and photoluminescence of synthesised a PbS quantum dot 

sample. The absorbance exciton peak centres at 933 nm while the photoluminescence 

curve peaks at 1041 nm. The half widths at half max of two peaks are both ~120 nm. (b) 

TEM image for PbS quantum dots. The average size of synthesised PbS quantum dots is ~4 

nm.  
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For fabricating PbS CQD solar cells, PbS CQDs were synthesised in the first place. Figure 3-

2(a) shows the absorbance and photoluminescence (PL) for synthesised PbS solution. The 

quantum dots bandgap is 1.33 eV as indicated by the absorbance peak at 933 nm. The half 

width at half max (HWHM) of absorbance peak is ~120 nm, indicating a relatively narrow 

size distribution.312 The Stokes shift (~110 nm) between the PL and absorbance peaks is 

minimal 312 and the PL emission peak is similarly narrow as compared to absorption. TEM 

image of synthesised PbS CQDs is shown in Figure 3-2(b). The average size of quantum dots 

is ~4 nm, which is consistent with Moreels’ empirical equation71 describing the relationship 

between bandgap and size reviewed in Chapter 2.1.1. 

PbS CQD solar cells were fabricated using synthesised PbS quantum dots. MgCl2 treated 

ZnO nanoparticles were utilised to form the electron transport layer for improving the single-

junction PbS CQD solar cell. The cell’s structure consists of glass/ITO/ZnO-MgCl2/PbS-

I/PbS-EDT/Au. Also, a control cell was made using the untreated pristine ZnO electron 

transport layer. The cell structure is shown in the cross-sectional SEM image in Figure 3-3. 

The fabrication process of PbS CQD solar cell is described briefly here. First, a ZnO-MgCl2 

solution was spin coated onto cleaned ITO glass to form a ZnO-MgCl2 film. Then, this 

process was repeated once again to form two layers of ZnO-MgCl2 for reducing pin-holes in 

the electron transport layer. Following the fabrication of ZnO-NPs layer, PbS quantum dot 

layers, including both “i- type” (PbS-I) and “p-type” (PbS-EDT) layers, were fabricated by a 

layer-by- layer process as detailed in the Methods. A control cell was then made using the 

pristine ZnO nanoparticle solution for comparison with ZnO-MgCl2 nanoparticles. 

The J-V curves of PbS quantum dot solar cells are shown in Figure 3-4. An 8.2% power 

conversion efficiency can be achieved by using MgCl2 treated ZnO nanoparticles, compared 

to the efficiency of 6.3% for the control cell using pristine ZnO nanoparticles. The increase of 

power conversion efficiency is mainly attributed to the increase in the FF. A FF of 62% has 

been achieved using MgCl2 treated ZnO nanoparticles, compared to a FF of 53% for the cell 

using pristine ZnO nanoparticles. An increase in JSC also contributed to the improved device 

efficiency. The JSC of the cell with ZnO-MgCl2 electron transport layer is 21.9 mA/cm2  

compared to 19.6 mA/cm2 for the cell with pristine ZnO electron transport layer. EQE results 

(Figure 3-5) also exhibit an increase in current density, 20.8 mA/cm2 for the treated cell 

compared to 18.6 mA/cm2 for the control cell, which is consistent with the J-V curve results. 
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Figure 3-3 SEM cross-sectional image of a PbS CQD solar cell with a glass/ITO/ZnO-

MgCl2/PbS-I/PbS-EDT/Au layer stack. The thickness of the ZnO film is 120 nm, the PbS-I 

CQD film is ~280 nm and the PbS-EDT layer is ~100 nm. EDT is short for 1,2-Ethanedithiol 

(HSCH2CH2SH). 

 

      

Figure 3-4 The J-V curves of the PbS CQD solar cell using ZnO-MgCl2 electron transport 

layer and a control cell using pristine ZnO electron tansport layer. With MgCl2 treated 

ZnO-NPs electron transport layer, the cell efficiency increased from 6.3% to 8.2%, and JSC 

increased from 20 mA/cm2 to 22 mA/cm2, and fill factor increased from 53% to 62%. 
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Table 3-1 Solar cell parameters obtained from the J-V curves. With MgCl2 treatment, the 

cell’s shunt resistance was reduced while the series resistance was increased. 

Device Jsc 
(mA/cm2) 

Voc 
(mV) 

FF PCE Rsh 
(Ohm·cm2) 

Rs 
(Ohm·cm2) 

ZnO-MgCl2 21.9  608  62% 8.2% 205 3.5  

Pristine ZnO 19.6  605  53% 6.3% 103 5.0 

                             

          

Figure 3-5 The EQE spectra of PbS CQD soalr cell with ZnO-MgCl2 electron transport layer 

and a control cell using pristine ZnO electron transport layer. A broadband increase in EQE 

for the cell with ZnO-MgCl2 electron transport layer was shown compared that for the cell 

with pristine ZnO, which is consistent with improved charge carrier collection. 

 

Table 3-1 lists parameters for both PbS CQD solar cells with MgCl2 treated ZnO electron 

transport layer and with pristine ZnO layer. Utilising PVlighthouse J-V curve fitting function, 

shunt and series resistances can be calculated based on J-V curves.  With MgCl2 treatment the 

shunt resistance RSH increased and the series resistance RS decreased. RSH increased to 205 

Ohm·cm2 from 103 Ohm·cm2 after ZnO-NP surface passivation with the MgCl2 treatment, 
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indicating less leakage current and possibly less interface defect-mediated recombination. RS 

decreased from 5.0 Ohm·cm2 to 3.5 mOhm·cm2, which indicates less ohmic loss and possibly 

better charge collection in the solar cells. The following sections 3.2 and 3.3 in this chapter 

would show detailed characterisation for that the improved device performance is possibly 

from reduced ZnO-NP surface defects passivated by MgCl2 treatment hence improving the 

FF and JSC and improved band alignment for the PbS CQD solar cell.   

 

3.4 MgCl2 treated ZnO electron transport layer with reduced detects  

 

Figure 3-6 illustrates the method of making a MgCl2 treated ZnO nanoparticle solution and 

shows the mechanism of nanoparticle passivation. To perform the MgCl2 treatment, 0.3 ml of 

MgCl2 solution (0.7 mmol/ml) was added dropwise into the as-synthesized ZnO nanoparticle 

solution (10 ml).  

 

 

 

Figure 3-6 Illustration of the MgCl2 treatment of ZnO nanoparticles in solution and the 

mechanism for the elimination of defects. MgCl2 is added to the ZnO nanoparticle solution 

at ambient temperature.  
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To characterise the effect of MgCl2 on the ZnO nanoparticle electron transport layer, a series 

of measurements including XRD, FT-IR, XPS, Raman-PL, UV-vis, SEM and UPS were 

carried out.  

Firstly, the XRD patterns of both ZnO-MgCl2 and the pristine ZnO samples are shown in 

Figure 3-7. From these patterns, the three main peaks for the (100) (002) and (101) crystal 

planes are shown for both samples. These three peaks are characteristic of the ZnO hexagonal 

wurtzite crystal phase.313-315 This means both materials have the wurtzite structure. A further 

conclusion from this is that the ZnO crystal structure remains the same after the MgCl2 

treatment. The reason for this can be that the added MgCl2 only treats the surface of the 

nanoparticles as MgCl2 diffusing into the crystal can be difficult at room temperature. Hence, 

the crystal structure of the ZnO nanoparticles was unaffected by the MgCl2 treatment. The 

increase of intensity of ZnO (002) peak is possibly driven by the overlaped signal from 

residue MgCl2 from which the diffraction peak intensity at ~34 is relatively high.316-319 

 

Figure 3-7 XRD patterns of both ZnO-MgCl2 and pristine ZnO. From these patterns, three 

main peaks (100) (002) and (101) of the ZnO hexagonal wurtzite phase are shown in both 

curves. These XRD patterns indicate that the MgCl2 treatment does not change the ZnO 

crystal structure. 
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To further investigate the bonding of the elements, FT-IR measurements were performed. As 

can be seen from Figure 3-8, the peak at 520 cm-1 is a sign of a vibration in ZnO which 

appears for both pristine ZnO and ZnO-MgCl2 samples. The MgO symmetric vibration gives 

a peak at 470 cm-1 for the ZnO-MgCl2 sample only. This peak is rather weak, as the amount 

of MgCl2 is small. The appearance if this peak usually indicates that the formation of Mg-O 

bonds.313-315 

 

Figure 3-8 FTIR spectra of both pristine ZnO and ZnO-MgCl2. The peak at 520 cm-1 is a sign 

of the Zn-O bond which is shown for both pristine ZnO and ZnO-MgCl2 samples. The MgO 

symmetric vibration gives a peak at 470 cm-1 for the ZnO-MgCl2 sample only. 

 

Then, X-ray photoelectron spectroscopy (XPS) was performed to investigate the components 

of nanoparticles and the effect of the treatment. As shown in Figure 3-9(a) and Figure 3-9(b), 

the incorporation of Mg and Cl in the ZnO film is evident from the presence of the Mg 1s 

peak at 1304 eV and the Cl 2p peak at 198 eV after MgCl2 treatment.306, 320 The Mg 1s peak 

at 1304 eV indicates the formation of Mg-O bonds 320 while the Cl 2p peak at 198 eV 

indicates the formation of Zn-Cl bonds.321 As can be seen in Figure 3-9(c), with the MgCl2 

treatment the shift of the Zn 2p peak from 1021.6 eV to 1022.1 eV also indicates the 

formation of Zn-Cl bonds.306, 322, 323  
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Figure 3-9 (a) XPS Mg 1s spectra for both pristine ZnO and ZnO-MgCl2 films. (b) XPS Cl 2p 

spectra for both pristine ZnO and ZnO-MgCl2 films. The appearance of the Mg 1s and Cl 2p 

peaks in (a) and (b) indicates incorporation of Mg and Cl elements into the MgCl2 treated 

ZnO nanoparticles film. (c)XPS spectra of the Zn 2p peak for both, pristine ZnO and ZnO-

MgCl2, samples. For the ZnO-MgCl2 sample, the peak of Zn 2p is 1022.1eV, compared to 

that of pristine ZnO’s 1021.6 eV. This shift indicates the formation of Zn-Cl bonds.  

