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Abstract 

Environmental stability remains as a critical barrier for the adoption of perovskite 

solar cells for space applications and understanding the roles of material degradation 

is the key to address this challenge. The thesis investigates the stability of established 

perovskite solar cell architectures under mimic Low Earth Orbit (LEO) conditions. 

Perovskite solar cells (PSCs) were found to have an impressive radiation 

hardness under 150 keV proton bombardment. At higher proton fluences, the 

performance degradation was found to correlate to the decrease in short circuit 

current density (Jsc). The decrease was found to be related to the degradation of the 

spiro-OMeTAD hole transporting layer (HTL). In mesoporous carbon-based PSCs, the 

proton radiation stability was found to be the highest seen under 150 keV proton 

bombardment. This stability was related to the thick carbon electrode.  

Thermal cycling measurements revealed that the spiro-OMeTAD HTL was 

responsible for decreasing device performance. Raman spectroscopy exhibited a 

decrease in the C-C and C=C bond peak intensities, related to the degradation of the 

layer. This correlates to an increase in non-radiative recombination and reduced Jsc. 

The same measurements on a P3HT HTL showed much greater thermal stability, with 

improved device performance retention after heat treatment and thermal cycling. 

A new thin-film encapsulation technique was also explored. Using spray 

coated Poly(methyl methacrylate) (PMMA), thermal and humidity stability 

measurements showed comparable performance to glass encapsulation. 

Photoluminescence (PL) measurements showed a large red-shift as a function of 

moisture ingress into the PSCs, and this was shown to correlate to an increase in Jsc 

and device performance.  

The work presented in this thesis establishes relationships between the 

choice of HTL and encapsulation technique with material/device stability under 

mimic LEO conditions. Namely how the choice in HTL can lead to reduced proton 

bombardment or thermal stability, and how the encapsulation method can have an 

adverse effect on device performance. These are crucial for addressing the feasibility 

of future PSCs under mimic LEO conditions, thereby paving the way toward achieving 

long-term stability of PSCs for space applications. 
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Chapter 1  

Introduction 

1.1 Introduction to Perovskite Solar Cells 

1.1.1 Motivation 

Several of the main issues associated with solar powered space system is the overall 

weight of the materials being sent and once in space, environmental stability. A 

solution to these issues reside within the development of efficient, stable, flexible 

solar cells. These traditional solar cells will need to be assessed on Earth to 

investigate their feasibility for space applications. Traditional solar cells are 

predominantly placed upon transparent, hard glass and fitted to rooftops. However, 

the overall thickness of the solar cells and the rigidity of the glass, contributes to the 

overall size and weight of the solar cells. This provides a costly challenge when 

distributing solar cells for space missions. Currently, most commercially available 

silicon (Si) solar panels weigh around 20 kg and it currently costs $2720 to send a lb 

of material to the ISS.[1][2] Therefore, to send a single 20 kg commercial solar cell to 

the International Space Station, it costs around ~$54000. This astronomical cost of 

transport has driven research to search for suitable low weight thin-film solar cells 

that are also flexible to reduce storage space. To achieve this goal, low temperature 

processed solar technology is required. The necessity for low temperature allows for 

the use of polymer based flexible substrates. An exciting candidate to meet these 

criteria is Perovskite Solar Cells (PSCs). 

Since their inception into the world of photovoltaics in 2009, perovskite solar 

cells (PSCs) have quickly become a dominant topic in the field of next generation 

Photovoltaic (PV) research.[3] Leading the development of the third generation of 

solar technology, perovskite solar cells have reached a single junction performance 

of 25.8% Power Conversion Efficiency (PCE) in just under 14 years.[4] This 

unprecedented pace far surpasses the rate at which silicon was developed, and is 

quickly approaching the commercial single junction Si solar cell PCE of 26.7% as 
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shown in Figure 1.1. Here the best efficiency values for each PV technology are 

plotted as a function of time. 

 

Figure 1.1: NREL efficiency tracker for different research solar technology from 1976 

to 2022.[5] 

For traditional Si PV, the fabrication process involves high temperature 

processing and therefore restricting the substrates the solar cells can be fabricated 

on. This means that for space PV the current technology is rigid and heavy. This large 

surge in performance of PSCs, the low temperature processing, and ability to be 

fabricated on flexible substrates has drawn attention from the aerospace sector and 

has placed perovskite in the spotlight for next potential replacement of space solar 

technology.  For aerospace applications the requirements for thin film solar cells to 

be feasible are extensive.[6] While PSCs have been shown to exhibit High specific 

power, which is the measurement of power generated per unit mass of the solar cell 

(W/g), there are additional challenges.[7] Such challenges are High radiation 

tolerance, which is very important when developing space solar cells; High thermal 

stability as the temperature profile is different to Earths; High specific density, which 

is the power per unit area (kW/m2), and the ability to combine these specifications 

into the manufacture of large area solar cells with integrated series interconnections 

onto flexible substrates. 
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However, PSCs are not without their drawbacks. While the PCE is continually 

increasing, more and more research is being pushed into maximising the stability of 

the devices.[8] For use in a space environment, PSCs will need to be stable under 

various external stimuli such as higher light intensity with increased UV; extreme 

temperature stability (-150 to +150 °C); high energy radiation stability, and flexion 

(bending) stability during initial storage. An additional factor in the measurement of 

device stability of PSCs is the performance of the devices in environments seen in 

space applications. The vacuum environment in space applications can have an 

adverse effect of the stability of PSCs via outgassing and defect formation.[9] Outside 

of device stability, an additional consideration is the scale up of perovskite solar cells 

to increase the device area.[10] Therefore there are multiple challenges that PSCs 

must overcome to be certified for use within aerospace applications. As stability 

seems to be the area where the most development is required, this was chosen to 

be the focus of this thesis. 

1.1.2 Perovskite Semiconductors 

Originally discovered in 1839 by Gustav Rose and named after Russian mineralogist 

Lev Perovski, perovskite semiconductors have been a topic of research for solar cells 

since their first inception in the field in 2009.[11][12] Perovskite is the name given to a 

crystal with the same structure as calcium titanate (CaTiO3). This is more commonly 

denoted as the ABX3 crystallographic structure as seen in Figure 1.2. The ABX3 

structure consists of a relatively large atomic or molecular organic cation (Type A) at 

the centre of the cubes. An inorganic cation (Type B) at the corner of the cubes and 

a relatively small halogen anion (Type X3) at the cubes faces.  

 

Figure 1.2 ABX3 Crystallographic structure (Perovskite). [13] 
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In this structure, the type A cation is usually an alkaline earth or rare-earth 

element. The type B cation could be 3d, 4d, and 5d transition metal elements. This 

variation allows for a variety of choices for each of the A,B and X ions as seen in Table 

1.1. 

Table 1.1: Potential material choices for the ABX3 perovskite structure 

Perovskite Structure 

A Cation B Cation X3 Cation 

Organo: 

Methylammonium 

Formamidinium 

Cesium 

Rubidium 

Metal: 

Lead 

Plumbate 

Halide: 

Iodide 

Chloride 

Bromide 

Fluoride 

Astatide 

While all these choices give form to the ABX3 crystal, not every combination leads to 

an ideal perovskite structure. The Goldschmidt Tolerance Factor, given in equation 

1.1, is an indicator for the stability and distortion of crystal structures.  

  

𝑡 =  
𝑟𝐴 + 𝑟𝑋

√2(𝑟𝐵 + 𝑟𝑋)
 

 
(1.1) 

where ra, rb, and rx are the ionic radius of A, B and X respectively. For this factor, 

values ranging from 0.8 < t < 1.0 are regarded as giving an ideal structure.[14]  

A common perovskite composition is Methylammonium Lead Iodide (MAPI), which 

was used in much of the early work in the use of perovskites in solar cells.[15] 

However, new perovskite formulations have been developed with different 

stoichiometries such as triple X3 cation Cs(FAMA)Pb(IBr).[16] 

1.1.3 Working Principles of Perovskite Solar Cells 

The basis of solar cells is the photo-electric effect where light of specific wavelengths 

can ionize electrons in a material. However, the photoelectric effect was originally 

explained for a metal, in which the electrons are free flowing due to the valance and 

conduction bands overlapping. In the case of semiconductor materials, there is a gap 
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between the two energy bands. In the case of a solar cell, photons excite electrons 

from the valance to the conduction band, therefore ’jumping’ the band gap. The 

excitation of the electron to the conduction band creates a ‘hole’. This hole possess 

a positive charge due to the gap left by the electron, causing a Coulomb force 

between the hole and electron. This attraction will force the electron to jump back 

down into the valence band and recombine with the hole. As incident photons will 

need to possess enough energy to excite the electron to the conduction band, the 

gap between the 2 bands is very important for efficient semiconductor performance. 

If the gap is large, only high energy photons will be able to excite the electrons, while 

a narrow band gap causes energy loss due to photons having more energy than 

required to excite the electrons. In the context of solar cells, this band-gap correlates 

with the electromagnetic (EM) spectrum and what wavelengths of light it absorbs. 

The main underlying principle behind solar cells operation is the use of a P-N 

Junction. In the junction, the active area is the material that acts as the 

semiconductor. Photons interact with the electrons in the materials lattice and 

’knocks’ them free. This creates and electron-hole pair, also known as an exciton, 

which unless the coulomb force is overcome will recombine. Therefore, an electric 

field is required to create a current and direct the flow of electrons. This is achieved 

by using two different types of materials, P-Type and N-Type, which induce an 

internal electric field as shown in Figure 1.3. 

 

Figure 1.3: Schematic of how a P-N junction comes together and how the flow of 

electrons and holes occur.[17]  
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For a perovskite solar cell, the perovskite active layer (i) is ‘sandwiched’ between a 

p-type material and a n-type material, forming a n-i-p structure. When photons 

interact with the perovskite semiconductor, it creates charge carriers (electrons and 

holes). When these are formed in the vicinity of the electric field at the junction of 

the p- and n-type layers, the electric field pulls the pair apart due to the overcoming 

of the coulomb force creating mobile carriers. The mobility of the carriers is defined 

as the drift velocity of the charge carrier per unit of the electric field. Controlled by 

the force of the electric field, the electrons travel to the n-type side, and the holes to 

the p-type side . At these interfaces they are extracted and generate a current. The 

creation of charge carriers can also occur in areas outside of the electric field. 

Sometimes, these electron-hole pairs will recombine as the lack of electric field. The 

extra energy from this recombination is emitted as heat and reduces the overall 

efficiency of the cell, known as radiative loss. 

1.1.4 Device Characterisation 

Figure 1.4 shows a typical current density-voltage (J-V) curve for a perovskite solar 

cell. Determining the performance of solar cells can be achieved through important 

points on the graph. Where the J-V curve with the x-axis is called the open-circuit 

voltage (Voc). This is maximum output voltage from the cell. The intersection at the 

y-axis is the short-circuit current density (Jsc) and is the maximum current density 

from the cell. The point of maximum output power is called the maximum power 

point (PM), and the corresponding maximum power voltage and current density at 

this point are denoted as VM and JM. The blue shaded region is the maximum power 

output and is calculated via VM x JM. The fill factor (FF) is defined as the ratio between 

PM and the product of the Voc and Jsc, which gives the “squareness” of the curve 

equation. The FF is a measure of how the device performs to an ideal device and is 

limited by losses such as resistive losses or charge recombination. 
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Figure 1.4 A typical J-V curve measurement for PSCs that is used to determine device 

characteristics. 

For a solar cell, the power generated can be calculated via: 

𝑃 = 𝐼 ×  𝑉 (1.2) 

The power conversion efficiency (PCE) of a solar cell is defined as the maximum 

power produced by the cell divided by the power of the incident light (Pin). 

𝑃𝐶𝐸 =  
𝑉𝑂𝐶 · 𝐼𝑆𝐶 · 𝐹𝐹

𝑃𝐼𝑁
× 100% 

 

(1.3) 

Where FF can be calculated via the equation: 

Converting Isc to Jsc gives the equation 

𝑃𝐶𝐸 = 
𝑉𝑂𝐶 · 𝐽𝑆𝐶 · 𝐹𝐹

𝑃𝐼𝑁
× 100% 

 

(1.5) 

Resistive losses are present in perovskite solar cells. These losses can be split into 

two types, series resistance and shunt resistance. Series resistance (Rs) originates 

from the intrinsic resistances of the active layer and electrodes, but also the contact 

resistances between these layers.[18]. Shunt resistance (Rsh) is indicative of current 

loss within the solar cells, such as from pinholes.[18]  

𝐹𝐹 =  
𝐼𝑀 · 𝑉𝑀
𝐼𝑆𝐶 ·  𝑉𝑂𝐶

 

 

(1.4) 
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1.1.5 Solar Cell Architectures 

1.1.5.1 Conventional Perovskite Solar Cells 

PSCs are composed of multiple thin film layers. Typically, the perovskite active layer 

is sandwiched between two electrodes, one of which needs to be transparent so that 

the perovskite layer can be illuminated through the glass substrate. There are 

multiple perovskite formulations that can be used as the active material, but this 

thesis will concentrate on a triple cation perovskite active layer. Charge transport 

layer can be inserted between the active layer and the electrodes to improve charge 

transport and collection. P-type and N-type materials are used for the transport layer 

Figure 1.5 depicts typical perovskite device architectures. 

In the perovskite device architecture, holes are transported through the Hole 

Transporting Layer (HTL) into the metal contacts. The electrons are transported 

through the Electron Transporting Layer (ETL) and are extracted in the transparent 

conducting electrode (TCE). When the standard structure is a stack of compact layers, 

it is called planar. However, the standard architecture can also utilise mesoporous 

layers such as mesoporous TiO2 (m-TiO2).[19] Another common device architecture is 

the inverted structure, which flips the placement of the ETL and HTL meaning that 

holes are extracted through the TCE and the electrons through the metal electrode. 

There are benefits and drawbacks to either architecture, however both are utilised 

extensively in the field of research.  

Figure 1.5 Schematic of the standard and inverted architectures used for perovskite 

solar cells. For the standard architecture the planar and mesoporous configurations 

are shown. 

The standard structure offers greater operating characteristics, such as high 

PCE (>25%) due to higher current density, fill factor and open circuit voltage.[5] This 
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is due to better optimisation of the standard structures’ layers, as more research has 

been undertaken utilising its formulation.[20] In comparison, multiple research groups 

have been able to break the 20% efficiency barrier when using the inverted 

composition, with the inverted PSC PCE hitting  a record 25%.[21][22] Therefore 

showing that both architectures perform well when optimised. When looking at 

aerospace application, one disadvantage of using m-TiO2 in the mesoporous 

architecture is that TiO2 is unstable under UV radiation.[23] Under UV light stability 

measurement, the photocatalytic effect of the mesoporous TiO2 layer causes 

decomposition of the perovskite layer, causing the formation of PbI2 which causes 

defect within the perovskite layer. These defects then reduced charge extraction and 

device performance. 

1.1.5.2 Mesoporous Carbon Stack 

A relatively new field in the development of PSC, is the use of a mesoporous carbon 

stack architecture (m-CPSC). Utilising mesoporous techniques, the carbon stack use 

3 mesoporous layers as shown in Figure 1.6. The first layer is a spray coated compact 

TiO2 ETL. Then a mesoporous TiO2 ETL which is printed, followed by a mesoporous 

ZrO2 layer. The ZrO2 layer prevents the TiO2 being in direct contact with the carbon 

top contact, therefore reducing pathways for the electrons and holes to easily 

recombine. The third layer is mesoporous carbon which is optimised for efficient 

charge extraction at the carbon-perovskite interface. All 3 mesoporous layer can be 

screen printed but are compatible with other fabrication techniques such as slot-die 

coating.[24] The perovskite is then introduced through infiltration into the 

mesoporous stack and the perovskite domain size is therefore determined by the 

pores within the mesoporous structure. The main drawback when looking at 

commercialisation is the carbon stack requires a very high sintering temperatures 

(∼500 °C) for the layers to be properly annealed. This high temperature processing 

limits the carbon stack to being fabricated on glass as polymer films such as PET are 

unstable at higher temperatures. There has been work undertaken to speed up this 

process, with one experiment using NIR light to reduce the sintering time from 2 

hours down to 30 seconds with an achieved PCE of 11%.[25] 
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Figure 1.6 Schematic for a mesoporous carbon-based Perovskite solar cell. Each layer 

is labelled, with the layer thicknesses given. Adapted image.[26] 

In terms of architecture performance, m-CPSC have exhibited very good 

stability under light soaking measurements; damp heat moisture stability testing, and 

high temperature testing.[27][28] The latter is due to the carbon electrode being more 

thermally stable in comparison to common polymer based HTLs such as spiro-

OMeTAD. However, due to the thick carbon electrode m-CPSCs, the charge 

extraction is limited unless the devices are light soaked prior to a J-V 

measurement.[28] Additionally, due to the reduced charge extraction, the 

performance of m-CPSCs is lower compared to planar PSCs. 

1.1.5.3 Tandem Devices 

Tandem, coming from the Latin for ‘at length’, is the term given to a linearly stacked 

solar cell with more than one junction. Single junction solar cells have an upper limit 

of efficiency known as the radiative efficiency limit. It is also known as the Shockley-

Queisser (SQ) limit.[29] To overcome the 33.7% SQ limit, multi-junction solar cells can 

be used to improve the PCE over single junction devices. Here, two different band-

gap devices are linearly stacked to create a 2-terminal device. The two different 

active materials absorb different ranges of the EM spectrum, improving the device 
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performance. An example of this can be seen in Figure 1.7. The benefit of using 

multiple active materials, is that they can have their band gap tuned to cover more 

of the solar spectrum. Stacking a wide and low band gap material allows for the 

device to utilise the UV, visible and NIR portions of light. 

