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Abstract 

This thesis explores a subset of hybrid perovskites that incorporate tin into 

their crystal lattice alongside lead. Hybrid perovskite semiconductors have 

gained global interest over the past decade due to their remarkable 

optoelectronic properties, and excellent power conversion efficiencies, which 

now compete with well-established commercial technologies. By 

incorporating tin, these materials can achieve band gaps far narrower than 

their pure-lead counterparts. This property makes lead-tin perovskite 

materials suitable for the construction of all-perovskite tandem solar cells to 

improve power conversion efficiencies beyond the theoretical limit for a single 

junction device. Although these materials are promising and have been 

successfully demonstrated to achieve high power conversion efficiencies, they 

are still far below their theoretical efficiency and comparatively few studies 

have been conducted on how to maximise the potential of this class of 

materials. The work presented in this thesis explores three topics utilising an 

FA0.83Cs0.17Pb0.5Sn0.5I3 absorber. In the first instance a bulk passivation 

strategy is investigated with the aim to reduce non-radiative recombination 

in the absorber material, using several thiocyanate additives that are found 

to successfully enhance the photoluminescence quantum efficiency of the 

material and improve charge carrier diffusion length. Proceeding this, the 

influence that selective contact materials have on non-radiative 

recombination is explored culminating with a passivation strategy at the 

interface with the electron transport material. This led to enhanced 
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performance of resulting devices. Chapter 5 details the fabrication of 2T-

monolithic tandem solar cells. The successful resolution of fabrication issues, 

and optimisation of the lead-tin sub-cell generated highly efficient tandem 

solar cells. The final experimental chapter in this thesis investigates the 

removal of DMSO from the lead-tin precursor ink due to its ability to oxidise 

Sn2+ to Sn4+, which can cause detrimental effects within the material. This is 

achieved by the addition of the ammonium halide salt DMACl. It is shown 

that highly oriented thin films can be fabricated with enhanced grain sizes 

leading to a much-improved device stability, in air, of over four times that of 

the device utilising DMSO.  
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Chapter 1 

Introduction 

Human development and energy consumption are intimately linked1. In the 

18th century humans exploited the combustion of hydrocarbons to facilitate 

the industrial revolution and improve the lives of millions of people2. 

However, the hydrocarbons used are formed of long since dead plants and 

animals that sequestered the carbon, now trapped within these molecules, 

over the course of millions of years. By burning these hydrocarbons, humans 

are releasing eons of carbon far quicker than it was captured in vast 

quantities. The release of carbon in the form of CO2 by burning these fuels is 

causing the Earth’s temperature to rise as infrared radiation (heat) that 

would otherwise escape the atmosphere is absorbed3,4. The Earth’s average 

temperature has risen by 1 °C since 1900, and more than half this increase in 

temperature happened since 19705. In 2022 the UK and several countries 

across Europe saw record breaking temperatures6,7. Sporadic weather 

patterns, the reduction of Arctic ice and ancient glaciers8,9, and the 

displacement of millions of species of animals by the change to their 

habitats10–13 - including humans have accompanied this change14. To protect 

the current climate, humans must adapt and utilise renewable, non-polluting 

energy sources to stall this rise in global temperature and protect life on 

Earth, which as Carl Sagan once said “is the only world known so far to 

harbour life. There is nowhere else…”15. A source of energy that does not 
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cause the release of CO2, is from the direct conversion of sunlight into 

electricity via photovoltaics (PV). The Sun, the largest object in our solar 

system, has been providing the earth with enough energy to power its 

weather systems, and the growth of all life on earth for billions of years. The 

Sun provides the Earth with around 50,000 exajoules (EJ) of harvestable 

energy annually16, the World’s primary energy consumption for all sources in 

2021 was 595.15 EJ17 two orders of magnitude less than this value. Despite 

this, solar power accounted for less than 2% of primary power generation in 

2021, with fossil fuels accounting for 77%17. 

 

Figure 1.1 – Global primary energy consumption by source from 1965 – 2021. 

Plotted using data from BP Statistical Review of World Energy 202217. 
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By using photovoltaics, we can harvest a clean and incredibly energy dense 

power supply that will last billions of years18. The key to harvesting light from 

the Sun is efficient cost-effective PV. Silicon is the dominant technology in 

the PV space in 2022 and has been for over 60 years19. The decreasing cost of 

silicon PV has made solar power more viable than ever before, and silicon is 

likely to be the dominant technology in large scale power generation for years 

to come19. However, silicon does have some drawbacks, it is energy-intensive 

to manufacture silicon wafers and its electronic properties require wafers 

used in solar cells to be thick, making them heavy and brittle as a result20. 

This creates a niche for emerging thin-film, solar technologies, which are less 

energy intensive to produce given their facile fabrication methods, and 

excellent absorption properties. The reduction in weight of thin-film 

technologies, compared to silicon, also allows them to exploit new markets 

where weight is a major concern such as consumer electronics which, in most 

cases are portable, and vehicles such as drones21. Their ductility also allows 

for them to be used in applications where flexible solar panels are required, 

for example in the wearable technology market, the growing number of 

Internet of Things (IoT) devices and Radio Frequency Identification (RFID) 

tags22. One such thin-film material that has seen a remarkable increase in 

research interest and power conversion efficiency is hybrid perovskites. Since 

their discovery as a photovoltaic material in 2009 they have gone from 3.8% 

efficient23 to 25.8% efficient24. Showing excellent absorption, charge carrier 

properties, and a vast array of possible processing methods from roll to roll, 
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inkjet printing and vacuum deposition25. These materials due to the nature 

of their electronic properties can be fabricated on top of silicon solar cells to 

make them more efficient - overcoming the efficiency limit for a single 

photovoltaic cell alone26. Hybrid perovskites can also be fabricated into 

multijunction cells by stacking multiple cells on top of each other and 

increasing their power conversion efficiency further27.  

Whilst devices made from hybrid perovskites show remarkable potential, 

they are still in the early stages of development and require additional 

research into their fundamental properties to increase power conversion 

efficiency. A subset of these materials that utilise two metals within their 

crystal lattice, lead (Pb) and tin (Sn), can form very narrow band gaps (see 

Chapter 2) close to that of silicon. This allows them to be deployed into all-

perovskite multijunction solar cells, making them an excellent candidate for 

future power generation. However, due to thermodynamic instability and 

stricter processing conditions, these materials have received comparatively 

less attention than the main family of lead-based hybrid perovskites. The 

study of a lead-tin perovskite absorber material, toward high efficiency all-

perovskite tandem devices is the topic of this thesis.  



2. Theory & Background 

 

5 

 

Chapter 2 

Theory and Background 

Solar cells utilise the properties of semiconductors for their operation. This 

chapter summarises the theory of semiconductors and how the photovoltaic 

effect arises from the band structure of solids and molecular orbitals. 

Proceeding this, the theory and operation of photovoltaic devices is described 

leading on to an overview of perovskite semiconductors as photovoltaic 

materials and their application in tandem solar cells. 
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2.1 Band theory 

Whether a material behaves as a metal, an insulator or a semiconductor is 

dependent on the electronic structure of the material. This electronic 

structure is governed by the atoms within the material and how these atoms 

interact and bond with each other. When two atoms are in close enough 

proximity their atomic orbitals may overlap to form a bond. When this occurs 

for multiple atoms, this is deemed a molecule. The overlap of these orbitals 

allows for the formation of bands. Bands, and the band gap between them, 

are fundamental in understanding the working principles of a solar cell.  

 2.1.1 The Hydrogenic Atom 

To build a band model, an important starting point is the hydrogenic atom. 

The time independent Schrödinger equation for a hydrogenic atom is28, 

−
ℏ2

2𝑚
 
𝑑2𝜓(𝑥)

𝑑𝑥2
+ 𝑉𝜓(𝑥) =  𝐸𝜓(𝑥)    (2.1) 

where E represent the allowed energies of an electron, y is the wavefunction 

and represents the probability distribution of the electron. ℏ is the reduced 

Planck constant, m is the reduced mass of the electron and V is the potential 

energy. When electrons are within an orbital the potential energy required to 

leave an atom can be considered infinite (for the purpose of calculation) with 

this assumption the particle in the box or infinite quantum well model can be 

used to describe the system. First, a box must be constructed, as in Figure 
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2.1, with sides of infinite potential and a floor of 0 potential inside the box 

with an electron inside it.  

 

Figure 2.1 - An infinite quantum well, a model used to give solutions to the 

Schrödinger equation for an electron bound to an atom. V(x) = 0 from 0≤ x ≥ L 

otherwise V = ∞. 

For this electron within the box at V=0 the equation becomes,  

    −
ℏ2

2𝑚
 
𝑑2𝜓(𝑥)

𝑑𝑥2 =  𝐸𝜓(𝑥)     (2.2) 

As the free electron is of zero potential the spatial frequency of this wave can 

be described by, 

                        𝑘 =  √
2𝑚𝐸

ℏ2       (2.3) 

Which then gives, 

x0 L

∞

V =  0

n =  3

n =  1

n =  2

n =  4

E
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−𝑘2𝜓 =  
𝑑2𝜓(𝑥)

𝑑𝑥2      (2.4) 

Plugging in the solutions y = Asin(kx) + Bcos(kx) within the boundary 

conditions gives k = nπ/L the following relationship can then be derived28, 

𝐸 =  
ℏ2

2𝑚 
(

𝑛𝜋

𝐿
)

2
     (2.5) 

From equation 2.5 the energy of the electron in the well is quantised and can 

only take certain integer values i.e., n = 0, n = 1 etc. as shown in Figure 2.1. 

This solution gives the principal quantum number n. Within the one electron 

atomic model the potential energy is centrosymmetric (angle independent), 

this allows for the separation of the wavefunction into radial and angular 

parts28,  

𝜓(𝑟, 𝜃, 𝜙) = 𝑅(𝑟)𝑌(𝜃, 𝜙)    (2.6) 

Solving the angular part of this equation gives the two other quantum 

numbers l and ml which specify the angular momentum of the electron 

around the nucleus. These quantities can be combined to calculate the 

probability finding an electron around the nucleus (which is essentially what 

an atomic orbital is). Using the 3 quantum numbers, boundary surfaces can 

be constructed which represent these atomic orbitals shown in Figure 2.2. 

These orbital surfaces represent a 95% probability of finding an electron29. 

With multi-electron systems these orbitals can be filled obeying the Aufbau 

principle and Pauli exclusion principle. Electrons that occupy the outermost 
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orbitals (larger values of n) can participate in bonding and are called the 

valence electrons.  

 

Figure 2.2 - The boundary surfaces predicted for atomic orbitals for different values 

of n, l and m. Boundary surface picture adapted from30 under a creative commons 

license. 

2.1.2 Linear Combination of Atomic Orbitals 

The orbitals for an atom (A) described in the previous section can participate 

in bonding via a favourable overlap from a neighbouring atomic orbital (B). 

Now A and B have overlapped, electrons can be found in either orbital, the 

overall wavefunction in this condition is a super position of the two orbitals28 

such that, 

𝜓± = 𝑁(𝐴 ± 𝐵)         (2.7) 
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 Where N is a normalisation factor. The term for this superposition is a linear 

combination of atomic orbitals (LCOA) and an approximate molecular orbital 

formed from LCOA is called an LCOA-MO. This superposition results in the 

two probability densities for the electrons one where the orbitals overlap 

constructively, and the density is found in the internuclear region (bonding) 

and one where the orbitals overlap destructively and are excluded from this 

region (anti-bonding). As N atoms (and orbitals) are added to this linear 

combination, bonding, and anti-bonding orbitals that are degenerate (the 

same energy) become hard to distinguish and they can then be described as 

band.  By using LCOA-MO the electronic structure of a material such as a 

crystal lattice can be calculated, this is depicted in Figure 2.3. The 

antibonding orbitals in this case are considered empty and the bonding 

orbitals full. Electrons can only move through the material if promoted into 

empty orbitals (see conduction band further into this chapter).  
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Figure 2.3 - The LCOA approximation for an increasing number of atoms. The band 

gap, conduction band, and valence band are shown. These are analogous to the 

LUMO and HOMO in organic molecules. (Highest unoccupied molecular orbital, 

lowest unoccupied molecular orbital respectively).  

2.1.3 Predicting band structure 

The LCOA-MO approach can model the structure of bands in a solid. An 

extension to this model, the tight binding model, is better suited to describing 

the structure of the bands formed in conjunction with LCOA-MO. The tight 

binding model is simplistic but can describe the properties of a material such 

as conductivity and importantly semi-conductivity.  
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2.1.4 The Tight-Binding Approximation 

The tight binding approximation uses an infinite line of 1D, periodic 

potentials to represent atoms as shown in Figure 2.4. 

 

Figure 2.4 - An illustration of the tight binding approximation. A 1D-chain 

of atoms is spaced by a and their s-orbitals overlap. The resulting band 

structure for this simple model is shown above 

This periodic model approximates a unit cell, which is the smallest 

arrangement of atoms that forms a crystal lattice if propagated infinitely in 

three dimensions. Using this model, a Bloch function can be constructed that 

provides solutions to the Schrödinger equation and satisfies the periodic 

potential. This can then be used to describe electronic states in this periodic 

structure. 

𝜓(𝑥) =  𝑒𝑖𝑘.𝑥𝑢(𝑥)     (2.8) 

+ +

a

E

k
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Where eikx is the plane wave wavefunction of the free electron and u(x) is a 

periodic function, representing the periodic nature of the model. Using the 

LCOA approximation and Bloch function in equation 2.8, the band structure 

can be predicted for various materials as shown in Figure 2.5. The size of the 

gap between the valence and conduction bands (VB,CB) dictates whether a 

material will have insulating, semiconducting or metallic properties. The 

band gap (Eg), as will be reviewed, is an incredibly important property of 

semiconductors and can be utilised in a range of devices such as light emitting 

diodes (LEDs), transistors, and photovoltaics (PV). The conduction band, 

formed of empty states, as previously discussed, allows for electrical 

conductivity when electrons are present. In a metal the states in the valence 

band and conduction band overlap meaning no extra energy is required to 

promote an electron into the conduction band. 

Figure 2.5 - The band structures for simplified models of an insulator, a 

semiconductor, and a metal. The band gap is labelled for the semiconductor 

in between the valence and conduction bands. 
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In a semiconductor an electron must be provided with an energy greater than 

or equal to that of the band gap for electrons to be promoted to the conduction 

band and contribute to electrical current. This energy can be provided by a 

photon as will be described later in this chapter.  

2.1.5 Direct and indirect band gaps 

Whether a band gap in a semiconductor is direct or indirect (Figure 2.6) 

depends on the relative position of the CB minimum and VB maximum in 

terms of k. When the CB minimum and VB maximum are aligned a photon of 

energy hf ≥ Eg can excite an electron from the VB into the CB, a direct 

transition. For an indirect band gap material such as silicon the CB and VB 

do not coincide at the same value of k. Due to conservation of momentum, the 

event must in include the absorption of a phonon. As a result, light absorption 

in indirect band gap materials is less likely, and those used in PV must be 

thicker (100 – 500 µm) than direct band gap materials (<1 µm).  

 

Figure 2.6 - Simple energy band diagrams for a direct and indirect semiconductor. 
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2.1.6 The Fermi Level 

Having established background on the electronic band structure it is 

important to understand how the electrons are distributed within a material 

this can be described by the Fermi-Dirac distribution. In solids electrons obey 

Fermi- Dirac statistics31. The Fermi-Dirac distribution gives the probability 

that an energy level at a given temperature will be occupied by an electron, 

𝑓(𝐸) =
1

1+exp(
𝐸−𝐸𝑓

𝑘𝑇
)
     (2.9) 

where k is the Boltzmann constant, T is the temperature, and EF is the energy 

of the Fermi level. The Fermi level (EF)  is the energy at which there is a 50% 

probability of finding an occupied state for a given temperature. The Fermi 

level of an intrinsic semiconductor lies in the middle of the band gap. This can 

be shifted within a semiconductor by p or n-doping the material. This shifts 

the Fermi level towards the conduction band in the case of an n-type 

semiconductor and shifts the Fermi level downwards closer to the valence 

band in the case of a p-type semiconductor.  
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Figure 2.7 - Depicting the shift in Fermi level (Ef) for a metal and 3 types of 

semiconductors. 

When two materials come into to contact with each other (such as in a p-n 

junction) their Fermi levels will move to align until an equilibrium is reached 

this can be taken advantage of in devices which will be discussed in detail 

later in this chapter. 

2.2 Device fundamentals  

2.2.1 Absorption, emission, and recombination 

Absorption of a photon to promote  an electron in semiconducting materials 

is fundamental to the photovoltaic effect. As previously mentioned, a direct 

band gap will not absorb a photon of energy less than the band gap, it will 

pass straight through the material. If the energy of the photon is greater than 

or equal to the band gap (hf ≥ Eg) then the photon is absorbed and an electron 
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is promoted from the valence band to the conduction band, leaving behind a 

hole in the valence band. If the photon is of an energy greater than the band 

gap (hv> Eg) then the electron is promoted into an energy level higher than 

the conduction band edge. It will then thermalise back to the conduction band 

edge dissipating the extra energy as heat to the lattice and represents a loss 

pathway in solar cells.  

 

Figure 2.8 - Depicting transmission, absorption of a photon, and thermalisation of 

an electron back to the CB edge. 