     

Figure 3-10 shows Raman photoluminescence spectra for both pristine ZnO and MgCl2 

treated ZnO electron transport layers. This photoluminescence measurement employed an 

excitation wavelength of 325 nm. In Figure 3-10, the peak at 370 nm represents band‐edge 

emission caused by radiative annihilation of excitons while the broad emission peak at 550 

nm (2.25 eV) is attributed to defect emission from deep levels in the bandgap.298, 324-326 The 

decrease in the defect emission peak indicates a reduction in surface defects due to the MgCl2 

treatment. Combining with XRD, FT-IR and XPS measurements, a possible mechanism for 

this treatment can be that the cation Mg2+ forms a Mg-O bond on the surface of the 
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nanoparticles, while the anion Cl- provides compensating charge for the oxygen vacancies on 

the nanoparticle surface.  

 

 

Figure 3-10 PL spectra of pristine ZnO and ZnO-MgCl2 films. The peak at 370nm represents 

band‐edge emission caused by radiative recombination. The reduction in the peak 

between 450 nm and 700 nm is attributed to a reduction of surface defects.      

 

3.5 MgCl2 treated ZnO electron transport layer with improved transparency  

 

For current PbS CQD solar cells, electron transport layers are located in front of absorbing 

layers, so that the optical properties of the electron transport layers are significantly 

influencing solar cells’ performance. In this section, the transmission and reflection of the 

ZnO nanoparticle electron transport layers are measured by UV-vis.  

Increasing the transparency of ZnO layers by introducing Mg is another positive outcome 

from this treatment.307, 308 With the very small amount of MgCl2 incorporated into the 

synthesis, an increase of approximately 3% in transmission was observed from MgCl2 treated 

ZnO films (Figure 3-11). Unlike the Mg-doped ZnO film fabricated by the sol-gel method, 

the bandgap of our ZnO-MgCl2 film only shows minor enlargement (ca. 0.01 eV) as shown in 

Figure 3-11(c). (The method of plotting Tauc-plot for projecting bandgaps is from reported 
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papers.306, 327) This can be attributed to the MgCl2-treated nanoparticles in this work where 

Mg2+ has bonded to the particle surface instead of merging into ZnO nanoparticle. Hence it 

has not significantly altered the band structure. In contrast, the sol-gel method generally 

incorporates Mg atoms into the ZnO lattice, changing the band structure.200, 307    

  

 

 

Figure 3-11 (a) Transmission of both ZnO-MgCl2 and pristine ZnO films. With the very small 

amount of MgCl2 incorporated, an increase of approximately 3% in transmission can be 

observed (b) Reflectance of both ZnO-MgCl2 and pristine ZnO films.  (c) Tauc plot of both 

ZnO-pristine and ZnO-MgCl2. The bandgap of ZnO is only slightly shifted.  

 

SEM images for the pristine ZnO film and MgCl2 treated ZnO films are shown in Figure 3-

12.  The surface passivated ZnO film has a reduced the amount of pinholes as compared to 

that of the pristine ZnO film.  The possible reason is that a better solubility of the surface 
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treated ZnO leading to a denser spin-coated film. This can further increase current density in 

a solar cell because these pinholes act as shunting centres leading to leakage current. 

Elimination of surface traps may also reduce charge carrier scattering by surface defects as 

carriers move between nanocrystals. This can increase ZnO electron transport layer 

conductivity, resulting in reduced series resistance (RS) (Table 3-1). Also, the reduction of 

surface recombination centres can effectively increase the diode shunt resistance (RSH) by 

reducing surface trap-assisted recombination.294-297 Hence, an increase in both JSC and FF can 

be expected. 

 

   

Figure 3-12 SEM images of (a) the pristine ZnO film and (b) MgCl2 treated ZnO film. 

Pinholes are reduced significantly by using MgCl2 treated ZnO nanoparticles.  

 

3.6 Improved band alignment for PbS CQD solar cell 

Ultraviolet photoelectron spectroscopy (UPS) was used to investigate the energy band 

structure of the ZnO-NP electron transport layer. The UPS spectra in Figure 3-13(a,b) show 

that the Fermi level (EF) appears further away from the valence band (EV) for the ZnO-MgCl2 

sample, where the difference between EF and EV is 2.3 eV for the pristine ZnO sample and 

2.8 eV for ZnO-MgCl2. The conduction band was shifted from -4.2 eV for pristine ZnO 

nanocrystals layer to -4.7 eV for the MgCl2 treated ZnO electron transport layer. This means 

a larger electrical field for the heterojunction with MgCl2 treated ZnO in a solar cell.308 

Figure 3-13(c) schemes the charge transport in the interface area. With a larger electrical 

field, an enhanced charge extraction was achieved and interfacial recombination can be 

reduced due to minimised charge accumulation.308   
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Figure 3-13 UPS of ZnO nanocrystals before (a) and after (b) applying MgCl2 surface 

treatment. By applying this treatment, the ZnO nanocrystals’ conduction band was 

observed to shift from -4.2 eV to -4.7 eV. (c) A scheme for electron extraction before and 

after MgCl2 doping. The PbS CQDs bandgaps refer to reported values.328, 329 The doped 

nanoparticles caused larger build-in electrical field and reduced defects. More efficient 

electron extraction due to higher build-in electrical field reduced charge carriers’ 

accummulation at the interface area for the solar cell with MgCl2 treated ZnO electron 

tranport layer. 
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3.7 Conclusion 

 

In conclusion, in this chapter a simple MgCl2 treatment of ZnO nanoparticles has been 

reported which has improved the efficiency of PbS CQD solar cells. With the simple one-step 

treatment, the combined benefits of both, Mg2+ and Cl-, passivation on the ZnO nanoparticle 

surface can be obtained. Not only surface defects were reduced by this simple trreatrment, but 

also an increased transmittance was observed for the treated film. Moreover, a down-shifted 

conduction band of ZnO-MgCl2 ETL formed a better band alignment in the cell leading to 

more efficient carrier extraction. These improvements have led to a PCE of 8.2% in a PbS 

quantum dot solar cell relative to a PCE=6.3% for a control cell with a pristine ZnO electron 

transport layer. As a material that can be processed at low-temperature, this MgCl2 treated 

ZnO electron transport layer can also be applied to other type of thin film single-junction 

cells. Hence, the development of this improved ZnO-NP layer may contribute to further 

improvements in solar cell efficiencies. 
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Chapter 4.  Modelling of PbS CQD Tandem Solar 

Cell Structure 

 

Tandem solar cell is a promising strategy for increasing solar cell efficiency and PbS 

quantum dots are suitable absorbing material for constructing tandem solar cells due to their 

tunable bandgaps. While single-junction PbS CQD solar cells have achieved an efficiency of 

above 12%,2 PbS CQD tandem solar cells with record efficiency of 8.9%77 have lagged far 

behind the development of their single-junction counterparts. A major challenge for making a 

high performance quantum dot tandem solar cell as well as other tandem solar cells is the 

current matching problem. The currents from front and rear subcells could easily fall into a 

mismatched situation because of the difficulty in designing absorbing layer thicknesses. For 

solving this problem, in this chapter, an optical modelling has been established mainly for 

guiding the design of absorbing layer thicknesses. With the optical constants obtained from 

ellipsometry, PbS CQD tandem solar cells’ subcell bandgaps and absorbing layer thicknesses 

were simulated by the modelling. Different interlayers of Au and ITO were both analysed by 

this modelling. Though this modelling method has been widely applied on other kind of 

tandem cell analysis, it is rarely applied on quantum dot tandem solar cells currently. 

Besides, a diode modelling was applied for simulating J-V curves for PbS CQD tandem solar 

cells in the later part of this chapter. 

 

4.1 Introduction 

 

For simulating a tandem cell structure, a few classical models have been developed and 

reported.67, 261 The detailed balanced limit calculation 261, 330 is a classical model for multi-

junction solar cells. This simulation is conducted under the following assumptions: (1) 

AM1.5G solar spectrum is applied; (2) all photons above the bandgap of the respective 

absorbing layer are absorbed, while each absorbing layer is completely transparent below the 

bandgap; (3) only radiative recombination happens in the whole process. Under these 

assumptions, the detailed balanced limit calculation shows that solar cells with one, two, 
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three and infinite junctions could achieve efficiencies of 33%, 42%, 49% and 68% 

respectively.331 Luther et al 261 introduced a semitransparent film model based on the detailed 

balance limit model by waiving the second assumption mentioned above. The 

semitransparent film model assumes that by adjusting the thickness of an absorbing layer, a 

portion of photons above the bandgap could still transmit through this layer. Under this 

assumption, a PCE of above 40% can still be achieved for a tandem solar cell by this model. 

Besides, a semi-empirical modelling was introduced by Lingxian et al 67 for analysing 

organic tandem solar cells. Based on empirical values for EQE, VOC and FF, the approximate 

PCEs of organic tandem solar cells can be obtained, which still gave acceptable results. 

However, these universally applied models can only give the theoretical upper limit by 

assuming ideal optical conditions for tandem cell performance. We need a model which 

incorporates material’s experimental optical constants and thicknesses of absorbing layers to 

give a more accurate approximation to the tandem cell’s performance. 

An optical modelling has been applied to a perovskite-Si tandem cell, which showed very 

accurate prediction for the tandem cell’s performance.332 This optical model took optical 

constants into consideration employing a Ray-Tracing method to obtain absorbance and 

reflection of every functional layer. For constructing a high performance tandem solar cell in 

which current matching is a vitally important criterion, optical modelling considers specific 

absorbing layers in different cells and gives a more realistic guidance for tandem cell 

structure design. This is important because the more accurate the simulation is, the smaller 

mismatch of subcell currents in the real device exists and hence the smaller the current loss is 

in a tandem solar cell.  