 

Figure 1.7 Cartoon of a two and four terminal perovskite-silicon tandem devices.[30] 

Perovskite tandem devices can also be fabricated without the use of Si, such as 

perovskite-perovskite tandems.[31] 

The current record for tandem cells utilising at least one perovskite based 

active layer is 31.25% PCE which was developed at Helmholtz Berlin (HZB).[32] This 

tandem utilises a perovskite top cell and a silicon bottom cell. For a perovskite-

perovskite tandem device, the record is 26.4% from Nanjing University.[33] For 

inorganic PV technology, the highest performing tandem solar cell is a 6 junction III-

V tandem, with a PCE of 47.1%.[5] For aerospace applications, tandem perovskite 

solar cells will be crucial in maximising the efficiency and power output. Especially if 

the tandems are fabricated on thin-film substrates allowing for a much higher specific 

power and power density. 
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1.2 The Earth’s Atmosphere 

1.2.1 Introduction 

The Earth’s atmosphere is a collection of gases held around the planet due to the 

Earth’s gravitational pull and has 5 principal layers. Each of these layers has distinct 

characteristics and has an interlayer between transitions known as a pause. In this 

section, each layer of the Earth’s atmosphere and their characteristics will be 

explored. 

1.2.2 Atmospheric Layers 

Starting from the Earth’s surface, the first principal layer of the Earth’s atmosphere 

is the Troposphere. This layer begins at Earth’s surface and extends up to 7-15 km 

depending on the position relative to the poles or the equator. This altitude variation 

is due to the Earth not being a perfect sphere and bulging at the equator. It is within 

the Troposphere that 80% of the mass of the Earth’s atmosphere can be found.[34] 

The Troposphere consists of gaseous Nitrogen (78.084%), Oxygen (20.946%), Argon 

(0.9340%) and CO2 (0.04%). The temperature of the Troposphere decreases with 

altitude, as the layers is heated from radiation emitted from the Earth’s surface. So, 

the lower parcels of air are heated more than those higher up. The temperature and 

pressure variation within the Troposphere can be seen in Figure 1.8. Due to most of 

the water vapour in the atmosphere being within the Troposphere, this is where 

nearly all cloud formations arise and where the weather takes place.  

The second principal layer is the Stratosphere. The Troposphere and 

Stratosphere are separated by an inter-layer called the Tropopause, which sits at an 

average height of 12 km. The Tropopause is a layer on constant temperature and 

pressure due to a constant density. The Stratosphere stretches from the Tropopause 

to 50km. The atmospheric pressure in the stratosphere is ~1/1000th  of that at sea 

level (~1 mbar) and the average temperature in the Stratosphere is higher than that 

at the Tropopause. While the Tropopause sits at around −60 °C, the highest point of 

the stratosphere is closer to 0 °C.[35] This is due to the ozone layer being within the 

Stratosphere. As the ozone absorbs the ultraviolet light from the sun, it heats up the 

higher layers of the Stratosphere so there is a temperature rise with increasing 
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altitude. The ozone layer stretches from ~15-40km depending on the position 

relative to the poles or equator. The change in temperature and pressure in the 

Stratosphere can be seen in Figure 1.8. The highest layer of the Stratosphere is the 

Stratopause and is the layer gap between the Stratosphere and the Mesosphere. 

 

Figure 1.8 Plot of the temperature and pressure vs altitude. 30 km is signified due to 

this being the operating height of the Airbus Zephyr project.[36] 

The third principal layer and middle segment of the Earth’s atmosphere is the 

Mesosphere and encompasses the altitudes between 50-80km, which is from the 

Stratopause to the Mesopause. Here the temperature decreases with altitude and is 

the coldest segment of the atmosphere. Here the temperatures reaches 

temperatures of around −85 °C and −101 °C.[37] This decrease in temperature is due 

to the lower pressure and reduced solar absorption in the atmosphere. However, the 

mesosphere is difficult to study. Weather balloons and other aircraft cannot fly high 

enough, and satellites orbit above the mesosphere and are therefore unable to 

directly measure the layer. Since it is difficult to measure the Mesosphere directly, 

much about the layer is still unknown. 

The fourth and second highest layer of the Earth’s atmosphere is the 

Thermosphere. This layer spans from the Mesopause to the Thermopause or ~80km 
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to ~500- 1000km above the Earth’s surface. This discrepancy with the outer limit of 

the Thermopause is due to the solar winds. At 100 km, the Kármán Line is the altitude 

in which ’outer space’ begins.[38] This definition is accepted by the Fédération 

Aéronautique Internationale (FAI), who are the international standard setting 

organisation for aeronautics. While the Thermosphere is still part of Earth’s 

atmosphere and phenomena such as the Aurora Borealis occurs within it, a majority 

of the layer is classed as space. The temperature of the Thermosphere increases with 

altitude due to the absorption of high energy solar radiation, which means that the 

Thermosphere can reach temperatures up to 1000 °C, as shown in figure 1.9. Despite 

all this, an object within the Thermosphere not under solar illumination will be at a 

low temperature. As there is an extremely low density of gas (1 particle/m3) due to 

the very high vacuum (~1x10-15 bar), the only method of heat loss  is through radiative 

emission.[39][40] Therefore, there are very few collisions between the energized 

molecules and radiative heat transfer is an ineffective process. The International 

Space Station (ISS) sits within the Thermosphere at an altitude of 330-435 km.[41] 

 

Figure 1.9 Temperature and pressure vs altitude up to a maximum altitude of 1000 

km. The pressure curve does not equal 0 at higher altitudes but is ~0. 
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The 5th and final principal layer of the Earth’s atmosphere is the Exosphere 

which starts at the Thermopause (700 km), also known as the Exobase, and extends 

up to around 10,000 km where it merges with solar winds.[42] This upper limit can 

also be placed at 190,000 km, as at this distance the radiation pressure from the sun 

is enough to overcome the effect of the Earth’s gravity on a Hydrogen atom. The 

exobase contains extremely low densities of hydrogen, helium and several heavier 

molecules including nitrogen, oxygen, and carbon dioxide. The Exosphere holds most 

of the satellites orbiting the Earth in either a Geosynchronous (GSO) or Geostationary 

(GEO) orbit. The conditions within the Exosphere are further discussed in Section 

1.3.1. 

1.2.3 Atmospheric Solar Spectrum 

The light spectrum of the sun can be best described as a blackbody, in that it absorbs 

nearly all incident electromagnetic radiation regardless of wavelength and can be 

described via the equation: 

 
𝐵(𝜆,𝑇) = 

2ℎ𝑐2

𝜆5
1

𝑒ℎ𝑐/(𝜆𝐾𝐵𝑇) − 1
 

 

(1.6) 

where h is Planck’s constant, KB is the Boltzmann constant, T is the temperature in 

Kelvins, and λ is the wavelength.  

As shown in Figure 1.10, the calculated solar spectrum emitted from the sun 

(T=5900 K) follows the same shape as Equation 1.6. However, with atmospheric 

absorption the total incident power density (incident power per unit area per 

wavelength) varies depending on the atmospheric altitude. As shown in Figure 1.10, 

there are two different spectra to consider. AM1.5G and AM0 are the solar irradiance 

spectra relating to the Earth surface and space respectively. More details on the 

meaning of “AM” will be given in Section 1.2.3.1. 
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Figure 1.10 Calculated blackbody curve of the sun compared to the calculated power 

density of the AM1.5G and AM0 solar spectra using the Solcore python library.[43] 

If you integrate under the AM0 curve for all wavelengths, you arrive at the 

Solar constant (1366 Wm-2) which is the total irradiance arriving at the Earth.[44] This 

value changes depending on the distance to the sun, with the irradiance increasing 

as you approach the sun. As the Earth consists of multiple different atmospheric 

layers, the total irradiance arriving at the Earth’s surface is lower than that arriving 

in the thermosphere. This total irradiance is affected by the atmospheric absorption 

of the different layers. Therefore, the solar irradiance is a function of altitude. 

Additionally, depending in the angle of the incident light, more absorption can occur 

due to the increase in distance the light must travel before reaching the surface. 

Therefore, the solar irradiance is also a function of the incident angle, or the zenith 

angle which is the apparent angle of the sun in the sky to a flat surface. The 

relationship between the solar irradiance and the zenith angle is known as the Air 

Mass. 

1.2.3.1 Air Mass 

As mentioned above, the solar spectrum has two different spectra that must be 

considered when considering solar cell operation. These being AM1.5G and AM0. 

Here, the Air Mass (AM) or the air mass coefficient is the optical path that light takes 

through the atmosphere. It can be expressed as a ratio between the path length of 
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the sun and the zenith angle. Mathematically, the AM can be expressed via the 

equation: 

 𝐴𝑖𝑟 𝑀𝑎𝑠𝑠(𝐴𝑀) =  √(𝑟 𝑐𝑜𝑠 𝑧)2 + 2𝑟 + 1 − 𝑟 𝑐𝑜𝑠 𝑧 
 

(1.7) 

Where Z is zenith angle and r is the ratio of the Earths radius and the effective height 

of the atmosphere. As the troposphere contains 80% of the Earths atmospheric mass, 

this effective height is taken at 15 km. While satisfactory for ground level studies, 

Equation 1.7 does not consider the changes in altitude, and therefore Equation 1.8 

must be used to calculate the Absolute Air Mass (AMabs). 

  

𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐴𝑖𝑟 𝑀𝑎𝑠𝑠 (𝐴𝑀𝑎𝑏𝑠) =  
𝐴𝑀 •  𝜌𝑙𝑜𝑐𝑎𝑙
𝜌𝑠𝑒𝑎 

 

 

 
(1.8) 

Where 𝜌𝑠𝑒𝑎 is the atmospheric pressure at sea level, and 𝜌𝑙𝑜𝑐𝑎𝑙 is the pressure at the 

altitude chosen. These pressure value can be found in a variety of sources.[45] 

Calculating AMabs for a variety of different Z and altitudes can be seen in Figure 1.11.  

As mentioned, there are set AM values which are designated as the standard 

parameters for testing.[46] AM0 is the air mass designation for no atmospheric 

absorption and outer space. This is the full solar spectrum, at a blackbody 

temperature of 5900 K, as is used when testing for space applications no attenuation 

of solar radiation.[47] Under AM0, the light intensity of the sun is 1366 Wm-2.[48] The 

standardized AM coefficient is AM1.5, whose AM value corresponds to the sun at 

Z=48.2° and a solar power of 1000.4 Wm-2. AM1.5 is calculated from the reference 

AM0 spectrum using different geographic and atmospheric conditions. It can be 

further split into 2 distinct categorises, AM1.5G and AM1.5D respectively. AM1.5G 

corresponds to the AM1.5 spectrum with the presence of a blue sky. The “G” comes 

from these conditions being known as the global spectrum. The AM1.5D (Direct) 

spectrum is used for concentrator measurements as the angle of incident light is 

reduced.[49] The AM1.5D spectrum has a solar constant of 900 Wm-2. 

For reporting solar cell efficiencies, Standard Test Conditions (STCs) are 

required and for all terrestrial applications, AM1.5G is the standard as described 

under standards IEC 61215/61646.[50] For aerospace conditions, AM0 is the standard 

spectrum as detailed in the space solar cell standard AIAA S-111A-2019.[6] 
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Figure 1.11 AMabs as a function of different altitudes and angles following Equation 

1.8.  

It is worth noting that at an altitude of 30 km AMabs ~0, however, the 

maximum solar irradiance is very close but not equal to the solar constant. It has 

been measured that at an altitude of 30 km the solar irradiance is 1290 Wm-2.[51] This 

is due to the Ozone layer absorbing UVB/C as detailed in Section 1.2.2, which results 

in lower overall solar irradiance, even if the AM at the altitude is AM0. 

1.3 Solar Cell Performance in Space Conditions 

In 1958, the satellite Vanguard 1 was launched into space by the US. While this feat 

was over shadowed Sputnik 1 a year prior and Yuri Gagarin’s famous orbital journey 

only 3 years later, Vanguard 1 holds a historical record as it is the first satellite to 

utilise solar panels.[52] Since then, satellites and orbiting bodies rely on solar cells to 

power their onboard systems as while batteries provide greater power, they offer 

much shorter lifetimes and therefore are unsuitable for long term missions and 

continued support. Due to this need for solar power, advancements have been made 

in the efficiency of solar devices along with the architectures being used. The 
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Vanguard 1 used silicon solar cells alongside a battery, which died in a few days of 

orbit. In 1958, silicon solar cells were just 4 years old and were operating at a low 

efficiency around 9% before reaching 14% in 1960.[53] Since their initial inception into 

orbital instruments, solar cells have been developed and streamlined to provide 

much higher efficiencies to coincide with the increasing power needs of more 

powerful equipment. At the current time of writing, the most used solar cells in space 

applications are multi-junction GaAs cells as they provide the highest efficiency as 

seen in Figure 1.1. The Juno mission which took place in 2011, was the first spacecraft 

to orbit Jupiter and at that time multi-junction GaAs cells were around 40% while the 

more traditional silicon devices were operating at about 25%.[5] Research has been 

done specifically looking at the performance of these technologies under mimic 

Jupiter light intensity and temperatures.[54] When it comes to choosing which type of 

solar cells to integrate within a satellite or spacecraft, certain conditions must be met 

so that the cells can perform at maximum output and the cell degradation isn’t 

accelerated by external stimuli. 

Specifically for space, the main causes for concern when adopting solar cells 

is the stability of the cells when experienced to thermal stress, light soaking, and high 

energy bombardment. Additional factors such as the flexibility of the cells and the 

specific power are very important. Space objects undergo large thermal stress as 

when objects leave the Earth’s atmosphere, the reduced pressure and density of 

gases leads to a decrease in thermal conduction, resulting in temperatures reaching 

high temperatures of 128+ °c in direct sunlight and lows of -196 °c in a GEO.[55] This 

change in temperature can be quite a drastic transition so while devices are required 

to work at these temperatures, they also must be stable during this temperature 

cycling period. Photo-degradation is an adverse effect in which the interaction 

between certain layers and photons of different wavelengths leads to recombination 

within the active layer and therefore reduces the overall efficiency and operating 

conditions. This degradation can be exacerbated due to the 50% increase UV photons 

and high energy UV photons. High energy bombardment is an issue as due to the lack 

of atmosphere, objects in space are at risk to ionising radiation being emitted by 

various objects such as the sun or gamma-ray bursts.[56] These different types of 

radiation are detrimental to the operating stability of solar devices as it can cause 
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defects in the various layers. Therefore, efforts must be put into place to limit the 

damage caused. 

1.3.1 Orbital Characterisation 

Orbital characterisation can be split into 4 main categories: Low Earth Orbit (LEO), 

Medium Earth Orbit (MEO), Geosynchronous Earth Orbit (GEO), and the Solar Wind 

Environments which lie within the exosphere and beyond. The LEO, MEO, and GEO 

orbits can be seen in Figure 1.12. As all 4 of these conditions are present within the 

Earths Thermosphere, they all come under the AM0 solar spectrum and intensity. 

Additionally, due to the low particle density and therefore no atmosphere, there is 

the presence of high energy particles and radiation in the form of electron, protons, 

neutrons, and high energy photons such as X-rays and Gamma-rays. 

 

 

Figure 1.12 Cartoon of the different orbits found around the Earth, with applications 

within the Low/Medium/Geosynchronous orbits labelled. 

Low Earth Orbit (LEO) is defined as any orbit between the Earth’s surface and 

an altitude of 2000 km. The International Space Station presides at an orbit of ~340 

km so is therefore in LEO.[41] The vacuum level at this altitude is 7x10-13 bar. Present 

in a LEO is high density Oxygen plasma (O+) with up to 106 particles/cm3 with an 

orbital period of around 90 minutes, with half of the orbits time being spent in the 

shadow of the Earth, and therefore darkness. During this time, the temperature 
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gradually cycles between ±100 oC in light and dark respectively. Energetic particles 

are also prevalent in a LEO with electrons between 40 keV to >1.6 MeV with a flux of 

1x106 ≤ Φ ≤  1x102 electrons-cm-2-s-1 from the lowest to highest energy, respectively. 

Protons in this same region have energies from 0.1 to >30 MeV with a flux of 1x106 ≤ 

Φ ≤   1x104 protons-cm-2-s-1 from lowest to highest energy, respectively.[57] An upper 

limit on the electron and protons energies has not yet been discovered as it is 

dependent on various factors, such as solar storms like the Carrington Event. 

Neutrons are present in a space environment with energies MeV – TeV.[58] These 

neutrons come from 4 main sources; production in the atmosphere via Galactic 

Cosmic Radiation/Rays (GCR), which are high-energy protons and ionised atomic 

nuclei which move through space at nearly the speed of light. They originate from 

the sun, from outside of the solar system, and from distant galaxies; Earth’s radiation 

belt (Van Allen Belts); production in the spacecraft where the high energy protons 

collide with the molecules in the spacecrafts materials, resulting in the formation of 

neutrons , and direct emission from the Sun during large Solar Particle Events (SPE), 

which includes Coronal Matter Ejections (CME), where the closed magnetic fields 

over a sunspot group cause an explosion of gas, ejecting x-rays, gamma-rays and 

billions of particles at speeds close to the speed of light.[57] However, measurement 

of the flux from these events is a current field of investigation, with a research group 

in Hawaii deploying a CubeSat named Neutron-1 from the ISS in 2020 to measure the 

flux of neutrons in LEO.[58] However, due to the Earth’s magnetosphere, a LEO 

provides the lowest background of gamma and x-rays as the higher energy cosmic 

rays are attenuated by the magnetosphere. However, orbiting bodies in LEO still 

meet albedo higher energy photons. These are photons that are produced in the 

upper atmosphere (mesosphere and higher) by protons colliding with atmospheric 

molecules and are reflected into space. Albedo photons possess energies from 35 

MeV to 10 GeV, with the lower threshold exhibiting a maximum flux of 1x10-2 

photons-cm-2-s-1 and the higher energy threshold possessing a maximum flux of 1x10-

3 photons-cm-2-s-1 .[59] 

Due to the very thin atmosphere, UV radiation propagates and is denoted as vacuum 

UV (VUV), with 10% of the total electromagnetic radiation output from the Sun being 
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UV, split into UVA, UVB and UVC (400-315nm, 315-280nm and 280-100 nm 

respectively) and 0.1% of UV being UV below 200nm.[60] As this region of space 

encompasses the ISS, solar cells designed for this environment must be able to 

provide enough solar power to power the onboard experiments. Due to the need for 

high efficiency and stability in the presence of a full solar spectrum, high energy 

particles, and thermal cycling, GaAs III-V multi-junction cells are used as they provide 

the high PCE as seen in Figure 1.1. In a LEO environment, GaAs III-V cells exhibit PCE 

values of ~27.5%  provide better proton and electron radiation stability over Si multi-

junction cells.[61] Along with greater thermal and UV stability. 