In a solar cell, once the absorption event occurs and carriers are generated, 

the electron hole pair, called an exciton, must be separated into holes and 

electrons and travel through the material to be collected by their respective 

electrodes. Excitons come in two types Frenkel and Wannier-Mott32. Frenkel 

excitons are tightly bound by Coulombic interaction and are usually found in 

organic semiconductors. In most inorganic semiconductors excitons are of the 

Wannier- Mott type in which the Coulomb interaction is screened by a large 

dielectric constant. This gives Wanner-Mott excitons a low binding energy, 
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around 0.01 eV for silicon31, which means at room temperature there is 

sufficient energy to separate them into free electrons and holes (kBT is roughly 

0.026 eV at 300 K). Once charges have been separated, they can move within 

the material via two processes, drift and diffusion. The combination of which 

contributes to the overall current and can be described by the 1D drift-

diffusion equation, 

𝐽 = 𝑞(𝑛𝜇𝑛 + 𝑝𝜇𝑝)𝐸 + 𝑞(𝐷𝑛
𝑑𝑛

𝑑𝑥
+ 𝐷𝑝

𝑑𝑝

𝑑𝑥
)   (2.10) 

where J is the current density, µn and µp are the mobilities of electrons and 

holes respectively and Dn and Dp are the diffusion coefficients for holes and 

electrons respectively. E is the applied field.  

Before charges can be extracted, the carriers can encounter three types of 

recombination pathway33; bimolecular- radiative (band to band) 

recombination, and two types of non-radiative recombination, monomolecular 

(trap assisted) and trimolecular (Auger). Bimolecular is a radiative process 

(as in LEDs) where the electron recombines with a hole in the valence band 

and emits a photon of energy hf = Eg. Monomolecular recombination 

(Shockley-Read-Hall) occurs via various defects in the material that results 

in electronic states within the band gap. This process is non-radiative, and 

energy is lost via phonons consequently. In Auger recombination the excess 

energy from electron-hole recombination is passed onto another electron in 

the conduction band. This is electron is promoted to a higher energy level in 

the conduction band. In Perovskites, Auger recombination typically only 
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occurs for excitation densities many times greater than that of typical solar 

cell illumination conditions (i.e., under concentrated sunlight). The main 

recombination pathways relevant to this thesis are monomolecular and 

bimolecular. If radiative recombination occurs because of an excitation from 

a photon, it is called photoluminescence. 

 

Figure 2.9 – The three recombination pathways in semiconductor materials after 

an excitation event. 

If carriers are not extracted, they must recombine34.The amount of time a free 

carrier spends before recombining is defined as the lifetime (τ). By considering 

only bulk recombination and the mechanisms described above, the total 

recombination lifetime can be calculated by, 

1

𝜏 
=  

1

𝜏 𝑡𝑟𝑎𝑝
+ 

1

𝜏𝑟𝑎𝑑 
+ 

1

𝜏𝑎𝑢𝑔𝑒𝑟 
    (2.11) 

Additionally, non-radiative recombination can happen at surface defects, 

grain boundaries, and interfaces with charge selective layers35. To measure 

the amount of radiative recombination within a material, its 
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photoluminescence quantum efficiency (PLQE) can be measured. This is 

performed by illuminating a sample with a light source of known photon flux 

and measuring the number of emitted photons using a sensitive detector. 

PLQE is the ratio of the emitted photons (radiative recombination) to those 

absorbed, and the difference gives the total number of radiative events 

happening within a material, 

𝑃𝐿𝑄𝐸 =
𝜑𝐸

𝜑𝐴
 

Where φE and φA are the flux of emitted and abosrbed photons respectively. 

More details of a PLQE measurement setup can be found in Chapter 3. 

2.2.2 Photo generated carriers and the Fermi level 

Under steady state conditions the Fermi level of an intrinsic semiconductor 

is found in the middle of the band gap and represents the distribution of 

intrinsic charge carriers (EFi), equidistant from the conduction band and the 

valence band. When exposed to light (as in a solar cell), photogenerated 

charges (shown in Figure 2.8) cause this intrinsic population to shift. The 

Fermi level is now best represented as a quasi-Fermi level for each carrier 

and can be calculated for both holes and electrons (EFp and EFn respectively). 

The difference between these levels is called the quasi-Fermi level splitting 

(QFLS). The QFLS represents the maximum voltage obtainable from a solar 

cell with perfect contact materials such that QFLS  = qVOC. Although the 

positions of the EFp and EFn are somewhat inaccessible the QFLS can be 

measured by PLQE36.  
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2.2.3 Photovoltaic devices 

In this section examples of a p-i-n junction and the working principles are 

discussed to give background on the types of devices fabricated in this thesis. 

A p-i-n junction is formed when an intrinsic semiconductor is placed between 

a p-type and an n-type semiconductor in contact, forming a junction. 

Electrons from the n-type material diffuse toward the p-type through the 

intrinsic semiconductor until a steady-state is reached and each of their 

Fermi levels align with one another. This results in an electric field across 

the intrinsic semiconductor generated by the space charge region. The built-

in field results in the formation of a diode. Under forward bias conditions (Vf) 

, the width of the space charge region contracts, and charge carriers can flow 

across it, causing an exponential rise in current. Under reverse bias (Vr) the 

space charge region expands, causing a larger barrier to extract charge 

carriers inhibiting current flow. This is called rectifying behaviour.  
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Figure 2.10 - Band energy schematics of a p-i-n diode under a) zero bias b) forward 

bias c) reverse bias. d) shows a typical I-V curve for a rectifying diode. 

2.2.4 Solar cell operation 

The current that flows through the diode in the dark, under forward bias, is 

called the dark current (Jdark). The device in this regime can be expressed 

using, 

𝐽𝑑𝑎𝑟𝑘(𝑉) = 𝐽𝑜 (𝑒
𝑞𝑉

𝑘𝐵𝑇
− 1)    (2.12) 

here Jo represents the dark saturation (leakage) current. When exposed to 

light and carriers are generated, resulting in a photocurrent that flows in the 

opposite direction to Jdark. When the diode’s contacts are connected, without 

load or bias (short-circuit) all the light generated carriers can be extracted 
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and is the short-circuit current (JSC). Including this term, the equation then 

becomes, 

𝐽(𝑉) = 𝐽𝑠𝑐 − 𝐽𝑜 (𝑒
𝑞𝑉

𝑘𝐵𝑇
− 1)     (2.13) 

Conversely, when the contacts are disconnected, or in open circuit, no carriers 

can be extracted and therefore no current. In this regime the voltage 

measured at the contacts will be the maximum voltage the solar cell can 

produce under light and is called the open circuit voltage (VOC). Given J = 0 

the diode equation can be rearranged to give, 

𝑉𝑜𝑐 =
𝑘𝐵𝑇

𝑞
(𝑙𝑛

𝐽𝑠𝑐

𝐽𝑜 
+ 1)    (2.14) 

With these values measured it is commonplace to then measure the current-

voltage (J- V) characteristics of the diode by sweeping the voltage (under both 

dark and illuminated conditions) and measuring the current at each voltage 

step. This produces a diode or J-V curve. The maximum power achievable for 

the solar cell is where the product of the voltage and current is greatest 

(P  =  J  x V). This can also be referred to as the maximum power point (MPP) 

and can be given in terms of power density (mW/cm2) or as a power conversion 

efficiency (PCE) in percent.  

Two key parameters that can affect the power output of a PV device are series 

and shunt resistance. Series resistance (RS) is the resistance that charges 

encounter while being extracted and can occur in any part of the device 

(including the wires in the measurement setup). Its impacts can be seen on a 
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J-V curve from VOC  to MPP for this reason series resistance must be kept as 

low as possible. Shunt resistance (RSH) is the resistance to leakage current 

across the diode. Shunt pathways provide the ability for charge carriers to 

bypass the diode reducing VOC and current through the diode. Shunt 

pathways can arise from defects in the device’s layers such as pinholes. The 

effect of shunts can be seen in the J-V curve from JSC to MPP. To maximise 

power output, the RSH  must be as high as possible. If RSH  is very low this 

can give an effective short-circuit. These effects are shown in Figure 2.11.   

 

Figure 2.11 – An ideal J-V and power curve and the effect of low RSH (RSH) and high 

series resistance (RS) on the J-V and power curves.  

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

30

35

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

30

35

0.0 0.2 0.4 0.6 0.8 1.0

0

5

10

15

20

25

30

35

C
u
rr

en
t 

(m
A

/
cm

2
)

Voltage (V)

 JV

 Power

Ideal: Rs =  0, RSH =  ∞  

C
u
rr

en
t 

(m
A

/
cm

2
)

Voltage (V)

 JV

 Power

Low RSH

C
u
rr

en
t 

(m
A

/
cm

2
)

Voltage (V) 

 JV

 Power

High RS



2. Theory & Background 

 

25 

 

The fill factor (FF) is another parameter important to solar cell characterisation 

which can be affected by series and RSH. The fill factor is the ratio of maximum power 

output (PMPP) versus the product of JSC and VOC and gives a unitless measure of the 

“squareness” of the diode curve (shown in Figure 2.12). 

𝐹𝐹 =  
𝑃𝑀𝑃𝑃

𝐽𝑆𝐶 .𝑉𝑂𝐶
     (2.15) 

By combining JSC, VOC  and FF into one equation we can arrive at the power 

conversion efficiency for a solar cell, 

𝑃𝐶𝐸 = 𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶 ∙ 𝐹𝐹     (2.16) 

Where Pin is the incident power (light) irradiating the solar cell. Taking all 

these factors into account, an equivalent circuit that models a photovoltaic 

diode can be obtained as seen in Figure 2.12. 
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Figure 2.12 - An ideal J-V curve with all parameters indicated and the equivalent 

circuit model for a photovoltaic cell. Here FF is shown as a ratio between two 

highlighted areas for clarity. The correct formula is shown in equation 2.15.  
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2.3 Perovskite Photovoltaics 

Perovskites were first discovered in 1839 and are a class of materials with the 

general stoichiometry ABX3
37

, where the A-site is occupied by a monovalent 

cation, the B-site a divalent cation, and the X-site a monovalent anion. The 

first reported perovskite was the naturally occurring CaTiO3 (calcium 

titanate) and the structure was named after Count Lev Perovski38. The subset 

of hybrid perovskites (having both inorganic and organic components) were 

first synthesised and reported in 197839. However, it was not until 2009 when 

Kojima et al. created the first solar cell utilising the hybrid-perovskite 

materials, methylammonium lead iodide (MAPI) and methylammonium lead 

bromide (MAPBr) that the light harvesting properties of these materials were 

realised. Kojima et al. used them as absorbers in a dye-sensitised solar cell 

(DSSC) architecture, replacing organic dyes with perovskite nanocrystals, 

resulting in a PCE of 3.8%21. These first cells, however, made use of liquid 

electrolyte as the hole transporter, comprised of I
-
/I3

- dissolved in an organic 

solvent, which also rapidly dissolved the perovskite crystals23. A step change 

in efficiency came in 2012 from Lee et al. and Kim et al. Using a solid-state 

architecture and the organic, small molecule, hole transporter 2,2ʹ-7,7ʹ-

tetrakis(N,N- di-p-methoxyphenylamine)-9,9’-spirobifluorene (Spiro- 

OMeTAD), Lee et al. achieved a PCE of 10.9%40 and Kim et al. 9%41. Further 

work by Stranks et al. in 2013 showed that these materials had diffusion 

lengths exceeding 1 µm, far greater than the absorber layer’s thickness42, 

displaying their excellent charge carrier properties. Perovskite solar cells 
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have since shown an incredible rise in efficiency and interest in the research 

community. They have now achieved a certified efficiency of 25.2%43 and over 

the last decade have nearly overtaken the power conversion efficiency of 

crystalline silicon materials that have been studied for almost 70 years44. 

2.3.1 Structure  

Hybrid perovskites adopt the same crystal structure as CaTiO3. The ideal 

structure is cubic with the A-site cations in cubo-octahederal sites and BX6 

corner sharing octahedra45.  

 

Figure 2.13 - The general cubic perovskite structure. 

The hybrid perovskites used in solar cells commonly use caesium, 

methylammonium or formamidinium at the A-site, usually in a multi-cation 

configuration. This is achieved by taking advantage of the tolerance factor in 

perovskites so that cations and anions with similar ionic radii can be 

interchanged at various sites within the ABX3 structure46, 
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𝑡 =  
𝑟𝐴+𝑟𝑋

√2(𝑟𝐵+𝑟𝑋)
     (2.17) 

where rA, rB and rX is the effective radius of either ion and t the tolerance 

factor. The tolerance factor allows for the prediction of a stable structure 

formed from a set of chosen ions. Along with the A-site being dynamic in 

composition, the B-site can also be occupied by lead or tin cations (Pb2+ or 

Sn2+) (or and blend of the two), which will be discussed in the next section. 

2.3.2 Tuneable band gaps and lead-tin perovskites 

By altering the composition of hybrid perovskites, the optoelectronic and 

structural properties can also be modified47. One such property of particular 

interest to this thesis is the modification of the band gap. The ability to create 

materials with different band gaps is of distinct importance when 

constructing multijunction photovoltaics which as discussed in the next 

section of this chapter.  Early work by Noh et al. investigated the variation of 

the X3 halide site by incorporating various ratios of I
-
 and Br

-
 cations48. This 

resulted in a range of materials with varying band gaps and increased 

humidity resistance. The inclusion of increasing amounts of bromide caused 

the band gap to increase from 1.58 eV to 2.28 eV48. Eperon et al. showed that 

the bandgap could also be modified by altering the composition of cations at 

the A-site49. Using the cations caesium (Cs+), and formamidinium (FA+) to 

replace methylammonium (MA+),  they were able to measure band gap shifts 

from 1.73 eV to a narrow band gap of 1.48 eV49. This was the first instance of 

the narrow gap absorber FAPbI3, which among the neat Pb-based perovskites 
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produces the narrowest band gap. It wasn’t until Noel et al. in 2014 reported 

a material with a significantly narrow band gap of 1.23 eV for an MASnI3 

material that used Sn2+ as the B-site cation in place of Pb2+ 50. This was largely 

motivated by the known toxicity of lead and attempts to replace it by the less 

toxic Sn. Despite achieving an impressive VOC of 0.88 V and a PCE of 6%, the 

same work reported a shorter diffusion length than the Pb-based materials, 

which they attributed to self-doping as Sn2+ rapidly oxidises to Sn4+ upon 

exposure to ambient atmosphere, causing the material to be heavily p-

doped50. As a result of this thermodynamic instability, pure-Sn materials are 

incredibly hard to manufacture and require strict processing conditions, 

choice of solvent, and must be measured in an inert atmosphere51. By alloying 

the B-site with both Pb and Sn, the stability of the resulting perovskite is 

greatly enhanced due to an altered degradation mechanism, such that less 

thermodynamically favourable products are formed52. However, Lanzetta et 

al. showed that once degradation has started, even in mixed PbSn film, there 

is a cyclic degradation mechanism caused by free iodine (I2) that causes rapid 

degradation in air. These properties make even PbSn materials extremely 

challenging to work with.  
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Figure 2.14 – Top: An FA0.83Cs0.17Pb0.5Sn0.5I3 ink exposed to air over 5 

minutes. Middle: A film of FA0.83Cs0.17Pb0.5Sn0.5I3 before and after 5 hours of 

air exposure. Bottom: The degradation pathway of Sn-containing perovskites. 

Mechanism adapted from52. 

Despite their instability when exposed to ambient conditions, a key property  

of this class of materials is that the band gap can be reduced even further 

than the neat-Sn and Pb materials. Im et al. achieved band gaps as low as 

1.1  eV for a material with a PbSn ratio of 50:50 and displayed a band gap 

bowing effect as the ratio of Pb to Sn was altered53. The bowing effect shows 

a non-linear dependence of band gap with increasing amounts of Sn, where 

the band gap is wider in the pure Sn and Pb materials than it is for those of 

mixed composition. This band gap bowing effect has since been attributed by 

Goyal et al. to the energetic mismatch in s and p atomic orbitals54 of Pb and 
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Sn whereby Pb p-orbitals contribute to the formation of the conduction band 

and Sn s-orbitals form the valence band, This cannot happen in the neat 

materials, as depicted in Figure 2.15. 

 

Figure 2.15 - The band gap bowing effect due to a mismatch in s and p-orbital energy 

levels across a range of Sn content, gradually widening again for pure Sn. Adapted 

from54. 
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the A-site55 However, Lietjens et al. showed that MA at the A-site has been 

shown to decrease stability further due to the volatility of MA, which causes 

it to outgas from the perovskite structure under normal working conditions 

rapidly diminishing performance56. They instead replaced MA with FACs at 
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highlighted, high performing devices based on PbSn absorbers can be found 

throughout the literature55,57,58, which has led to their successful deployment 

in multijunction solar cells59–63.  

2.3.3 Multijunction PV 

The cost of silicon based photovoltaic (PV) cells contributes to less than 25% 

of the cost of an installed PV system. As the cost of installation and the 

balance of system (all equipment extra to the module) are depreciated over 

the life of the setup, this means that increasing cell efficiency has a direct 

impact on reducing the cost of power generation in terms of the levelised cost 

of electricity (LCOE) for the entire system over a typical 25 year lifetime64,65. 

Therefore, a direct route to providing large scale power generation, that can 

provide competitive LCOEs and displace existing power sources such as fossil 

fuels, is to increase cell efficiency per unit area64. After a brief discussion on 

efficiency limit to solar cells, multi junction PV will be discussed. 

2.3.4 Limits to efficiency  

Single junction solar cells are limited to a theoretical maximum efficiency as 

presented by Shockley and Queisser in 196166. Their detailed balance limit 

predicted a maximum efficiency of ~34% for an ideal band gap of 1.34 eV. 

Several assumptions were made in this predictive model67:  

1. All photons with hf > Eg  absorbed - whilst absorption can be improved by 

creating sufficiently thick absorbers (with long diffusion lengths LD), losses 

from reflection and parasitic absorption from multiple layers must be 
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considered in working devices. There are also losses due to thermalisation as 

discussed previously in this chapter. 

2. Each absorption event creates an electron hole-pair – this has been 

demonstrated and exceeded in quantum dot solar cells68.  

3. All carriers recombine radiatively – as previously discussed non-radiative 

recombination can occur at defects and interfaces and it is extremely difficulty 

to eliminate all non-radiative processes. 