In this chapter, modellings for PbS CQD tandem solar cells were conducted for guiding 

experimental works. In the beginning part of this chapter, an optical modelling was applied 

for simulating PbS CQD tandem solar cells, as currents from front and rear subcells need to 

be adjusted to match with each other so that a tandem cell can have an optimised 

performance. The optical modelling was established by applying PVlighthouse Sunsolve 

module, where the a Ray-tracing method is mainly employed.236 The optical constants of the 

simulated absorbing layers were obtained by Ellipsometry measurement and Cauchy model 

fitting. The modelled tandem cell structure is ITO glass / ZnO-NP / Front cell absorbing layer 

/ Au or ITO / ZnO-NP / Rear cell absorbing layer / Au. Firstly, different subcell bandgaps 

were simulated for identifying the optimal subcells’ bandgaps combination. Then, the tandem 

cells with different interlayer thicknesses were simulated and a proper interlayer thickness 
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was identified. Thirdly, tandem cells with different absorbing layers’ thicknesses were also 

simulated. By adjusting currents from front cell and rear cell to match with each other, 

optimised absorbing layer and interlayer thicknesses can be obtained. Under optimised 

conditions, a matched current of 15.3 mA/cm2 could be achieved in a quantum dot tandem 

solar cell. Besides optical modelling, in the later part of this chapter, J-V curves were also 

simulated based on both tandem and single-junction solar cells by combining diode equations 

and detailed balance limit modelling. PbS CQD tandem solar cell could reach an efficiency of 

~15.5% according to this modelling. 

 

4.2 Method 

 

4.2.1 Optical simulation 

Optical constants of PbS quantum dots: The optical constants of PbS quantum dot films were 

obtained by ellipsometry measurement and Cauchy model fitting using WVase software. 

Samples for ellipsometry measurement were PbS quantum dots films with different sizes 

made by spin-coating quantum dot ink onto silicon/silicon dioxide wafers. The thicknesses of 

quantum dot films were estimated using a cross-sectional scanning electrons microscope 

image. J.A. Woollam variable angle spectroscopic ellipsometry was used for this 

measurement. Three reflection angles of 55°, 65° and 75° were chosen to acquire data. The 

measurement was conducted under standard scan mode. The acquired data was fitted with a 

Cauchy model firstly to find the thickness and then use an all parameter fitting to extract the 

refractive index n and the extinction coefficient k over the whole wavelength range. This 

work was conducted by a collaborator Dr Weijian Chen. 

EQE simulation: PVlighthouse Sunsolve module was employed for realising the optical 

modelling. EQEs for subcells in a PbS CQD tandem solar cell were simulated by this 

modelling. Optical parameters of PbS CQD absorbing layers were obtained from ellipsometry 

measurement and fitting while optical parameters of other functional layers were acquired 

from the PVlighthouse database.  
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4.2.2 J-V curve simulation 

Simulated J-V curves were obtained by a diode modelling combined with JSC obtained from 

the optical modelling. In this simulation, there are three basic assumptions: (1) The cell 

absorbance follows the above described optical modelling; (2) Radiative and Shockley-Read-

Hall recombination both happen in the relaxation process; (3) Different lifetimes of charge 

carriers are considered in this model. Equations used in this model are listed below.333, 334  

 

  𝑱𝒇𝒓𝒐𝒏𝒕 = 𝑱𝒓𝒆𝒂𝒓 = 𝑱𝒕𝒂𝒏𝒅𝒆𝒎 (4-1) 

 𝑽𝒕𝒂𝒏𝒅𝒆𝒎 = 𝑽𝒇𝒓𝒐𝒏𝒕 + 𝑽𝒓𝒆𝒂𝒓 (4-2) 

 𝑱𝒇𝒓𝒐𝒏𝒕 = ∫ 𝜞(𝑬)𝒅𝑬
∞

𝑬𝒇𝒓𝒐𝒏𝒕

− 𝑱𝑺𝑯𝑹  (4-3) 

 𝑱𝒓𝒆𝒂𝒓 = ∫ 𝜞(𝑬)𝒅𝑬
∞

𝑬𝒓𝒆𝒂𝒓

− 𝑱𝑺𝑯𝑹 (4-4) 

 𝑱𝑺𝑯𝑹 =
𝒑𝒏 − 𝒏𝒊

𝟐

𝝉𝒑(𝒏 + 𝒏𝒊) + 𝝉𝒏(𝒑 + 𝒑𝒊)
 (4-5) 

 

When n>>p,  

 𝑱𝑺𝑯𝑹 =
𝒑𝒏 − 𝒑𝒏𝟎

𝝉𝒑
 (4-6) 

 𝒑𝒏𝟎 =
𝒏𝒊

𝟐

𝒏𝑫
 (4-7) 

 𝒑𝒏 = 𝒑𝒏𝟎𝒆
(

𝑽
𝑽𝑻

)
 (4-8) 

 

Parameters used in this modelling were obtained from reported studies 333, 334. 
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4.3 Obtained optical constants and EQEs for mono-bandgap PbS CQD 

tandem solar cell 
 

Parameters of n and k for PbS quantum dots films with different bandgaps are shown in 

Figure 4-1. Four bandgaps of 1.5 eV, 1.37 eV, 1.22 eV and 1.14 eV for quantum dots were 

measured and obtained by Cauchy model fitting as described in Method in section 4.2. 

 

  

  

Figure 4-1 Optical constants n and k of PbS quantum dots with different bandgaps of (a) 

1.5 eV, (b) 1.37 eV (c) 1.22eV, (d) 1.14 eV. 
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Figure 4-2 Modelled tandem cell structure. From illumination side, the functional layers 

are ITO glass / ZnO-NP / Front cell absorbing layer / ITO or Au / ZnO-NP / Rear cell 

absorbing layer / Au. 

 

Figure 4-2 illustrates the modelled tandem cell structure in this chapter. Optical constants of n 

and k were input as parameters for each layer. Absorbing layers’ optical constants were 

obtained from synthesised quantum dots films while other layers’ (ZnO, Au and ITO) optical 

constants were borrowed from PVlighthouse library. Tandem cells with mono-bandgap 

subcells (Bandgap 1 = Bandgap 2) were investigated firstly, while tandem cells with different 

bandgaps’ subcells (Bandgap 1≠Bandgap 2) are presented in following sections.  

Though a tandem cell usually employs two subcells with different bandgaps, researchers77 

have shown that using two subcells with the same bandgap still could achieve a higher 

efficiency than a single-junction CQD solar cell. The small diffusion length together with the 

resulted low absorbance of the CQD layer is limiting single-junction CQD solar cell’s 

performance.167, 171, 333 A mono-bandgap tandem cell structure could increase cell efficiency 

because the total thickness of the absorbing layers can be increased by employing tandem 
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structure and hence total absorbance could be enhanced. The total thickness of a mono-

bandgap tandem solar cell could easily reach beyond diffusion length while a single-junction 

solar cell would be confined within this limit largely, so that the absorbance of a mono-

bandgap tandem solar cell would be higher than that of a single-junction cell. According to 

NREL’s simulation261 introduced in Figure 2-3-2 in section 2.3.2, the efficiency can still 

reach ~33% for tandem cells with mono-bandgap subcells (~1.5 eV). 

Figure 4-3 shows simulated EQEs of a mono-bandgap PbS CQD tandem solar cell with front 

cell and rear cell absorbing layer composed of quantum dots with the same bandgap of 1.5 

eV. The simulated cell is in a structure of ITO glass/ZnO/front absorbing layer (1.5 eV)/ Au/ 

ZnO/rear absorbing layer (1.5 eV)/ Au contact. Simulated front and rear absorbing layers’ 

thicknesses are 140 nm and 300 nm, respectively. 

 

Figure 4-3 Simulated EQEs of a mono-bandgap PbS CQD tandem solar cell. The modelled 

tandem cell structure is ITO glass/ZnO/front absorbing layer (1.5eV, 140nm)/ Au/ 

ZnO/rear absorbing layer (1.5eV, 300nm)/ Au contact. 

A single-junction CQD solar cell is usually limited by absorbing layer diffusion length. For a 

typical PbS CQDs absorbing layer, the diffusion length is ~250 nm and the efficiency usually 

maximise at thickness of 300 nm.333 Going beyond this thickness would cause degradation of 

currents and FF335 and so the overall cell performance. From this simulation, it is shown that 
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a mono-bandgap tandem structure could increase the total absorbing layer thickness beyond 

the diffusion length for single-junction cells. The total thickness of this simulated mono-

bandgap PbS CQD tandem solar cell absorbing layers achieves 440 nm, which is beyond the 

thickness of 300 nm for single-junction PbS CQD solar cells. A mono-bandgap tandem solar 

cell could increase cell performance due to enhanced absorbance driven from much increased 

total absorbing layer thickness. 

For now, the highest efficiency of CQD tandem solar cell is achieved by a mono-bandgap 

tandem cell structure. An efficiency of 8.9% has been reported for mono-bandgap PbS CQD 

solar cell by Ma’s group. 77  This is still much lower than the efficiency of a single-junction 

PbS CQD solar cell of 12.5%.2 Though mono-bandgap PbS CQD tandem solar cell has 

achieved a comparatively high efficiency for now, tandem cells with different bandgaps have 

much greater potential for a higher efficiency. The following section focuses on simulations 

for tandem cells made with subcells with different bandgaps. 