A medium earth orbit (MEO) in any orbit that lies between LEO and GEO 

(2000-35,786 km). Satellites placed in a MEO orbit have an orbital period of 12 hours, 

in what is known as a Semi-Synchronous Orbit (Semi-SO). MEO satellites orbit the 

earth at higher altitudes and therefore provide a greater coverage area for use in 

imaging systems and communication systems, however due to the orbital period, a 

constellation of satellites is needed to provide full coverage around the Earth. Most 

notable applications used in this orbit is the Global Positioning System (GPS) and the 

EUs Galileo navigational and communication satellite system. Little research into the 

environment in a MEO has been undertaken, therefore the flux of incident high 

energy particles not trapped in the Van Allen Belts is unknown. 

Geosynchronous orbit (GEO) is defined as the orbit where an object will 

rotate with the same period as the Earth. If a satellite is placed in GEO above the 

equator, the satellite will remain fixed in its position relative to the Earth’s surface. 

Therefore, an orbital period in GEO is 1 sidereal day (23 hours, 56 minutes, 4 

seconds). This orbit is 35,786 km from the Earth’s surface, with most communication 

satellites being placed here.[62] This way, an antenna on Earth can be fixed to always 

stay pointed towards that satellite without moving. It can also be used by weather 

monitoring satellites because they can continually observe specific areas to see how 

weather trends emerge. In a GEO orbit, there is a low-density oxygen and hydrogen 

plasma environment, with secondary electrons possessing energies from 1 keV to 30 

keV. There are long thermal cycling times, with satellites orbiting above the equator 

experiencing 12 hours in the light and dark, along with bombardment from high 

energy particles.[63] The temperature for solar arrays in a GEO is documented to 
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range between -150 to +110 oC depending on the position of the object relative to 

the Sun, which as this altitude is the AM0 solar spectrum.[64] As a GEO is located 5.6 

Earth radii (RE) from the Earth’s surface, which corresponds to the outer Van Allen 

belt, the radiation environment consists of high energy electrons (0.1 – 10 MeV) with 

a flux ~108 electrons/m2/s. Like deep space missions and High Earth Orbits (HEO), 

which is any orbit >35,786 km, objects in a GEO also encounter Galactic cosmic rays, 

particles in the Solar wind, and coronal mass ejections and Solar flares. Galactic 

cosmic rays occur at very low flux levels, typically 1-4 particles-cm-2-s-1, but have high 

energies, with some events having particles moving close to the speed of light with 

energies of 1x1020 eV.[66] Solar Particle Events (SEPs) can release a variety of high 

energy particles and ions, with the composition and energies varying per event. One 

main source is solar flares, with typical event composed of 96.4% protons, 3.5% α-

particles and 0.1% heavier ions. These particles can possess energies up to 

GeV/nucleon with a fluence of >1x109 particles-cm-2 and a peak flux >1x105 particles-

cm-2-s-1. The timescale for these fluences is dependent on the severity of the solar 

storm and can range from a few minutes to several hours. Electrons in the Van Allen 

belt can possess energies >8 MeV with a flux of 1x107 electrons-cm2-s-1, while 

protons have energies between 0.1 & 5 MeV, with a flux of around 1x108 protons-

cm-2-s-1.  

As stated above, the location of a satellite within the Van Allen radiation belts 

is important, as it is related to the energy and fluxes of the particles trapped, so 

considerations must be taken when travelling through or orbiting within them. 

Additionally, due to the distortion of the magnetosphere from the sun’s solar winds, 

along with the shape of the Earth’s magnetic fields, the angle at which the satellite 

is from the Earth also affects the radiation flux. This angle is denoted as the 

inclination angle, with inclinations between 0o ≤ θ ≤ 30o exhibiting a sharp reduction 

in flux, and angles 30o ≤ θ ≤ 60o showing a gradual decrease before plateauing at 60o. 

Above 60° the particles are not trapped and there is no belt. For a GEO, the 

inclination angle is 0 o as the satellites are placed in an orbit above the equator to 

maintain their orbital period, and to remain stationary in the reference frame of the 

ground observer. Figure 1.13 is a diagram of the Van Allen belts along with 

information regarding particle energy and flux. 
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Figure 1.13 Cartoon of the Van Allen radiation belts around the Earth, with the 

distance range of each belt from the Earths centre measured in Earth radii. The 

energy values of electrons and protons in these belts are also given, along with the 

corresponding flux (particles/m2/s). 

These orbital characterisations can be tested within lab environments due to 

continued development of research technology. An example of this is the High Energy 

Charged Particle Radiation facility at the Marshall Space Flight Center or the 

Brookhaven National Laboratory.[63] Both these sites have access to high energy 

particle beams that allow for electrons and protons to be fired at ’targets’, which can 

be solar cells. Ongoing research is focussed on the designing of solar cells that can 

cope under the constant change in temperature, extremely low pressure, flexible, 

have high specific power, and are also radiation robust. Currently the main solar cell 

technology being used is Low-Intensity Low-Temperature (LILT) cells. These cells are 

designed to function below -100 °C and under 50 Wm-2 AM0 intensity, and were used 

on the Rosetta mission to study the comet 67P/Churyumov-Gerasimenko.[67][68] 

Another type of cell that are being constantly being updated and improved are a 

design known as Low-Intensity High-Temperature (LIHT), with a triple-junction GaAs 

LIHT cells designed for the Venus environment reaching 22.7% in 2018.[69] Here the 

cells were taken to a light intensity of 89.4 Wm-2 and a temperature of 465 °C. The 

lower PCE compared to the highest performance III-V solar cells is due to the extreme 

heat limiting the Voc. 
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1.3.2 Moisture and Humidity 

While it is almost counter-intuitive to think of moisture stability when considering 

objects in space, the solar cells used within the power generating arrays must be 

fabricated on Earth and then stored before the payload is launched. This means that 

the solar cells may have to be held up to a year before they are put into space. During 

this long storage time, the solar cells should maintain their performance and remain 

stable. If they are not stable, and degrade, they will need to be replaced which can 

hinder launch schedules. Incidentally, there is research into fabricating perovskite 

solar cells in space to overcome this barrier using 3D printing.[70] 

Moisture stability plays a strong role in the lifetime performance of solar cells, 

with even GaAs devices showing up to 25% degradation after 1000 hours at 85% 

Relative Humidity (RH).[71] Perovskite solar cells are no exception and have been 

shown to possess a very weak intrinsic deterrence to moisture (H2O in the air) and 

O2. It has been shown that the perovskite undergoes rapid degradation when in the 

presence of moisture, with PSCs undergoing a 60% decrease in PCE after 1000 hours 

in 60% RH.[72] This decay path can be seen for the perovskite MAPbI3 in Equations 1.9 

to 1.12.  

 𝐶𝐻3𝑁𝐻3𝑃𝑏𝐼3(𝑠)
𝐻2𝑂
↔  𝑃𝑏𝐼2(𝑠) + 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞) 

 

 

(1.9) 

 𝐶𝐻3𝑁𝐻3𝐼(𝑎𝑞)
𝐻2𝑂
↔  𝐶𝐻3𝑁𝐻2𝐼(𝑎𝑞) + 𝐻𝐼(𝑎𝑞) 

 

(1.10) 

 4𝐻𝐼(𝑎𝑞) + 𝑂2(𝑔)
𝐻2𝑂
↔  2𝐼2(𝑠) + 2𝐻2𝑂(𝑙) 

 

(1.11) 

 2𝐻𝐼(𝑎𝑞)
𝐻2𝑂
↔  𝐻2(𝑔) + 𝐼2(𝑠) 

 

(1.12) 

Where s, aq, g and l are solid, aqueous, gas and liquid respectively.[73]  

Here, the main cause of instability is the presence of Methyl-ammonium (MA) Iodide 

which breaks down in the MAPbI3 layer and leaves a solid presence of Lead Di-iodide 

but the MA dissolves into an aqueous solution. This degradation can also be seen in 

the Raman spectra of the perovskite layer, with an increase in the Raman signal for 

dihydrated MAPI.[74] The instability within the perovskite layer can also be seen in the 

charge transporting layers and therefore, requires further research into replacing 

these layers or adding encapsulation to reduce the interaction with oxygen and water 
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molecules. Encapsulation techniques such as the utilisation of transparent tape, 

epoxy glue and glass have been used to create an airtight seal to improve the 

humidity stability of PSCs.[75] 

Such encapsulation provides a simpler solution to the issues regarding the 

stability of perovskite devices in contact with moisture for use in terrestrial settings. 

This post-fabrication encapsulation technique provides suitable protection and is a 

low-cost, short-term improvement. However, there are some present issues with this 

technique, as the use of glass removes the ability of flexible substrates. This 

restriction in flexibility and increase in weight additionally affects the devices specific 

power and stow volume. To reduce the overall stowage weight and allow the 

substrates to be flexible, encapsulation methods such as the use of thin-film flexible 

glass or plastic films need to be considered. Various groups have shown that moisture 

stability can be improved by using high-quality flexible barrier materials, such as 

flexible plastic films.[75] While the devices still degraded under extreme moisture 

testing (submerged in water) the devices showed 76% performance retention 

compared to the 11% retention of the unencapsulated devices.  Examples of O2 and 

H2O degradation are shown in Figure 1.14. 

 

Figure 1.14 Cartoon of a conventional N-i-P perovskite solar cell utilising a triple 

cation perovskite active layer undergoing moisture degradation. 

Composition of the active perovskite layer is another field of ongoing research 

to fabricate more stable layers via doping. Various attempts in improving the stability 

of perovskite structure have utilised cation substitution. An example of this is the use 
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of FAPbI3 or CsPbI3 as a more stable structure instead of MAPbI3. However, perovskite 

phase changes under the moisture condition remains a critical challenge as the 

changes in phase reduced device performance.[76]  

1.3.3 Photostability 

Another issue facing the stability of perovskite solar cells, especially for space 

applications, is the increased degradation when under constant illumination, with 

the affect greatly enlarged for longer time scales.  

The reduction in photostability of perovskite based solar cells is often 

accredited to the Ultraviolet (UV) light.[77] This decrease in performance is also 

dependent on the layers used when fabricating the device. An example of this is 

when using TiO2 as the electron transporting layer.[78][79] This arises through the UV 

light being absorbed by the TiO2, initiating a chemical degradation which increases 

the non-radiative recombination within the PSC. By replacing the TiO2 layer with 

SnO2, the UV stability is greatly improved and has been seen to improve PCE 

retention by 15% over 10 hours of UV light soaking.[80] The amount of UV radiation 

that the solar cells will receive is dependent on the presence of an atmosphere. the 

Earth receives only an overall percentage of UV light that the sun produces as seen 

in Figure 1.15. About ~3% of the light hitting the surface is UV when the sun is directly 

overhead, with the atmosphere absorbing 77% of incident UV light.  Therefore 23% 

of the incident UV light passes through the Ozone layer and to the Earth’s surface. 
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Figure 1.15 Ozone content as a function of altitude with the visual attenuation of the 

3 bands of UV radiation as it encounters the layer.[81] DU stands for Dobson unit and 

is the unit of measurement of the amount (concentration) of a trace gas in a vertical 

column through the Earth's atmosphere. 

While the ozone reduces the overall impact of UV on the Earth’s surface, 

outside of the Earth’s atmosphere there is no longer a protective layer and UV 

presides unfiltered. Therefore, solar cells within this environment are subject to 

increased levels of high energy, ionizing UV light. It has been shown that UVA is not 

the main cause of UV degradation in perovskite solar cells but is in fact the UVB and 

higher UV energy bands that contributing factors to the overall performance 

decrease.[82] SnO2
 ETL PSCs show no degradation under 370 nm UV light soaking, but 

the PCE degrades by 50% under 311 nm light soaking.[82] 

A promising strategy to address the issues caused by UV is to convert the high 

energy photons into low energy photons, thereby decreasing the proportion of UV 

being transmitted into the perovskite layer. This can be done via the integration of 

down-conversion materials into the PSCs either as an ETL,HTL, or as a separate layer. 

A large benefit of using down-converting materials is that they not only reduce the 

damaging effects of UV on the devices but can also improve the PCE. One such 

example is the use of Eu–4,7-diphenyl-1,10-phenanthroline (Eu-complex). This layer 

was applied to the glass substrate to act as a down-conversion layer.[83] The layer 
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converts UV photons into red luminescence with an emission peak between 625 and 

670 nm, with a sharp peak at about 650 nm. This improved the PSC PCE by 15.3% and 

improved the light stability by 20% after 10 hours. 

1.3.4 Thermal Stability 

Stability requirements for space solar cells are not limited to photostability, but also 

includes thermal stability. Solar cells that are used in orbital applications are exposed 

to cyclic temperature changes from very cold to very hot temperature depending on 

where their orbit lies. PSCs exhibit thermal instability at temperatures >150 °C 

(423.13 K)). This instability is affected by the organic materials/layers used within the 

devices, along with the intrinsic property of perovskite. More commonly used 

inorganic semiconductor solar cells, such GaAs, are thermally stable at temperatures 

>300 °C.[69] However, perovskite undergoes a temperature-dependent structural 

phase transition.[84] These phases can be seen in Figure 1.16.  

 

Figure 1.16 The cubic, tetragonal, and orthorhombic crystal structures of MAPI 

perovskite.[85] 

For example, when MAPbI3 reaches temperatures <163 K, it is in the 

orthorhombic phase (a ≠ b ≠c). However as seen in Chapter 5, this phase change is 

reversible. When the MAPI is at temperatures 163 K < T < 327.3 K, it remains in the 

tetragonal phase (a = b ≠ c). At temperatures beyond 327.3 K, MAPbI3 forms a cubic 

phase (a = b = c). Additionally, MAPbI3 perovskite has been shown to decompose 

under high temperatures (>100 °C), resulting in the formation of PbI2 which can cause 

an increase in non-radiative recombination and trap states, reducing device 

performance.[86] However, the change in temperature will also affect the physical and 
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chemical properties of the perovskite, alongside the charge generation, 

recombination, and transport in perovskite-based devices.[87] Therefore, it is 

essential to understand how temperature affects the charge-carrier dynamics of 

PSCs. It has been shown that for perovskite devices under stratospheric conditions 

improve as the temperature decreases to a maximum PCE at -20 °C. This increase in 

PCE was due to the increase in the Voc and Jsc.[88] For high temperature 

measurements, PSCs were taken to 250 °C and a 99% decrease in PCE was observed 

due to the formation of PbI2.[89] In this work the perovskite active layer was 

(FAPbI3)1−xMAPb(Br3−yCly)x showing that other perovskite formulations thermally 

decompose. 

However, when looking at the temperature performance of PSCs, the 

perovskite is not the only layer that is affected by the temperature. While the 

perovskite experiences thermal degradation, the charge transporting layers also 

experience issues when they encounter extreme temperatures. An example is the 

HTL Spiro-OMeTAD, which has been shown to degrade under high temperatures.[90] 

The degradation allows for charge recombination within the perovskite film and for 

higher shunt resistance, resulting in decreases in performance up to 40% at 100 °C 

for 70 minutes.[89] Additionally, spiro-OMeTAD has a Glass Transition Temperature 

(TG) of 120 °C which is the temperature at which the layer no longer acts as a solid, 

rigid structure but becomes a flexible, rubbery layer. This transition causes a 

reduction in morphological stability and the electronic properties of the layer, such 

as charge extraction as it can reduce the contact between the perovskite and the 

spiro-OMeTAD.[91] There are examples of charge transporting layers that offer 

superior thermal stability such as Copper(I) Thiocyanate (CuSCN) which has shown to 

improve the thermal stability of PSCs by 35% over spiro-OMeTAD HTL PSCs.[92]  

While hot temperatures are of incredible importance when analysing solar 

cells stability, adequate preparation must be made to improve the cold temperature 

stability. In the literature, it has been shown that perovskite cells can work at 

temperatures <-100 °C and can even perform at temperatures as low as -193 °C.[93] 

However, their PCE reduced by 99%. This is good news for their inception into space 

applications as objects in orbit drop to very cold temperatures when not in sunlight 

or at extreme distances from the Sun. An example of this is Jupiter, who’s 
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atmospheric temperature is -154 °C. Therefore, space based solar cells must be able 

to be stowed safely at low temperatures and not undergo degradation during time 

spent in the dark. This is increasingly important as there is additional thermal stress 

due to the cells experiencing cyclic temperature regimes. When solar cells placed 

within satellites orbit the Earth, they experience light and dark cycles. This 

subsequently means that the cells also undergo a thermal cycle from hot to cold 

temperatures respectively. 

As high temperatures (≤150 °C) are possible in direct sunlight, any PSCs that 

are designed for use in a space environment must maintain their performance during 

operation (≤150 °C) and remain stable during the cold cycle (≥-100 °C) in the dark. 

They must be able to return to their initial PCE once they are in the sunlight again. It 

has been shown that perovskite devices effectively ‘self-heal’ when they spent 8 

hours in the dark, with the suggestion that the effect could be seen after 60 

minutes.[88]  However, for an object like the ISS, the total time for a complete orbit is 

90 minutes, with 45 minutes in the dark. The thermal cycle range for a satellite in LEO 

is further discussed in the Chapter 5 introduction, however the thermal cycling range 

was set to -100 ≤ T ≤ 85 °C as this encompasses the low- and high-end temperatures 

measured for CubeSats in LEO. 