4. All carriers generated are extracted – this does not account for losses due 

to RS and RSH both described previously.  

5. The Sun’s spectrum is equal to that of a blackbody at 6000 K – while this 

may be a good approximation for radiation outside the Earth’s atmosphere, 

at sea level the Sun’s spectrum deviates from this due to absorption of photons 

by various gases in the atmosphere. Solar cells are commonly tested under 

light sources that simulate the air mass 1.5 (AM1.5) spectrum that 

approximates sunlight at sea level. Both AM0 (sunlight in space) and AM1.5 

are shown in Figure 2.16. 
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Figure 2.16 - The AM0 spectrum of sunlight outside the Earth’s atmosphere (black) 

and the AM1.5 spectrum measured at sea level (red) and typically used for solar cell 

characterisation. 

2.3.5 Overcoming the single junction limit 

One approach to overcoming the theoretical maximum is to use multiple solar 

cells or absorbers stacked on top of one another. This simple concept allows 

for materials with two different band gaps to absorb photons of different 

frequencies. This reduces losses associated with thermalisation and allows 

the PCE to move beyond the value set by the detailed balance limit. When 
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fabricated directly on top of each other and connected via two electrical 

contacts as in a single junction, and four terminals (4T), where two single 

junctions are fabricated separately and then mechanically stacked on top of 

each other. Both are shown in Figure 2.17.  

 

Figure 2.17 -Schematics of 2T and 4T tandem architecures. 

Both types of architecture have their advantages and disadvantages. Four 

terminal architectures are easier to fabricate - two separate junctions are 

created and mechanically fixed together. This requires a transparent top 

electrode to be conductive enough to not incur series resistance (RS) penalties 

and transparent enough to avoid optical losses. Four terminal cells require 

twice the transparent conductive oxide (TCO) substrates and terminals 

adding to the balance of systems. Two terminal-monolithic tandems are 

connected in series, requiring two contacts and fewer layers in order achieve 

complete fabrication. However, when fabricating from solution processed 

methods, they require the use of orthogonal solvents to ensure layers 

deposited sequentially do not dissolve the previous layer, which can be 
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challenging due to limited solvent choice. They also require current matching, 

where the current output from both sub-cells must match otherwise the 

tandem will be current limited by the sub-cell with the lower current output26. 

Tandem cells fabricated using III-V semiconductors, including gallium 

arsenide (GaAs) or indium gallium phosphide (InGaP), achieve very high 

efficiencies of over 40%69. However, these materials require expensive 

deposition methods such as molecular beam epitaxy (MBE), resulting in costs 

in excess of $20,000/m70. Perovskites by contrast can be made from 

inexpensive starting materials and by simple and cost-effective fabrications 

routes such as, roll-to-roll processing, ink-jet, slot-die, spin coating and 

vacuum deposition giving a high degree of flexibility71.  

A study by Hörantner et al. modelled monolithically stacked 2T cells, 

considering optical losses and location dependent data for the AM1.5 

spectrum. They calculated the optimum band gaps required to deliver the 

highest efficiency, concluding that all perovskite tandems could reach 

efficiencies close to 32%64. To date, perovskite solar cells have achieved 2T 

tandem efficiencies of 26.4%72. 
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Figure 2.18 – Band gap matching and resulting efficiencies. Adapted with 

permission from64. 
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Chapter 3  

Experimental Methods 

 

The following chapter details the experimental techniques used for the 

studies presented in this thesis. Including thin film and device fabrication, as 

well as the techniques used to characterise them. 
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3.1 Thin film and device fabrication 

3.1 Spin coating  

Most thin films in this thesis were prepared by spin coating using a Laurell 

Technologies spin coater and the anti-solvent or gas quenching method. The 

technique relies on depositing an ink or precursor solution onto a substrate 

then spinning the substrate a high speed in revolutions per minute (RPM). 

This pushes the liquid out from the centre forming a thin and highly uniform 

liquid film. For perovskite containing inks , whilst spinning a liquid termed 

the antisolvent, which is miscible with the precursor solvent but not the 

precursor solute73, is dropped into the centre of the film. This causes 

supersaturation of the film and spontaneous nucleation of the perovskite 

layer. Further annealing helps the film to crystalise. For the gas quenching, 

the antisolvent is replaced by a stream of nitrogen. This method is widely 

used in perovskite research. 

 

Figure 3.19 - a general schematic of the spin coating procedure used in this thesis. 
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3.1.1 Substrate preparation 

All substrates whether bare glass, ITO, FTO, glass or quartz were cleaned 

and prepared via the same method unless otherwise stated. Substrates were 

cleaned by sonicating sequentially for 15 minutes in a beaker filled with 

Decon 90 detergent (1 % vol. in deionised (DI) water), DI water, Acetone and 

IPA followed by UV-Ozone (UVO) treatment for 15 minutes prior to 

deposition. 

3.1.2 Perovskite precursor preparation 

It is important to note that all stoichiometries and weights discussed are as 

calculated and nominal. Error associated with weighing should always be 

accounted for. In this section all weights were weighed to within 1 mg of error 

on the mass balance used (Kern ABJ 80-4NM) 

FA0.83Cs0.17Pb0.5Sn0.5I3  - Precursor solutions were prepared by dissolving 

171.28 mg of formamidinium iodide (FAI, Greatcell solar) 53 mg of caesium 

iodide (CsI, Alfa Aesar), 276.61 mg of lead (II) iodide (PbI2, Alfa Aesar, 

99.999% mesh beads), 223.51 mg of tin (II) iodide (SnI2, Alfa Aesar, 99.999% 

mesh beads), 9.4 mg of tin (II) fluoride (SnF2, Sigma Aldrich,) corresponding 

to 10 mol% of the tin content in the precursor. These masses correspond to a 

1.2 M solution in 1 mL of DMF:DMSO (4:1) which was kept constant 

throughout for both devices and film formation. Other concentrations were 

multiplications of these masses to achieve more concentrated solutions.  
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FA0.83Cs0.17Pb0.5Sn0.5I3  with excess DMAClSolutions were prepared by 

dissolving 171.28 mg of formamidinium iodide (FAI, Greatcell solar) 53 mg of 

Caesium Iodide (CsI, Alfa Aesar), 276.61 mg of lead (II) iodide (PbI2, Alfa 

Aesar, 99.999% mesh beads), 223.51 mg of tin (II) iodide (SnI2, Alfa Aesar, 

99.999% mesh beads), 9.4 mg of tin (II) fluoride (SnF2, Sigma Aldrich,) 

corresponding to 10 mol% of the tin content in the precursor. These masses 

correspond to a 1.2 M solution in 1 mL of DMF only. This solution was stirred 

overnight then added to the correct amount of DMACl (dimethylammonium 

chloride, Sigma Aldrich 98%) powder and stirred for a further 2 hours before 

use.  

 

 

 

 

 

 

 

3.1.3 DMACl dilutions 

Two stock solutions of 100% DMACl added to 1.8 M of FA0.83Cs0.17Pb0.5Sn0.5I3 

and 0% DMACl (control solution) were made and mixed to prepare various 

concentrations of DMACl. DMACl is a power and DMF is the only solvent. 
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# DMACl 

content (%) 

  0% 

solution(µL) 

100% 

solution (µL)  

Total 

(µL) 

1 100 0 500 500 

2 80 100 400 500 

3 70 150 350 500 

4 60 200 300 500 

5 50 250 250 500 

6 40 300 200 500 

7 30 350 150 500 

8 20 400 100 500 

9 10 450 50 500 

10 0 500 0 500 

3.1.4 Thiocyanate precursor solutions 

Seven 3 mL 1.3 M stock solutions were prepared and stirred overnight. The 

following day 3 mL of each solution was added in a separate vial containing 

the amount of thiocyanate additive required for 3 mL solutions. These were 

stirred for a further 3 hours prior to use and then filtered with a 0.45 µm 

PTFE filter. The amount used was 5 mol% of the tin content (0.5) which 

equates to 2.5% of the thiocyanate (2.5% x 1 M). 

Thiocyanate 2.5 % (1 M), 1mL  

(mg) 

1.3 M, 1 mL 

(mg) 

Table 3.1 - Serial dilutions to achieve a range of DMACl containing solutions. 
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Pb(SCN)2 8.08 10.51 

Sn(SCN)2 5.87 7.63 

GUASCN 2.95 3.84 

MASCN 2.25 2.93 

FASCN 2.57 3.35 

NH4SCN 1.90 2.47 

Table 3.2 – The amount of thiocyanate additive used in each solution.  

3.1.5 Perovskite deposition 

Solvent quenched method 1.8M DMSO containing films – A schematic 

of the spin coating process is shown in Figure 3.19. Films were fabricated by 

spin coating and the anti-solvent quenching method.. In a nitrogen filled 

glovebox 100 µL of precursor solution was dynamically dispensed onto the 

substrate whilst spinning the substrate at 1000 rpm for a total of 10 s. At 10 

s the substrate was then spun at 6000 rpm (4000 for 1.3M solutions) for a 

total of 59 seconds. At 20 seconds into the second step 200 µL of anisole was 

dispensed at a rate of 200 µL/s onto the middle of the spinning substrate 

which caused the perovskite film to turn from yellow to a light brown. The 

films were then immediately transferred to a hotplate and annealed at 120 

°C for 10 minutes.  
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Figure 3.20 - A schematic of the general optimised spin coating recipe used in this 

thesis. 

Gas quenched method 1.8M DMACl containing films – In a nitrogen 

filled glovebox 100 µL of precursor solution was statically dispensed onto the 

substrate before spinning the substrate at 1000 rpm for a total of 10 s. At 10 

s the substrate was then spun at 6000 rpm (4000 for 1.3M solutions) for a 

total of 30 s. At 7 s into the second step  a nitrogen positioned in the middle 

of the spinning substrate was opened fully releasing a stream of N2 which 

caused the perovskite film to turn from yellow to a light colour depending on 

the composition. The films were then immediately transferred to a hotplate 

and annealed at 150 °C for 15 minutes.  

Wide band gap absorber deposition (1.8 eV) - 1.2 M, 

FA0.83Cs0.17Pb(I0.6Br0.4)3 was prepared by weighing stoichiometric amounts of 

the precursor salts: CsI (Alfa Aesar), PbI2 (TCI), FAI (Greatcell Solar), PbBr2 

(Alfa Aesar) and dissolved in DMF:DMSO (4:1 by volume). It was stirred for 

1 hr and filtered (0.45 µm, PTFE) before use. 170 µl of the solution was 

dropped dynamically. The spin was conducted by 2 steps: 1000 rpm for 10s 
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(acc. 500 rpm/s) and 5000 rpm for 35s (acc. 1000 rpm/s). Then 325 µL of 

anisole was used for the solvent quenching at 5 seconds before end of the spin 

and then annealed for 100 °C for 30 mins. 

3.1.6 Device architecture  

All devices reported in this thesis were constructed using a p-i-n (sometimes 

referred to as “inverted”) architecture with the general structure below 

 

Figure 3.21 - a device stack with the p-i-n architecture used in this thesis and an 

example device. 

3.1.7 Hole transporting layer (HTL) deposition 

PEDOT:PSS - Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 

(Heraeus Clevios™, Al4083) diluted 1:2 by volume in methanol was filtered 

using a 0.45 µm glass microfiber (GMF) or polyvinylidene difluoride filter 

(PVDF). Directly after UVO treatment of a given substrate, 250 µL of the 

PEDOT:PSS solution was statically dispensed into the centre of the substrate 

then spin coated for 40 s at 4000 rpm with a 4000 (1 second) acceleration. 

After spin coating films were annealed at 150 °C for 10 minutes in ambient. 
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After annealing films were transferred into a nitrogen glovebox, films were 

heated on a hotplate at 100 °C for a further ~30 mins to remove any adsorbed 

moisture from ambient.  

PTAA – Poly(triaryl amine),Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] 

(Flexink) solutions were prepared by dissolving 15 mg in 15 mL of toluene to 

give a 1 mg/mL concentration which was stirred overnight. This solution was 

filtered with a 0.2 µm PTFE filter once, prior to initial use.  

Self-assembled monolayers (SAM) – All SAM molecules were purchased 

from Tokyo Chemical Industry apart from V1036 which was synthesised by 

the Department of Organic Chemistry, Kaunas University of Technology.   2-

{3,6-bis[bis(4-methoxyphenyl)amino]-9H-carbazol-9-yl}ethyl)phosphonic acid 

(V1036),  [2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid (MeO-

2PACz), 2-(9H-carbazol-9-yl)ethyl]phosphonic acid (2PACz), (4-(3,6-

Dimethyl-9H-carbazol-9-yl)butyl)phosphonic acid (Me4PACz) were all 

deposited via the same method. 10 mg of each powder was dissolved in 10 mL 

anhydrous ethanol (to give 10 mg/mL) in an N2 glovebox and stirred 

overnight, this solution was filtered with a 0.22 µm PTFE filter. Each solution 

was then diluted down to give a concentration of 0.33 mg/mL. Substrates were 

cleaned via UVO for 30 minutes then transferred immediately to an N2 

glovebox. 250 µL of SAM solution was statically dispensed onto the clean 

substrate and then left to spread for 10 seconds and then spun for 30 s at 3000 

rpm with a 600 (5 seconds) acceleration. Films were annealed at 100 °C for 

10 minutes.  
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Al2O3 wetting layer –  Aluminium oxide (nanoparticles, <50 nm particle size 

(DLS), 20 wt. % in isopropanol, Sigma Aldrich) this wetting layer was 

deposited on top of SAM coated substrates as they exhibit a very hydrophobic 

surface. The neat solution was diluted in IPA (1:150) then deposited by 

dynamically spin coating 80 µL of this solution onto SAM layers at 5000 rpm 

for 20 seconds. Subsequent films were not annealed.  

3.1.8 Electron transporting layer deposition 

PCBM - ([6,6]-Phenyl C61 butyric acid methyl ester, Solenne BV) solutions 

were prepared to a concentration of 20 mg/mL in a 3:1 mixture of 

chlorobenzene to dichlorobenzene. Once made solutions were left for at least 

24 h at room temperature before filtering with a 0.2 µm PTFE filter. 

C60 – (Alfa Aesar, sublimed, 99.9+% ) Buckminsterfullerene or C60 layers were 

deposited by thermal sublimation under vacuum using an Angstrom 

engineering cluster system. Various thicknesses were deposited at a rate of 

0.2 Å/s at pressures typically below 1 x 10-6 Torr. 

BCP – (bathocuproine, Sigma Aldrich,) solutions prepared to a concentration 

of 0.5 mg/ml in isopropanol. Solutions were stirred overnight at 70 °C and 

then filtered a 0.2 µm PTFE filter prior to use. For vacuum deposited BCP a 

5 nm layer of BCP was deposited using an Angstrom engineering cluster 

system at a rate of 0.2 Å/s at pressures typically below 1 x 10 -7 mbar. 

ALD-SnO2 – SnO2 films were deposited at 100 °C from a Tetrakis 

dimethylamino tin (TDMASn, Pegasus Chemicals) ALD source, using a 
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Picosun ALD system. Inert gas (Ar or N2) was used as a carrier and purging 

gas. The vessels for TDMASn and DI water were maintained at 80 and 20 °C, 

respectively. 20 nm thick SnO2 films were achieved by 140 cycles consisting 

of 1.6s of TDMASn pulse/8.4s purging/1s of water pulse/9s of purging for a 

single cycle. 

3.1.9 Passivation layers 

All passivation’s were deposited via dynamic spin coating 80 µL at 5000 rpm 

for 20 seconds and dispensing 5 seconds into the spin program.  

FASCN – (formamidinium thiocyante, Greatcell Solar) passivation was 

prepared by dissolving 5 mg in 10 mL of IPA. and stirring overnight. 

PEACl - (phenylethylammonium chloride, Sigma Aldrich) passivation was 

prepared by dissolving 5 mg in 10 mL of IPA and stirring overnight. 

LiF – Lithium fluoride was deposited using a Kurt J. Lesker glovebox 

evaporator. A 1 nm layer of LiF was deposited at a rate of 0.2 Å/s at a pressure 

of 1 x 10-6 mbar. 

Al2O3-np /EDA layer –  (aluminium oxide nano particles, ethylene diamine) 

A solution of EDA (Sigma Aldrich) was prepared to a concentration of 5 mmol 

in IPA which was then was used to dilute a stock solution of Al2O3 nano 

particles in IPA (Sigma Aldrich, nanoparticles, <50 nm particle size (DLS), 

20 wt. % in isopropanol) to a dilution factor of 50:1 (EDA stock:Al2O3 stock) 
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3.1.10 Electrode deposition 

All electrodes for devices were deposited using a shadow mask to give an 

electrode pattern complimentary to our solar simulator. The pattern resulted 

in 4 pixels per substrate each with an active area of 0.25 cm2 for 3 of the pixels 

and 1 cm2 for 1 pixel. A Kurt J. Lesker Nano 36 evaporator was used to deposit 

silver (Ag), gold (Au) and chromium/gold (Cr/Au) electrodes. An example 

device can be seen in Figure 3.21 - a device stack with the p-i-n architecture 

used in this thesis and an example device Figure 3.21. 

3.1.11 Encapsulation 

Encapsulation of samples was carried out by first removing all perovskite 

material outside the perimeter of the glass cover slips used so that the glue 

was in contact with glass. A UV curable epoxy (Dymax OP29) was used and 

a glass coverslip (AMG, Korea). Curing time was approximately 5 minutes.  

3.2 Characterisation  

3.2.1 Current density-voltage characterisation 

Devices were tested under simulated AM1.5 solar irradiation at 100 mW/cm2 

irradiance with a Wavelabs Sinus-220 (light-emitting diode array) solar 

simulator. The Wavelabs simulator was calibrated with an Si reference cell 

(Fraunhofer ISE). Current -Voltage characterisation was performed in air 

using a Keithley 2400 source meter, with a scan rate of 0.3 V/s. 