 

4.4 EQEs for PbS CQD tandem cells with different bandgaps (Au interlayer) 

 

4.4.1 Bandgaps’ optimisation for subcells 

For guiding experimental fabrication of PbS CQD tandem solar cells, the front cell and rear 

cell bandgaps were investigated by the modelling firstly. According to detailed balanced limit 

calculation, the optimal bandgap combination of a double-junction tandem cell is 1.6 eV and 

1.0 eV.261 However, by applying the thin- film semi-transparent layers assumption, the 

optimal bandgap combination changes to 1.5 eV and 1.2-1.1 eV for front and rear cells 

respectively.261 In this research, quantum dots with 1.5 eV bandgaps for the front cell were 

immediately chosen and applied directly, while quantum dots with 1.37 eV, 1.22 eV and 1.14 

eV bandgaps were compared and selected for the rear cell. Figure 4-4 shows the simulated 

EQEs for tandem cells with 1.37 eV (a), 1.22 eV (b) and 1.14 eV (c) quantum dots as rear 

cell absorbing materials respectively. From the simulated EQEs of tandem solar cells with 

different bandgaps, it is shown that in these tandem cells the front cell mainly absorbs light at 

300-500 nm and 800-900 nm ranges, while the rear cell uses light in the 500-800 nm and 

>900 nm wavelength ranges. Front cell and rear cell absorbing ranges comp lement each 

other, forming a wider spectrum absorbing range.  



- 70 - 
 

Compared to a mono-bandgap tandem cell, not only the total absorbing layer thickness is 

higher, but also an extended absorbing range to fully utilise the solar spectrum can be 

obtained by tandem cells with different bandgaps.  With narrowing rear cell bandgap, the rear 

cell absorbing range extends further toward longer wavelength side  as shown in Figure 4-

4(a,b,c). 

With the same rear cell thickness of 300 nm, front cell thickness was adjusted to match 

currents from both subcells. The matched tandem cell current of 15.3 mA/cm2 for 1.22 eV 

quantum dots in a rear cell is the maximum matched tandem cell current as shown in Figure 

4-4(d). Table 4-1 lists the simulation parameters and results for tandem cells with different 

rear cell bandgaps. Based on the comparison between rear cells with different bandgaps, 1.22 

eV quantum dots were chosen as rear cell absorbing material for making tandem cells 

together with the front cell with 1.5 eV quantum dots.  

The current of tandem cell with 1.14 eV quantum dots as rear cell material shows a lower 

value is possibly due to the synthesised materials quality leading to a lower k for quantum 

dots sample with 1.14 eV than quantum dots with 1.22 eV, as shown in Figure 4-1. One thing 

worth a mention is the peak at 700 nm for the front cell in Figure 4-4(a,b). This is due to 

interference caused by Au interlayer. Simply by replacing Au with ITO, this peak would 

disappear, which can be shown by comparing Figure 4-4(a) and Figure 4-8 in the next 

section. The same explanation applies to the peak at 1000 nm in Figure 4-4 (c). 

 

Table 4-1 Parameters and matched currents of PbS CQD tandem cells with different rear 

cell bandgaps. Front cell absorbing layers’ thicknesses were tuned for current matching 

under a fixed rear cell thickness. The matched current of tandem cell with 1.22 eV rear cell 

could reach 15.3mA/cm2. 

Au 
thickness 

Front cell 
bandgap 

Rear cell 
bandgap 

Rear cell 
thickness 

Matched 
Current 

2 nm 1.5 eV 1.5 eV 300 nm 12.9 mA/cm2 

2 nm 1.5 eV 1.37 eV 300 nm 13 mA/cm2 

2 nm 1.5 eV 1.22 eV 300 nm 15.3 mA/cm2 

2 nm 1.5 eV 1.14 eV 300 nm 11.6 mA/cm2 
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Figure 4-4 Simulated EQEs of PbS CQD tandem solar cells with 1.37 eV (a), 1.22 eV (b) and 

1.14 eV (c) rear cells. (d) Comparing matched currents with different rear cell bandgaps 

(including 1.5 eV rear cell for a mono-bandgap tandem cell simulated in Figure 4-3). The 

matched current of 15.3 mA/cm2 for the rear cell with 1.22 eV CQDs is the theoretical 

maximum value.  

 

4.4.2 Investigating Au interlayers’ thicknesses 

After determining bandgaps of absorbing layers for the simulation, the influence of the 

interlayer is investigated as the interlayer is playing a critical role in a tandem structure in this 

section. An interlayer not only mechanically combines two sub cells together, but also 

recombines electrons and holes from both subcells. High performance interlayers need to 

have a high transparency because a low transparency interlayer reduces the rear cell current 
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density and a low light condition would cause reduced fill factor leading to a poor 

performance for a tandem solar cell.  

An ultra-thin Au layer can perform as an interlayer for PbS CQD tandem solar cells.77 The 

conductivity of Au is very high and the transparency of the Au layer can only be high when 

the Au layer thickness is confined within a few nanometres. An optical modelling for PbS 

CQD tandem solar cells with Au interlayers in different thicknesses has been performed. 

Figure 4-5 shows the simulated EQEs of PbS CQD tandem solar cells with 1 nm (a), 2 nm 

(b), 5 nm (c) and 10 nm (d) Au interlayers respectively. Table 4-2 lists the parameters of PbS 

CQD tandem cells in this modelling. Figure 4-5(e) shows the relationship between matched 

tandem cell current and Au interlayer thickness. As shown in Table 4-2 and Figure 4-5(e), 

when the thickness of Au layer increases, front cell thickness needs to be reduced for keeping 

a matched current with a fixed rear cell thickness. Generally, as the thickness of Au layer 

increases, the current of a current-matched tandem cell decreases. This is because a much 

thicker Au layer is with lower transparency which leads to fewer photons transmitted through 

leading to reduced overall tandem cell current. Thus, an ultra- low thickness is required for Au 

as an interlayer. When Au thickness is below 2 nm, the matched current of tandem cell is no 

longer affected by the variation of Au thickness. So this means that a 2 nm Au layer is thin 

enough for maintaining a high transparency for the tandem cell.  

 

Table 4-2  Parameters of PbS CQD tandem cells with different Au thicknesses in the 

modelling.  With a fixed rear cell thickness, front cell absorbing layer thickness need to be 

tuned down when Au interlayer thickness increases. The matched current of tandem cell 

with 2nm Au interlayer could reach 15.3 mA/cm2. 

Au 
thickness 

Front cell 
bandgap 

Front cell 
thickness 

Rear cell 
bandgap 

Rear cell 
thickness 

Matched 
Current 

1 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.3 mA/cm2 

2 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.3 mA/cm2 

5 nm 1.5 eV 177 nm 1.22 eV 300 nm 14.9 mA/cm2 

10 nm 1.5 eV 129 nm 1.22 eV 300 nm 13 mA/cm2 
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Figure 4-5 Simulated EQEs of PbS CQD tandem solar cell with Au interlayers with different 

thickness of 1 nm (a), 2 nm (b), 5 nm (c) and 10 nm (d). The rear cells are all with a 

bandgap of 1.22 eV and a thickness of 300 nm. The front cells are with 1.5 eV quantum dot 

absorbing layer, of which the thickness was adjusted for current matching. (e) 

Relationship between the matched tandem cell currents with different Au interlayer 

thicknesses. When Au interlayer thickness is less than 2 nm, the tandem cell current is 

almost not affected by Au layer thickness. When Au layer thickness is greater than 2 nm, 

increasing Au layer thickness would show decrease in the tandem cell’s matched current.  
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4.4.3 Investigating subcells’ absorbing layers’ thicknesses 

After studying the influence of interlayer thickness based on fixed rear cell absorbing layer 

thickness, the influence of absorbing layer thicknesses needs to be investigated too. Based on 

the same Au layer thickness of 2 nm, PbS CQD tandem cells with a series of rear cell 

thicknesses (with front cell thicknesses adjusted for current matching) are investigated in this 

section. 

Simulated EQEs of PbS CQD tandem cells with different rear cell thicknesses are shown in 

Figure 4-6. Modelling parameters are listed in Table 4-3. For rear cell thicknesses of 100 nm, 

200 nm and 300 nm, the matched currents are 11.3 mA/cm2, 12.5 mA/cm2 and 15.3 mA/cm2, 

respectively. With increasing the rear cell thickness, front cell thickness need to be increased 

for tandem cell current matching, and the matched tandem cell current would be increased. 

 

 

Figure 4-6 Simulated EQEs of PbS CQD tandem solar cell (Au interlayer) with varied 

subcells’ absorbing layers’ thicknesses. The matched currents of tandem cells with 100 nm 

(a), 200 nm (b) and 300 nm (c) rear cell absorbing layer are 11.3 mA/cm2, 12.5 mA/cm2, 

15.3 mA/cm2 respectively. 
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Table 4-3  Parameters of PbS CQD tandem cells with different rear cell absorbing layer 

thicknesses in the modelling. With a fixed interlayer thickness, front cell absorbing layer 

thickness need to be tuned up when rear cell thickness increases. The matched current of 

tandem cell with 300 nm rear cell absorbing layer thickness could reach 15.3 mA/cm2. 

Au 

thickness 

Front cell 

bandgap 

Front cell 

thickness 

Rear cell 

bandgap 

Rear cell 

thickness 

Matched 

Current 

2 nm 1.5 eV 96 nm 1.22 eV 100 nm 11.3 mA/cm2 

2 nm 1.5 eV 128 nm 1.22 eV 200 nm 12.5 mA/cm2 

2 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.3 mA/cm2 

 

 

4.5 Optical modelling for PbS CQD tandem cells with ITO interlayer 

 

Except for ultra-thin Au layer, ITO (Indium Tin Oxide) is investigated as interlayer in this 

section because of its high transparency and high conductivity. Though ITO has been widely 

used as contacts in thin film solar cells, the potential for ITO as an interlayer has been under-

investigated. The influence of ITO interlayer thicknesses on PbS CQD tandem solar cell’s 

matched current is investigated in this section. Based on tandem cells with fixed front cell 

and rear cell thicknesses, different ITO interlayer thicknesses of 6nm, 80nm and 200nm were 

simulated. Figure 4-7 shows the matched current densities of tandem cells with ITO 

interlayer in different thicknesses of 6 nm (a), 80 nm (b) and 200 nm(c). Simulated cell 

parameters are listed in Table 4-4. With different ITO layer thicknesses, the same matched 

current of 15.2mA/cm2 was obtained for the tandem cells. The varied ITO thickness does not 

change tandem cell’s matched current densities according to the simulated result. The reason 

for this can be attributed to that the transparency of ITO as interlayer is rarely affected by the 

thickness in this modelling. 
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Figure 4-7 Simulated current densities of PbS CQD tandem solar cells with ITO interlayers 

with different thicknesses of 6 nm, 80 nm and 200 nm. The same matched current of 15.2 

mA/cm2 was obtained by different ITO interlayer’s thicknesses. 