At the time of writing no work has been undertaken looking at the recovery 

time of very low temperature devices, and if there is any relationship between the 

self-healing mechanism and temperature. Incidentally, research groups have 

acquired real-time temperature performance of perovskite devices in a LEO, and the 

temperature continuously increased from 1.9 to 69.6 °C under illumination during 

the flight test.[93] It is desirable to track the efficiency of PSCs in a more 

comprehensive and real space environment. 

1.3.5 Radiation Hardness 

In a space environment,  the presence of high energy particles such as electrons and 

protons, along with high energy photons such as X-rays and gamma-rays pose a 

threat to the stability of solar cells. While many of the high energy particles are found 

in space, high energy particles and photons are also present in the meso- and 

stratosphere in the form of secondary cosmic rays (Shown in Figure 1.17a). Secondary 
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cosmic rays are the by-product of proton scattering, and consist of x-rays, muons, 

pions, electrons, and neutrons.[94] While they are initially created in the collision 

event, the pions created, π + and π - , which are unstable quark anti-quark pairs, 

undergo weak decay into a muon and muon neutrino pair. An example of a π+ decay 

is shown in figure 1.17b below. 

 

Figure 1.17 (a) Graphic detailing how primary cosmic rays (i.e., Protons) collide with 

air molecules such as CO2 and scatter into secondary cosmic rays. These secondary 

particles then decay and scatter continuously giving various by-products.[96] (b) 

Feynman diagram of a Pion + decaying through the weak interaction into an anti-

muon and muon neutrino pair. 

However, in space the focus is more on primary cosmic rays, electrons, and 

gamma rays. Primary cosmic rays, such as protons and helium ions, originate mainly 

from intergalactic events such as supernovae light-years away and even in some 

cases, from our own sun through nucleosynthesis. This process takes place at the 

suns core. As shown in Figure 1.13,  high energy particles such as protons and 

electrons can be trapped in the Van Allen belts and interact with orbiting bodies 

within the belts. 

1.3.5.1 Protons and Electrons 

Proton and electron radiation stability of perovskite solar cells has been an 

active field of investigation since 2015 when Miyasaka et al investigated the effect of 

150 keV proton bombardment on standard planar PSCs.[95] Proton bombardment has 

been performed on PSCs with proton energies from 50 keV to 68 MeV.[95-101] In the 

literature, single junction PSCs are the main devices bombarded. However, Lang et al 

bombarded both perovskite/Si and perovskite/CIGS tandem cells with high energy 

protons up to 68 MeV.[96] It is shown that the perovskite/CIGS tandem outperforms 
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the perovskite/Si tandem by 2 orders of magnitude as the Si junction is unstable 

under proton irradiation and the bombardment improves the perovskite 

performance. On standard planar PSCs, Barbé et al have shown that under proton 

bombardment at 150 keV, the triple cation perovskite active layer remains stable at 

fluences up to 1x1013 protons/cm2 and doesn’t undergo any structural changes. 

However, at fluences of 1x1015 protons/cm2 the hole transporting layer degrades, 

resulting in reduction and eventually negligible device performance (PCE ~0.06%).[97] 

The proton energy range and associated fluences for a satellite in LEO is further 

discussed in Chapter 2 introduction and the proton energy used in this thesis was 

chosen to be 150 keV. This proton energy is comparable to that found in LEO (Figure 

1.13), and at distances closer to the sun. It also allows for the proton beam to interact 

with all layers of the standard planar PSCs (Chapter 2). 

For electron bombardment, the first electron radiation study on PSCs was 

reported in 2015 by Miyasaka et al.[95] 1 MeV electron radiation with a maximum 

fluence of 1 × 1016 electrons/cm2 was used to irradiate double cation planar PSCs. 

Under electron bombardment, the short-circuit current (Jsc), open-circuit voltage 

(Voc), and external quantum efficiency (EQE) of devices did not undergo any 

degradation because of the bombardment. For these devices a quartz substrate was 

used. This is due to soda lime glass darkening under incident radiation. When highly 

energetic photons (X-rays and gamma-rays) and particles bombard soda lime glass, 

structural defects are produced and cause a change in the electronic energy state, 

shifting the absorption bands of the glass. An example of this is shown in Figure 1.18.  

 

Figure 1.18 (a) 20 MeV Proton induced darkening effect on a soda lime glass 

substrate. (b) 20 MeV Proton induced darkening on soda lime glass encapsulation. 

These tests were done at a fluence of 1x1012 protons/cm2 
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For orbiting systems, space-qualified glass made of ultra-thin cerium-doped 

glass is usually used to prevent this effect.[102] In 2018, Miyasaka performed a follow 

up experiment was performed looking at the effect of electron bombardment on 

double cation perovskite formulations.[98] It was found that standard planar PSCs 

with a  methylammonium and Formamidinium double cation perovskite active layers 

can survive under accumulated dose levels up to 1x1016 electrons/cm2 at an energy 

of 1 MeV. Electron bombardment induced device performance damage was found to 

be negligible, and no obvious degradation was observed in EQE. Therefore, PSCs 

should be very stable under electron bombardment. 

1.3.5.2 X-Rays 

Many things in space give off X-rays, such as black holes, neutron stars, the Sun. 

Another source of X-rays in space is the interaction of electrons with air molecules. 

These interactions can be split into 2 categories. Characteristic radiation, in which an 

incident electron will interact with a shell bound electron, causing it to be excited 

into free space. The hole left is filled with a higher shell electron, and this results in 

the release of an X-ray photon. The second interaction is Bremsstrahlung, or braking 

radiation, in which electrons are diverted by the nucleus of an atom. This diversion 

causes the electrons to release energy in the form of photons.[103] Both interactions 

are shown in Figure 1.19.  

 

Figure 1.19 (a) Cartoon of the characteristic radiation interaction. An incident 

electron excites and removes an orbital electron. This shell space is then filled by a 

higher shell electron and emits an X-ray. (b) Cartoon of X-ray production via 

Bremsstrahlung. 
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Perovskite solar cells show promise for use as X-ray detectors. It was reported 

that a perovskite single crystal X-ray detector exhibited a detection efficiency of 

16.4% at near zero bias under continuous X-ray irradiation up to an energy of 50 

keV.[104] However, in this work no dose value is given. For the effect of X-ray radiation 

on PSCs, a study into the effect of X-ray exposure on perovskite films showed that 

perovskite films show evaporation under X-ray bombardment, reduced the material 

content and stoichiometry of the active layer.[105] Here the FA evaporates away under 

the X-ray, leaving behind PbI2. However, little to no work has been done on the 

effects of X-ray bombardment on the operation of PSCs under a mimic space 

environment. 

1.3.5.3 Gamma Rays 

Lead halide perovskites have shown good performance in gamma-ray detection 

applications due to direct conversion of radiation into current or voltage signal.[106] 

Under gamma ray bombardment, It has been reported that PSCs with the structure 

of glass/ITO/PTAA/perovskite/C60/BCP/Cu under gamma-ray irradiation and light 

illumination simultaneously exhibit an 18% reduction in PCE as a result of the gamma 

rays after 5 hours of 1.5 krad/hr.[107] In LEO, the gamma ray dose is ~10 rad/hr.[108] 

Interestingly, there was evidence of a self-recovery mechanism within the devices 

after 1410 hr in the radiation test. The PSCs were shown to retain 96.8% of their 

initial PCE under continuous radiation of gamma-ray, with an accumulated dose of 

2.3 Mrad or 1535 hrs (~26.5 years in LEO). The PCE stability of the PSCs surpasses 

that of c-Si solar cells.[107] The reported stability of PSCs is in part to the reported ‘self-

healing’ behaviour in which gamma-ray induced generated defects within the 

perovskite relax, improving the FF. This allows for a recovery in efficiency loss due to 

early degradation induced by gamma ray radiation. 

1.4 Objectives 

This thesis focuses on the stability of PSCs under mimic LEO conditions. A wide range 

of different stability experiments are studied, along with new fabrication techniques 

to improve the PSCs specific power. PSCs are studied using various characterisation 

techniques to identify any degradation mechanisms observed while the devices were 
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in a controlled mimic LEO environment. Techniques such as Raman spectroscopy and 

photoluminescence (PL) were employed to study any chemical or optical changes in 

the PSCs because of thermal and humidity testing. X-ray Diffraction (XRD) 

measurements allowed for the investigation into the proton hardness of the 

perovskite active layer. Transient Photovoltage (TPV) was employed to investigate 

interfacial recombination between the perovskite and the HTL. An important 

objective for these studies is to establish relationships between the different layers 

within the PSC and device stability. Ultimately, the aim of this thesis is to provide 

insight into the feasibility of perovskite solar cells for space applications. The 

materials studied and the experimental methodology of techniques used are given 

in Chapter 2. Where applicable, device performance and statistical analysis are 

presented in the main text; with individual device data given in Appendix A & B for 

Chapter 3 & 4 respectively.  

To investigate the stability of standard planar PSCs under comparable proton 

energy and fluence found in LEO, 150 keV proton bombardment stability of planar 

NIP PSCs as a function of proton fluence was extensively studied in Chapter 3. 150 

keV proton bombardment was shown to cause device degradation at proton fluences 

>1x1013 protons/cm2. This degradation was shown to be a result of the spiro-

OMeTAD HTL degrading under the irradiation, resulting in interfacial recombination 

at the perovskite/spiro-OMeTAD interface. This degradation resulting in a limiting of 

charge extraction, and therefore device performance. These results demonstrate 

that the proton stability of PSCs is dependent on the proton stability of the organic 

transporting layers. 

In Chapter 4, the 150 keV proton stability of NIP m-CPSCs as a function of 

proton fluence was found to be dependent upon the thickness of the carbon 

electrode, correlating with the observed increase in proton bombardment stability. 

Based on these findings, it is proposed that a carbon electrode could be a suitable 

material for space-based electronics. The proton stopping power for different 

electrode materials was also investigated, with the proton mass stopping power of 

the carbon electrode  being greater than that of Au, Ag, Cu, and Al. Here, it is 

proposed that m-CPSCs are an attractive architecture for stable space-based PSCs. 
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The thermal stability of planar NIP PSCs was studied in Chapter 5 to 

investigate how the device architecture and layers affects film and device stability 

during thermal cycling. The use of spiro-OMeTAD as the HTL was shown to affect 

device performance during 3 hours of thermal cycling between -100 and 85 °C. Low 

temperature stepping measurements showed that the device performance recovers 

after returning to room temperature, however high temperature measurements 

showed no recovery. By replacing the spiro-OMeTAD with P3HT, the high 

temperature thermal stability was greatly improved.  

The J-V, thermal, and humidity stability of planar NIP PSCs utilising a thin film 

spray encapsulation is investigated in Chapter 6. Firstly, the effect of the 

encapsulation application was compared to glass and was found to offer superior PCE 

retention after encapsulation compared to glass encapsulated PSCs. Then a range of 

stability measurements were utilised to investigate the thermal, flexion and humidity 

stability of encapsulated PSCs. A correlation between the encapsulation thickness 

and humidity stability was found. This correlation can be explained by a reduction in 

the Water Vapour Transfer Rate (WVTR) due to the increased thickness.  

Finally, all significant results from Chapters 3-6 are summarised in Chapter 7 

and potential future work is discussed, such as studying the role of the ETL in the 

proton bombardment stability of PSCs.  
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Chapter 2 

Experimental Methodology and Simulations 
 

2.1 Materials 

The perovskite precursor materials used in this thesis were purchased from Tokyo 

Chemical Company (TCI), Sigma Aldrich and Dyesol. The precursor characteristics are 

outlined in Table 2.1. 

Table 2.1 Perovskite precursor purities and molecular weights 

Material Purity 

(%) 

Molecular Weight 

(g/mol) 

Lead Iodide (PbI2) >98.0 461.01 

Lead Bromide (PbBr2) >98.0 367.01 

Methylammonium Bromide 

(MABr) 

>99.99 111.97 

Formamidinium Iodide (FAI) >99.99 171.97 

Cesium Iodide (CsI) 99.999 259.81 

The hole transporting layer materials were purchased from Sigma Aldrich and Ossila. 

They are shown in table 2.2. The molecular structure and full chemical name are 

shown in Figure 2.1. 

Table 2.2 HTL precursor purities and molecular weights 

Material Purity (%) Molecular Weight 

(g/mol) 

Spiro-OMeTAD 99.0 1225.43 

FK209 98.0 1503.17 

4-TbP >98.0 135.21 

LI-TFSI 99.99 287.08 

P3HT 97.6 60150 
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Figure 2.1 Molecular structure and full chemical name of the HTL materials. Images 

taken from the Sigma Aldrich Website.[1][2] 

The solvents chlorobenzene (CB), Dimethylformamide (DMF) and dimethyl sulfoxide 

(DMSO) were purchased from Sigma Aldrich. SnO2 nanoparticles in colloidal 

suspension were purchased from Alfa Aesar. 

2.2 Device Fabrication 

2.2.1 Standard Device Design 

The completed perovskite device is shown in Figure 2.2, where the glass substrate is 

25 x 25 mm2. The cells have  1 pixel with an active area of 1 cm2, and 5 cells with an 

active area of 0.15 cm2. Most devices studied were fabricated following the standard 

planar architecture: ITO glass (~100 nm)/tin oxide (SnO2) (~25 nm)/triple cation 

perovskite (~400 nm)/spiro-OMeTAD (~75 nm)/gold (Au) (~100 nm). The ITO glass 

used was pre-patterned with two ITO stripes with a sheet resistance of 15 Ω/□. 

 2, 2, 2 , 2 , 7, 7, 7 , 7  octakis(4 methoxyphenyl) 
9,9  spirobi 9H  uorene  2,2 ,7,7  tetramine

            

Poly(3 hexylthiophene 2,5 diyl)
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Figure 2.2 The commonly used PSC throughout this thesis after fabrication with the 

pixel layout labelled.  

Firstly, the ITO glass substrates were scrubbed with Hellmanex detergent and 

a toothbrush. They were then sonicated in Hellmanex for 5 minutes, de-ionized (DI) 

water three times for 5 minutes, twice in acetone for 5 minutes and once in IPA for 

5 minutes. The devices were then dried using a N2 gun and placed into an O2 plasma 

cleaner for 5 minutes under O2 plasma at ~0.4 mbar. The SnO2 nanoparticle (NP) 

solution was prepared by mixing the SnO2 NPs in colloidal suspension and DI water 

in a 6.5:1 (V:V) ratio. This solution was sonicated for 30 minutes, and then mechanical 

vibrated to decrease the likelihood of NP agglomeration. The SnO2 NP precursor layer 

was spin coated onto the ITO substrate in air at 3000 rpm, with 3000 rpm/s 

acceleration for 30s. Two stripes of the SnO2 NP precursor were then wiped off with 

DI water using a cotton bud to expose the ITO contacts, and then the film was 

annealed at 150 °C on a hotplate for 30 minutes to form SnO2 (25 nm). The perovskite 

solution was fabricated by mixing 507mg PbI2, 22 mg MABr, 73 mg PbBr2 and 172 mg 

FAI. These were dissolved in a mixture of DMF:DMSO in an 8:2 (V:V) ratio for 1 hour, 

before adding 52 µl of 320 mg/ml of CsI in DMSO. The final stoichiometric 

formulation of the triple cation is Cs0.05(FA0.83MA0.17)Pb(I0.83Br0.17)3. The solution was 

then spin coated in a dry nitrogen filled glovebox using 2 spin speeds (1000 rpm for 

10s & 6000 rpm for 20s) via the anti-solvent method with chlorobenzene (CB) to give 

a layer thickness of 450 nm. The spiro-OMeTAD solution was prepared by mixing 90 
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mg spiro-OMeTAD, 10 µl FK209 (300 mg/ml in acetonitrile), 19 µl Li-TFSI (520 mg/ml 

in CB) and 34 µl 4-tBP. This was dissolved in 1 ml of CB. The Spiro-OMeTAD solution 

spin coated onto the devices at 4000 rpm, with a ramp speed of 2000 rpm/s for 20s 

to give a layer thickness of 100 nm. Finally, 100 nm of Au were thermally evaporated 

to complete the devices. Devices were encapsulated with Kapton tape, UV cured 

epoxy and glass unless otherwise stated. There were 8 devices made per batch, each 

with 4 pixels measured per sample (0.15 cm2), giving a total of 32 J-V measurements 

per batch.  

2.2.2 Aluminium-doped Zinc Oxide TCO 

In chapter 3, quartz is used to offset the transparency reduction that soda lime glass 

encounters under high energy proton bombardment. These quartz samples are un-

patterned, so aluminium-doped zinc oxide was used for the transparent conducting 

oxide (TCO). Additionally, AZO was chosen due to its low cost, non-toxicity, and non-

reliance on rare earth elements.[3] The quartz substrates (UV grade fused silica glass) 

were purchased from Kintec. The quartz was cleaned via the same method as 

described in Section 2.2.1. The AZO was then radio-frequency (RF) sputtered by Dr. 

Zhengfei Wei (Swansea University) using a Moorfield Nanolab 60 sputtering system 

with power density of 2.46 W/cm2. The sheet resistance of deposited AZO is 23-25 

Ω/□ and the layer thickness was measured to be ~700 nm. The devices were then 

fabricated following the same procedures as Section 2.2.1. 