3. Experimental Methods 

 

 

51 

 

3.2.2 Ambient stability testing 

Devices for ambient stability tests were placed vertically into a laser cut jig 

which was placed inside a re-sealable plastic box made by Lock and Lock. At 

the bottom of the box was a ~5 mm layer of silica desiccant from VWR (Silica 

gel, granules, Chameleon® C 2 - 6 mm drying agent). The temperature and 

humidity were tracked using a Blue Maestro, Tempo disc blue tooth sensor. 

Devices were removed from the box and measured in ambient conditions for 

~1 hour per measurement.  

3.2.2 1D-XRD  

X-ray diffraction patterns were obtained using a Panalytical X’Pert Pro X-ray 

diffractometer, with a copper K-α source at (λ = 1.54 Å). The generator setting 

was 40 kV and 40 mA. Scans were 45 minutes each. 

3.2.4 2D – XRD  

2D-XRD patterns were conducted in nitrogen at room temperature using a 

Rigaku SmartLab X-ray diffractometer with a copper K-α source (λ = 1.54 Å) 

and a HyPix-3000 2D hybrid pixel array detector, operated at 40 kV. 

3.2.5 GIWAXS  

In situ grazing-incidence wide-angle X-ray scattering data was acquired at 

the I07 undulator beamline at Diamond Light Source. Solutions were 

deposited using an in-situ blade coater contained in an N2 environment 

incorporating a syringe driver, coating surface, motorised blade, integrated 

hotplate and an N2 outlet directed at the sample acting as an air knife. Prior 
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to data acquisition, solutions were deposited onto cleaned glass substrates, 

and coated with a blade with a shim height of 100 um and coating speed of 9 

mms-1, with gas quenching applied continuously from 30 s. Monochromatic 

X-rays with energy 10 keV were incident on the sample at a grazing angle of 

1°, with scattering collected by a Pilatus 2M (DECTRIS) hybrid photon-

counting detector at a distance of 365 mm, calibrated using an LaB6 

standard. 2D detector images were acquired every 0.2 s. Data reduction was 

performed using scripts based on the pyFAI and pygix libraries74. 

3.2.6 SEM 

All images were taken using an FEI Quanta 600 microscope with a spot size 

of 3, a working distance of 10-15 mm and an acceleration voltage of 5 kV. 

Samples were prepared on conductive substrate and held in place with 

conductive carbon tape.  

3.2.7 Time-Resolved Photoluminescence Measurements 

(TRPL) 

Time-correlated single photon counting measurements were carried out using 

a 398 nm centre wavelength laser (PicoHarp, LDH-D-C-405M) to photoexcite 

the perovskite thin films with pulsed excitation mode with a repetition rate 

of 0.125 MHz. The samples were excited at two fluences of 1300 nJ/cm2 and 

150 nJ/cm2. The photoluminescence was collected using a Princeton 

Instruments SP-2558 monochromator, with a photon-counting detector (PDM 

series from MPD). Timing is controlled electronically using a PicoHarp300 
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event timer. PL decays were measured at the peak wavelengths of the PL 

spectra. Measurements were carried out in ambient air; however, the samples 

were encapsulated. TRPL. To calculate the average decay lifetime a least-

squares fit was carried out on the lowest-fluence PL decays using the 

stretched exponential equation, 

𝐼(𝑡) = 𝐼0𝑒
−(

𝑡

𝜏𝑐ℎ𝑎𝑟
)

𝛽

    (3.1) 

Where I(t) is the PL intensity a time t, I0 is the initial PL intensity and β is 

the stretching factor. The average lifetime was then calculated from, 

𝜏𝑎𝑣 = (
𝜏𝑐ℎ𝑎𝑟

𝛽
) Γ (

1

𝛽
)    (3.2) 

 

Where τav is the average decay lifetime Г is the gamma function. The 

stretched exponential function has been used in throughout the literature to 

fit TRPL decays49,75. 

3.2.8 Photoluminescence quantum efficiency (PLQE) 

Samples were suspended inside an integrating sphere and illuminated via 

532 nm CW laser (ThorLabs DJ532-10) coupled to an optical fibre 

feedthrough the laser spot size on the sample was 0.15 cm2. The laser power 

was adjusted to 1 sun equivalent for a 1.25 eV band gap based on values 

publish by Kirchartz et al.76 which was 87.5 mW/cm2. A second fibre was used 

for light collection from the sphere which connected to a Maya2000 Pro 
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spectrometer.  The determination of PLQE found via the method published 

by DeMello et al.77 and was computed by a python program written by Dr 

Bernard Wenger, University of Oxford. A diagram for the PLQE setup is 

shown in Figure 3.22.  

 

Figure 3.22 - A diagram of the PLQE setup used to collect PLQE data in this 

thesis. 

3.2.9 External Quantum Efficiency (EQE) 

External quantum efficiency measurements were performed using a custom-

built system. The monochromatic illumination source was provided using a 

250 W halogen lamp and monochromator (Princeton Instruments Acton 

SP2150, with FA2448 filter wheel), which was chopped (Thorlabs MC2000B-

EC) at 280 Hz and focused to a spot size on the sample that was smaller than 

the pixel defined by the evaporated rear electrode. The pixel was selected 

using a home-built multiplexer, and its AC current signal due to the chopped 

monochromatic illumination was converted to a voltage using a 50 Ω resistor. 

The amplitude of this voltage signal was measured using a lock-in amplifier 
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(Stanford Research Systems SR830). The absolute value of EQE was 

calculated based on the ratio of this voltage signal to that of a signal 

generated by a reference Si photodiode of known EQE (Newport 818-UV/DB 

or Thorlabs FDS100-CAL) under the same illumination conditions as the test 

device. 

3.2.10 Luminescence Imaging 

The spatially resolved data were taken using an in house-built 

photoluminescence measurement setup as detailed in the recent publication 

by Akash Dasgupta, University of Oxford - Visualizing Macroscopic 

Inhomogeneities in Perovskite Solar Cells78. 

3.2.11 Spectral mismatch 

To accurately measure a solar cell spectral mismatch of the solar similar and 

the AM1.5 spectrum must be accounted for79. Due to the nature of the light 

sources used in research and testing to approximate the Sun’s spectrum 

(AM1.5) , spikes and dips in the spectrum can arise which cause the spectrum 

of the simulator to deviate from AM1.5. The spectral mismatch is also 

dependant on the band gap of the material within the device being tested. 

The spectral mismatch for the Wavelabs Sinus-220 light source and the 

bandgap for the material in this study was calculated and found to be 

negligible meaning the testing setup extremely accurate.  



3. Experimental Methods 

 

 

56 

 

 

Figure 3.23 – Showing the spectral irradiance versus wavelength of AM1.5 and 

the Wavelabs solar simulator used to test the solar cells in this thesis.  
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Chapter 4.  

Bulk and Interface Engineering of Narrow 

Band Gap Perovskite Solar Absorbers 

In this chapter various strategies to improve the optoelectronic properties of 

an FA0.83Cs0.17Pb0.5Sn0.5I3 absorber are investigated including, passivation of 

the bulk absorber and interfaces, and how the charge selective contacts 

influence non-radiative losses. The bulk passivation strategy utilises a range 

of popular salts that all have the common thiocyanate anion (SCN–). It is 

shown that all the thiocyanates studied improve the grain size, morphology 

and enhance the radiative efficiency and carrier lifetimes for 

FA0.83Cs0.17Pb0.5Sn0.5I3 thin films but at high loadings introduce unfavourable 

phases into the films which hinder device performance. Further into the 

chapter it is found through photoluminescence quantum efficiency (PLQE) 

measurements, that significant non-radiative recombination occurs at both 

interfaces between an FA0.83Cs0.17Pb0.5Sn0.5I3 absorber from common charge 

selective layers. Finally, a strategy to passivate the interfaces is investigated 

via PLQE and deployed into photovoltaic devices resulting in an enhanced 

performance.  
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4.1 Introduction 

Defects in metal halide perovskites can have dramatic effects on the 

performance of devices and their resultant stability80. Being able to passivate 

these defects, whether physical or electronic, is incredibly important to 

maximise solar cell performance and stability and remains an important 

challenge to commercialisation. Many of these defects can occur in the bulk, 

at grain boundaries, and at the interface with charge selective layers, 

reducing photoluminescence quantum efficiency (PLQE) and carrier diffusion 

lengths81. Much focus in the perovskite field has been on how to maximise the 

bulk optoelectronic properties of lead-based (Pb) perovskite absorbers82 and 

the losses associated with charge selective layers83–85 but comparatively, lead-

tin (PbSn) perovskites have received negligible attention. Whilst there has 

been some effort to use various additives for 

formamidinium/methylammonium (FAMA) lead-tin perovskite blends62,86–88, 

at present, there have been no studies conducted on formamidinium/caesium 

(FACs) based lead-tin materials. The work presented in this chapter 

investigates both bulk recombination and interfacial recombination via 

stepwise thin film engineering. For the bulk passivation study, several 

thiocyanate salts, used frequently in perovskite literature, are deployed 

including a previously unreported Sn(SCN)2. Many have been used in high-

performing Pb and PbSn devices57,60,61,89 however, there have been no side-by-

side comparisons of these additives, and only lead thiocyanate (PbSCN)2 has 

been used for lead-tin devices with FACs as the A-site cation blend89,90. This 
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range of additives was chosen to assess whether the cation plays a role in 

performance enhancement. A series of films were fabricated on glass to 

minimise the effects of interface recombination and were analysed using 

PLQE, PL imaging and TRPL. In this study 5 mol % of each thiocyanate, 

relative to the Sn content, is used as the additive. This is less than what is 

typically used in literature and was chosen to observe the effect on the final 

absorber without the need for rigorous optimisation.  The second half of this 

chapter utilises PLQE to probe the non-radiative recombination occurring at 

the interfaces of the FA0.83Cs0.17Pb0.5Sn0.5I3 material in contact with charge 

selective layers. The choice of transport layers for PbSn, p-i-n devices is 

mainly limited to PEDOT:PSS as the hole transporting material and Phenyl-

C61-butyric acid methyl ester (PCBM) or fullerene (C60) as the electron 

transporting materials. To date PEDOT:PSS still dominates the literature for 

PbSn devices although many publications cite the need to move away from it 

due to unfavourable acidic properties, lack of ambient stability, and inferior 

long term device stability91. Whilst there have been countless studies on 

interfacial losses for Pb-only devices85,92–95, there has been very little focus on 

this for PbSn devices. In this chapter several hole transporting layers (HTL) 

and electron transporting layers (ETL) materials in contact with an 

FA0.83Cs0.17Pb0.5Sn0.5I3 absorber are studied via PLQE and in devices. 

Following this, there is a brief study on the effect inserting a passivation layer 

at the ETL interface. It is found that PEDOT:PSS introduces a high degree of 

non-radiative recombination such that PLQE cannot be measured. Poly[bis(4-
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phenyl)(2,4,6-trimethylphenyl)amine (PTAA) and several popular self-

assembled monolayer (SAM) type hole transporters96–99 are able to preserve 

the PLQE of the neat absorber on glass and reduce the amount of non-

radiative recombination at this interface. However, they are unable to be 

successfully deployed into devices due to poor charge extraction. It is also 

found that PCBM and C60 introduce significant losses to the perovskite 

indicating issues at both interfaces and that using an appropriate passivation 

can mitigate this.  
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4.2 Results and Discussion 

4.2.1 Bulk passivation via thiocyanates 

Initially, the morphology of SCN modified films was analysed with scanning 

electron microscopy (SEM). The formation of compact, pinhole free absorber 

layers is essential for fabricating functional devices100. A 5 mol % excess 

relative to the Sn content of the films was used for each SCN additive. 

 

Figure 4.24 – SEM images showing that the addition of all SCN additives enhances 

the apparent grain size of resulting films. Those with organic cations show a large 

Control N H 4SCN M A SCN

FA SCN GU A SCN Pb(SCN ) 2

Sn(SCN ) 2

3 µm
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increase in apparent average grain size with methylammonium thiocyanate 

(MASCN) sample showing the greatest increase going from an average grain size of 

289 nm in the control film to 657 nm. A summary for all average grain sizes is given 

in Table 4.3. Thiocyanates containing the metal cations Pb and Sn show a more 

modest enhancement, signifying the importance of the organic cation’s role in 

increasing grain size in these polycrystalline films. Scale bars are 3 µm. Additionally, 

GUA and FA represent guanidinium and formamidinium, respectively. The very 

small bright white particles seen on each film are assigned to SnF2.   

SEM analysis whilst excellent for determining morphology gives only 

apparent grain size due to the fact only the top surface of the sample is being 

imaged. However, apparent increase in grain size is consistent with literature 

assessments61,101. This is perhaps why most high performing devices use an 

organic thiocyanate salts instead of those containing metals57,61,102. It is 

postulated that the more volatile organic compounds can complex with 

solutes in the precursor inks and evaporate during annealing slowing down 

crystallisation in the process101. The heavier metal cations cannot evaporate 

and may act as nucleation centres, causing more rapid crystallisation. 

Various studies have shown grain boundaries to be the sites of defects and 

dangling bonds that can introduce non-radiative recombination (reducing 

open circuit voltage) and increase hysteresis.103,104 Grain boundaries have 

also been shown as sites of ingress for moisture and oxygen, therefore 

accelerating degradation105–107. By increasing the apparent average grain size 

of the film, the optoelectronic properties of resulting films and the long-term 

operation of resultant devices should be improved. Based on the results from 
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SEM analysis alone, thiocyanates with organic cations show promise for 

FA0.83Cs0.17Pb0.5Sn0.5I3 based absorbers. 

 

 

Sample  Average grain size (nm) 

Control 289 

NH4SCN 440 

MASCN 657 

FASCN 579 

GUASCN 537 

Pb(SCN)2 399 

Sn(SCN)2 362 

 

Table 4.3 – Calculated average grain sizes for each thin film. Average grain sizes 

were calculated by drawing 3 lines of equal length over each image, counting the 

frequency of grain boundaries that bisect the lines, then averaging the resulting 

frequencies and converting into nanometres using the length scale with Image J 

image analyser108.  

  



4. Bulk and Interface Engineering of Narrow Band Gap Perovskite Solar Absorbers 

 

 

64 

 

Having shown drastic grain size enhancement, the PLQE of a set of 

companion films were measured as shown in Figure 4.25. To maximise 

efficiency and operate closer to a device’s theoretical limit, it must be able to 

extract carriers efficiently109. At open circuit, which is the case for films 

fabricated on glass, carriers cannot be extracted by an external circuit, as in 

an operational solar cell in the power generating quadrant. Therefore, 

carriers must recombine via radiative recombination (emitting a photon) or 

non-radiative recombination via phonon emission where energy is lost as 

heat. The latter pathway results in a loss of open-circuit voltage under 

illumination from an increased dark injection current in working devices. As 

mentioned in Chapter 2, this can be directly measured by PLQE, which is the 

ratio of emitted and absorbed photon flux or, equivalently, the ratio between 

the total radiative recombination current density (Jrad) and the generation 

current density (JG) described by the following equation, 

𝑃𝐿𝑄𝐸 =
𝜑𝐸

𝜑𝐴
=

𝐽𝑟𝑎𝑑

𝐽𝐺
=

𝐽𝑟𝑎𝑑

𝐽𝑟𝑎𝑑 + 𝐽𝑛𝑜𝑛−𝑟𝑎𝑑 
   (4.1) 

where φE and φA are the flux of emitted and abosrbed photons, respectively. 

Jrad  and Jnon-rad  are the radiative and non-radiative current densities, 

repsectively. When calculating quasi-Fermi level splitting (QFLS) for a 

working device, JG can be subsituted by JSC as will be shown. This assumes 

that at JSC conditions, all generated charge carriers are extracted.  
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Figure 4.25 - The measured PLQE of 2 companion films containing various 

thiocyanate additives. Samples were illuminated with a 532 nm laser with a 

power density equal to 1 sun for a band gap of 1.25 eV. More details on the 

PLQE setup and measurements can be found in Chapter 3. 

The spectra from which the values were calculated are shown in Figure 4.26. 
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Figure 4.26 - The photoluminescence spectra for all samples in the study. Ctl 

represents the control film. 

After measuring the PLQE, the resultant QFLS for each sample was 

calculated by using the following relationship, 

                                                                            (4.2) 

where QFLS is the quasi-fermi level splitting (hence maximum achievable 

Voc for the given material as discussed in Chapter 2, k is the Boltzmann 

constant, T the temperature, JSC the short-circuit current, J0,rad the dark 

radiative recombination current, and PLQE the measured photoluminescence 

quantum yield. To calculate the QFLS, JSC and J0,rad must be calculated using 

the following expressions85, 
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𝐽𝑆𝐶 = 𝑞 ∫ 𝐸𝑄𝐸(𝐸)𝜑𝐴𝑀1.5 (𝐸)𝑑𝐸   (4.3) 

and 

𝐽0,𝑟𝑎𝑑 = 𝑞 ∫ 𝐸𝑄𝐸𝑃𝑉(𝐸)𝜑𝐵𝐵 (𝐸)𝑑𝐸   (4.4) 

where φBB is the black body spectrum at room temperature. From equation 

4.3, JSc is given by calculating the overlap integral of the AM1.5 photon flux 

(φAM1.5) with the measured external quantum efficiency (EQE) for a control 

device. This becomes useful in approximating the maximum QFLS for a real 

solar cell. By measuring the EQE of a control PbSn device and using equation 

3, J0,rad was calculated to be 1.03 x10-14 mA/cm2. The equivalent JSC for the 

same cell as measured was 26.3 mA/cm2. Using these values, the PLQE 

measured for each sample and equation 4.2, the QFLS was calculated for each 

film as shown in Table 4.4. Table 4.4 shows that although Pb(SCN)2 has a 

negligible effect on PLQE, all other thiocyanate additives enhance the PLQE 

and therefore reduce non-radiative recombination within the material. Using 

equation 4.2 a QFLS of 0.98 eV can be calculated using 100% PLQE, 

representing the maximum PLQE and QFLS the material can achieve. 