Table 4-4 Parameters of PbS CQD tandem cells with ITO interlayers in different thicknesses 

of 6 nm, 80 nm and 200 nm. The matched currents are all the same with different ITO 

interlayer thicknesses. 

ITO 
thickness 

Front cell 
bandgap 

Front cell 
thickness 

Rear cell 
bandgap 

Rear cell 
thickness 

Matched 
Current 

6 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.2 mA/cm2 

80 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.2 mA/cm2 

200 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.2 mA/cm2 

 

Then, the influence of subcells’ absorbing layers’ thicknesses on the PbS CQD tandem solar 

cell (with ITO interlayer)’s performance was also simulated. Figure 4-8(a,b,c) shows EQEs 

of PbS CQD tandem solar cells with ITO interlayers. For the tandem cells with ITO 

interlayers the front cell mainly absorbs light at 300-500 nm and 800-900 nm wavelength 

ranges, while the rear cell uses 500-800 nm and >900 nm wavelength ranges. Front cell and 

rear cell absorbing ranges also compensate with each other. Figure 4-8(e) shows the 

relationship between matched currents of tandem cells and rear cell absorbing layer 

thicknesses. For rear cell thicknesses of 100 nm, 200 nm and 300 nm, the matched currents of 

tandem cells could reach 11.3 mA/cm2, 12.9 mA/cm2 and 15.2 mA/cm2 respectively. Table 4-

5 lists parameters of simulated tandem cells with varied subcells’ absorbing layers’ 

thicknesses. 
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Figure 4-8 Simulated EQEs of PbS CQD tandem solar cell (ITO interlayer) with varied 

subcells’ absorbing layers’ thicknesses. The matched currents of tandem cells with 100 nm 

(a), 200 nm (b) and 300 nm (c) rear cell absorbing layer are 11.3 mA/cm2, 12.9 mA/cm2, 

15.2 mA/cm2 respectively. 

 

Table 4-5 Parameters of simulated PbS CQD tandem cells with varied absorbing layer 

thicknesses. Front cell absorbing layer thickness need to be tuned down when rear cell 

thickness decreases. The matched current of tandem cell with 300 nm rear cell absorbing 

layer thickness could reach 15.2mA/cm2. 

ITO 

thickness 

Front cell 

bandgap 

Front cell 

thickness 

Rear cell 

bandgap 

Rear cell 

thickness 

Matched 

Current 

80 nm 1.5 eV 95 nm 1.22 eV 100 nm 11.3 mA/cm2 

80 nm 1.5 eV 140 nm 1.22 eV 200 nm 12.9 mA/cm2 

80 nm 1.5 eV 190 nm 1.22 eV 300 nm 15.2 mA/cm2 
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4.6 J-V curve modelling 

 

Besides optical modelling which analyses subcells’ currents and EQEs for PbS CQD tandem 

solar cells, a J-V curve modelling could further simulate the power conversion efficiency of 

tandem cells. J-V curves of tandem cells and corresponding single-junction cells can be 

simulated based on a diode modelling combined with the result of above mentioned optical 

modelling. In this J-V curve modelling, there are three basic assumptions: (1) the cell 

absorbance and current densities follow the described optical modelling; (2) only Shockley-

Read-Hall recombination happens in the relaxation process. In this modelling, carrier lifetime 

is taken into consideration and shows significant impact on cell voltage and efficiency. Figure 

4-9 and Figure 4-10 show simulated single-junction front cell and rear cell respectively with 

different carriers’ lifetimes. For both single-junction subcells, with carrier lifetime increasing, 

voltages of simulated cells would increase.  

By assuming quantum dot lifetime to be 1 ms which is a typical high quality quantum dot 

lifetime, 336-339 voltages of single-junction front cell (with large bandgap quantum dots) and 

single-junction rear cell (with narrow bandgap quantum dots) were simulated to be ~0.7 V 

and ~0.6 V respectively. The tandem cell PCE could reach 15.5% under this condition with a 

combined voltage of 1.27eV, of which the simulated cells’ parameters are listed in Table 4-6. 

Simulated J-V curves of both the tandem cell and the corresponding single-junction cells with 

τ = 1ms are shown in Figure 4-11.  

 

Table 4-6 Simulated performance of both the PbS CQD tandem cell and the corresponding 

single-junction cells with τ = 1ms. The simulated PbS CQD tandem cell efficiency is 15.5%. 

 JSC (mA/cm2) VOC (V) FF (%) PCE (%) 

Front cell 14.8 0.7 84.5 8.7 

Single rear cell 26.7 0.59 83 13 

Tandem cell 14.8 1.27 82.5 15.5 
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Figure 4-9 J-V curves of single-junction cells with large bandgap CQDs (for front subcell) 

with different lifetimes. For a typical quantum dot which has a lifetime of 1 ms, the VOC is 

simulated to be 0.7 V. 

 

 

Figure 4-10 J-V curves of single-junction cells with narrow bandgap CQDs (for rear subcell) 

with different lifetimes. For a typical quantum dot which has a lifetime of 1 ms, the VOC is 

simulated to be 0.6 V. 
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Figure 4-11 Simulated J-V curves of both the PbS CQD tandem solar cell and the 

corresponding single-junction cells with τ = 1 ms. 

 

4.7 Conclusion 
 

In this chapter, for guiding experimental works in the next chapter, optical modelling has 

been performed for simulating PbS CQD tandem solar cells’ performance. Both mono-

bandgap tandem cells and tandem cells with subcells with different bandgaps have been 

simulated. Tandem cells’ subcells bandgaps, interlayer thicknesses and subcells’ absorbing 

layer thicknesses were all studied and optimised in the modelling. Under optimised 

conditions, a matched current of 15.3 mA/cm2 could be achieved by a PbS CQD tandem solar 

cell. Moreover, different interlayers of ultra-thin Au and ITO are both investigated in this 

optical modelling. The optical modelling has shown that increasing Au layers thickness 

decreases tandem cell current dramatically while tuning ITO layer thickness has negligible 

influence on tandem cell current. The modelling shows that 2 nm Au layer is sufficient to 

inter-connect subcells to achieve good current. 

Besides, J-V curve simulation shows predicted performance of quantum dot tandem solar 

cells and corresponding single-junction quantum dot solar cells. According to the J-V curve 

simulation, quantum dot tandem solar cell could reach an efficiency of ~15.5% with the 

lifetime τ = 1 ms.  
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Chapter 5.  Fabrication of PbS Quantum Dot 

Tandem Solar Cells  

 

In this chapter, based on the improved electron transport layer and the established optical 

modelling guiding the design of tandem solar cell structure, monolithic PbS CQD tandem 

solar cells have been successfully fabricated. PbS CQD tandem solar cells with Au interlayer 

and ITO interlayer are both studied. A graded band alignment strategy has been introduced 

for improving PbS CQD tandem solar cell in this chapter. The champion PbS CQD tandem 

solar cell reached an efficiency of around 7%. 

 

5.1 Introduction 

 

For building a working tandem solar cell, good-quality single-junction solar cells are required 

and a proper tandem cell structure needs to be designed by an efficient modelling. In chapter 

3, single-junction PbS CQD solar cell work has been investigated and an improved electron 

transport layer was waiting to be incorporated into a tandem framework. In chapter 4, 

modelling works has been established for showing a proper tandem configuration including 

proper bandgap selection and absorbing layer thicknesses adjustment. These preparation 

works have paved the way towards experimentally fabricating an efficient PbS CQD tandem 

solar cell. In this chapter, based on those preparation works, monolithic PbS CQD tandem 

solar cells were fabricated and characterised. 

For the research of CQD tandem cells, there are only a few works have been reported so 

far.75-77 In 2011, Wang et al75 reported the first PbS CQD tandem cell with an efficiency of 

>4%, while Choi et al76 also reported a PbS CQD tandem solar cell structure in the same 

year. In 2016, Ma et al77 re-studied Choi’s structure with two of the junctions made of the 

same bandgap material. In 2017, Luther et al reported a hybrid CQD tandem solar cell 

combining CdTe quantum dots and PbS quantum dots as front and rear cell absorbing layers 
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respectively. In 2018, Yu Bi et al263 used deposited graphene as interlayer for a PbS CQD 

tandem solar cell. 

Referring to those pioneer works, in this chapter, monolithic PbS CQD tandem solar cells 

were successfully fabricated. Both tandem cells with ultra-thin Au interlayer and ITO 

interlayer were constructed and investigated. Furthermore, a graded bandgap alignment 

strategy for the first time was employed to further improve PbS CQD tandem solar cell 

efficiency. The champion cell in this research reached an efficiency of around 7%. 

 

5.2 Method 

 

5.2.1 Preparation of ZnO nanoparticles 

ZnO nanoparticles were synthesized following a previously reported method.280, 306, 309, 310 

Details refer to Method in section 3.2. 