2.2.3 Mesoporous Carbon Perovskite Solar Cells 

In Chapter 4, mesoporous carbon perovskite solar cells (m-CPSCs) were used to 

investigate the radiation hardness of HTL free PSCs. The M-CPSCs were fabricated by 

Dr. Simone Meroni and Dr. Dimitrios Raptis (Swansea University). The Fluorine-doped 

Tin Oxide (FTO) substrate was initially patterned with a Nb:YVO4 laser (532 nm), then 

cleaned with a solution of Hellmanex (2%, deionized water), rinsed with acetone, IPA, 

and finally plasma cleaned in an O2 atmosphere for 5 min. A compact TiO2 blocking 

layer was sprayed with a solution of 10% Titanium di-isopropoxide bis 

(acetylacetonate) (TAA, 75% in IPA, Sigma-Aldrich) on the FTO substrate, which was 

kept at 300 °C on a hot plate. After the deposition of C-TiO2 (~50 nm), the 
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mesoporous TiO2 paste was diluted 1:1 by weight in terpineol (95%, Sigma-Aldrich), 

screen-printed and sintered at 550 °C (~600 nm). Next, the mesoporous ZrO2 

(Solaronix) and carbon paste (Gwent electronic materials) were sequentially screen-

printed and each annealed at 400 °C (~1.65 µm and ~12 µm respectively). MAPI-AVA 

perovskite precursor solution (0.439 g PbI2 (99%, Sigma-Aldrich), 0.1514 g MAI 

(CH3NH3I, anhydrous, Dyesol) and 0.0067 g 5-ammonium valeric acid iodide (5-AVAI, 

Dyesol) in 1 ml γ-Butyrolactone (Sigma Aldrich)) was then drop cast (15 μl) onto the 

cooled stack. Devices were left in air for 10 min to allow the solution to percolate 

through the stack, before annealing in an oven for 1 hr at 50 °C. The finished cells 

were then exposed to a standard 70% relative humidity process at 40 °C for 24 hrs to 

induce a recrystallisation and then dried under vacuum before measuring. Each         

m-CPSC has an active area of 1 cm2 and were made in batches of ~10 devices. A 

cartoon of the m-CPSC architecture is shown in Figure 2.3, along with each layer and 

its effective thickness labelled. 

 

Figure 2.3 Device architecture of the mesoporous-carbon based perovskite solar cells 

(m-CPSC). 
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2.3 Optical Characterisation 

2.3.1 UV-VIS NIR Absorbance Spectroscopy 

UV-VIS-NIR Absorption Spectroscopy is an optical characterisation technique that 

measures the absorption of light by films or solutions in the UV, visible and near infra-

red ranges (200 - 1000 nm). This technique allows for the characterisation of any 

electronic or morphological properties from the absorbance and transmission 

spectra. A reduction in the transmittance of glass after energy bombardment 

indicates a change in the lattice structure and modification to the absorbance 

bands.[4] There are 3 processes that can occur when light interacts with a sample. 

They are reflectance, absorbance, and transmittance. These 3 processes can be split 

further, as not all light is reflected or transmitted at the same angle. These processes 

are shown in Figure 2.4. When incident light is reflected, it can be reflected at 

different angles. When the angle is 0°, the light is mirror reflected and this is known 

as Surface Reflectance (RS). If the light is reflected across many different angles, this 

is called Diffuse Reflectance (RD). In the case of transmittance, when the transmitted 

light is travelling in the same direction as the incident light and is parallel, this is 

known as Collimated Transmittance (TC). However, light that is scattered within the 

sample, may transmit at different angles. When the light is transmitted across many 

different angles, this is known as Diffuse Transmittance (TD). 

 

Figure 2.4 Cartoon schematic to show how an incident beam of light is absorbed (A), 

reflected (R), or transmitted (T) through a sample. 
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The relationship between these interactions are shown in Equation 2.1 

 
𝐼0 = 𝐴 + 𝑅 + 𝑇 = 𝐴 + 𝑅𝑆 + 𝑅𝐷 + 𝑇𝐶 + 𝑇𝐷 

 
(2.1) 

Experimental measurements are described in terms of transmittance, which is the 

ratio of the light intensity between the incident light from the source (𝐼0) and the 

transmitted light incident after it has passed through the sample (𝐼). The UV-Vis 

spectrometer has a 100% transmittance calibration that calibrates the initial light 

intensity at each wavelength. Therefore, the difference between the initial calibrated 

and measured intensity is the transmittance: 

 

𝑇𝑟𝑎𝑛𝑠𝑚𝑖𝑡𝑡𝑎𝑛𝑐𝑒 (𝑇) =  
𝐼

𝐼0
 

 
(2.2) 

The relationship between the transmittance and the absorbance is given by: 

 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 (𝐴) =  − log10 𝑇 

 

(2.3) 

In this thesis, the UV–VIS transmittance experiments were undertaken to compare 

the changes in transmittance for quartz/AZO after proton bombardment using a 

UV/Vis/NIR spectrometer (Lambda 750; PerkinElmer) with an integrating sphere in 

the range of 180–1000 nm with 1 nm steps. The same measurements were 

performed for PMMA/PET samples to look at the PMMA transparency. For diffuse 

reflectance measurements, samples with structure quartz/perovskite/gold were 

placed within the integrating sphere with the quartz substrate facing the light beam. 

This structure was used to investigate the optical reflectance as the samples are 

opaque due to the Au. Therefore, it can be assumed that there is no transmittance 

through the sample and following Equation 2.1, any changes in the perovskite 

absorbance would appear in the reflectance spectra. 

2.3.2 Photoluminescence Spectroscopy 

When light interacts with an electron in a low energy state, the electron can be 

excited to a higher energy state via absorption. Luminescence is the emission of a 

photon as an electron undergoes a transition from this excited electronic state to a 
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lower unoccupied electronic state via spontaneous emission. When the excitation of 

an electron is caused by the absorption of optical electromagnetic waves, the 

luminescence is called photoluminescence (PL). PL spectroscopy involves using a 

beam of light to excite electrons in molecules, causing them to emit light via 

fluorescence, phosphorescence, or a combination of both. 

The working principle of PL spectroscopy is illustrated in Figure 2.5. Incident 

light passes through a monochromator to select a particular excitation wavelength. 

The sample absorbs the excitation light, and the resultant PL from the sample passes 

through another monochromator into a photodetector. The PL spectrum (PL vs 

wavelength) is obtained by measuring the emission passing through the grating of 

the final monochromator.[5]  

  

Figure 2.5 Cartoon schematic of a photoluminescence (PL) concept.  

PL spectroscopy has a variety of different uses when probing PSCs and the 

perovskite active layer. PL spectroscopy can be used to probe the charge generation 

and charge extraction of perovskite devices, with the PL reducing if there is improved 

charge extraction and increasing if there is an increase in recombination.[6][7] 

PL measurements were performed with a Renishaw inVia Raman system 

(Renishaw plc., Wotton-Under-Edge, UK) in backscattering configuration. Unless 

otherwise stated, a 532-nm laser and 50x objective were used (NA 0.50, spot size ~1 

μm). For the PL measurements in this thesis, a laser power of 300 nW and an 
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acquisition time of 1s were used. For the creation of the PL maps seen in Chapters 3-

6, the PL was measured at multiple points over an area of ~1600 µm2, and these 

points were then averaged to give the final PL spectrum. 

2.4 Chemical/Structural Characterisation 

2.4.1 Raman Spectroscopy 

Raman spectroscopy is a spectroscopic technique that uses the interaction of light 

with matter to probe a material's molecular structure. Raman spectroscopy yields 

information about molecular vibrations and provides multiple characteristics of the 

specific vibrations. When photon interact with a molecule and a scattered with the 

same energy, this is described as elastic scattering, also known as Rayleigh scattering. 

A small number of these photons, approximately 1 photon in 10 million will scatter 

at a different frequency than the incident photon.[8] This process is called inelastic 

scattering, or the Raman effect. 

Raman scattering is described by quantum mechanics. When photons 

interact with a molecule, the molecule may be excited to a virtual energy state at a 

higher energy. At this higher energy virtual state, there are 3 different outcomes. The 

first outcome is not Raman scattering but Rayleigh scattering. This occurs when there 

is no energy change between the incident and emitted photon as the light is 

elastically scattered. The second and third outcome occur when the molecule relaxes 

to a vibrational energy level that is different than the initial energy state, emitting a 

photon of different energy. The Raman shift is calculated by taking the difference 

between the energy of the initial incident photon and the energy of the resultant 

scattered photon. The shift is normally given in wavenumber (cm-1) which is defined 

as the number of waves per unit distance. To calculate the wavenumber, take the 

photon energy (E) which is directly proportional to the frequency (𝐸 = ℎ𝜈), and the 

frequency (𝜈) which is inversely proportional to the wavelength (𝜈 =  𝑐𝜆−1). As 

frequency is the number of waves per second, the wavenumber is 𝜈 = 𝜈/𝑐, and 

therefore 𝜈 =  𝜆−1. When the energy of the scattered photon is less than the initial 

incident photon, the scattering is called Stokes scattering. Additionally, anti-stokes 

scattering is when the molecule relaxes to a final energy state at a lower energy than 
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the initial energy state. This occurs when the molecule is already in a vibrationally 

excited state prior to the incident photon and is therefore excited to a virtual state 

at a higher or equal energy level. An example of Rayleigh and Raman scattering can 

be seen in Figure 2.6. 

  

Figure 2.6 Cartoon of how incident light can result the Rayleigh scatting (E1=E2) and 

how it can result in molecular excitation to a higher energy state (ΔE) and produces 

a sharp peak at 520 cm-1 when measuring crystalline silicon due to the stokes 

scattering. 

Raman spectroscopy has many uses when probing PSCs, especially looking at 

how the molecular/chemical structure changes under external stimuli such as 

humidity.[9] Additionally, for polymers transparent to the excitation wavelength, the 

intensity of the Raman spectra can be used to estimate the thickness of the layer.[10] 

Raman and PL measurements were performed with a Renishaw inVia Raman system 

(Renishaw plc., Wotton-Under-Edge, UK) in backscattering configuration. A 532-nm 

laser and 50x objective were used (NA 0.50, spot size ~1 μm). For Raman 

measurements, a laser power of 150 μW and acquisition time of 10 s were used to 

measure a map of points over an area of ~1600µm2, which were also averaged to 

give an accurate representation of the measured spectra. 

 

2.4.3 X-Ray Diffraction 

X-Ray Diffraction (XRD) is a technique that allows for the crystallographic structure 

of a material to be probed. By irradiating a material with X-rays, you can measure the 

intensity of the scattered X-rays as a function of scattering angle.  
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XRD is very useful for yielding information on how the measured structure 

deviates from the ideal one, owing to internal stresses and defects.[11] This is very 

useful when looking at any changes in the crystalline structure of perovskite because 

of high energy radiation.[6] The atoms scatter incident X-rays through interaction with 

the atoms’ electrons, which produces a scattering pattern (spherical waves) in all 

directions. In most directions, destructive interference dominates as the waves 

cancel each other out. However, in a few specific directions they add constructively 

as determined by Bragg’s law: 

 

2𝑑 sin 𝜃 = 𝑛𝜆 
 

(2.4) 

Where d is the spacing between diffracting planes, θ is the incident angle of X-ray, n 

is an integer, and λ is the X-ray beam wavelength. The distance between planes of 

atoms, also known as the lattice spacing (d), gives rise to the diffraction peaks. Each 

peak corresponds to a d-spacing. Therefore, if there is a change in the lattice spacing 

there will be change scattering angle and the peak intensity. 

XRD measurements were performed using a Bruker D8 Discover instrument 

with a Cu-Kα beam (wavelength 0.15418 nm) at 40 kV and 40 mA, scan parameters 

of 1.3 s per step at 0.02° of 2θ step size. All measurements were performed on 

samples with structure quartz/perovskite/gold, so that the perovskite crystalline 

structure was measured through the gold layer. The XRD measurements in Chapter 

3 were performed by Dr. Jérémy Barbé at Swansea University. 

2.5 Thickness Measurements 

The thickness measurements were taken using the Alpha Step D-500 stylus 

profilometer (KLA Tencor). For the measurements in Chapter 6, the stylus force was 

set to 5 mg, and the height range was set at 10 µm and 100 µm depending on the 

measurement. For each sample, 3 measurements were taken at different locations 

and the software included with the profilometer automatically calculates the average 

and standard deviation of the measured thicknesses. 

2.6 Electrical Characterisation 

2.6.1 Current Density-voltage Device Characterisation 
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The current density (J) vs voltage (V) curves (J-V) were obtained using a Newport 

92193A-1000 solar simulator, providing AM1.5G illumination. The intensity of the 

solar radiation at AM1.5G was calibrated and measured using a silicon photodiode 

with a KG5 window. The KG5 window reduces the <300nm UV and >900nm IR 

intensity to better match the spectral response of the PSCs (~300-800 nm). For AM0 

calibration, an AM0 filter from Newport was coupled with a certified 1 cm2 GaAs cell 

to match the solar intensity to the measured GaAs AM0 Jsc. A Keithley 2400 331 

source meter was used to apply an external bias and a computer using a LabView 

programme recorded the current density as a function of applied voltage. This 

programme automatically calculates the Voc, Jsc, FF and PCE for the measured pixel. 

2.6.2 External Quantum Efficiency 

External quantum efficiency (EQE) is defined as the percentage of charge carriers 

extracted with respect to the number of incident photons that illuminate the sample. 

This is calculated as a function of photon wavelength. The AM1.5G Jsc can be 

calculated from the EQE spectra via Equation 2.5 

 

𝐽𝑠𝑐 = ∫𝑞𝑆(𝜆)𝐹(𝜆)𝑑𝜆 
 
(2.5) 

Where q is the electronic charge, S is the EQE response, and F is the AM1.5G spectra. 

Both S and F are functions of wavelength, and therefore must be integrated over all 

measured wavelengths. Equation 2.5 can also be used to calculate the AM0 Jsc by 

changing F to the AM0 spectrum. The EQE measurements in this thesis used a QEX10 

Quantum Efficiency Measurement System calibrated with a NIST-certified Si cell from 

PV Measurements. A xenon-quartz tungsten halogen light source, which contains a 

broad range of wavelengths, is passed through a monochromator to get a range of 

monochromated light at different wavelengths. This light beam illuminates the solar 

cell and the photocurrent generated is recorded as a function of wavelength. The 

measurements can be taken under DC mode, or under an AC mode for more sensitive 

measurements by using a light chopper with a variable frequency. EQE is a very useful 

measurement that can assess device performance, including losses from reduced 

charge generation and charge extraction.[12] It can also be used alongside reflectance 

spectroscopy to calculate the Internal Quantum Efficiency (IQE).[13] 
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2.6.3 Thermal Stability Measurements 

The thermal stability measurements seen in Chapter 5 & 6 The thermal measurement 

set-up consists of 5 principal components, the Pfeiffer vacuum pump, the Linkam 

controller, the Linkam liquid nitrogen pump, a Liquid Nitrogen (LN2) Dewar and the 

Linkam vacuum chamber. The components are connected as shown in Figure 2.7 

The Pfeiffer vacuum pump is a rough oil pump that can reach vacuum levels 

of ~9x10-2 mbar. The vacuum level in space is ~1x10-15 bar however this is not a 

reachable pressure outside of high vacuum cold atom labs where they reach 

pressures of ~1x10-14 bar.[14] Therefore the measurements taken under mimic LEO 

conditions are at a pressure of ~9x10-2 mbar. The Linkam controller connects to a 

computer to run the Linkam control software. This software allows the user to 

control the vacuum level, the temperature of the stage, the pumping rate for LN2 and 

set-up thermal ramps. To monitor the conditions, the controller is connected to the 

Linkam pump, a Pfeiffer vacuum gauge, and a thermocouple.  

 

Figure 2.7 Cartoon set-up of the thermal stability measurement arrangement. The 

LN2 Dewar and vacuum pump connect directly to the chamber, along with the Linkam 

LN2 pump box. 

The Linkam pump connects to the Linkam vacuum chamber in tandem with 

the 3L LN2 Dewar to pull through the LN2 to cool the sample stage. The pump also has 
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a small rubber pipe connection that attaches to the top of the vacuum chamber and 

blows N2 gas to remove any condensation build-up on the glass window due to the 

low temperatures. The sample stage also contains a heater that allows for heating. 

The set-up allows for a maximum temperature change of 30°C/min. 

The Linkam vacuum chamber contains the main electrical connections that 

allow for device measurements while the devices are under mimic conditions. The 

outside view of the chamber can be seen in Figure 2.8. Externally, the chamber has 2 

large connector ports that attach to the vacuum pump tubing and the Pfeiffer 

vacuum gauge. This allows for the chamber to be pumped down to ~9x10-2 mbar and 

for the vacuum level to be measured. The stage has 2 small connector ports for the 

Linkam pump and the LN2 Dewar. The Linkam pump uses a female connection to 

connect to the stage while the Dewar uses a male. The stage is verified to be able to 

be controlled to temperatures 350°C > T >-196 °C. On the opposite side of the vacuum 

chamber is 4 BNC male connections. These ports are connected to a series of pins 

that can be manoeuvred to connect to the electrodes of the PSCs and allow for device 

measurements. The vacuum stage also has a lid with a counter-clockwise (CCW) 

thread that screws into place. This lid has a  1 cm diameter circular window (0.79 

cm2) which allows for the light from the solar sim to enter the chamber. There are 

also several grooves in the lid for a hose to be attached. This hose blows air to stop 

condensation forming on the glass window when at cold temperatures. 
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Figure 2.8 Cartoon of the Linkam vacuum stage. The main components are labelled, 

and the Pfeiffer vacuum gauge has been included as it is a major component. 

All thermal cycling measurements shown in Chapter 5 and 6 were repeated several 

times to confirm the measured trends and improve the reliability. 

2.6.4 Humidity Stability Measurements 

The humidity measurements in Chapter 6 were performed using a Linkam RH95 

Humidity Controller to control the Relative Humidity (%RH) of a stage. The %RH can 

be set between 5-95% and has a fixed ramp rate of ~7 % RH/min. The controller can 

also dry the stage using a recycling desiccant system to reduce the %RH. As shown in 

Figure 2.9, the humidity set-up consists of three pieces. The humidity stage, the 

humidity controller, and the water bottle. The humidity stage is very similar to the 

vacuum stage; however, the vacuum connection ports are no longer there, and there 

is an additional connection port next to the LN2 connection ports for the liquid bottle 

to connect to. The liquid bottle is a thick beaker with a maximum fill limit of 150 ml. 

The lid of this bottle is attached to a metal heating coil that evaporates the water 

inside the bottle to create the humidity level inside the stage. This is achieved by a 

transfer tube that is attached to the lid and connects to the humidity stage via a CCW 

screw port next to the LN2 ports. Once the lid and bottle are assembled, they are 

connected to the main controller via a CCW screw fitting which is tightened to secure 

the bottle. 