Interestingly the FASCN sample shows a difference of only 0.05 eV from this 

limit. If this could be extracted as VOC, it would represent the highest reported 

VOC for PbSn devices at the time of writing57.  
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Sample PLQE (%) QFLS (eV) 

Control 1.3 0.87 

NH4SCN 1.97 0.88 

MASCN 2.19 0.88 

FASCN 12.83 0.93 

GUASCN 4.85 0.90 

Pb(SCN)2 1.56 0.87 

Sn(SCN)2 5.24 0.90 

 

Table 4.4 – PLQE and corresponding calculated QFLS values for all films. 

Table 4.4 and Figure 4.25 show that all thiocyanate additives reduce non-

radiative recombination of the neat FA0.83Cs0.17Pb0.5Sn0.5I3 absorber material 

(with FASCN, GUASCN and Sn(SCN)2 showing a dramatic decrease), 

increasing the QFLS and resultant Voc in photovoltaic devices.  

Whilst PLQE is an important parameter to assess material quality, an 

equally important parameter is diffusion length. Diffusion length gives the 

average length for which a charge-carrier can travel in a semiconductor before 

it recombines110. It is especially important in PbSn, narrow band gap 

absorbers due to the drop off in absorption coefficient in the near-infrared 
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region (NIR)62. To maximise absorption, and therefore current density, in a 

device, the thickness of the absorber layer must be increased. However, if the 

diffusion length of a charge carrier is shorter than the thickness of the 

absorber layer, charges will recombine before they can be extracted, resulting 

in a loss of current at the maximum power point of an operating device, 

counteracting the gain from increased absorption. To assess the impact of the 

thiocyanate additives on the diffusion length within each material, TRPL 

measurements were conducted. This was performed on the same set of films 

used for PLQE measurements. Stretched exponential functions were fitted to 

the resulting data to extract lifetimes (τ) by Robert D. Oliver, University of 

Oxford. 
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Figure 4.27 - Time resolved photoluminescence plots of the control and thiocyanate 

modified films. Plots are labelled individually. Measurements and stretched 

exponential fits to find the lifetime (τ) for each film were performed by Robert D. 

Oliver, University of Oxford. Further experimental details can be found in 

Chapter  3. 

To calculate the diffusion length from the lifetime of each film the following 

relationship was used,  

𝐿𝐷 =  √𝐷𝜏                                 (4.5) 
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where LD is the diffusion length (m), D the diffusivity (m2/s) and τ the lifetime 

(s) extracted from TRPL. First, the diffusivity was calculated by using the 

Einstein relationship, 

𝐷 =   
𝜇.𝑘𝑇

𝑞
     (4.6) 

where µ is the mobility (m2/Vs) and q is the electronic charge. The mobility of 

a control film was measured by Alexander Ulatowski, University of Oxford to 

be 27 cm2/Vs via terahertz conductivity111. Under the assumption that the 

mobility does not change between these samples, the diffusion lengths were 

calculated as shown in Table 4.5. 

Sample µ (cm2/Vs) D (cm2/s) τ (ns) LD (µm) 

Control 27 0.69 200 3.74 

NH4SCN - 0.69 1600 10.6 

MASCN - 0.69 1200 9.15 

FASCN - 0.69 1200 9.15 

GUASCN - 0.69 1300 9.52 

Pb(SCN)2 - 0.69 530 6.08 

Sn(SCN)2 - 0.69 1300 9.51 

Table 4.5 – Mobility, diffusivity, and calculated diffusion length for each sample.  
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Table 4.5 shows that the addition of all the thiocyanate salts vastly improves 

the charge-carrier diffusion length within the FA0.83Cs0.17Pb0.5Sn0.5I3 thin 

films. The average thickness for these films was determined to be 369 nm. At 

this thickness charge collection should not be an issue, even in the control 

samples. It is important to note that mobility may change between samples 

and may deviate from the control value due to the influence of additives but 

it is expected to increase due to the increase in measured carrier lifetime, 

hence this would represent a worst-case scenario. A summary of the 

measured parameters is presented in Table 4.6. It is clear that samples with 

a larger apparent grain size, compared to the control, have a longer calculated 

diffusion length in general but this is not a linear trend as can be seen with 

the ammonium thiocyanate additive.  

Sample Average grain size (nm  PLQE (%) LD (µm) 

Control 289  1.3 3.74 

NH4SCN 440  1.97 10.6 

MASCN 657  2.19 9.15 

FASCN 579  12.83 9.15 

GUASCN 537  4.85 9.52 

Pb(SCN)2 399  1.56 6.08 

Sn(SCN)2 362  5.24 9.51 

Table 4.6 – Summarising all of the measurements taken on each film. 
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4.2.2 Assessing film uniformity 

Another important aspect in fabricating thin film devices, especially in the 

p- i-n architecture, is the ability to form a smooth, homogenous film of every 

layer over areas compatible with research-scale device areas (0.25 cm2 and 1 

cm2). Many layers in a device stack are amorphous, organic molecules or 

polymers comprised of a single material, which makes fabrication of these 

layers facile compared to the perovskite layer. It is clear from Figure 4.24 that 

the thiocyanates have a dramatic impact on film formation. What is unclear 

from the measurements shown, is how uniform each film is in terms of its 

optoelectronic properties on a long length scale. To probe this, PL-imaging of 

each film was performed, and the resulting images analysed. The resulting 

PL maps are shown in Figure 4.28.  
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Figure 4.28 - PL images of films on glass substrates of a control film and those with 

thiocyanate additives. Measurements and plots by Akash Dasgupta, University of 

Oxford. The scale bar represents the relative PL of each sample versus a calibration 

standard. Further experimental details are available in Chapter 3.  

From Figure 4.28 all films appear to be uniform apart from the FASCN 

sample which shows a high degree of heterogeneity and dendritic features 

that extend over a long-length scale (greater than 1 mm) which could 

introduce a high degree of roughness over the active area for a solar cell. This 

could imply that despite its high PLQE value it may be unsuitable for large 

area devices.  All other additives showed good candidacy for thin film devices 

with significant enhancement in grain size, PLQE, and TRPL coupled with a 

similar degree of homogeneity in film morphology.  

Control N H 4SCN M A SCN FA SCN

GU A SCN Pb(SCN ) 2 Sn(SCN ) 2
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4.2.3 SCN additives - device performance 

To investigate whether these improvements in absorber quality could be 

realised in devices, devices were fabricated using each additive utilising the 

p-i-n architecture. The device architecture and device performance metrics 

are shown in Figure 4.29. 

 

Figure 4.29 - All device metrics and device stack for devices consisting of a control 

and thiocyanate modified absorber layers. Respective device metrics are individually 

labelled. In the bottom left panel 0.25 and 1 represent device areas of 0.25 cm2 and 

1 cm2 and were plotted to demonstrate layer uniformity. MPP represents the max 
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power point tracked efficiency over 60 seconds with the value being the final 

measurement point. 

 

Figure 4.30 – The J-V curves for the champion device of each condition used in 

this study. It is noted that all SCN additives introduce a small amount of 

hysteresis, but it appears negligible. Devices are otherwise behaving as expected. 

The drop in current is clear from these J-V curves. Red traces are the J-V curves 

under light and the black traces the dark J-V. Solid lines are forward scans and 

dashed, reversed scans. The max power point tracked values after 60 seconds are 

given on each J-V plot.  
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The device metrics shown in Figure 4.29 show a drop off in max power point 

(MPP) for all additives, with the control having the highest performance of 

the batch. The main reason for this is the drop-off in current for SCN 

additives despite excellent calculated diffusion lengths. Surprisingly, there is 

also no Voc gain for any additives despite the very high PLQE values 

measured and the fact that non-radiative recombination has been reduced. 

One explanation for this could be due to an extraction barrier or significant 

recombination being introduced by the interfaces in a full device stack. What 

is more surprising is that all these additives have shown vast improvements 

for other PbSn perovskite blends that do not contain caesium60. Further detail 

on the choice of A-cation for this absorber can be found in Chapter 2.  

4.2.4 XRD measurement  

To elucidate why SCN containing devices do not show an improvement over 

the controls, X-ray diffraction was performed on witness films to see if any 

differences could be measured in the SCN-modified films composition despite 

previous reports indicating no change unless larger excesses (>50 mol%) were 

used in FAMAPbSn blends61. The resultant X-ray diffraction patterns are 

shown in Figure 4.31. 
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Figure 4.31 - XRD diffraction patterns of SCN modified films. ITO peaks are 

labelled with #. Intensity on the y-axis is scaled individually in each panel so (100) 

peaks can be clearly identified in each sample. The characteristic (100), (110), and 

(200) cubic peaks are highlighted with dashed lines. 
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From the scale shown, no differences are immediately clear. However, when 

the XRD patterns are magnified, distinct new peaks in the GUASCN and 

FASCN modified films can be seen (Figure 4.32). These can be assigned to the 

layered hexagonal polytype GUASnI3 and δ-CsPbI3, respectively, as reported 

by Stoumpos et al.112 and Straus et al.113. It is postulated that these lower 

dimensional, wider gap114 materials sit at the interfaces of these films giving 

high PLQEs while creating a barrier to charge extraction. It is also speculated 

that these lower dimensional phases occur in all samples but in very small 

quantities not detectable by 1D-XRD.  

 

Figure 4.32 - XRD patterns of GUASCN and FASCN modified films magnified to 

show the appearance of new peaks assigned to GUASnI3 and δ-CsPbI3. Crystal 

structures generated using VESTA 3115 and .cif files from references112,113. 
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4.2.5 Interfaces and Passivation 

Figure 4.34 shows the work function for indium tin oxide (ITO) and the 

highest occupied molecular orbital (HOMO) level energies for the hole 

transporters selected for this study. The value of -5.1 eV for the valence band 

of the perovskite absorber is as reported by Eperon et al. for an FACsPbSnI3 

absorber blend59 similar to the one used in this study (FA0.75Cs0.25Pb0.5Sn0.5I3 

versus FA0.83Cs0.17Pb0.5Sn0.5I3). The hole transporting materials studied in 

this section were chosen for their ability to perform well for the Pb-based 

materials, their ease of processing, and the range of HOMO levels, as it has 

been reported that careful alignment of the HOMO level to the valence band 

of the perovskite is desirable to maximise Voc96. They comprise of the 

ubiquitous PEDOT:PSS (Al4083), polytriarylamine (PTAA), and several self-

assembled monolayers (SAMs); V1036, MeO-2PACz, 2PACz and Me-4PACz. 

The self-assembled monolayers used in this study are unlikely to be hole 

transporting layers when compared to PTAA or PEDOT:PSS due to the fact 

they are single molecules. It is more likely that they provide a favourable 

surface modification at the ITO/perovskite interface to facilitate hole transfer. 

These were synthesised and provided by Kaunas University of Technology, 

Lithuania96. 
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Figure 4.33 – The structure of all the HTLs used in this study. PEDOT:PSS and 

PTAA are polymers. 

 

Figure 4.34 – Reported values for the Fermi level of ITO116, the HOMO levels of the 

hole transporters used in this study96 and the valence band onset for 

PEDOT:PSS PTAA
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FA0.75Cs0.25Pb0.5Sn0.5I3 with respect to vacuum59. The values were taken from 

literature reports. 

4.2.6 PLQE at the HTL interface 

PLQE was used to quantify the amount of non-radiative recombination 

introduced by each HTL. The method used earlier in this chapter is used to 

calculate the quasi-Fermi level splitting (QFLS) with identical values of J0,rad 

and JSC. Half stacks were fabricated consisting of glass/ITO/HTL/perovskite 

and glass/perovskite samples as a reference. Figure 4.35 shows the PL 

emission spectra used to calculate the PLQE values and Figure 4.36 shows 

the calculated QFLS values, which are summarised in Table 4.. The 

maximum QFLS value for this absorber is also displayed to highlight the 

losses introduced even when in contact with glass. A signal for PEDOT:PSS 

could not be detected in the PLQE apparatus used due to the amount of non-

radiative recombination introduced by the HTL, as the setup used has low 

signal to noise sensitivity. Another consequence of this low signal to noise 

sensitivity of the setup is that resulting plots in Figure 4.35 appear as rough 

lines rather than smooth gaussians, commonly seen in for PL data taken for 

perovskites that emit within the visible range. 
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Figure 4.35 – The measured PL used to calculate the PLQE.
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utilising self-assembled monolayers (SAMs) introduce no additional non-radiative 

recombination relatvie to the glass sample.  

Surprisingly, the SAM layers show QFLS values similar to those of the neat 

absorber on glass, and in most cases, enhance the PLQE (and the QFLS). This 

indicates that the SAM/perovskite interface suffers from no additional non-

radiative recombination compared to the glass/perovskite interface. PTAA 

introduces a significant amount by comparison but still has detectable values 

versus PEDOT:PSS. 

Condition PLQE  

A (%) 

PLQE  

B (%) 

QFLS 

A(eV) 

QFLS  

B (eV) 

100% PLQE 100 - 0.98 
 

Glass 0.71 1.03 0.85 0.86 

PTAA 0.24 0.08 0.82 0.79 

Me4 0.93 1.07 0.86 0.86 

2PACz 1.06 1.48 0.86 0.87 

MeO-2PACz 0.97 0.98 0.86 0.86 

V1036 1.04 0.84 0.86 0.85 

Table 4.7 - The measured PLQE for 2 samples of each condition labelled A and B 

and the calculated QFLS values of each. 

Next, the effect of the ETLs on the PLQE was investigated by fabricating 

samples with two further configurations: glass/perovskite/ETL to show the 

effect of the ETLs alone and glass/ITO/HTL/perovskite/ETL to study the 
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combined effects and approximate a complete device stack. The resultant 

QFLS values are displayed in Figure 4.38. It is clear from Figure 4.38 that 

the ETL side of the stack also introduces significant non-radiative 

recombination to the interface regardless of the ETL choice.  

 

Figure 4.37 – the configurations used to measure the PLQE of the samples shown in 

Figure 4.38. Samples were illuminated through the glass or ITO side to be consistent 

with device illumination.  
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Figure 4.38 - The calculated QFLS values for two stack configurations - 

glass/perovskite/ETL and glass/ITO/HTL/perovskite/ETL to observe the losses 

introduced by the ETL interface. 
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Figure 4.39 - Full statistics for devices fabricated using all HTLs and the general 

device structure used for fabrication. 
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Figure 4.40 - The J-V curves for the champion device of each HTL used in this 

study. Interestingly, hysteresis seems most severe in the PEDOT:PSS device but 

the MPP appears largely unaffected. Red traces are the J-V curves under light and 

the black traces the dark J-V. Solid lines are forward scans and dashed, reversed 

scans. The max power point tracked values after 60 seconds are given on each J-V 

plot.  
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Figure 4.39 shows the device statistics for devices fabricated with the 

respective HTLs. The VOC in each device correlates well with the QFLS values 

calculated for HTL/perovskite/PCBM stacks confirming the reduction in non-

radiative recombination at this interface. The MPP, however, drops off across 

the series, which is clearly due to the drop in current and appears to be an 

issue with charge extraction. As all of these materials have been studied in 

p- i-n cells previously96,117, parasitic absorption was ruled out. There are two 

postulates for this loss of current (schematics for both postulates are shown 

in Figure 4.41) : 

1. The valence band offset for each hole transporter causes an energy level 

mismatch that could cause a barrier to current extraction. This would 

account for the drop in current for the HTLs with HOMOs lower than that 

of the value taken for the perovskite’s valence band. This, however, does 

not hold for the shallower HOMO in V1036. If the HOMO level is 

shallower with respect to vacuum, this should provide a more favourable 

charge extraction for holes. It would be expected in the case of a shallower 

HOMO level that the VOC would be reduced due to the impact on Fermi 

level splitting across the perovskite, but not JSC 85. 

2. A recent study by Thiesbrummel et al. highlighted a “Universal Current 

Loss” due to mobile ions present in PbSn devices118. At open-circuit, ions 

much like charge carriers move via diffusion due to no net internal field 

at open-circuit. When devices are held at short-circuit, the built-in field is 

at a maximum (further details can be found in Chapter 2). The built-in 
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field causes ions to drift to the contacts, these ions screen the built-in field 

resulting in a reduction in charge carrier drift and therefore less carriers 

are extracted. This happens over very short time scales and can be 

measured by an increase in photoluminescence as carriers recombine at 

short-circuit. It is speculated that PEDOT:PSS-based devices may not 

suffer as strongly from this effect due to its heavily doped nature and that 

this doping level can change under an applied bias119.  

 

Figure 4.41 – Illustrations showing the mechanism in each postulation. A) 

represents ideal alignment of the HTL HOMO level and the perovskite valence band 
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(VB), showing favourable charge extraction B) shows the case of poor alignment with 

the HTL HOMO lying further from vacuum than the perovskite VB and a barrier to 

charge extraction as a result C) shows a large offset in HOMO level of the HTL but 

closer to vacuum still favouring charge extraction – the case for V1036. D) shows 

energy band diagrams for  a device at open circuit with no carrier diffusion E) shows 

a device at short-circuit where mobile ions drift in the field F) shows the effect ions 

have on reducing the internal field once drifted. 

Even though PEDOT:PSS induces a substantial amount of non-radiative 

recombination, device performance is still higher than those with high 

PLQEs, and its current extraction is the most efficient across the HTLs 

studied. Despite this, it would still be desirable to replace PEDOT:PSS with 

an HTL than can deliver high PLQEs (and QFLS) but allow charge extraction. 

To confirm the screening effect across the HTLs, PLQE measurements of full 

devices could be measured to see if the effect of increased PL seen by 

Thiesbrummel et al. occurs118. 