5.2.2 Preparation of PbS quantum dots 

PbS quantum dots for front and rear cells were fabricated referring to previously reported 

methods, with modifications.152, 340-342  For the front cell quantum dots with a bandgap of 1.5 

eV, a mixture of Bis(trimethylsilyl)sulfide (TMS, 0.12 g) and 1-octadecene (ODE, 4 g) was 

prepared firstly. Then, a mixture of PbO (0.45 g), oleic acid (OA, 1.5 g) and ODE (15 g) was 

heated to 100°C for 3 hours under vacuum. The mixture was then cooled down to 75°C 

followed by injection of the TMS/ODE mixture solution. The resulting colloidal solution was 

removed from the heating mantel and allowed to cool down naturally. The as-synthesized 

PbS quantum dots were purified by centrifugation using acetone as an anti-solvent and 

hexane as a solvent for three times. The final quantum dots were dispersed in hexane at a 

concentration of 20 mg/ml. 

For synthesizing rear cell quantum dot, a similar process was used with different amount of 

oleic acid and reaction temperature to produce different sizes. For the absorbing quantum 

dots with a bandgap of 1.22 eV, the amount of oleic acid was doubled and the injection 

performed at 95°C. For quantum dots with a bandgap of 1.14 eV, the amount of oleic acid 

was quadrupled and injection at 95°C was performed. All chemicals were purchased from 

Sigma-Aldrich and used as received. 
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5.2.3 Fabrication of PbS single-junction and tandem solar cells 

Single-junction cells and front cell fabrications refer to Method in chapter 3.2.  

To fabricate tandem cell’s interlayer, an Au layer with a thickness of 2 nm was evaporated 

onto the front cell using an evaporator. The evaporation was conducted at a rate of 0.1 Å/s 

under 1×10-6 mTorr. A thickness meter could monitor the real- time thickness of the deposited 

Au film. ITO interlayer was sputtered on the PbS CQDs layer with 30 W RF power with Ar 

at 1.5 mTorr for 120 min using an AJA International sputtering system. A ZnO-NP layer with 

or without surface doping was then spin-coated on top of the Au interlayer at 2500 rpm for 

30s. Then, the remaining rear cell was fabricated following the single-junction cell process 

with narrow bandgap quantum dots with or without graded band alignment. 

For the graded rear cell structure fabrication, just replace the quantum dot in the first layer in 

PbS-I (1.22eV) layers with 1.13eV quantum dots and that in the last layer with 1.5eV 

quantum dots. As well, quantum dots for PbS-EDT layers were replaced by 1.5eV quantum 

dots for forming the graded cell structure. The total numbers of deposited layers for graded 

and non-graded cells were kept the same in both PbS-I and PbS-EDT absorbing layers. 

5.2.4 Measurement and characterisation 

Characterization method refer to Method section 3.2 except for the differences illustrated 

following. 

Cross-sectional scanning electron microscope (SEM) samples were prepared by cut-and-

break method applying a glass cutter. SEM images were obtained using an FEI Nova Nano 

450 SEM. 

The current density–voltage (J-V) measurements were performed using a voltage scanning 

range from -0.25 V to 1.75 V. The cell area was defined by an aperture of 0.03 cm2. 

The EQE of the rear cell was measured by placing a single-junction front cell as a filter in 

front of a single-junction rear cell. This measurement method was proven to be acceptable by 

reported researches.77, 343, 344 

All characterizations were performed at room temperature in ambient conditions except the 

SEM that were carried out in a vacuum chamber. 
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5.3 PbS CQD tandem solar cell with Au interlayer 
 

Though the current highest performance of PbS CQD tandem solar cells is achieved by a 

mono-bandgap structure, tandem solar cells with different bandgaps have a greater potential 

for a higher efficiency.77 For making a PbS CQD tandem solar cell with different bandgaps, 

quantum dots with different bandgaps should be obtained by tuning the synthesis conditions. 

By tuning precursor ratio and injection temperature, a series of quantum dots with different 

bandgaps were synthesised. Absorbance of quantum dots with different bandgaps is shown in 

Figure 5-1. 

 

Figure 5-1 Absorbance of synthesised quantum dots with different bandgaps. By tuning 

synthesis conditions, quantum dots with bandgaps ranging from 1.1 eV to 1.5 eV can be 

obtained. 

For choosing quantum dots with proper bandgaps for the rear cell, single-junction cells with 

quantum dots with 1.22 eV and 1.14 eV bandgaps were compared experimentally. Fabricated 

single-junction CQD solar cell with a bandgap of 1.22 eV achieved a voltage of 560 mV 

while the cell with a bandgap of 1.14 eV only had a 430 mV voltage which is shown in 

Figure 5-2. Hence, there would be a 130 mV voltage increase by using 1.22 eV quantum dots 

in the rear cell absorbing layer. At the same time the currents are almost identical for cells 

with 1.14 eV and 1.22 eV. The results of this comparison are also consistent with previous 
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reported researches.328, 345  Combining the bandgap values suggested by NREL’s simulation 

261 and the simulated results in section 4.4.1 in chapter 4, hence, 1.22 eV quantum dots were 

chosen as the rear cell absorbing material together with 1.5 eV quantum dots as the front cell 

absorbing material. 

 

Figure 5-2 J-V curves of experimental single-junction PbS CQD solar cells with 1.22 eV and 

1.14 eV quantum dots. The voltage of single-junction PbS CQD solar cell with 1.22 eV 

quantum dots is 560 mV while that with 1.14 eV quantum dots only has a voltage of 430 

mV. 

PbS CQD tandem solar cells with Au interlayer were fabricated based on a 1.5 eV front cell 

and a 1.22 eV rear cell. Referring to the simulated results in section 4.4.3 for tandem cell with 

1.5 eV front cell and 1.22 eV rear cell, the thicknesses of front cell and rear cell were 

adjusted to be 190nm and 300nm respectively in the tandem cell fabrication experiments. The 

interlayer of 2 nm ultra-thin Au was utilised as suggested by the simulated results in section 

4.4.2. A cross-sectional SEM image of a fabricated PbS CQD tandem solar cell is shown in 

Figure 5-3.  

This tandem cell reached a PCE of 4.5% as shown in Figure 5-4 and listed in Table 5-1. VOC 

and JSC of this tandem cell are 1.1 V and 7.7 mA/cm2 respectively. EQEs of subcells are 

shown in Figure 5-5. Integrated currents from front cell and rear cell EQEs are 12.2 A/cm2  

and 6.9 mA/cm2 respectively. The front cell mainly responds to the wavelength of 300-600 
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nm while the rear cell mainly responds to the wavelength range of 600-900 nm. Though the 

rear cell EQE is low in the long wavelength range, the subcells’ EQEs are still compensating 

with each other. 

 

Figure 5-3 A cross-sectional SEM image of PbS CQD tandem solar cell. The cell structure is 

ITO glass/ZnO-NPs/PbS CQDs(1.5eV, 190nm)/Au (2 nm)/ZnO-NPs/CQDs(1.2eV, 300nm)/Au. 

 

Figure 5-4 J-V curves of PbS CQD tandem solar cell with Au interlayer and corresponding 

single-junction cells. The tandem cell reached an efficiency of 4.5% with a combined VOC of 

1.1 V. 
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Table 5-1  Parameters of PbS CQD tandem solar cell with Au interlayer and corresponding 

single-junction cells. 

 JSC (mA/cm2) VOC (V) FF (%) PCE (%) 

Front cell 12.0 0.61 66 4.8 

Rear cell (Single) 23.6 0.51 50 6.0 

Tandem cell 7.7 1.10 53 4.5 

 

 

Figure 5-5  EQEs of subcells of PbS CQD tandem solar cell with Au interlayer. Front cell 

mainly responds to the wavelength of 300-600 nm while the rear cell mainly responds to 

the wavelength range of 600-900 nm. 

Another reason for the low current for this tandem cell is a poor carriers’ extraction from the 

rear cell. When low bandgap quantum dots are applied in the rear cell, where the low 

bandgap is mainly due to a down-shifted conduction band,328  the build- in electrical field for 

extracting electrons near the n-type side tend to be weakened. So the rear cell’s current 

density can be reduced by this and hence reducing the overall tandem cell’s current. This 

poor carriers’ extraction problem is to be tackled by a graded band alignment strate gy in the 

following section 5.5 in this chapter. 

 

5.4 Fabricating PbS CQD tandem solar cell with ITO interlayer 
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ITO is recognised as a transparent material which has been applied as interlayer in organic 

and perovskite tandem solar cells. Wang et al75 utilised ITO in PbS CQD tandem solar cell, 

but a complicated interlayer was associated. This research applied a simplified monolayer 

ITO in a PbS CQD tandem solar cell as the interlayer. An investigation on the optical 

properties of ITO was conducted before making tandem cells. Figure 5-6 shows the 

transmittance of ITO in different thicknesses. 80 nm ITO was chosen as interlayer because 

ITO with this thickness exhibited high transmittance in the wavelength range between 500 

nm and 800 nm while maintain the high transmittance between 350 nm and 450 nm.  

    

Figure 5-6  Transmittance of ITO with different thicknesses. ITO with a thickness of 80 nm 

exhibited high transmittance in the wavelength range between 500 nm and 800 nm while 

maintain the high transmittance between 350 nm and 450 nm. 

Referring to the suggested subcell absorbing layer thicknesses by the optical modelling in 

section 4.5 in chapter 4, the PbS CQD tandem solar cell with an ITO interlayer was 

fabricated. An SEM cross-sectional image of the tandem cell is shown in Figure 5-7. The 

fabricated tandem cell is in a structure of ITO glass / ZnO-NP (80 nm) / small size PbS 

quantum dots (1.5 eV, 190 nm) / ITO (80 nm) / ZnO-NP (80 nm) / large size PbS quantum 

dots (1.22 eV, 300 nm) / Au (100 nm). 

J-V curve of PbS CQD tandem solar cell with ITO interlayers is shown in Figure 5-8 and 

parameters are listed in Table 5-2. This tandem cell reached an efficiency of 4.9% and a 

combined VOC of 1.1 V, which indicates a successful combination of subcells. The JSC of the 
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tandem cell reached 8.1 mA/cm2. The higher current density and FF for the tandem cell with 

ITO interlayer than that with Au interlayer is possibly because of the better transmittance of 

ITO as an interlayer. 