The main humidity controller controls the humidity level within the chamber 

via a touchscreen on the front of the main body. This means the humidity controller 

does not need to connect to a computer to run. On the touchscreen, the current 

temperature and humidity level of the stage is displayed, along with the humidity 

level the stage has been set to. The humidity level is measured via humidity sensor 

inside the stage which is connected to the back of the controller unit. 
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Figure 2.9 Cartoon diagram of the humidity controller used for the humidity 

measurements. The touchscreen displays all the relevant information about the 

stage. 

2.6.5 Transient Lifetime Measurements 

Transient lifetime measurements probe the decay of light generated charge carriers 

over time after the samples are briefly illuminated by a light source. The illumination 

is a short pulse, normally in the order of ns, and the decay of the carrier density with 

time is measured. When looking at solar cells, the photogenerated charges are 

extracted at the electrodes, resulting in a current. This current is detected by an 

oscilloscope in form of voltage across a resistor. A cartoon of this process is shown in 

Figure 2.10. Transient Photocurrent (TPC) is a transient lifetime measurement of 

charge carriers, where the solar cell is held at short circuit conditions (where the 

voltage is 0 V). The short light pulse causes a build-up of carriers at the electrode, 

who then decay after the pulse. In comparison, Transient Photovoltage (TPV)  

measurements are a transient lifetime measurement of charge carriers where the 

solar cell is kept at open circuit. For TPV measurements the solar cells are kept under 

steady-state illumination to give the steady-state voltage. The light source is then 

pulsed to generate an induced voltage, and the decay of this induced voltage back to 

the steady-state is measured.[15] The longer the minority carrier lifetime the more 
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slowly the carrier’s decay. Both TPV and TPC can yield information about extractable 

charges, charge recombination and charge carrier density.[6][15] TPV measurements 

can be seen in Chapter 3, where they are used to probe degradation in PSCs after 150 

keV proton bombardment. 

  

Figure 2.10 Cartoon plot of the photocurrent/photovoltage response when an 

excitation light source is switched on (Light On), and the exponential decay in 

measured photocurrent/photovoltage when the light source is switched off (Light 

Off). 

The TPV and TPC measurements were performed by Dr. Adam Pockett and 

Dr. Suzzanne Thomas at Swansea University. TPV measurements were performed 

using a commercially available transient measurement system (Automatic Research 

GmbH). This system uses a 635-nm red laser diode driven by a waveform generator 

(Keysight 33500B) to give a 500-ns pulse length. The steady-state illumination was 

provided by a white LED with its intensity calibrated to generate the same device 

photocurrent as measured using the solar simulator—this intensity is referred to as 

“1 sun equivalent.” An intensity range was then calibrated using a silicon photodiode, 

so the induced voltage is easily resolved. In Chapter 3 and 5, transient responses were 

captured by a digital storage oscilloscope (Keysight DSOX2024A). The device under 

test was held at open circuit by a custom-built voltage follower (1.5 TΩ input 

impedance). TPC measurements were performed using the same set-up as the TPV, 

however the white LED was removed to keep the PSCs at short circuit conditions. A  
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current amplifier (Femto DHPCA-100) was used to amplify the photocurrent signal to 

reduce signal noise. 

2.7 Proton Energy Bombardment and Simulation 

2.7.1 Proton Energy and Fluence 

In a space environment, the proton energy range can vary greatly depending on the 

location. The same can be said of the fluence and proton flux. Proton fluence is 

described as the total number of incident protons per unit area and proton flux is the 

total number of protons per unit area per unit time. Also described as the time 

derivative of the proton fluence, proton flux (Φ̇) takes the form:  

Φ̇ =
𝑑Φ

𝑑𝑡
 

(2.9) 

where Φ is the proton fluence and is defined as 

Φ =
𝑑𝑁

𝑑𝐴
  

(2.10) 

where N is the number of protons and A is the area. 

Data from NASAs Electron, Proton, and Alpha-particle Monitor (EPAM) is 

shown in Figure 2.11. The EPAM experiment is orbiting Lagrange Point 1 (L1), which 

is 0.5 Astronomical Units (A.U) from the Earth. 1 A.U is the distance between the 

Earth and the Sun. It is shown that at L1, that protons with energies 115-185 keV 

have a flux of 1x1010 protons/cm2s. This equates to a fluence of 1x1015 protons/cm2 

after 1 day (84600 s) in orbit at L1. While for a LEO, the same proton fluence is 

equivalent to ~10,000 years depending on the orbiting angle to the equator.  
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Figure 2.11 Plot of EPAM data over 24 hours for the flux of protons with energy from 

47 - 1900 keV. This data highlights the decrease in flux as proton energy increases.[16] 

Due to the difference in fluence between L1 and LEO, the radiation 

environment can be very different depending on the orbit and thus the application. 

Therefore, it is a logical choice to choose an energy that has a fluence significant to 

the application, such as a LEO satellite, but also of high enough energy to penetrate 

the perovskite solar cells to properly assess their radiation hardness. Radiation 

hardness testing for Si and GaAs solar cells have also been performed at 150 keV, 

allowing for a comparison between the PSCs and currently used PV technology.[17][18] 

For this reason, 150 keV protons were chosen for the experiments in Chapters 3 & 4. 

2.7.2 Ion Implantation 

Ion implantation is a low-temperature process by which ions of an element are 

accelerated into a solid target. The collision between the accelerated ion and the 

solid target can change the physical, chemical, or electrical properties of the target. 

An Ion implantation experimental set-up typically consists of an ion source, where 

the desired ions are produced, an accelerator, where the ions are electrostatically 

accelerated to a high energy, and a target chamber, where the ions are incident on 

the target. An example of an ion implanter can be seen in Figure 2.12 Therefore, ion 

implantation can be considered a particular case of particle radiation. Each incident 
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ion is typically a single atom or molecule, and thus the actual amount of material 

implanted in the target is the integral over time of the ion current (rate of flow of 

ions). The currents supplied by implants are typically small (µA), and thus longer 

implantation times are needed to achieve a higher ion fluence.[19] 

 

Figure 2.12 Cartoon of an ion implantation set-up. Ions pass through the extraction 

slit, into the magnetic mass separator and slit, before being accelerated by the 

acceleration column into the beam focus and then into the target. 

 As ion implantation uses a beam of excited ions to bombard a target, the 

attenuation of this ion beam by the sample is related to the flux and interaction cross 

section. If a beam of particles enters a material of total thickness z, the exponential 

attenuation of the ion beam is given by  

where σ is the total cross section, n is the number density of scattering events, and 

Φ̇0 is the initial flux. Therefore, the further into a sample the beam travels the larger 

the attenuation will be, before the ions come to a stop within the material. For the 

bombardment experiments shown in Chapters 3 & 4, the ion implantation was 

performed at the Surrey Ion Beam Centre in UK, by Dr. Keith Heasman. The reference 

(not irradiated) samples were sent together with the irradiated samples to the Surrey 

Ion Beam Centre. All the samples were packed in N2 atmosphere in the dark during 

traveling. The reference samples were exposed to air when the other samples were 

 

Φ̇ =  Φ̇0𝑒
−𝑛𝜎𝑧 

 
(2.11) 
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also exposed to air just before proton irradiation and during the travel back to 

Swansea. For the bombardment sample loading, the perovskite cells were mounted 

directly onto 4-in support plates that were inserted into a carousel wheel in the 

sample chamber. Silver paste was applied to allow charges to be conducted to the 

back of the samples and in the holder plate to avoid charge accumulation. Samples 

were loaded in a 7°/0° tilt/twist orientation to the incident beam and implanted 

under vacuum (2.3 ± 0.2 x 10-6 mbar). For the bombardment in Chapter 3, the 

samples were placed to receive direct impact of the protons, with the back contact 

(gold electrode) facing the proton source. Indeed, the quartz substrate was thick 

enough to shield the cells from proton irradiation, so that it would be impossible to 

measure the effect of proton irradiation on the perovskite layer if the quartz was 

facing the proton source. For the bombardment in Chapter 4, the sample were placed 

so the carbon electrode was facing the proton source and would receive the full 

impact on the protons. A Danfysik 1090 low-energy high-current implanter was used 

to implant 150 keV protons into the samples (from the gold side). The fluence rate 

was controlled to 3 x 1010 cm-2s for fluence 1012 protons/cm2 and 3 x 1011 cm-2s for 

fluences 1013 to 1015 protons/cm2. 

2.7.3 Stopping Range in Matter Simulation 

Stopping Range in Matter (SRIM) is a collection of programs that allow for the 

calculation of incident particle attenuation in a material (stopping power) with a 

range of ions (up to 2 GeV/amu) into targets made of matter using a quantum 

mechanical treatment of ion-atom interactions.[20] This calculation uses a Monte 

Carlo statistical algorithm to calculate collisions within the target, and then averaging 

the collision results. During the ion-atom collisions, the ion and atom have a screened 

Coulomb collision, including exchange and correlation interactions between the 

overlapping electron shells. The ion has long range interactions creating electron 

excitations and plasmons within the target. These are described by including a 

description of the target's collective electronic structure and interatomic bond 

structure when the calculation is setup. 
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Figure 2.13 (a) Main function menu of SRIM, with the options for TRIM and the 

compound table. (b) Main screen of TRIM with the target layer construction dialog 

box (left) and the elemental composition of the layers (right). 

For the proton bombardment simulation shown in Chapters 3-6, the SRIM 

package Transport of Ions in Matter (TRIM) was used. TRIM allows for the creation 

of targets comprised of up to 8 different layers. TRIM also allows for these layers to 

consist of compounds. Within the TRIM menu screen, the ion which is being used to 

bombard the target can be selected and the energy of the incident ions can also be 

chosen. For all simulation work done within this thesis, the ion used to bombard was 

hydrogen (H+ which is a proton) and the bulk of the simulation work, the ion energy 

was set 150 keV. A variety of different data can be obtained from TRIM simulation 

such as the penetration depth, the ionisation of electrons, and generated ionic 

vacancies. These results can be plotted within the programme itself or exported for 

analysis.   

2.7.3 Bethe-Bloch Python Simulation code 

Python code written by me was used to solve the Bethe-Bloch equation as seen in 

Chapter 4. Here I used the python libraries Math, Matplotlib, Numpy, os, time, Scipy 

and MySQL to develop a self-plotting program that also outputted the results as a txt 

file to plot the data in the OriginPro® plotting software. The full code for calculating 

the density independent (mass) stopping power is given below. For the stopping 

power, the term (1/(rho * 0.001)) is removed from the calculation of De_Dx. 

      



92 | P a g e  
 

import math as ma 

import numpy as np 

import mysql.connector 

import matplotlib.patches as mpatches 

import matplotlib.pyplot as plt 

import os 

import time 

import scipy.constants as sci 

 

def frange(start, end=None, inc=None): 

    "A range function, that does accept float increments..." 

 

    if end == None: 

        end = start + 0.0 

        start = 0.0 

 

    if inc == None: 

        inc = 1.0 

 

    L = [] 

    while 1: 

        next = start + len(L) * inc 

        if inc > 0 and next >= end: 

            break 

        elif inc < 0 and next <= end: 

            break 

        L.append(next) 

         

    return L 

 

M_P = 938.3 #MeV 

M_e = 9.11E-31 #kg 

m_e = M_e 

N_A = 6.022E26 #molescules/mol 

e_0 = 8.854E-12 #Cm/J 

c = 3.0E8 #m/s 

m_P = 1.67E-27 #kg 

e = 1 

Kc = 1/(4*ma.pi*e_0) 

a_0 = 5.29E-11 

V_0 = sci.hbar/(2*ma.pi*m_e*a_0) 

 

mydb = mysql.connector.connect( 

  host="localhost", 

  user="root", 

  password="Password", 

  database="Bethe_Bloch" 

) 

 

while True: 

    try: 

        Time = int(input('How Many Elements Do you Wish To Bombard? 

' )) 

    except: 

        print("Please enter a number") 

        continue 

    else: 
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        Ele = [] 

        Timet = [] 

        break 

 

for t in range(0,Time): 

    Choice = input("Enter Element to bombard ") 

     

    Ele.append(Choice.strip()) 

     

for z in range(0,len(Ele)): 

     

    mycursor = mydb.cursor() 

    mycursor.execute("SELECT * FROM elemental_data WHERE Element='" 

+ Ele[z] + "'") 

    myresult = mycursor.fetchall() 

     

    count0 = time.time() 

 

    mm = float(myresult[0][1]) #kg/kmol 

    ne = float(myresult[0][2]) #electrons/molecule 

    rho = float(myresult[0][3]) #kg/m3 & for mesoporous Carbon 

    I = float(myresult[0][4]) 

 

    x1=[] 

    y1=[] 

 

    for i in np.arange(0.001,10000,0.001): 

 

        Ke = i 

 

        x1.append(i) 

 

        A = (Ke/M_P) 

        A_s = ma.sqrt(2*Ke*6.242E-19/M_P) 

 

        Beta = (1-(1/(1+A)**2))**0.5 

 

        Z = ne 

        n = (N_A*ne*rho)/mm 

         

        v_P = (c**2 - c**2 *(1/(1+A))**2)**0.5 

 

        De_1 = (Kc**2)*(((4*ma.pi*n*(1.0)**2)*(1.60E-

19)**4)/((M_e*v_P**2))) 

 

        De_2 = ma.log(((2*M_e*v_P**2)/ 1.6E-19)/(I*(1 - Beta**2))) - 

Beta**2 

         

 

        De_Dx = ((1/(rho*0.001))*(De_1*De_2)*6.242e+10)         

        if De_Dx >=0: 

            y1.append(De_Dx) 

        else: 

            x1.remove(i) 

            continue 

 

    results = [x1,y1] 
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    if os.path.exists(""+Ele[z]+".txt"): 

        os.remove(""+Ele[z]+".txt") 

    else:   

        with open(""+Ele[z]+"_Proton.txt", "w") as file: 

            file.write("Proton Energy (MeV)\tStopping Power 

(MeV/cm)\n") 

            for x in zip(*results): 

                file.write("{0}\t{1}\n".format(*x)) 

 

    plt.plot(x1,y1, label=''+ Ele[z] +'') 

    count1 = time.time() 

    Totalt = count1 - count0 

    Timet.append(Totalt) 

    print(str(Ele[z]) + " completed in " + str(Totalt) + " seconds") 

    t+=1 

 

print("Total time taken = " + str(sum(Timet)) + "seconds") 

plt.ylabel('dE/dx (MeV•$cm^2$/g)') 

plt.xlabel('Proton Energy (MeV)') 

plt.yscale('log') 

plt.legend(loc="upper right") 

plt.xscale('log') 

plt.show() 
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Chapter 3  

The Effect of 150 keV Proton Bombardment 

on Perovskite Solar Cells Utilising an 

Aluminium-doped Zinc Oxide Transparent 

Conducting Oxide 

3.1 Introduction 

As detailed in Section (1.3.5), high energy particles pose a threat to the operational 

performance of electronic devices and semi-conductors. Therefore, the stability of 

PSCs under particle bombardment is crucial to the study of feasibility for space 

applications. The most common technique to ensure high stability on Earth is the use 

of encapsulation to protect the metal contact side of the device (the side which is in 

contact with the air). However, the presence of additional hazards and external 

stimuli found in space create an environment that conventional substrates and 

encapsulation techniques struggle to adapt to. An example of this is the use of  space 

qualified glass as a device substrate; this is required to reduce the creation of colour 

centres within the substrate which is caused by high energy particle bombardment. 

Alternatively, if high stability can be achieved without the use of encapsulation, a 

solid foundation for PCS would be established for use in space. The removal of a thick, 

solid encapsulation layer allows for a lower overall device weight which is an 

important factor in space payloads. This will allow for further research to focus on 

improving overall device efficiency. To demonstrate this stability, directed proton 

bombardment through the electrode is utilised to probe the PSCs active area while 

leaving the quartz substrate untouched.  

The aim of this chapter is to expand on current research into the particle 

stability of perovskite devices by utilising a new TCO known as Aluminium-doped Tin 

Oxide (AZO). Here, the results of a 150 keV proton bombardment into the metal 
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electrode are presented along with additional characterisation of the device 

structure and a record PCE for AZO PSCS. It is demonstrated that PSCs can withstand 

proton irradiation up to 1x1013 protons/cm2 without significant loss in efficiency. 

From 1x1014 protons/cm2 , a decrease in short-circuit current of PSCs is observed, 

which is consistent with interfacial degradation due to deterioration of the Spiro-

OMeTAD hole transport layer during proton irradiation. The structural and optical 

properties of perovskite remain unchanged up to high fluence levels. The results in 

this chapter have been published in SolarRRL.[1] 

3.2 Results & Discussion 

3.2.1 Proton Penetration Depth 

Simulations of the proton beam’s penetration depth were completed using SRIM and 

are shown in Figure 3.1. The goal of this work was to probe the radiation hardness of 

the triple cation perovskite and to characterise any changes in PV performance. To 

achieve this, the protons must have enough energy to pass through the device and 

stop close to or in the active area. Simulations of the 150 keV beam into the quartz 

substrate showed that the incident protons are unable to pass through the 1.5 µm 

thick substrate and stop within the quartz at a depth of 230 nm. Therefore, to 

investigate the stability of the perovskite devices, the devices would need to be 

bombarded through the Au electrode. This allowed for protons to stop within the 

Spiro-OMeTAD HTL; the perovskite active area; the SnO2 ETL, and the AZO TCO. This 

in turn allowed for the investigation into the device stability without the presence of 

an encapsulating layer.  
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Figure 3.1 a) SRIM generated proton depth calculation at 150 keV incident on the Au 

electrode b) Histogram of proton stopping depth in relation to device layers.  

From the simulations performed, most protons stop within the AZO layer. 

This indicates that the TCO is also critical to the stability of perovskite solar cells. This 

significant stopping power is attributed to the AZO’s thickness. At ~700 nm thick, 

(thicker than the active layer  ~450 nm) it stops the protons from reaching the quartz 

substrate. As the validity of the quartz’s radiation hardness is yet to be determined, 

the thick AZO layer guarantees that colour centres would be unable to form if the 

quartz were to underperform as a stable substrate. In addition, a significant fraction 

of protons collide with atoms in the perovskite layer near the SnO2 interface, as well 

as in the Spiro HTL. This allows for an investigation into the effect of proton 

irradiation not only in TCO, but also in the active layer and charge extraction layers 

as well. 