With all new HTLs performing poorly the focus was switched to the ETL side, 

which showed significant quenching of the PLQE.  To try to address this, 

three passivations were chosen to see if the losses at the ETL could be 

mitigated. Lithium fluoride (LiF), phenylethylammonium chloride (PEACl), 

and formamidinium thiocyanate (FASCN) have all been shown as effective 

passivators120–122. Half stacks of glass/perovskite/passivation/ETL were 

fabricated and the resulting QFLS values calculated from PLQE 

measurements are shown in Figure 4.43. 
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Figure 4.42 - the configurations used to measure the PLQE of the samples shown 

in Figure 4.43. Samples were illuminated through the glass or ITO side to be 

consistent with device illumination. .
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Figure 4.43 - QFLS values for half stacks comprised of glass/perovskite/electron 

transport layer and the same stack with 3 types of passivation layer deposited before 

the ETLs (C60 and PCBM) Lithium fluoride (LiF), phenylethylammonium chloride, 

and formamidinium thiocyanate were used as passivations in this study. 

It is clear from Figure 4.43 that the effectiveness of the passivation layer also 

depends on the choice of passivation molecule and more likely the deposition 

method. As PCBM is solution processed from a mixture of chlorobenzene and 

dichlorobenzene, it is possible that certain types of passivation may be 

partially washed off by these polar solvents. As previously mentioned, limited 

to PCBM as the ETL for device fabrication, devices were constructed using 

FASCN as the passivator, as this achieved the highest QFLS in the set when 

combined with PCBM. Devices were fabricated using PEDOT:PSS due to the 

loss of current experienced in the other HTLs. As the FASCN was dissolved 

in isopropyl alcohol (IPA), an IPA rinse was also included into this device set 

along with FAI to decouple the roles of the FA+ and SCN-. The resulting device 

metrics are displayed in Figure 4.44. From the device metrics, the IPA rinse 

alone has a negative effect on MPP and whilst the FAI shows some 

improvement in champion cells, its median MPP is lower than the control set. 

The negative effect of the neat IPA rinse could be due to IPAs ability to 

dissolve Sn perovskites123. The FASCN samples, however, show an enhanced 

VOC of almost 100 mV and, as a result, an increase in the MPP to champion 

value of 14.09% versus the control champion of 11.76%. This showed that the 

top surface could be effectively passivated by FASCN in devices as well as in 
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PLQE measurements by effectively reducing non-radiative recombination 

introduced by PCBM. In the future, several concentrations of FASCN should 

be trialled to find an optimum and to maximise device performance. The J-V 

curves for champion devices of the control and FASCN samples are shown in 

Figure 4.45, clearly showing the VOC enhancement in the latter. 

 

 

Figure 4.44 - Device metrics for control devices, treated with IPA and passivated 

with FASCN or FAI. 
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Figure 4.45 – J-V curves for the champion FASCN and Control samples showing 

the clear VOC improvement from the FASCN passivation.  
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4.3 Summary and Outlook 

In summary, several approaches to improving the performance of an 

FA0.83Cs0.17Pb0.5Sn0.5I3 lead-tin absorber have been investigated. The 

passivation of the bulk via thiocyanate additives proved successful in 

enhancing the grain size, PLQE and diffusion lengths of resulting films. 

However, when these materials are incorporated into devices, they suffer 

from a loss in current density. This is postulated to be the result of unwanted 

lower dimensional phases being formed at the interface, hindering charge 

extraction. These materials do show promise in the neat films, and it may be 

that tailoring the concentrations by careful optimisation can enhance 

performance without creating unwanted bioproducts. In the second section of 

this chapter the influence of HTLs and ETLs on the QFLS of an 

FA0.83Cs0.17Pb0.5Sn0.5I3 was investigated finding significant quenching 

occurring at both interfaces when the common HTL, PEDOT:PSS, and the 

ETLs, PCBM and C60. Despite several alternative HTLs showing promise and 

preserving the QFLS of the neat material, resulting devices suffer from poor 

performance due to a loss in current density and therefore MPP. It is shown 

that whilst PEDOT:PSS introduces significant non-radiative recombination 

at the HTL interface (so much so that a PLQE value cannot be measured), it 

still outperforms HTLs that show very little PLQE quenching. Similarly to 

the observations by Thiesbrummel et al.118, it is postulated that due to mobile 

ions screening the field at short-circuit, the field within the device is reduced, 

decreasing charge-carrier drift in the device. This severely diminishes charge 
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extraction in devices fabricated using the alternative HTLs lowering current. 

Due to its highly doped nature, it is speculated that devices using 

PEDOT:PSS are less affected by the screening caused by mobile ions, allowing 

for better current extraction and performance compared to the other HTLs. 

Finally, a successful passivation agent is found in FASCN that can effectively 

reduce non-radiative recombination at the ETL interface, boosting overall 

device performance largely due to a VOC enhancement. This work highlights 

the need for more hole transporting layers that are compatible with 

FA0.83Cs0.17Pb0.5Sn0.5I3 perovskites to improve device performance and 

contacting materials that can preserve the PLQE of an absorber but still allow 

charge extraction, such as FASCN. It also shows that PLQE as a tool can be 

used to screen passivation and contacting layers for PbSn perovskites, but 

devices must always be fabricated in parallel. As a final thought, the 

processing of PbSn absorbers remains extremely challenging, especially the 

FA0.83Cs0.17Pb0.5Sn0.5I3 perovskite. Despite this, these materials show great 

promise for their application in single junction and tandem solar cells if the 

high PLQE values and long lifetimes can be translated to high efficiency 

devices.  
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Chapter 5.  

Optimisation and Integration of Lead-Tin 

Solar Cells for Tandem Solar Cells 

 

In this chapter several tandem solar cells utilising an FA0.83Cs0.17Pb0.5Sn0.5I3 

absorber are constructed experimenting with different architectures and 

configurations. It is found that careful optimisation of the narrow band gap 

sub-cell is crucial for performance as well as an appropriate recombination 

layer design. The culmination of the work in this chapter results in the first 

working p-i-n tandems constructed in the Oxford, Photovoltaic and 

Optoelectronic Device group and a record for a 1 cm2 all-FACs based tandem 

of 20.63% power conversion efficiency (PCE). 
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5.1 Introduction  

The Shockley-Queisser, power conversion efficiency limit for a single junction 

photovoltaic is approximately 34% for an absorber with a band gap of around 

1.34 eV124. To overcome this limit and increase the power density (W/m2) of 

photovoltaic modules, multijunction or tandem solar cells that utilise two or 

more sub cells can be stacked on top of each other to extract more charge 

carriers efficiently, mitigating energy loss due to thermalisation. There are 

two main types of architecture studied in the perovskite field, two terminal 

(2T) monolithic and four terminal (4T) mechanically stacked cells. The latter 

is considered easier to fabricate when using solution processed all-perovskite 

tandems due to the need for orthogonal solvents when processing each layer 

in a 2T stack (as similar solvents will dissolve the previously deposited 

layer)125.. Eperon et al. published the first 2T all-perovskite tandem utilising 

a superstrate architecture where the wider band gap material is processed on 

the TCO substrate first, followed by the narrow gap absorber. They achieved 

a power conversion efficiency of 17% and a VOC of 1.65 V for a device with an 

active area of 0.12 cm2 126. 

The main body of this chapter focusses on device optimisation and fabrication. 

2T superstrate tandems are constructed in parallel to form a basis of 

understanding with fabrication issues addressed. The initial batches utilise a 

non-ideal wide gap perovskite of 1.63 eV as a proof of concept and trial 

fabrication. The final section of this chapter focusses on the fabrication of 2T 
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tandems using a 1.8 eV absorber as the wide gap material combined with an 

optimised 1.27 eV lead-tin (PbSn) junction with improved diode 

characteristics and high efficiency. A PCE of over 20% is achieved for cells 

with active areas of 0.25 and 1 cm2. 

5.2 Results and Discussion 

5.2.1 Two terminal (2T) monolithic tandems - Initial trials 

At the initiation of this project, the atomic layer deposition tool (ALD) and 

compact tin oxide (SnO2) material necessary to construct a tandem of the 

desired architecture were not available within the POD group at Oxford. 

Subsequently, the wide band gap (WBG) sub-cell was fabricated by Dr 

Adriana Paracchino of CSEM Switzerland as part of a collaboration. Dr 

Paracchino fabricated sub-cells using a 1.62 eV absorber 

(FA0.83Cs0.17Pb(I0.83Br0.17)3) and a compact SnO2 electron transporting layer 

via ALD. Although not an ideal band gap for 2T tandem cells (with the 

optimum being around 1.8 eV64) this was CSEM’s highest efficiency absorber 

at that time. Sub-cells were shipped to Oxford where the narrow band gap 

sub-cell was fabricated on top. The cells were then finished and tested in the 

University of Oxford. These cells displayed less than ideal performance due 

to the formation of a shunt diode, due to low RSH, across the narrow gap cell. 

Figure 5.46 shows the superstrate stack used to fabricate 2T tandems and an 

SEM cross section of a representative device. 
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Figure 5.46 - The complete device stack for the 2-terminal tandems fabricated by 

CSEM and UOXF. Right of the stack is an SEM cross section of a device after testing. 

Several batches of tandems were fabricated with varying success due to poor 

performance of the narrow band gap (NBG) perovskite deposited on top. 

Figure 5.47 and Table 5.6 show the full device metrics for a batch with the 

highest working efficiency using this method of fabrication.  
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Figure 5.47 - Statistics of the individual control cells and the 2T tandems. The 

bottom two panels show, left, the individual sub cell champions and, right, the 2T 

tandem champion. Note the s-kink close to the max power point on the tandem cell. 

Cell area is 0.2 cm2. MPP represents the max power point tracked efficiency over 60 

seconds with the value being the final measurement point whereas PCE is the 

efficiency calculated from the J-V curve. 
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Cell Jsc 

(mA/cm2) 

PCE 

(%) 

Voc 

(V) 

FF 

 

MPP 

(%) 

Tandem(F) 18.97 12.14 1.41 0.45 - 

Tandem(R) 18.79 11.89 1.35 0.47 12.17 

NBG (F) 22.09 8.80 0.68 0.58 - 

NBG (R) 25.70 12.97 0.70 0.71 11.57 

WBG (F) 20.74 17.29 1.03 0.81 - 

WBG (R) 20.40 14.38 1.02 0.69 16.19 

 

Table 5.6 - Device metrics for a batch of 2T-tandems and the individual narrow band 

gap and wide band gap cells.  

Figure 5.47 and the metrics displayed in Table 5.6 show there is clear voltage 

addition in the 2T tandem, however, the voltage is much lower than expected 

as both sub cells combined should achieve a VOC of approximately 1.7 V - the 

champion cell only achieved 1.41 V. Whilst the JSC in the NBG cell is much 

too low to for an efficient tandem, the JSC achieved in the tandem cell is much 

too large to be functioning normally. An s-kink can also be seen at the max 

power point on the J-V curve. After some initial measurements, all devices 

were isolated by scratching around each device individually to remove any 

conductive layers between devices which can cause crosstalk, which may have 

accounted for the high JSC. With the large current still measured post-scratch, 

it was postulated that due to the nature of the solution processing route and 

the failures seen in previous batches, that there may be a shunt pathway 
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across the NBG sub cell. This shunt pathway was modelled by adding a shunt 

diode across the NBG sub cell in a circuit model. The equivalent circuit model 

and resulting modelled J-V curve superimposed over the real J-V curve for 

the 2T-tandem is shown in Figure 5.48. 

 

Figure 5.48 - The equivalent circuit model assuming diode like shunt characteristics 

and the resulting J-V characteristics. Modelling performed by Dr Suhas Mahesh, 

University of Oxford. 

A shunt pathway across the NBG cell can account for the high short-circuit 

current and the low VOC. The effect was modelled through circuit analysis 

assuming a diode-like shunt characteristic and varying all diode parameters 

to obtain the best fit. This shunt diode was postulated to arise from pinholes 
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in the NBG sub cell. It was clear from these results that the processing of the 

NBG sub cell is crucial. This processing issue is addressed in the next section. 

5.2.2 Narrow band gap absorber shunts 

It was postulated that shunts in the previous batch were caused by pinholes 

and voids from rapid crystallization of the absorber layer. These could be 

observed as large “cloudy” areas on the glass/ITO side of single junctions that 

on close inspection looked like pockets of gas or voids. This was a regular 

occurrence over many batches when using a previous cell design. It is thought 

that this was not an issue with the group’s previous cell design as device areas 

were of a smaller area (0.091 cm2 versus 0.25 and 1 cm2). However, on longer 

length scales, the density of pinholes and voids has a greater impact as 

pinholes present areas where the semiconductor can be bypassed, giving low 

RSH 127. In Figure 5.50 these pockets can be clearly seen via the cross-sectional 

SEM image as large voids at the PEDOT:PSS/perovskite interface. This was 

also identified in an almost identical perovskite blend by Liu et al. when 

fabricating infrared photodetectors128. They addressed the issue via a 

confined low temperature anneal they termed the “double side crystalized 

tuning method (DSCT)” which consisted of a low temperature anneal under a 

petri dish followed by a 120 °C anneal as shown in Figure 5.49. Interestingly, 

recent work by Wang et al. has also shown the appearance of voids in pure-

Pb materials129. They attributed this to the loss of residual solvent during 

annealing.  
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Figure 5.49 - The DSCT method created by Liu et al. to fabricate PbSn NIR 

photodetectors128. Adapted with permission.  

The DSCT annealing method was replicated alongside a 100 °C control and a 

simple high temperature, 120 °C anneal. The higher temperature was chosen 

to drive off the higher boiling point solvents more quickly and to see the 

effects this has on the final film. It was thought this would cause more 

pinholes especially when considering the study by Liu et al. However, the 

DSCT method produced the lowest quality morphology and the 120 °C anneal 

produced pinhole and void free films. SEM images of the resulting films are 

shown in Figure 5.50. 

Control 60 °C +  120 °C DSCT
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Figure 5.50 - Cross sectional and top-down SEM images of a control device and one 

annealed at 120 °C. At the bottom of the panel top-down SEM images are shown for 

films using the DSCT method, control temperature and 120 °C. Large voids at the 

PEDOT:PSS/perovskite interface can be seen for the control sample at 100 °C as well 

as pinholes in the top surface. The DSCT method shows the least favourable 

morphology, whereas 120 °C shows the best morphology. In retrospect, a side-by-side 

device comparison should have been made for witness devices, however, a consistent 

increase in yield and performance was realised from increasing the annealing 

temperature to 120 °C. This comparison was made at later date and is shown in the 

next section for both tandems and single junctions.  

5.2.3 Full stack optimisation – contacts and passivation 

With the installation of a new cluster tool deposition system, evaporated top 

contacts became achievable as well as ALD-deposited, compact SnO2. 

Previously, this was only possible for C60 whilst the BCP layer was solution 

processed, which proved unsuccessful for complete cells, and limited the 

3 µm3 µm

5 µm5 µm5 µm

DSCT method Control 100 °C 120 °C

Control 100 °C 120 °C
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choice of ETL to solution processed PCBM/BCP. High performance PbSn cells 

within the literature all utilise evaporated C60/BCP top contacts57,58,63,130. In 

the next section solution processed and evaporated contacts are compared. A 

new passivation is also utilised in the form of an ethylene diamine and 

alumina nanoparticle (EDA/Al2O3-np) layer. Hu et al. fabricated a record 

PbSn cell in 2021 by using ethylenediammonium diiodide (EDAI2)57. This 

solution processed passivation facilitated charge extraction at the top contact 

via the creation of a surface dipole. However, dissolution of the EDAI2 proved 

unsuccessful with the same method for this study. In the same year, Kapil et 

al. utilised the related amine, ethylenediamine (EDA), to great effect but 

lower in performance than the cells published by Hu et al.131. During this time 

Heon Jin, University of Oxford, optimised an Al2O3-np layer deposited on the 

ETL side of PbSn perovskites that increased RSH and improved all device 

metrics. At the time of writing, the exact mechanism is not understood. One 

hypothesis is that this alumina acts as a wetting layer to improve the 

coverage of spin coated PCBM. By combining the EDA and Al2O3-np into a 

single solution processed layer, devices fabricated in this study were 

enhanced. Cells were fabricated with and without the passivation layer for 

comparison. Evaporated C60/BCP was also compared, including a bilayer 

using the “spike structure” first deployed by Kapil et al. in 2017 to enhance 

VOC, which consists of a thin layer of PCBM  (from a dilute solution) and an 

evaporated C60 layer132. Full details of all device stacks and layers for the 

optimisation are shown in Figure 5.51. 
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Figure 5.51 - Full description of all device stacks used for this optimisation. These 

stacks were designed to compare the evaporated contact C60 and BCP against the 

solution processed ETLs PCBM and BCP. The experiment also allows for the 

comparison of both conditions with and without passivation.  
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Figure 5.52 - All device metrics for the optimisation batch. At the bottom of the 

panel is the distribution in MPP for passivated and non-passivated cells. Devices 

are separated by device area, in cm2, to highlight any differences in uniformity. 

As shown in Figure 5.52, the single step passivation is successful in improving 

device performance by enhancing VOC. Champion devices for passivated and 

non-passivated cells are shown in Figure 5.53, and the metrics for the 

champions of all stacks are displayed in Table 5.7. Solution processed 

PCBM/BCP also outperforms both the spike structure and evaporated 
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C60/BCP layers. This contrasts with the contacts usually selected for 

formamidinium/methylammonium (FAMA) perovskite blends. The position of 

the LUMO of C60 with respect to vacuum lies at -4.3 eV, PCBMs LUMO is 

closer to vacuum at -3.91 eV133. It is possible that replacing methylammonium 

for caesium at the A-site modifies the band structure, by changing the lattice 

volume or octahedral tilting, which can alter the overlap of orbitals (by 

altering the Pb-X bond length) that form the valence and conduction bands134, 

such that the position of the conduction band makes alignment more 

favourable with PBCM for more efficient electron extraction.  