 

Figure 5-7 SEM cross-sectional image of PbS CQD tandem solar cell with ITO interlayer. 

The fabricated tandem is in a structure of ITO glass / ZnO-NP (80 nm) / small size PbS 

quantum dots (1.5 eV, 190 nm) / ITO (80 nm) / ZnO-NP (80 nm) / large size PbS quantum 

dots (1.22 eV, 300 nm) / Au (100 nm). 

EQEs of subcells of PbS CQD tandem solar cell with ITO interlayer are shown in Figure 5-9. 

Integrated currents from front cell and rear cell are 12.2 mA/cm2 and 7.3 mA/cm2  

respectively. Front cell mainly responds to the wavelength range of 300-600 nm while the 

rear cell mainly responds in the wavelength range of 600-800 nm and 900-1200 nm. The 

exciton peak of the front cell EQE at around 900 nm compensates the valley of the rear cell 

EQE at 800-950 nm. 

One thing needs to be discussed is that the integrated JSC from EQE of the rear cell is 

systemically lower than that of the tandem cell. One of the reasons is the measurement 

method itself. The rear cell EQE was measured with a top filter, which has a different light 

tracing configuration with the monolithic tandem structure. In a monolithic structure, 

decoupling between front and rear cell could enhance light utilisation.346 But with the method 

with a filter, additional reflection can be introduced by the air gap between front filter and the 

rear single-junction cell and the extra glass of the single-junction rear cell. So the integrated 
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JSC from measured rear cell EQE is lower than that from a monolithic structure. These 

situations were simulated and compared in monolithic and “four terminal” profiles (Figure 5-

10), which is consistent with experiment results.  

 

Figure 5-8 J-V curves of PbS CQD tandem solar cell with ITO interlayer and corresponding 

single-junction cells. The tandem cell reaches an efficiency of 4.9% with a combined VOC of 

1.1 V. 

 

Figure 5-9 EQEs of subcells of PbS CQD tandem solar cell with different bandgaps. Front 

cell mainly responds to the wavelength of 300-600 nm while the rear cell mainly responds 

to the wavelength range of 600-800 nm and 900-1200 nm. 
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Figure 5-10 (a) Simulated EQEs of rear cells in monolithic tandem and in a “four terminal” 

profile (rear cell with filter). (b) Monolithic tandem cell structure. (c) “four terminal” cell 

structure (using a filter) with air-gap in between subcells. In a “four terminal” profile, the 

inserted airgap causes light scattering and additional interfaces, so that there is light loss 

and current drop in the rear cell. In contrast, in a monolithic tandem cell, there is no such 

a loss, so the current is expected to be higher. The simulated integrated JSC from EQE 

obtained by using a filter (blue solid line) is only 13.9 mA/cm2 while that obtained from a 

monolithic tandem structure (dash line) is 15.2 mA/cm2. 
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Table 5-2  Parameters of PbS CQD tandem cell with ITO interlayer and corresponding 

single-junction cells. 

 

5.5 Further improving PbS CQD tandem solar cell by graded band 

alignment 

 

5.6.1 Improving rear cell performance by using graded band alignment  

The reason for the poor performance of the PbS CQD tandem solar cell presented in section 

5.3 is largely due to a reduced electrical field for extracting charge carriers when narrow 

bandgap quantum dots are applied in the rear cell as an absorbing layer. This would lead to 

poor charge carrier extraction in the rear cell part resulting in both reduced rear cell current 

and hindered charge recombination in the interlayers. So the tandem cell’s current density as 

well as overall tandem cell performance was unsatisfying. Motivated by a graded band 

alignment strategy328, 347, 348 which has shown effectiveness for improving single-junction 

PbS CQD solar cells’ performance by increasing the current densities, this strategy was 

applied on PbS CQD tandem solar cells in this section to further improve the tandem cells’ 

performance for the first time.  

Before applying the graded band alignment strategy in a tandem structure, the rear cell was 

investigated with applying this strategy. The graded band alignment was achieved by 

adjusting both the band offsets of the interlayer ZnO-nanoparticles (NPs) and the quantum 

dot layer in the single-junction rear cell. First, the conduction band of ZnO-NPs was 

deepened using MgCl2 surface treatment.349 This treatment is to shift the conduction band of 

ZnO downward as illustrated in section 3.6 in chapter 3 (Figure 3-13). Second, utilising the 

quantum dots’ tunable bandgap a graded structure was fabricated, 328 which is also in favor of 

charge extraction due to the enhanced electrical field the graded structure offers. This 

combined modification favors electron extraction and improved rear cell’s current density 

from 23.6 mA/cm2 to 26 mA/cm2. J-V curves of single-junction rear cell and the 

modifications in band offset with and without graded band alignment are shown in Figure 5-

11. 

 JSC (mA/cm
2
) VOC (V) FF (%) PCE (%) 

Front cell 12.0 0.61 66 4.8 
Rear cell (Single) 21.9 0.56 57 7.0 

Tandem cell 8.1 1.11 54 4.9 
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Figure 5-11 J-V curves of single-junction rear cells with and without graded band 

alignment. The graded band alignment increases the PCE of single-junction cells mainly 

due to increased current density. Quantum dots for the absorbing layer in these two 

single-junction cells have the same bandgap of 1.22 eV. 

 

5.6.2 Improving PbS CQD tandem solar cell by graded band alignment 

  

After investigating the improvement on single-junction rear cell, the graded band alignment 

was applied on the monolithic PbS CQD tandem solar cell for solving the poor carriers’ 

extraction problem. Similarly, the graded band alignment was realised by applying a 

combined modification to both interlayer ZnO-nanoparticles (NPs) and rear cell quantum 

dots. On the one hand, the conduction band ZnO-NPs can be tuned downward by using 

MgCl2 surface treatment.349 The treatment shifts down the conduction band of ZnO to be 

lower than that of PbS in the rear cell as discussed above. On the other hand, utilising 

quantum dots’ tunable bandgaps, a graded rear cell band structure was achieved,328 which 

also favours charge extraction due to the enhanced electrical field. The modified band offset 

is shown in Figure 5-12. UPS data and band energy parameters 150, 328, 329 are supplied in 

Figure 3-13 (section 3.6) and Table 5-3. By utilising this graded band alignment in the 

tandem cell, not only charge carrier extraction is improved,328, 347, 350 but also the carriers’ 
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recombination in the Au interlayer can be improved due to higher carrier density in the 

vicinity of the recombination layer. 

 

Figure 5-12 Illustration of PbS CQD tandem solar cell’s band offsets without (a) and with 

(b) a graded band alignment. Surface treated ZnO nanoparticles at the interlayer and PbS 

quantum dots with different sizes were utilised for creating a graded band structure. This 

graded structure is in favour of charge carriers’ extraction. 
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Table 5-3 Band energy levels of quantum dots with different sizes.150, 328, 329 

 5.1 nm PbS-I 4.3 nm PbS-I 3.6 nm PbS-I 4.3 nm PbS-EDT 3.6 nm PbS-EDT 
Conduction band -4.0 eV -3.9 eV -3.6 eV -3.4 -3.2 eV 

Valance band -5.1 eV -5.1 eV -5.1 eV -4.6 -4.7 eV 

 

A PbS CQD tandem solar cell with graded band alignment was successfully fabricated, and 

the cross-sectional SEM image of the tandem cell is shown in Figure 5-13. The fabricated 

PbS CQD tandem solar cell is in a structure of ITO glass / ZnO-NP (80 nm) / 1.5 eV PbS 

CQDs (190 nm) / Au (2 nm) / ZnO-NP (80 nm) / 1.22 eV CQDs (300 nm) / Au (100 nm). For 

the PbS CQD tandem solar cell with graded band alignment, the first layer and the last layer 

spin-casted of the rear cell absorbing layer are using 1.14 eV CQDs and 1.5 eV quantum dots 

respectively for creating the graded structure. The PbS-EDT (p-type) layer is with 1.5 eV 

quantum dots for fitting with the grade structure.  

 

 

Figure 5-13 Cross-sectional SEM image of PbS CQD tandem solar cell with graded band 

alignment. The cell is in a structure of ITO glass/ ZnO-NP/Front cell absorbing layer (190 

nm)/Au(2 nm)/ZnO-NP(doped)/Rear cell absorbing layer (300 nm)/Au. The rear cell 

absorbing layer is in a graded structure with quantum dots with different bandgaps. 
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By applying this graded band alignment, the PbS CQD tandem solar cell’s performance was 

increased. J-V curves of the tandem cell and corresponding single-junction cells are shown in 

Figure 5-14. By applying the graded band alignment, the power conversion efficiency of the 

tandem cell was improved to 6.8% (Champion cell efficiency). Parameters of tandem cells 

and corresponding single-junction cells are listed in Table 5-4. The tandem cell’s 

performance was improved mainly because of the graded band structure leading to a better 

charge carrier extraction. 328, 347, 350 

 

 

Figure 5-14 J-V curves of the PbS CQD tandem solar cell and corresponding single-junction 

cells with graded band alignment. The red curve is the tandem cell’s J-V curve (champion 

cell). The green curve represents the front single-junction cell. The blue curve is for the 

rear single-junction cell. 
 

Table 5-4 Parameters of the PbS CQD tandem cell and corresponding single-junction cells 

with graded band alignment. The champion cell of PCE=6.8% was achieved. 

 JSC (mA/cm
2
) VOC (V) FF (%) PCE (%) 

Front cell 12.0 0.61 66 4.8 

Rear cell (Single) 26.0 0.50 50 6.5 
Tandem cell 11.5 1.07 55 6.8 
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Figure 5-15 Experimental EQEs of subcells of the PbS CQD tandem solar cell with graded 

band alignment and loss analysis based on the simulated and experimental EQEs. The 

front cell integrated current density is 12.2 mA/cm2 while that of the rear cell is 10.6 

mA/cm2. The measurement method (illustrated in Figure S8) with the front filter 

introduces a systematic difference between the measured and simulated rear cell currents. 