3.2.2 Pre-Bombardment Device Performance 

A total of 10 devices were fabricated with the AZO TCO. Using the pixel design as 

seen in Section 2.1.1, each device had 4 measured pixels resulting in up to 40 PV 

parameter measurements; this improved the reproducibility of the device 

performance before and after bombardment. The range of PCE values obtained and 

the device structure used are shown in Figure 3.2a. The J–V curves under 1 Sun 

AM1.5G and AM0 illumination for the champion cell are presented in Figure 3.2b. A 

table of the  Voc, FF, and Jsc values obtained are shown in Table A.1. 

(a) (b) 
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Figure 3.2 a) Histogram of PCE for perovskite solar cells with structure 

quartz/AZO/SnO2/Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3/Spiro/Au.  b) J–V curves under 

1 Sun AM1.5G and AM0 illumination for the champion cell. 

As illustrated in Figure 3.2a, the PCE of the cells under 1 sun AM1.5G 

illumination vary between 8% and 15%, with the dominant PCE being 12-13%. The 

average Voc across all devices is ~1.1 V, the average FF is 54.19%, and the average 

Jsc is 18.41 mAcm-2. At the time of the manuscript’s publication, the champion cell 

with a PCE of 14.95% outperforms previous works on perovskite solar cells fabricated 

on AZO by an almost 3% increase in absolute efficiency.[2-5] The champion PCE under 

1 sun AM0 illumination reached up to 13.6%, with a Voc of 1.11V, FF of 62.8%, and 

an increased Jsc of 26.6 mAcm-2. The increase in Jsc is due to the increased solar 

intensity (1367 W/m2), as they are proportional. Due to the rather large range of PCEs 

obtained, it was decided to select one device with a pixel of PCE <11% and partner 

this with one sample with a PCE >11%. This pairing allowed for an investigation into 

the effect of PCE on proton stability, as well as control samples which were not 

exposed to any bombardment. Additional samples were also made to look at the 

effect of proton irradiation on bare quartz, AZO on quartz and perovskite on quartz. 

This allowed for an investigation into the reported radiation hardness of quartz as 

compared to glass, the stability of AZO for use as a TCO in space applications, and to 

solely probe the radiation hardness of the perovskite layer. The different samples 

also act as a control to help understand the origin of a degradation that might occur 

within the device structure. 
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3.2.3 Post-Bombardment Device Performance 

As the devices travelled to the Ion Beam Centre in Surrey and were kept under N2 in 

the dark before irradiation was carried out. The devices were then kept for a week 

under dark air before they could be remeasured after irradiation. To compare the 

percentage change in device performance, the device’s remaining factor (RF) 

performance than individual pixel PV parameters. The RF was calculated by dividing 

the PV parameters after proton irradiation by the PV parameters before proton 

irradiation. This was done for each fluence under both 1 Sun AM1.5G and AM0 solar 

intensity. The External Quantum Efficiency (EQE) was also measured, to allow for a 

comparison between the measured Jsc and the EQE. Both the AM1.5G RF and EQE 

are presented in Figure 3.3. The AM0 J-V RF figure can be found in Figure A.2. 

 

Figure 3.3 a) Changes of photovoltaic characteristics ( Jsc, FF, Voc, and PCE) of 

perovskite solar cells under AM1.5G illumination as a function of proton fluence. 

Averaged values measured for a total of ~6 different pixels for each fluence. b) EQE 

for representative devices as a function of proton fluence. 

Compared to the control samples, there is a slight increase in the measured 

PCE at 1x1012 protons/cm2 fluence, with a PCE RF ~1.18 and a small decrease at 

1x1013 protons/cm2 with a PCE RF ~0.9. As move towards the higher fluences such as 

1x10 14 protons/cm2, a prominent decrease was observed and the PCE RF reduced to 

0.2. This decline in performance was due to the observed decrease in Jsc (RF ~0.38) 

and FF (RF ~0.53), while the Voc remained almost constant. At 1x1015 protons/cm2 

this decrease was exacerbated with a very low current (RF ~6x10-4), indicating the 
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cells were highly degraded with a PCE RF ~3x10-4. However, due to the presence of a 

non-negligible Voc RF of 0.8, the results suggest that the perovskite layer itself was 

not significantly degraded. Whereas the decrease in FF and Jsc could be explained by 

a deterioration of charge extraction properties due to the degradation of Spiro-

OMeTAD or/and SnO2 interlayers.  

Miyasawa et al. measured non-uniform spectral response of photocurrent of 

FAMAPb(IBr)3 cells after the samples underwent proton irradiation at a fluence of 

1x1014 protons/cm2. This was attributed to the degradation of the active layer.[6] In 

this work, the uniform reduction in the EQE spectrum, coupled with the change in PV 

parameters, is indicative of a deterioration in charge extraction rather than charge 

generation properties. This points out the crucial role of charge extraction layers in 

the degradation of solar cells during irradiation. At 1x1015 protons/cm2, the 

measured EQE was almost non-existent, with a PCE of  ~1%, and barely visible in 

Figure. 3.4b. From these measurements, PSCs utilising Spiro-OMeTAD as the HTL can 

be exposed to a radiation level up to 1x1013 protons/cm2 without being significantly 

degraded. By comparison, the Voc and Jsc of Si solar cells exposed to 150 keV protons 

decreased by 40% and 10%, respectively, at 1x1013 protons/cm2.[7] In addition, 

investigations have demonstrated that GaAs solar cells exposed to 150 keV protons 

started to degrade at a radiation dose as low as 1x1010 protons/cm2 and the 

remaining factor for the maximum power (Pmax) decreased to 0.2 at 1x1012 

protons/cm2.[8] In the case of the AZO PSCs, a Pmax remaining factor of 0.2 was 

reached only at 1x1014 protons/cm2, showing that PSCs have at least two orders of 

magnitude higher tolerance to proton irradiation than GaAs solar cells. While the 

measured radiation stability is greater than more commonly used PV technologies, 

further characterisation needed to be undertaken to understand and detail the 

underlying mechanisms responsible for the degradation in the device’s performance 

at 1x1014-15 protons/cm2.  

To help distinguish which layer could be the most probable cause, SRIM was 

used to calculate the energy loss and generated vaccancies in each layer. The results 

are shown in Figure 3.4.  
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Figure 3.4 SRIM calculated generated vacancies (black) and energy loss due to 

ionisation of electrons (blue) in each layer as a function of target depth. Colours used 

for visual reference only. 

The energy loss and generated vacancy plots follow a similar trend through 

each of the layers. Vacancies are generated when an incident ion collides with an 

atom and has enough energy to break the molecular bonds of the atoms in the 

materials structure. These Vacancies will eventually relax and return to the molecular 

structure. Spiro-OMeTAD exhibits greater vacancies generated and a higher energy 

loss when compared to the SnO2 ETL, however the main peaks for vacancy generated 

appear in the Au and AZO electrodes. Therefore, a combination of different non-

destructive techniques were used to probe the full degradation mechanisms in the 

PSCs and perovskite films after proton irradiation, thus giving a better understanding 

of the possible degradation in individual layers within the device stack. 

3.2.4 Gold Metal Electrode Sheet Resistance 

The first layer to be investigated was the Au metal electrode as this is the face 

through which the incident protons penetrated the device. As shown in Figure 3.4 
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the gold electrode exhibits strong proton stopping properties, as shown by the high 

proton energy loss, which is attributed to the density (19.3 kg/m3) and thickness of 

the layer (~100 nm). As Au does not undergo nuclear transmutation until an energy 

of ~5 MeV, protons with energy 150 keV are unlikely to cause atomic changes in the 

Au electrode.[9] Additionally, through the SRIM simulation in Figure 3.4, there is a 

spike in vacancies close to the Au/Spiro-OMeTAD interface. At a fluence of 1x1012 

protons/cm2, the number of vacancies is calculated to be 2.75x1012/cm2. This number 

increases to 2.75x1015/cm2 at a fluence of 1x015 protons/cm2. It has been shown that 

under proton implantation, the generated vacancies in the Au Face Centred Cubic 

(FCC) lattice will relax back to their nearest neighbour and maintain the same 

structure. This relaxation however can result in a change in lattice parameters, like 

the lattice constant, which can affect the conductivity.[10] This suggests that any 

changes may be in the in the Au electrodes electronic properties. 

To investigate how the proton bombardment affected the conductivity of the 

Au electrode, sheet resistance measurement were performed on Au evaporated 

onto quartz substrates and proton bombarded at the same energy and fluence as the 

PSC. The sheet resistance was measured a total of 3 times and across different areas. 

These values and the average values are shown in Table 3.1.  

Table 3.1 Sheet resistance measurements of the gold electrodes for the bombarded 

devices and the mean values for each fluence. 

 Sheet Resistance (Ω/□) 

Reference 1x1012 

protons/cm2 

1x1013 

protons/cm2 

1x1014 

protons/cm2 

1x1015 

protons/cm2 

Reading 1 3.01 12.06 9.266 7.021 5.432 

Reading 2 2.99 12.89 9.742 7.213 5.513 

Reading 3 2.97 13.86 10.81 7.089 7.021 

Mean 

Value 

2.99 12.93 9.94 7.11 5.99 

From the mean values, there is a 432% increase in sheet resistance after proton 

bombardment at a fluence of 1x1012 protons/cm2. However, as the proton fluence 
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increases, there is a 64% decrease in sheet resistance. While the changes in the lattice 

constant due to vacancy relaxation in the FCC structure could explain the decrease 

sheet resistance from 1x1012 to 1x1015 protons/cm2, the reason behind the increase 

in sheet resistance between the control and 1x1012 proton/cm2 device is unknown 

and would require further study. Due to this decrease, it is highly unlikely the gold 

electrode contributes to the decrease in devices performance at high proton 

fluences. The PV parameters of the 1x1012 protons/cm2 devices increase (PCE RF 

~1.18) compared to the control devices, while the sheet resistance increases by 

432%. This indicates that this is no observed correlation between the Au sheet 

resistance and the JV parameters shown in Figure 3.4. As the change in the sheet 

resistance of the gold electrode does not directly affect PV performance, additional 

studies were needed to pinpoint the exact cause of the device degradation. 

3.2.5 Aluminium-doped Zinc Oxide Transparent 

Conducting Oxide 

From the measured changes in the Au electrical conductivuty suggesting that the 

gold electrode did not contribute towards the decrease in device performance, the 

next layer investigated was the AZO layer as most of the incident protons stopped 

within the TCO. To investigate the reported superior radiation stability, the optical 

transmittance of bombarded bare quartz and AZO/quartz were measured. The 

reasoning behind this was to study if there is any change in the optical transmittance. 

A change is optical properties may imply a change in electrical properties as well. An 

example is a small change in transmittance can have a considerable effect on a 

devices Jsc as it is directly proportional to the light intensity, which will be reduced if 

there is a decrease in optical transmittance  
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Figure 3.5 Optical transmittance spectra of bare quartz and quartz/AZO substrates 

after protons bombardment with various fluences. 

As shown in Figure 3.5, the optical properties of AZO/quartz remain 

unchanged after proton irradiation up to a fluence of 1x1015 protons/cm2, which is a 

clear indication that AZO can withstand very high proton irradiation without 

undergoing optical changes and damage. Incidentally, comparing Figure 3.4b and 

Figure 3.5, the ripple-like-shape seen in the EQE follows a similar pattern to the 

optical transmittance of the AZO. The measured optical transmittance of the bare 

quartz also remains unchanged, confirming the proton radiation hardness of the 

substrates with relatively low energy protons.  

As the AZO/quartz were also bombarded with a sample at each fluence, the 

sheet resistance was also measured for these samples. The results are shown in Table 

3.2.  
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Table 3.2 Sheet resistance measurements of AZO/quartz for a reference device and 

the bombarded devices, with the mean values for each fluence. 

 Sheet Resistance (Ω/□) 

Reference 1x1012 

protons/cm2 

1x1013 

protons/cm2 

1x1014 

protons/cm2 

1x1015 

protons/cm2 

Reading 1 13.68 42.79 38.95 38.01 37.56 

Reading 2 15.34 42.41 37.79 38.55 38.06 

Reading 3 17.41 42.76 39.96 37.57 38.23 

Mean 

Value 

15.48 42.65 38.90 38.04 37.95 

 

Table 3.3 shows a similar trend as the Au electrode.  Here it is shown that there is a 

275% increase in sheet resistance at a fluence of 1x1012 protons/cm2. Again however, 

this decrease does not correspond to any change in the PV parameters as the 1x1012 

protons/cm2 samples show an increase in performance (PCE RF ~1.18) while also 

exhibiting an increase in gold and AZO sheet resistance. It is possible that these 

changes in AZO sheet resistance do not affect the PCE considerably as the devices 

are small area (6.25 cm2) but could cause issues at larger scales. Therefore, it is 

suggested that the electrical changes in the gold and AZO layers do not contribute to 

the decrease in device performance, and that the AZO optical transmittance shows 

very good proton stability, even up to 1x1015 protons/cm2. The reasoning behind this 

increase and decrease trend is not known, and unlike for the Au electrode, the AZO 

structure is not FCC. Therefore, additional future characterisation will be needed to 

understand the changes in conductivity. 

3.2.6 Triple Cation Perovskite Active Layer 

As both the gold and AZO electrode showed good radiation hardness, the next layer 

to be considered was the perovskite itself. While previously it has been mentioned 

that due to the consistent Voc values, it was highly unlikely that the perovskite layer 

had undergone any significant degradation. However, it was also important to verify 

if the perovskite had undergone any degradation e.g. on its structural and optical 
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properties. This would allow for a discussion into the radiation hardness of the 

perovskite itself. This investigation into the radiation hardness of the perovskite was 

achieved using X-ray diffraction (XRD), reflectance spectra measurements and 

photoluminescence (PL) measurements.  

XRD was performed on perovskite films deposited on quartz substrates with 

a gold top electrode evaporated on-top (quartz/perovskite/Au). The XRD spectra of 

the samples exposed to irradiation of 1014 and 1015 protons/cm2 are shown in Figure 

3.6 and are compared to a non-irradiated control sample.  

 

Figure 3.6 a) X-ray diffraction spectra of bare perovskite films on quartz with a gold 

electrode, without proton irradiation and after proton irradiation with fluences 1014 

and 1015 protons/cm2. b) Normalized XRD spectra centred at the perovskite peak 

(110) and the PbI2 peak. Insert of (110) perovskite peak at 14.1°. 

For all samples, a peak is visible at an angle of 12.7° and is attributed to PbI2. 

This peak could arise due to the 5% PbI2 excess used in the precursor solution and/or 

any environmental degradation as the samples were measured more than 40 days 

after their initial fabrication. There are 3 perovskite peaks visible in the XRD spectra. 

These are labelled 100, 220, and 220 at an angle of 14.1, 28,4, and 31.8° 

respectively.[11] The normalized XRD spectra shown in Figure 3.6b shows a good 

overlap of the perovskite peak (110) between the control and all fluences. However, 

for the PbI2 peak, there is no clear trend as a function of fluence which does not 

support clear degradation as a function of proton fluence. Additionally, the ratio of 

the PbI2 peak between the control and 1x1015 protons/cm2 devices are similar. 

Therefore, this indicates no consideration degradation of the crystalline structure of 
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the triple cation perovskite film due to the proton irradiation even at 1015 

protons/cm2. This was a desirable result as it signifies the impressive low energy 

proton irradiation stability of triple cation perovskite. 

The optical reflectance spectra of the perovskite films on quartz with gold 

electrode are shown in Figure 3.7. The measurements were made through the quartz 

substrate. Optical reflectance was used due to the samples being opaque. Therefore, 

it can be assumed that there is no transmittance through the sample, and following 

Kirchhoff’s Law, any changes in the perovskite absorbance would appear in the 

reflectance spectra. 

 

Figure 3.7 Diffuse reflectance spectra measured with an integrating sphere for 

perovskite films deposited on quartz, with a gold electrode, without irradiation and 

after irradiation with fluences 1014 and 1015 protons/cm2. 

As seen in the EQE spectra, the perovskite band edge is clearly visible at 740-

775 nm for all three samples and all the spectra in the range of 200-775 nm are very 

similar. The difference in intensity above 775 nm are not related to perovskite and 

could be due to variations in the thickness of the gold electrode. We note however 

that the sample irradiated with 1x1015 protons/cm2 has a slightly different spectral 

shape in the range 650-700 nm and 200-300 nm. This could suggest that perovskite 

has undergone some degradation at 1x1015 protons/cm2, although it may not fully 

explain the strong PCE drop measured for this sample at the proton fluence.  
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The final set of measurements performed on the perovskite active layer was 

Photoluminescence and was used to investigate the radiation hardness of the 

perovskite active layer in terms of its photo-physical/chemical properties. Here the 

spectra were measured through the quartz substrate to probe the perovskite active 

layer. The averaged PL spectra of the full device stack as a function of proton 

irradiation is shown in Figure 3.8. The PL mapping as a function of proton fluence can 

be found in Figure A.1. 

 

Figure 3.8  a) PL intensity of perovskite solar cells as a function of protons fluence. b) 

Normalised PL  as a function of proton fluence.  

The PL intensity undergoes almost more than a threefold increase in 

magnitude after irradiation with 1x1012 protons/cm2 as compared to the control 

sample. This could be correlated to the slight increase in PCE after irradiation as 

observed with the 1x1012 protons/cm2 devices and suggested that the performance 

of PSCs could be improved after 150 keV proton irradiation with a low fluence. 

However, the PL intensity begins to decrease at 1x1013 protons/cm2, with the PL for 

the 1x1015 protons/cm2 device exhibiting a very low signal in comparison. Here, the 

continuous decrease of the PL intensity is in excellent agreement with the observed 

decrease in PV performance.  