 

Figure 5.53 - J-V curves of champion cells from the passivated and non-passivated 

stacks. Both utilise PCBM. The passivation clearly improves the VOC and RSH  of 
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devices giving a champion PCE of 16.84% for a 0.25 cm2 device versus 14.84% for the 

control device of the same area. 

Type Size 

cm2 

Passivation PCE  

(%) 

FF Voc 

(V) 

Jsc 

(mA/cm2) 

MPP  

(%) 

A 0.25 NP 14.84 0.76 0.76 25.12 14.05 

B 0.25 Passivated 16.84 0.80 0.81 25.55 16.21 

C 0.25 NP 14.85 0.76 0.76 25.61 14.01 

D 0.25 Passivated 16.25 0.78 0.80 25.72 15.51 

E 0.25 NP 12.24 0.66 0.77 22.53 11.63 

F 0.25 Passivated 13.40 0.68 0.78 24.91 13.95 

G 0.25 NP 15.06 0.78 0.77 23.70 12.99 

H 0.25 Passivated 15.95 0.78 0.79 25.19 14.71 

 

Table 5.7 – Showing the champion device metrics from each stack type. NP refers 

to cells that are non-passivated. The passivated champion cell shows a drastic 

improvement in VOC and FF. PCE values are taken from forward scans. 
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5.2.4 Fabrication of the Optimised Tandem Batch 

Despite various efforts to fabricate tandems in Oxford with the absence of a 

compact SnO2 layer, none were successful across multiple batches, because of 

the solution processed top cell dissolving the bottom cell (a common solvent 

system was used for both). During this project, the group acquired an ALD 

system enabling the deposition of compact-SnO2. This is a crucial 

replacement for BCP on the WBG sub cell as it gives much improved solvent 

resistance as it is a conformal oxide layer rather than a thin, small molecule 

layer that can be easily removed or infiltrated by solvents. The SnO2 layer 

used in this study, was optimised by Dr Seongrok Seo, University of Oxford. 

Another important milestone came in 2019 when Lin et al. proved that 2T 

tandems could be successfully constructed without the use of a sputtered ITO 

interlayer63.  Both updates allowed working p-i-n tandems to be constructed 

in Oxford for the first time.  

With ALD-SnO2 now available as an ETL and PbSn sub cell optimisation 

complete, a batch of tandem solar cells was created using the optimised 

parameters discussed in this chapter. Here the only variable of note is the 

comparison between 100 °C and 120 °C anneal as this was not investigated 

for single junctions previously and the effect temperature on the WBG sub 

cell needed to be investigated. Figure 5.54 displays the statistics for all 

devices made along with the champion J-V curves for both sub cells and 

champion tandem. Table 5.8 contains all the relevant champion device 

metrics.  
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Figure 5.54 - Device statistics of the full batch of devices including controls. The 

bottom panel shows the champion control devices for NBG and WBG cells, and right, 

the champion tandem. Wide band gap cells and the SnO2 layer were fabricated by 

Dr Seongrok Seo, University of Oxford. Device metrics are separated by device area 

to highlight any issues in uniformity. The champion PCEs for the 0.25 cm2 control 

cells displayed are 16.08% and 15.47% for the NBG and WBG respectively. The 

champion efficiency for the 0.25 cm2
  tandem shown in orange is 20.63%. Champion 

values for all device types are shown in Table 5.8. 
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Variable Area 

(cm2) 

PCE  

(%) 

FF Voc  

(V) 

Jsc  

(mA/cm2) 

MPP  

(%) 

V1_tandem 0.25 18.25 0.74 1.87 12.88 16.74 

V2_tandem 0.25 20.63 0.80 1.91 13.54 18.61 

WBG_CTL 0.25 15.38 0.75 1.18 17.39 15.47 

V1 0.25 16.25 0.79 0.76 26.45 14.96 

V2 0.25 16.19 0.79 0.71 27.88 16.08 

V1_tandem 1 19.52 0.75 1.88 13.64 17.75 

V2_tandem 1 20.14 0.78 1.90 13.48 18.00 

WBG_CTL 1 2.10 0.27 0.36 13.73 2.05 

V1 1 13.30 0.66 0.74 26.62 12.12 

V2 1 14.08 0.67 0.74 28.10 12.66 

 

Table 5.8 – Champion values for all devices fabricated within the same batch shown 

in Figure 5.54. V1 and V2 represent devices annealed at 100 °C and 120 °C 

respectively.  

The optimised batch showed a vast improvement over the previous 2T 

tandems. The voltage of both sub cells showed almost exact addition, when 

referencing the respective single junctions, to achieve a VOC of 1.91 V for the 

0.25 cm2 champion. The larger 1 cm2 is also able to achieve a MPP very close 

to that of the 0.25 cm2 indicating good uniformity across the substrate. This 
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also indicated that the shunt issue of the previous tandem batch had been 

resolved. A drop off from the 20.63% scanned efficiency of the champion 

tandem down to its MPP value could be due to the hysteresis observed in the 

PbSn cells as shown in Figure 5.54. This could be resolved by optimising the 

deposition parameters and antisolvent drop time for tandem architectures as 

the substrate now differs from the single junction, meaning crystallisation of 

the perovskite layer may also be altered. The JSC in the tandem cell is low in 

comparison to literature reports60,62,63. Increasing the thickness of the PbSn 

absorber layer would lead to improved absorption and an improved JSC. The 

measured thickness of the PbSn absorber in this study is approximately 700 

nm as measured by a Dektak profilometer. The concentration of the solutions 

used was 1.8 M. By increasing this to 2 M or greater, films approaching 1 µm 

commonly found in literature can be fabricated135. Achieving a Jsc of 30 

mA/cm2 in the PbSn junction, something commonly achieved in 

literature55,136, would see the tandem JSC increase to 15 mA/cm2, resulting in 

an increase of efficiency to over 22% given the same VOC and FF. 

 

5.3 Summary and Outlook 

To conclude, 2T- monolithic perovskite tandems in the p-i-n architecture have 

been successfully fabricated with excellent voltage addition to achieve a high 

VOC of 1.91 V in the champion cell. The champion efficiency of the 0.25 cm2 

cell was 20.63% PCE with an MPP efficiency of 18.61%. This cell is almost 

four times larger than the best in class all-FACs tandem fabricated by 
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Palmstrom et al. with an improved VOC and FF compared to their report137.  

For large area 1 cm2 devices, a champion efficiency of 20.14% PCE and an 

MPP efficiency of 18.00% was achieved, this is highest PCE for a large area, 

all FACs p-i-n tandem to date. This was realised by removing shunt pathways 

in the lead-tin top cell facilitated by high temperature annealing and with a 

passivation strategy that combines a very low concentration of ethylene 

diamine with a dilute suspension of alumina nano particles. This provides the 

basis for further tandem work at the POD group in Oxford and confirms a 

working architecture and compact ALD SnO2 ETL.  The lower JSC reported 

for these tandems versus their literature counterparts is due to the use of a 

thinner absorber layer in the PbSn sub cell. Increasing the concentration of 

the PbSn ink to greater than 2 M would be a straightforward way to resolve 

this issue. With an improved JSC of 30 mA/cm2 and the same FF and VOC 

achieved in this batch, tandems with an efficiency over 22% PCE could 

possibly be fabricated. Optimising the deposition process to remove hysteresis 

will improve the stabilised MPP and bring it closer to the scanned value for 

PCE. 
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Chapter 6 

Replacing DMSO - A Novel Lead-Tin 

Fabrication Route 

 

DMSO has been shown to oxidise Sn2+ in solution to Sn4+ with elevated 

temperatures close to those used for annealing thin films138,139. In this chapter 

the removal of DMSO using a novel lead-tin precursor ink, that utilises 

dimethylammonium chloride (DMACl) to inhibit crystallisation of 

FA0.83Cs0.17Pb0.5Sn0.5I3 thin films, is investigated. It is observed that 

crystallisation is slowed by driving the system through hexagonal polytype, 

intermediate phases before annealing. Upon annealing, specular, highly 

oriented thin films with enhanced grain sizes are formed with an optimum 

concentration of 40% of DMACl, with respect to the perovskite concentration. 

The resultant films are characterised by XRD, SEM, and 2D-XRD techniques. 

Following characterisation, devices are fabricated and tested for their 

ambient stability. The resulting champion device has enhanced ambient 

stability, remaining at 80% of its initial efficiency, four times longer than the 

device utilising DMSO. 
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6.1 Introduction  

Both the long-term stability and fabrication of tin(II) (Sn2+) containing 

perovskites remains a key challenge to their application in functioning 

photovoltaics. Narrow band gap (NBG) Sn-perovskites suffer from rapid 

crystallisation due to the fast reaction of Sn2+ with formamidinium iodide 

(FAI) and caesium (Cs) and degradation due to oxidation140. The main route 

to slowing down this rapid crystallisation process is to add DMSO as a co-

solvent due to its highly coordinating ability and high boiling point. Smooth, 

specular, and pin-hole-free films can be then fabricated resulting in high 

performing devices, which is difficult to achieve with DMF as a standalone 

solvent141. However, Makhsud et al. first reported that DMSO can act as a 

powerful oxidising agent causing Sn2+ to oxidise to Sn4+ in solution. This 

report was followed closely by a similar study from Pascual et al.139.  The 

degradation and subsequent inclusion of Sn4+ into the perovskite lattice 

induces p-doping and trap states that negatively affect the performance and 

long-term stability of thin films and devices50,90,142. To this end the field has 

been searching for a DMSO-free system that can still produce high quality 

thin films with comparable morphologies141.  
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Figure 6.55 – Left: The oxidisation of Sn2+ to Sn4+ (clear to orange) in DMSO solvent. 

Right: No change of oxidation state when in neat-DMF solvent. Aging occurred at 

120 °C for 5 hrs. Reproduced with permission from Makhsud et al.138 

Inspired by the work of McMeekin et al., who successfully removed DMSO by 

using DMACl to slow crystallisation in pure lead, FA0.83Cs0.17Pb(I0.6Br0.4)3 

perovskites, DMACl was chosen to replace DMSO for fabrication of 

FA0.83Cs0.17Pb0.5Sn0.5I3 films and the properties of the resulting films were 

analysed.  
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6.2 Results and discussion  

6.2.1 Assessing thermal stability of DMACl inks  

As an initial study, the solution ageing experiment by Makhsud et al.  was 

repeated with the addition of SnF2, which is found in most PbSn inks and has 

been demonstrated to be essential for high performing PbSn-based perovskite 

devices63 (but was not included in the previous study) and the addition of 

DMACl to assess their impact on this process. Four solutions were prepared, 

and the conditions used in the study were recreated with the additions as 

shown in Table 6.9. In this chapter the DMACl concentration is referred to as 

a percentage with respect to the concentration the of perovskite precursor. 

For example, the perovskite concentration used was 1.8M so 50% DMACl 

would represent 0.9M. Full details of solution preparation are in Chapter 3.  

# Label Description 

1 Control FASnI3 0.5 M in DMSO 

2 SnF2 FASnI3 0.5 M in DMSO, 5% SnF2 

3 DMACl FASnI3 0.5 M in DMSO, 100% DMACl 

4 SnF2 +DMACl FASnI3 0.5 M in DMSO, 5 mol% SnF2 100 % DMACl 

Table 6.9 - The solutions used to repeat the oxidation experiment by Makhsud et 

al.138  
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Figure 6.56 – A) Solutions as prepared at room temperature B) Solutions heated at 

120 °C for 5 hrs. The orange colour of the control in B indicates oxidation of Sn2+ to 

Sn4+. DMACl and SnF2 containing are unchanged by eye. Due to the lack of an 

available UV-Vis spectrometer during the experiment no further assessments were 

made. The numbers on each vial correspond to the solution number in Table 6.9. 

By visually assessing the inks containing DMACl, it appears that it can 

effectively supress the oxidation of Sn2+ to Sn4+, which may be beneficial for 

ink preparation in suboptimal high-oxygen environments. It is worth noting 

that the inclusion of SnF2 into the precursor solution also effectively supresses 

oxidation by DMSO. This could be an indicator as to why SnF2 is an essential 

addition to mixed-PbSn inks in order to achieve high performing 

devices.58,63,130,143 

6.2.2 Initial film assessment  

After several rounds of visual optimisation with a range of solutions from 

pure DMF to 100% DMACl specular thin film formation across the full series 

120 °C

5 hrs

N2

A

B
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was realised. It was found that thin films could be fabricated by a standard 

method using gas quenching instead of antisolvent quenching and by 

applying a stream of N2 6 seconds into the spin cycle. Gas quenching allows 

crystallisation to proceed at a reduced rate compared with the use of an anti-

solvent144 and reduces the amount of solvent in the processing atmosphere, 

which may aid reproducibility. When inks containing more than 40% DMACl 

were deposited, the resultant films did not fully convert to a black 3D-

perovskite phase when annealing at the control temperature of 100 °C 

(explored later in this chapter). Annealing films further for 15 minutes at 

150 °C allowed the films to crystalise into a smooth, black film. However, for 

50% DMACl content and above, films had a hazier appearance and were very 

transparent to visible light, an indicator of pinhole formation and incomplete 

coverage. 
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Figure 6.57 - A. Films annealed at 100 °C for 5 mins. Those with 40% DMACl and 

above did not convert to a black perovskite phase. B. The same films annealed at 150 

°C for  a further 15 minutes, films converted to the black phase within 1 minute at 

150 °C. 

6.2.3 The effect of DMACl on crystal structure 

Following the successful fabrication of thin films from the DMF/DMACl 

solutions, the crystalline phases formed after annealing the 

FA0.83Cs0.17Pb0.5Sn0.5I3 perovskite thin films were assessed by 1D-XRD. The 

optimised process was repeated to produce a new series of films on ITO 

substrates with the same range of DMACl as in the initial assessment. The 

resultant XRD patterns are shown in Figure 6.58. Initial observations showed 

that as the amount of DMACl is increased in the precursor solution, the 

intensity of the characteristic cubic perovskite peaks, the (100) and (200) 

100 °C for 5 minutes

150 °C for 15 minutes
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highlighted in Figure 6.58, increase in intensity relative to all other peaks, 

until a maximum is reached at 60 % DMACl. From 60% onwards the films 

have a hazy appearance accompanied by a lowering in intensity of the (100) 

peak. This is made clear in Figure 6.59 and Figure 6.60 below.  
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Figure 6.58 - The XRD patterns of FA0.83Cs0.17Pb0.5Sn0.5I3 films with a range of 

DMACl concentrations in % on ITO substrates. ITO peaks are labelled with #. 

Intensity on the y-axis is scaled individually in each panel so (100) peaks can be 

clearly identified in each sample. The characteristic (100), (110), and (200) cubic 

5 10 15 20 25 30 35 40 45 50

 DMF/ DMSO Ct l

2q (degrees)

# #

##

# #

#

#

#

#

#

 DMF/ DMSO 150°C

 DMF CTL

 DMF 150 °C

 10%

 20%

 30%

 40%

 50%

 60%

 70%

 80%

 

 100%
In

te
n

si
ty

 (
a
rb

it
ra

ry
 u

n
it

s)

100 200110



 

 6. Replacing DMSO – A novel Lead-Tin Fabrication Route 

127 

 

peaks are highlighted with dashed lines. 1D- XRD measurements in this plot were 

taken by Dr Christina Kamaraki, Oxford Photovoltaics.  

 

Figure 6.59 - The relative intensities for the 60% DMACl sample versus the two 

control films, DMF/DMSO and DMF only. The 100 and 200 peaks show intense 

diffraction versus the control samples.  

The effect of orientation can be more easily distinguished across the series by 

plotting the ratio of the (100)/(110) peaks from each sample against the DMF 

only control sample as shown in Figure 6.60. 
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Figure 6.60 – Left: Showing the ratio of the (100)/(110) peak intensity of each 

sample across the series. Right: The general cubic perovskite structure with the (100) 

and (110) planes highlighted in lavender and oriented with respect to the substrate. 

 The large relative increase in (100) intensity, and subsequent bleaching of 

all other peaks, indicates that as the amount of DMACl in the precursor is 

increased the resulting films become more oriented with the (100) plane 

parallel to the substrate (Figure 6.60). The increase in orientation causes the 

(100) plane in the control films become barely visible on the same scale. This 

preferred orientation is depicted in Figure 6.61. There is a clear deviation 

from this trend at 50% DMACl content but it was unclear during the 

experiment what the cause of this could be and would require further 

investigation. Due to the less favourable morphology of the 50% DMACl film 

this was carried over into final devices.  
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Figure 6.61 - An illustration to show the direction of orientation as deposited on a 

substrate and how this differs from the control film. 

To corroborate the increase in orientation from 1D-XRD, a series of identical 

thin films was created focusing solely on the (100) plane by taking a snapshot 

of angles where this diffraction occurs using 2D-XRD. It is observed that as 

the percentage of DMACl is increased, the presence of complete Debye rings 

decreases. This loss of complete rings supports the hypothesis of a move away 

from a polycrystalline, randomly oriented film to films with an increase in 

orientation or texturing145. From both techniques we can conclude the film is 

in fact becoming highly oriented with the inclusion of DMACl.  
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Figure 6.62 - A range of 2D-XRD diffractograms showing a snapshot of the (100) 

peak of each film. A) DMF: DMSO control film B) DMF control C) DMF annealed at 

150 °C. D) - L) 10 - 100% DMACl. The reduction of the Debye rings for the (100) peak 

can be seen even at 10% DMACl, indicating an increase in orientation at low DMACl 
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concentrations. 2D-XRD patterns were measured and plotted by Philippe Holzhey, 

University of Oxford. 