This is due to the airgap and additional glass reflection introduced in the measurement. 

Loss mechanisms accounted for the tandem cell include reflection loss (① cyan), parasitic 

absorption (② blue), recombination from defects (③ pink), and optical loss due to the 

airgap and glass reflection when measuring rear cell EQE (④ orange). Red area (⑤) 

represents the experimental total absorption of quantum dots by adding up the measured 

front cell and rear cell EQEs. 
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Experimental EQEs of subcells of fabricated PbS CQD tandem solar cell with graded band 

alignment are shown in Figure 5-15. In this tandem cell, the rear cell with an absorbing range 

extended to ~1200 nm could compensate for transmission losses by absorbing photons 

transmitted through the front cell and interlayer. Comparing the experimental EQEs in Figure 

5-15 and the simulated EQEs in Figure 4-6(c), the experimental current densities are lower 

than the simulated theoretical maximum values. An important reason for this is that the rear 

cell EQE was measured using a single-junction front cell as a filter (Figure 5-16).77, 343 This 

method to perform the EQE measurement was used because the front cell and rear cell 

spectrally overlap with each other, which leads to difficulty in separating their contribution to 

the EQE in a monolithic device.344  This measurement method introduces an extra reflection 

by the air gap and additional ITO glass (as shown in Figure 5-16). This part of the reflection 

loss (region 4, orange),  rairgap and glass reflection (reflection caused by airgap and additional glass) , 

was obtained by simulation. This reflection is present when measuring the rear cell EQE 

using a filter, but it does not exist in the monolithic tandem device. Therefore, the J-V current 

density (11.5 mA/cm2) of the tandem device with a graded band alignment (Figure 5-14 and 

Table 5-4) is higher than the EQE integrated current density (10.6 mA/cm2) for the rear cell.  

Except for the reflection loss in Figure 5-15 (region 4, orange) caused by the measurement 

method, other important reasons for the difference between the simulated (region 3, pink) and 

experimental (region 5, red) results include the recombination loss and current loss due to 

non-optimized carrier extraction in the CQD tandem solar cells, which cannot be included in 

the PVlighthouse SunSolve module. Reduction in recombination loss requires improvements 

in charge carriers’ lifetime. The dominant contribution to improved lifetimes in quantum dot 

devices stems from improved quantum dot surface passivation to reduce non-radiative 

recombination loss. One strategy to further improve the carrier extraction in CQD solar cells 

is the graded band alignment described in this section, which shows that optimizing the band 

alignment in each subcell as well as the interlayer would enhance carrier extraction and he nce 

improve currents. Also as shown in the optical analysis in Figure 5-15, reflection loss (region 

1, cyan) and parasitic absorption (region 2, blue) loss are both major loss mechanisms, which 

can be reduced by applying an anti-reflection coating and low-absorption functional 

interlayers. Detailed strategies for further improving PbS CQD tandem solar cell performance 

for the future are specified in 6.2 Future Work in chapter 6. 
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Figure 5-16 A Scheme diagram for EQE measurement of the rear cell using a single-

junction front cell as a filter.  This configuration introduces an air -gap in between the sub-

cells and additional ITO glass absorption compared with the monolithic tandem structure. 

The air-gap causes light scattering and additional interfaces, so that there would be 

additional light loss and current drop in the measured EQE of the rear cell. The additional 

ITO glass’s absorption may also reduce current  but is with minor influence. 

 

5.6 Conclusion 

 

In this chapter, PbS CQD tandem solar cells are experimentally fabricated and investigated. 

Different interlayers of Au and ITO were studied. ITO as a transparent material has shown its 

potential to be an effective interlayer in PbS CQD tandem solar cell. The PbS CQD tandem 

solar cell with a simplified monolayer ITO interlayer reached an efficiency of 4.9%.  

A graded band alignment strategy employing multiple innovations including ZnO-doping and 

quantum dot bandgap tuning has improved carriers’ extraction and this strategy successfully 

improved the tandem cell performance from 4.5% to 6.8% for PbS CQD tandem solar cell 

with Au interlayer. This is the first time this strategy being applied on PbS CQD solar cell. 

the application of this strategy can still be extended to improve other thin film tandem solar 

cells. 
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Chapter 6.  Conclusion and Future Work 

 

6.1 Conclusion 

 

Colloidal quantum dots are perfect candidate materials for making tandem solar cells not only 

because of their tunable bandgaps which offer great convenience for tandem cell design, but 

also because that the tandem cell strategy is a dedicated solution for the fundamental problem 

of the quantum dots’ low absorbance together with limits placed on the thickness of the 

absorbing layer due to poor transport properties. Nonetheless, PbS CQD tandem solar cell 

development has lagged far behind single-junction CQD solar cells. This research addresses 

the problem of current matching using an optical modelling and the problem of the rear cell’s 

poor carriers’ extraction using graded band alignment for PbS CQD tandem solar cells. With 

the innovations applied, the tandem cell’s efficiency surpassed that of its single-junction 

counterparts in this research. 

Firstly, for fabricating a PbS CQD tandem solar cell, single-junction PbS CQD solar cells 

were studied and improved so that solid building blocks can be made for constructing multi-

junction tandem solar cells. A simple MgCl2 treatment to ZnO-NPs electron transport layer 

was developed for improving the single-junction PbS CQD solar cell. The single-junction 

cell’s performance was improved because of increased short circuit current JSC and fill factor 

FF. JSC increased from 20 mA/cm2 to 22 mA/cm2 and FF rose from 53% to 62% respectively. 

The MgCl2 treated electron transport layer can be applied in both single-junction cells and 

tandem cells as interlayers.  

Secondly, for making an efficient PbS CQD tandem solar cell, modellings were also 

established as guidance for the experimental work on PbS CQD tandem cell fabrication. As 

the most challenging part for making a higher performance tandem cell is adjusting subcells 

to have matched currents, an optical modelling was specially established to deal with this 

current matching problem. By this optical modelling, the PbS CQD tandem solar cell’s 

parameters were optimised, including the subcells’ bandgaps, interlayer thickness and 

absorbing layer thicknesses. It is shown that the maximised JSC of PbS CQD tandem solar cell 
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can reach 15.3 mA/cm2 under optimised conditions. The optical modelling also shows that a 

2nm Au layer is sufficient to inter-connect subcells to achieve good current. A diode 

modelling established in this research shows that an efficiency of 15.5% can be expected for 

PbS CQD tandem solar cell. 

Finally, PbS CQD tandem solar cells were successfully fabricated and investigated. Different 

interlayers of Au and ITO were both applied and studied in fabricated PbS CQD tandem solar 

cells. For the first time a simplified mono-layer ITO interlayer was introduced for PbS CQD 

tandem solar cells in this research, and the tandem cell’s efficiency reached 4.9%. A graded 

band alignment strategy was applied to further improve PbS CQD tandem cell performance 

with Au interlayer. A problem of poor carrier extraction for the rear cell was identified and 

then solved by a graded band alignment. This graded band alignment strategy usefully pushed 

the tandem cell efficiency from 4.5% to 6.8%. This strategy can be further applied to other 

kind of thin film tandem solar cells in the future. 

 

6.2 Future work 

 

In this research, numeral innovations have been made for improving PbS CQD tandem solar 

cell as well as single-junction PbS solar cell. In the meantime, a series of works can be 

considered as future projects for further developing PbS quantum dot based solar cells. 

Firstly, for developing PbS quantum dot based solar cells, PbS quantum dots need to be 

improved in the first place. Surface passivation is important for reducing quantum dots’ 

surface defects which determines the solar cell’s voltage. For improving quantum dot surface 

passivation, not only novel ligands need to be developed, but also ligand exchange method is 

playing an important role in the quality of passivation. So, while looking for short effective 

novel ligands, solution-phase ligand exchange which shows a potential for a higher PbS solar 

cell efficiency than conventional solid-state ligand exchange should be paid more attention in 

the future research.  

Secondly, as the limiting part is the rear cell for PbS CQD tandem solar cells based on 

experience in this research, developing high-quality low-bandgap PbS quantum dots became 

an important task. However, producing low-bandgap quantum dots and the following ligand 

exchange for these quantum dots are a challenging tasks for now. In the meantime, quantum 
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dots with an absorption extended to 1300-1500 nm (~0.7 eV) can be very appealing to not 

only tandem cell fabrication but also telecommunication research in particular. So developing 

low-bandgap PbS quantum dots can be a promising future research project. For achieving 

this, the synthesis conditions need to be revised judiciously including but not limited to using 

higher temperature injection method and developing novel precursors. Ligands for low-

bandgap quantum dot surface passivation can also be an research project where developing 

novel ligands can be considered such as zinc or cadmium containing compounds which have 

shown effectiveness on quantum dot surface passivation.   

Thirdly, as the optical modelling in this research mainly focuses on simulating optical 

properties, novel modelling methods can be developed for having a more comprehensive 

simulation. Instead of just simulating the optical properties, more characters such as carriers’ 

extraction and recombination mechanisms can also be incorporated into consideration, where 

more skills on physics and computer programming are possibly needed. More skilled-needed 

softwares such as Comsol can be utilised to perform a more systematic and complicated 

simulation work. For now there is still a large room for developing quantum dot based 

electronic devices modelling.  

Fourthly, using solution-processed interlayers is an attractive tactics for making tandem cells 

as this would simplify the processing and provides convenience for future industrial 

manufacture. A series of candidates can be taken into consideration such as PEDOT 

(poly(3,4-ethylenedioxythiophene) polystyrene sulfonate), gold nanoparticles, colloidal 

graphene nano-flakes, 2D ITO nano-sheets. Besides, Atomic Layer Deposition (ALD) 

processed transparent materials can also be promising candidates for interlayers as this 

method can provide a mild fabrication process which brings minimised damage to the as-

fabricated subcells.  
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