6.2.4 SEM imaging of half stacks 

The XRD analysis revealed the orientation of crystal domains, but uniformity 

of final films is crucial for their application in devices. It is essential that films 

are free of pinholes, as this prevents shunt pathways between contacts146. To 

investigate film quality, thin films on glass/ITO/PEDOT:PSS substrates were 

fabricated and imaged using scanning electron microscopy (SEM). This 

sample configuration provided a conductive substrate to minimise charging 

during imaging with the SEM whilst also approximating how the active layer 

would grow in a device stack, as PEDOT:PSS is the hole transporter presently 

deployed in all state-of-the-art lead-tin devices58,130,131,143. The resulting films 

displayed in Figure 6.63 show a drastic change in morphology and grain size. 

In the control films that contain DMSO, grains are roughly 500 nm across but 

increase an order of magnitude to almost 4 µm in films that are still 

continuous between 20 – 50% DMACl. The DMF-only samples exhibited an 

undesirable morphology due to rapid, uncontrolled crystallisation consistent 

with literature reports141.  At 10% DMACl, the film morphology shows a large 

quantity of pinholes. Crystallisation occurs too rapidly, producing films of 

incomplete coverage that are unsuitable for devices as discussed. Incomplete 

coverage reappears for concentrations of 60% and above. From the SEM 

analysis it can be concluded that films created from solutions containing 20-
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50% DMACl would be the most suitable for device fabrication due to 

favourable film morphology.  

 

Figure 6.63 - SEM images of the entire range of DMACl films deposited on 

FTO/PEDOT: PSS substrates. Solvent vs. gas quenched DMF: DMSO films are also 

included and show similar morphologies. The scale bars are 4 µm in each image. The 

4 µm
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incredibly rough regions seen underneath films at 60% DMACl and above is the 

underlying FTO surface. The small brighter particulates on the surface are assumed 

to be SnF2.  

6.2.5 Investigating intermediate phases 

From the initial annealing experiments shown in Figure 6.57, at lower 

temperatures the final “black phase” perovskite was only formed in films with 

a DMACl content <60%. This effect was also observed by McMeekin et al. for 

the pure lead-based materials when DMACl was introduced. To investigate 

this, a series of films (shown in Figure 6.64), with the annealing step removed 

to halt crystallisation, was analysed using 1D-XRD as shown in Figure 6.66. 

It can be seen from these un-annealed films that instead of crystallising 

directly to the final perovskite phase, there is the appearance of several 

precursor phases that can be assigned to 2, 4, and 6 hexagonal polytypes (2H 

- 6H),  as reported by McMeekin et al. and Gratia et al. where, instead of 

corner sharing BX6 octahedra, there are now layers of face sharing BX6 

octahedra147. There is still a significant contribution from the cubic (100) peak 

that slowly diminishes in intensity as the amount of DMACl increases. This 

indicates that more of the precursor components are trapped in precursor 

states prior to annealing. This is also apparent by eye in the unannealed films 

from the change in colour across the series in Figure 6.64. A pictorial 

representation is shown Figure 6.65 of the well-documented polytypes that 

occur in Pb-based perovskite precursor phases147. 
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Figure 6.64 – Optical images of all films post-gas-quench with no annealing step. 

The colour change is evident across the series and is indicative of the presence of 

hexagonal polytypes147.  

 

Figure 6.65 - Illustrative representations of the 2H, 4H and 6H layered polytype 

phases. It is postulated that DMACl causes these intermediate phases to form prior 

to annealing. 

                   

              

2H - polytype 4H - polytype 6H - polytype
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Figure 6.66 - 1D-XRD patterns of un-annealed PbSn films with a range of DMACl 

content. The boundaries from 2θ = 10.75 ° and 2θ = 13.5 ° highlight the region where 

the 2H-6H polytypes have been reported. *Indicates the presence of a new phase, 
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that is yet to be identified, in films of 50% DMACl and above. Intensity on the Y-axis 

is scaled individually to show the most intense peak in each panel so (100) peaks can 

be clearly identified in each sample.  

Interestingly, the films that do not contain DMACl do not appear to go 

through a precursor phase but proceed directly to the cubic perovskite phase 

even without annealing. This is observed for films spun from neat DMF and 

DMF:DMSO mixtures, which is unlike the pure lead systems that crystalise 

via a DMSO-PbI2 adduct150,151. This is a novel finding and has not yet been 

reported for lead-tin systems and could be a reason for their rapid 

crystallisation and issues with reproducibility. To investigate this further, in-

situ Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXS) was carried 

out for a film of 40% DMACl, DMF-only, and a DMSO control using gas 

quenching. 
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Figure 6.67 - In-situ GIWAXS plots for three samples. A) 40% DMACl. B) 

DMF:DMSO. C)  DMF only. On the right of each plot is a temperature vs. time plot 

to show the annealing temperature of each film at various stages. The dashed line is 

placed to the left of a peak assigned to a 2H-polytype phase to guide the eye. This 

peak is not present in either control sample indicating the other two systems do not 

DMF

DMF/ DMSO

DMACl
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proceed via this intermediate. The irregular heating profile seen in the DMACl 

sample was due to a brief error in thermocouple placement. GIWAXS measurements 

and plotting was performed by Dr Joel Smith, University of Oxford. 

From the GIWAX data in Figure 6.67 an intermediate phase, assigned to the 

2H-polytype at ~11.8°, is clearly seen but not visible in the DMF-only and 

DMF/DMSO phase and there are several other peaks that have not been 

assigned. However, these disappear during annealing much like the 2H-

polytype peak. The lack of intermediate phase for the DMSO containing film 

is surprising, as discussed, given that the pure-Pb analogues go through an 

intermediate caused by a DMSO-PbI2 adduct150. This could be a factor in 

batch-to-batch reproducibility for FA0.83Cs0.17Pb0.5Sn0.5I3 thin films with 

crystallisation proceeding rapidly even with DMSO present. The inclusion of 

DMACl slows film crystallisation, and it is highly likely this is the cause for 

the increase in orientation and enhanced grain size. Following the 

assessment of this precursor phase, devices were made using the optimised 

gas quenching process for the entire range of DMACl percentages, including 

DMF-only. Two DMF/DMSO controls were also fabricated, one using the 

same gas quenching method and one by the solvent quenching method.   
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6.2.6 Device fabrication 

The SEM analysis showed a region between 20% and 50% DMACl having 

favourable film morphology. Devices were constructed across the entire range 

to corroborate this finding and to find an optimum concentration.

 

Figure 6.68 – Device metrics for the full range of DMACl excess. The highest median 

efficiency occurs at 40% excess of DMACl. A and B refer to controls made from 

DMF/DMSO that have been gas quenched or solvent quenched, respectively. The 

numbers on the  x-axis  refer to the percentage of  DMACl. MPP represents the max 

power point tracked efficiency, over 60 seconds with the value being the final 

measurement point.
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Figure 6.68 shows the statistics for a batch of devices spanning the full range 

of DMACl. The data from this batch showed that 40% was the optimum for 

devices, which is attributed to a superior morphology. Functional devices can 

still be made from 60% DMACl despite the poor morphology seen in SEM 

images. There is a slight band gap shift in devices observed from plotting 

dEQE/dE versus E from representative devices as shown in Figure 6.69. It is 

unclear why this slight shift occurs from 1.27 eV to 1.34 eV from the 

characterisation of the compositions and could be due to octahedral tilting 

induced by remaining DMA152. However, this band gap still falls within the 

ideal region of 1.1 – 1.35 eV for a narrow band gap absorber in a 2T tandem 

all-perovskite tandem64. 

 

Figure 6.69 – EQE and dE/dEQE plots for representative devices of each 

composition. Peak centres were extracted from Gaussian fits to the plotted peaks. 

These devices were not fabricated in the same batch due to connection issues with 

the EQE setup but are representative of the control devices for each recipe. 
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Due to the high temperature required to anneal DMACl modified films, and 

the effect this may have had on the underlying PEDOT:PSS layer, the 

annealing temperature and its effect on devices was investigated with a 

second set of devices. Temperatures of 120 °C, 150 °C, and 170 °C were used 

to encompass the optimised control temperature, the film fabrication 

temperature, and a higher temperature, respectively. The performance 

statistics for this batch are shown in Figure 6.70. 

 

Figure 6.70 – Statistics for the temperature optimisation of the 40% DMACl 

modified FA0.83Cs0.17Pb0.5Sn0.5I3 devices.  
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In all performance metrics except for JSC, 150 °C for 15 minutes was the most 

effective. The reason for the drop of in JSC is unclear. In retrospect, it would 

have been beneficial to repeat 1D-XRD analysis for the range of temperatures 

to see if any difference could be observed.  

With the DMACl concentration and annealing temperature optimised, the 

focus for the next batch of devices was to test their ambient stability. Film 

ageing studies, whilst insightful, do not necessarily provide information about 

the stability of devices. The stability of lead-tin devices was investigated in 

2020 by Mundt et al. and they observed a sharp drop off in performance over 

200 minutes at 60 °C in ambient conditions. However, upon analysing XRD 

data of fresh and degraded devices, no changes to existing peaks or new peaks 

appeared in the resulting patterns. They conclude that the degradation occurs 

at the interface regions of devices far quicker than bulk degradation153. 

Ambient ageing was chosen as a more severe test than an encapsulated stress 

tests as O2 is the main cause of oxidation in Sn containing films154–156. Further 

details of PbSn degradation can be found in Chapter 2.  

A batch of devices was fabricated for both the optimum DMACl and DMSO 

containing films. In 2020, Werner et al. proved that DMSO could be effectively 

removed by gas quenching91. To decouple the effects of entrapped DMSO and 

the effects of film formation with DMSO the gas quenching method was used 

for DMSO control films. 
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Figure 6.71 – Top: MPP versus days aged in air for 2 device populations of DMACl 

containing devices and a DMSO containing set fabricated in the same batch. Bottom: 

The temperature and humidity data as logged. Devices were kept in the dark over 

silica desiccant beads to decouple stability in air with stability towards humidity. 

0 2
4

4
8

7
2

1
2
0

1
9
2

2
8
8

4
0
8

6
0
0

0 2
4

4
8

7
2

1
2
0

1
9
2

2
8
8

4
0
8

6
0
0

DMSO DMACl

0

2

4

6

8

10

12

14

16

18
M

P
P

 (
%

)

0 200 400 600

10

20

30

40

50

60

70

80

90

100

Hours

T
em

p
er

a
tu

re
 (

°C
)

-40

-20

0

20

40

60

 R
el

a
ti

v
e 

h
u
m

id
it

y
 (

%
)

Hours



 

 6. Replacing DMSO – A novel Lead-Tin Fabrication Route 

145 

 

The spikes in humidity indicate when the storage box was open for device testing. 

The average humidity whilst stored was 2.3% RH and 47.2% when testing for 

approximately 1 hour/test. The temperature remained constant throughout with an 

average of 19.6 °C. Devices were unencapsulated.  

There is negligible difference in the statistics for both device populations and 

can be visualised in Figure 6.72 where the median MPP values are plotted 

side by side. There is also a large spread in performance at the initial point of 

testing for all devices in this batch indicating sub-optimal processing 

conditions during fabrication. However, the champion cell from the DMACl 

showed a vast improvement in air stability. The DMSO containing device, 

whilst having a higher initial MPP, had a T80 lifetime (the time it takes to 

drop to 80% of its initial performance - a standard performance metric in the 

perovskite field157) of just 68 hours whereas the T80 for the DMACl containing 

device is 475 hours, a sevenfold increase in stability. From the J-V curves for 

the champion devices at 0 hours and 600 hours shown in Figure 6.73, the 

DMACl sample appears to be losing current over time but still has good diode 

characteristics and a slight drop in VOC. The DMSO sample has an increase 

in Voc accompanied by a drop in current that is attributed to an extraction 

barrier forming at one of the contacts, effectively boosting VOC by allowing 

charge carriers to build up while simultaneously blocking charge extraction.  
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Figure 6.72 - The top panel showing the MPP over time for aged champion, 

unencapsulated, devices of DMACl and DMSO in dry air. The bottom panel shows 

the median MPP for each batch plotted as function of ageing time. The T80  lifetimes 

are highlighted for each sample.  
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Figure 6.73 – J-V curves for the champion cells for each batch, identical to the cells 

shown in Figure 6.72. The DMSO sample appears to have an increased RSH and RS 

whereas the DMACl seems to only drop in current and a slight drop in VOC. J-V 

curves are from measurements that were taken at the start and end of the ageing 

study at 0 and 600 hours, representing devices well past their T80 points.  

6.3 Summary and Outlook  

To summarise, through careful optimisation and material characterisation, a 

novel precursor formulation and thin film deposition route has been 

successfully used to replace DMSO in the precursor solution for PbSn. It is 

found that this is enabled by the formation of intermediate polytype phases 

prior to annealing that do not occur in films of DMF-only or DMF/DMSO, 

which is a new observation. The optimum DMACl concentration of 40% in 

DMF allows for the formation of smooth, compact, and pinhole-free films with 

enhanced grain size, orientation, and ambient stability for a champion device. 
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that this inhibits the amount of ingress points for oxygen, slowing 

degradation. The median MPP as a function of ageing shows negligible 

difference between the two device populations presented but this could be due 

to sub-optimal processing conditions as there is a larger performance spread 

than should be expected for a batch of devices. However, the champion 

DMACl device had an impressive initial MPP of 15.12%, comparable to the 

established DMSO processing route that gave a champion MPP efficiency of 

16.42%. The DMACl champion showed greatly improved ambient stability 

with a T80 of 475 hours versus the 68 hours recorded for the DMSO device. 

This work has provided a novel processing route for PbSn perovskites that 

could also be applied to neat-Sn thin films and may allow for less strict 

processing conditions. Future work should further characterise the precursor 

phases and investigate the degradation of DMACl modified films, which was 

outside the scope of this study. Focus should be made on full spin coating 

optimisation of this blend to improve baseline performance toward highly 

efficient cells with much improved stability. 
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Chapter 7 

Conclusions and Outlook 

The work in this thesis has focused on the narrow band gap perovskite 

absorber FA0.83Cs0.17Pb0.5Sn0.5I3. Chapter 4 investigated several strategies to 

improve the photoluminescence quantum efficiency (PLQE) of the neat 

absorber and reduce non-radiative recombination at the interfaces with 

charge selective layers. Several thiocyanate additives were found to reduce 

non-radiative recombination within the bulk absorber whilst simultaneously 

increasing grain size and charge carrier diffusion lengths. However, when 

thiocyanate-modified materials were deployed into photovoltaic devices, a 

drop off in JSC  was seen for all additives. With the detection of unfavourable 

phases forming, shown by examining XRD patterns of companion films, it was 

postulated that these phases sit at the interface. This passivated the neat 

films, improving PLQE but reducing charge extraction at the interface with 

charge selective contacts. With promising PLQEs greater than those in the 

unmodified films and diffusion lengths much longer than that of the film 

thickness, it may be useful to optimise the concentration of these additives to 

investigate if a balance can be made between improved optoelectronic 

properties, and charge extraction for high-performing devices.  The second 

half of the study focussed on the interface with charge selective contacts. 

Several hole transport layers (HTL) were screened as candidates to replace 

PEDOT:PSS. It was found that all could effectively reduce non-radiative 
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recombination in comparison to PEDOT:PSS with some outperforming the 

neat layer deposited on glass. Despite PLQE values equal to, or greater than, 

those for films on glass these HTLs showed a reduction in current density in 

devices. This was attributed to a known screening effect caused by mobile 

ions. This effect was less pronounced in PEDOT:PSS devices which may be 

due to its heavily doped nature. In the same study it was found that both 

fullerene-based electron transport layers, C60 and PCBM, introduce 

significant non-radiative recombination. The non-radiative recombination 

was reduced by inserting a thin layer of FASCN between the two materials, 

resulting in an enhanced VOC in devices. This study highlighted significant 

losses at both interfaces and that careful selection of the HTL, and 

passivation is necessary to construct high-performing devices.  

Chapter 5 focussed on the construction of 2T all-perovskite monolithic 

tandem solar cells. Initial batches highlighted an issue with the morphology 

of the PbSn sub cell in the form of pinholes and voids, confirmed by SEM 

microscopy. These microscopic defects caused sub cell shunts that resulted in 

low VOC, anomalously high JSC, and an s-kink in the diode’s J-V curve. By 

altering the annealing method of the PbSn sub cell, these defects were no 

longer observed. Following this, a full-scale device optimisation was carried 

out. By combining these approaches, high efficiency 2T tandem solar cells 

were made resulting in champion PCEs of over 20% for both 0.25 cm2 and 1 

cm2 devices, the latter being the highest reported 1 cm2 all-FACs p-i-n tandem 

device to date.  
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Chapter 6 investigated the removal of DMSO in the precursor solution by 

using the ammonium halide salt DMACl. Addition of 40% DMACl, with 

respect to the perovskite concentration, sufficiently hindered the 

crystallisation of the FA0.83Cs0.17Pb0.5Sn0.5I3 material. This concentration of 

DMACl caused the crystallisation to occur via a polytype intermediate phase 

not present in the DMSO containing inks. The resulting films showed a vastly 

different morphology, and preferred orientation. Devices fabricated using 

DMACl were able to reach comparable PCEs to those using DMSO, and, when 

aged in air, champion devices were able to achieve a T80 of over 400 hours 

compared to those made using DMSO having a T80 of only 68 hours. This 

chapter proved that removal of DMSO for Sn-containing perovskites is 

possible whilst still achieving high performance. It also proved that the choice 

of solvent and processing methodology can greatly enhance the ambient 

stability of resulting devices.  

The investigations in this thesis have shown that FA0.83Cs0.17Pb0.5Sn0.5I3 

absorbers have excellent optoelectronic properties with much scope for 

improvement. These properties allow this material to be deployed into highly 

efficient tandems, which could prove crucial for future power generation.  
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