PL intensity can also be indicative of the quality of the perovskite bulk or layer 

interfaces with the perovskite active area. Deep trap states formed in the perovskite 

bulk can induce non-radiative recombination and therefore quench the PL.[12][13] 

Additionally, a defective interface due to degradation of either the electron or hole 
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extraction layers can also quench the PL if carriers are lost to non-radiative 

recombination due to the reduced charge extraction.[14][15] Therefore, the origin of 

the decrease in PL could be due to degradation of one of the transporting layers. 

Spiro-OMeTAD is an organic polymer, and traditionally exhibit low radiation 

stability.[16] Therefore, characterising any changes in the optical or chemical 

properties of the spiro-OMeTAD HTL would be important in understanding the 

changes in device performance. 

3.2.7 Spiro-OMeTAD Hole Transporting Layer 

Through a variety of different measurement techniques, the degradation within the 

device stack which caused the drop in performance has been attributed to the Spiro 

or SnO2 layer. Additional characterisation was needed to find out which of the two 

layers had undergone the most significant degradation. This was achieved using 

Raman spectroscopy mapping as organic materials normally give a strong Raman 

response. As the Raman intensity can be sensitive to measurement conditions, such 

as the focus of the excitation laser, the normalized Raman spectra as a function of 

proton fluence are shown in Figure 3.9. The averaged spectra were obtained by 

averaging out 100 spectra obtained from the Raman mapping. The raw Raman 

spectra are shown in Figure A.3. To add additional confirmation of the results, at least 

two samples were measured for each fluence.  

  

Figure 3.9 Raman spectra of perovskite solar cells measured through the Spiro-

OMeTAD HTL (outside the gold electrodes) as a function of protons fluence. 
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While the overall spectral shape of the Raman spectra is similar when 

comparing between proton fluences and the control devices, the peak intensity is 

attenuated as the proton fluence is increased, especially at 1x1014 and 1x1015 

protons/cm2. There is strong intensity reduction at the peaks around 755 and 914 cm-

1, however the largest reduction in Raman intensity is found at the peaks around 

1600 cm-1. These peaks are attributed to the C=C vibrational modes and variation in 

these modes can affect organic semiconductors more significantly.[17] 

This decrease in the Raman signal for higher fluences correlates well with the 

degradation of cells performance after proton irradiation and indicates that the loss 

in PCE at 1x1014 and 1x1015 protons/cm2 is highly likely due to degradation of the 

Spiro-OMeTAD HTL. It has already been shown in literature that Spiro-OMeTAD is 

very sensitive to temperature, such that it can begin to degrade at 60oC, and 

undergoes strong thermal degradation at 100°C.[18] However, even with the reported 

low temperature stability, it is highly unlikely that the temperature raised sufficiently 

high enough such that degradation would occur during the implantation, even for 

the highest protons fluence. The proton beam used a low power density of 15 

mW/cm2 for irradiation, and along with that, the samples were clipped down onto a 

heat sink to limit the temperature rise. Therefore, it is reasonable that the 

degradation present in the Spiro-OMeTAD layer is a result of the proton irradiation. 

3.2.8 TPV and Charge Carrier Density Measurements 

Using optical reflectance and XRD measurements, it has been shown that the 

perovskite active layer remains stable, even at 1x1015 protons/cm2. In contrast,  

Raman spectroscopy and PL measurements have shown that the spiro-OMeTAD HTL 

undergoes degradation at proton fluences of 1x1014 and 1x1015. To further 

understand how the degradation of the spiro-OMeTAD HTL affected device 

mechanics such as carrier lifetime and density, transient photovoltage (TPV) and 

charge carrier density measurements were performed. These techniques are 

detailed in Chapter 2. The results of these measurements can be seen in Figure 3.10. 
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Figure 3.10 (a) Change in voltage (ΔV) as a function of time (TPV decays) for each 

sample at 0.1 sun equivalent (100 W/m2) light intensity (5000 K white LED). (b) 

Charge carrier lifetime versus charge carrier density as a function of proton fluence. 

The open triangle represents the slower time constant obtained from the double 

exponential fitting at 1x1014 protons/cm2. 

For devices with one dominant charge recombination mechanism, the 

perturbed Voc decays back to a ΔV returns to 0 (steady state) with a single exponential 

time constant.[19][20] This behaviour was observed for the control devices and the 

irradiated samples up to a fluence of 1x1013 protons/cm2, indicating that bulk charge 

recombination in the perovskite layer is the dominating mechanism for low proton 

doses, as shown in Figure 3.11a. When examining the higher fluences, the 1x1014 

protons/cm2 devices have additional process observed at short times (<1 μs) and 

these result in double exponential fitting being required at that fluence at light 

intensities below 0.25 sun. This double exponential behaviour for the faster 

recombination process has been linked to the presence of interfacial recombination, 

either at the ETL or HTL contacts.[21-23] Therefore, from the observed degradation of 

the Spiro-OMeTAD under Raman spectroscopy, the faster time constant can be 

attributed to recombination at the perovskite/Spiro interface for these devices. 

However, for the 1x1015 protons/cm2 device, it was not possible to obtain a stable 

Voc when using the standard TPV technique as these devices were highly degraded. 

However, evidence of fast interfacial recombination was observed in the form of a 

negative transient deflection in response to a 1 sun equivalent laser pulse as shown 
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in Figure 3.11. 1 Sun intensity was used due to the very low response from the TPV 

measurements. This observation has also been observed in other work.[24-26]  

 

Figure 3.11 TPV response for device bombarded with 1x1015 protons/cm2 measured 

at 1 Sun equivalent intensity. Laser pulse (red shaded region) induces a rapid negative 

deflection (decrease in Voc) in the TPV response which is indicative of a fast interfacial 

recombination. 

The charge density measurements shown in Figure 3.10b were calculated 

using the differential capacitance method.[27] As seen, the proton bombardment with 

1x1012 and 1x1013 protons/cm2 resulted in a significant increase in charge density. 

The increase from 1015 cm-3 in the controls to 1016 cm-3 is attributed to the formation 

of trap states within the perovskite bulk. Shallow traps states will correspond to an 

increase in carrier lifetime, as seen in the 1x1012 proton/cm2 devices compared to 

the control at the same charge carrier densities, while the formation of deeper traps 

would likely act as recombination centres and cause a decrease in carrier lifetime. 

Literature such as Lang et al. have also observed this apparent decrease in the rate 

of recombination because of proton bombardment induced defect formation and the 

resulting longer carrier lifetimes.[28] This was explained by an efficient trapping/de-

trapping of minority charge carriers in radiation-induced trap states without major 

impact on device performance. At 1x1014 protons/cm2, the observed additional fast 

interfacial recombination significantly reduced the carrier lifetime to 10-6 – 10-7 s 
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from ~10-5 for the control device. However, the calculated slower time constant 

obtained from the double exponential fitting is in the same range as the lifetimes 

calculated for the control devices, suggesting that there could be some degradation 

to the bulk perovskite, however the interfacial recombination dominates. This is 

consistent with the main source of the performance loss at 1x1014 protons/cm2 being 

the degradation of the Spiro-OMeTAD interface, while trap states formed in the 

perovskite layer do not affect the performance significantly. 

3.3 Conclusion 

This chapter finds that the proton radiation stability of planar N-i-P PSCs with an AZO 

TCO is heavily reliant on the radiation hardness of the HTL, as shown by the 

degradation of the spiro-OMeTAD at fluences >1x1013 protons/cm2. Using SRIM, it 

was found  that the bulk number of incident protons will stop within the AZO TCO 

layer, signifying the importance of having a radiation stable TCO within a full device 

stack. However, as all layers were subject to proton irradiation, each layer was 

characterised to determine radiation stability. The initial PV measurements of the 

AZO PSCs before bombardment were presented with a champion 1 Sun AM1.5G PCE 

of 15% and champion 1 Sun AM0 PCE of 13.6% being achieved. The AZO device PCEs 

ranged from 8-15% under 1 Sun AM1.5G. It is shown through remaining factor values 

that the PSCs exhibit a high tolerance to 150 keV proton radiation, up to a fluence of 

1x1013 protons/cm2. In comparison, Si and GaAs solar cells are known to be destroyed 

or highly deteriorated at this proton energy and fluence. However, as the proton 

fluence increases to 1x1014 and 1x1015 protons/cm2, the devices undergo a sharp 

decline in performance. This chapter finds that the degradation of the Spiro-OMeTAD 

HTL during proton irradiation results in an increase in interfacial recombination at 

the spiro/perovskite interface hindering charge extraction properties. This reduction 

in charge extraction correlates well with the observed decrease in the Jsc and the 

observed degradation in the spiro-OMeTAD Raman spectra and PL intensity. XRD, 

optical reflectance, and PL measurements found that the structural and optical 

properties of perovskite remain intact up to high fluence levels, which correlates with 

the very stable Voc and can be concluded as being radiation stable under 150 keV 

proton bombardment. However, the TPV measurements indicate an increase in 
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charge carrier density and lifetime from 1x1012 protons/cm2. This is explained 

through the formation of proton radiation-induced shallow trap states in the 

perovskite bulk. It is thought that these trap states release charge carriers efficiently 

and do not affect the performance of the cells for low fluence levels. Sheet resistance 

measurements were taken for both irradiated gold and AZO, however the observed 

increased in these measurements do not contribute to any change in device 

performance as shown with the 1x1012 protons/cm2 sample. Additionally, optical 

transmittance measurements show that the optical properties of quartz and 

AZO/quartz substrates remain unchanged, even after irradiation up to 1x1015 

protons/cm2. It  was not possible to measure any potential degradation of the SnO2 

ETL after proton irradiation due to the very thin (~25 nm) SnO2 layer being insensitive 

to many of the techniques used in this work such as PL or Raman spectroscopy. 

Optical transmittance and reflectance measurements were performed; however, the 

results were inconclusive. Future work will be necessary to determine the role of 

SnO2 ETL in the performance loss due to proton irradiation. Overall, the findings in 

this chapter highlight both decent PCE and good stability against proton irradiation. 

A deeper scientific understanding on the interfacial degradation due to proton 

irradiation is also found. These results can be useful for the development of future 

high PCE perovskite solar cells with ultra-high stability against proton irradiation. 
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Chapter 4 

Radiation Stability of Mesoporous Carbon-

Based Perovskite Solar Cells Under 150 keV 

Proton Bombardment  

4.1 Introduction 

The stability of PSCs under particle bombardment is paramount in the study of 

feasibility for space applications. In the last chapter, it was discussed that high energy 

particles pose a threat to the performance of electronic devices. Whilst the stability 

of the devices under 150 keV proton bombardment significantly surpassed that of 

regular satellite PV, the 150 keV proton irradiation of planar n-i-p PSCs using AZO 

electrode caused degradation to the HTL layer at fluences higher than 1x1013 

protons/cm2; this degradation caused interfacial recombination which lowered 

device performance to almost inoperable at 1x1015 protons/cm2. There remains two 

possible solutions to the degradation issue. Firstly, the use of encapsulation materials 

(see Chapter 6) would allow for the continued use of Spiro-OMeTAD devices; this 

would create a radiation stable baseline which could lead to the use of more efficient 

architectures such as tandem cells. Secondly, removing the HTL altogether would 

remove the layer that is most susceptible to proton radiation induced degradation. 

This chapter expands on the removal of the HTL, investigating the particle stability of 

perovskite devices by utilising the robust HTL free architecture of mesoporous 

carbon perovskite solar cells (m-CPSCs). As shown in Chapter 2, the m-CPSC have a 

thick (~400 nm) carbon electrode that also acts as a self-encapsulation which could 

potentially block incident protons. This chapter presents the results of a 150 keV 

proton bombardment into the mesoporous carbon electrode-based PSCs. Non-

destructive optical characterisation techniques including Raman spectroscopy and PL 

were used for additional characterisation. It was found that the m-CPSCs are stable 
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under 150 keV proton bombardment at a fluence of 1x1015 protons/cm2. The results 

in this chapter have been published in Energy Technology.[1] 

4.2 Results and Discussion 

4.2.1 Before Proton Bombardment 

The m-CPSCs devices used within this chapter are detailed in Chapter 2. They have 

an active area of 1 cm2 with a 0.49 cm2 mask being used during the JV measurements. 

This relatively large active area and mask size were chosen as they are more 

appropriate to test the devices scalability. The mask size was chosen to reduce the 

effect on inconsistencies at the external edges of the printing, which can affect the 

measured device performance. There has been a detailed investigation into the 

effect of mask size to m-CPSC performance.[2] The reverse J–V curves under AM1.5G 

and AM0 illumination for the champion cell are shown in Figure 4.2. The device 

parameters for the champion cells under 1 sun AM1.5G and 1 sun AM0 illumination 

are also shown. 

 

Figure. 4.2 J-V curves under 1 sun AM1.5G (Black) and 1 sun AM0 illumination (Red) 

for the champion cell. 
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As seen before in Chapter 3, the variation in performance between the 

AM1.5G measurement and AM0 measurement is the reduced PCE and increased Jsc. 

The champion performance at AM1.5G is ~13% PCE, with a Voc of 0.87 V, a Jsc of 

22.99 mAcm-2, and FF of 63.21%. The PCE decreases by 19% to 10.46% and the Jsc 

increases by 9% to 25.15 mAcm-2. The variation in device performance between 

AM1.5G and AM0 is expected and has been shown in Chapter 3. However, here the 

Jsc does not increase by a factor of 1.36 as seen before. This could be due to the slow 

response time of the carbon devices as the carbon electrode has high series 

resistance (RS) and therefore need to be light soaked (kept under light) for 3 minutes 

before measuring. The histogram of the device PCE for AM1.5G and AM0 can be seen 

in Figure 4.3.  

 

Figure 4.3 a) Histogram of PCE under 1 sun AM1.5G illumination b) Histogram of PCE 

under 1 sun AM0 illumination. 

From Figure 4.3a, the dominant PCE value under AM1.5G is between 12-

12.75%, however the PCE spread is narrow as the full PCE range is between 11-13%. 

This is regarded as narrow when compared to the PCE range in Chapter 3, which was 

8-15%. When the same devices were measured under AM0, the dominant PCE is 

much more prominent at ~10%. In comparison to other work in the literature, the 

lower measured PCE here can overshadow the stability of the devices.[3] However, as 

mentioned above, the cause of this reduced PCE is the high series resistance of the 

carbon electrode. Since publication, the current average PCE is now ~15% and new 

techniques such as including grids within the electrode have improved 
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conductivity.[4] The m-CPSC is still in development and therefore higher PCEs could 

be seen in the future with better optimisation of the device layers. 

4.2.2 Proton Bombardment Simulation 

As seen similarly in Chapter 3, two samples were chosen for each proton fluence. 

Some devices were not exposed to proton irradiation but subjected to the same 

atmospheric conditions to serve as control samples. All irradiated samples were 

bombarded through the carbon electrode with 150 keV protons with fluences 

ranging from 1x1012 to 1x1015 protons/cm2. All samples were kept under N2 in the 

dark before irradiation was carried out, and then kept for a week under dark air after 

bombardment, before they were returned from the Surrey Ion Beam Centre and 

remeasured at Swansea University.  

Utilising the same investigation methods as seen in Chapter 3, SRIM 

simulations were used to simulate the incident proton beam stopping range. 

However, additional measures would be needed to properly simulate the 

mesoporous nature of the device stack. The previous uses of SRIM, such as seen 

before in Section 3.2.1, consider the cases where the layers are planar in n-i-p 

devices. Therefore, each of these layers are compact. In the case of the m-CPSC, there 

are multiple mesoporous layers, each infiltrated with MAPI-AVA perovskite. 

Therefore, a new method of calculating the density for each layer is required. Here 

we consider volume fractions, which are given via the equation:  

Where 𝜑𝑖 is the volume fraction of material i, Vi is the volume of material i in cm3 and 

the denominator is the summation of the volumes of all materials within the layer. A 

caveat is made in which it is assumed that the perovskite is fully infiltrated within the 

layers, and that there is a defined boundary between each of the layers as SRIM does 

not consider roughness. Through thickness measurements, the volume of each layer 

is known (shown in Chapter 2). Using this equation, and the knowledge that the 

summation of all 𝜑𝑖 is equal to 1, the total density within a layer is calculated via: 

𝜑𝑖 =
𝑉𝑖
∑ 𝑉𝑗𝑗

 
 

(4.1) 
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𝜌𝑇𝑜𝑡𝑎𝑙 =∑𝜑𝑖𝜌𝑖
𝑖

 (4.2) 

Where 𝜌𝑖  is the density of material i. The use of Equations 4.1 & 4.2 allows for a more 

accurate estimate of the true density of the mesoporous layers with infiltrated 

perovskite. The results from the SRIM simulations are shown in Figure 4.4. 

 

Figure 4.4 a) SRIM generated proton depth calculation at 150 keV incident on the 

mesoporous carbon electrode b) Histogram of proton stopping depth in relation to 

device layers. 

From the SRIM simulations in Figure 4.4, the protons are stopped within the 

carbon electrode at a maximum calculated target depth of ~1.54 µm. The bulk of the 

protons are stopped at a range of ~1.27 µm, which is ~9% the total thickness of the 

carbon electrode. Therefore, the most likely area of potential degradation is the 

carbon electrode and the “capping layer” of perovskite material. However, to 

properly assess the radiation stability of the m-CPSCs, the active layer will also need 

to be investigated. 

4.2.3 J-V Performance After Bombardment 

The devices were measured after the 150 keV proton bombardment under AM1.5G 

and AM0, and the Remaining Factor (RF) values were calculated as seen in Chapter 

3. The RF values for the  PV parameters (PCE, Voc, Jsc, and FF) under 1 Sun AM0 

illumination after proton irradiation are shown in Figure 4.4. The RF values under 
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AM1.5G are found in Figure B.1 as the AM0 values are more relevant for space 

applications.  

 

Figure 4.5 Remaining Factor of PCE, Voc, Jsc, and FF (under 1 sun AM0 illumination)  

versus proton fluence of m-CPSC (including the control device). The data points are 

the average values at each fluence, and the error bars represent the range of values. 

Interestingly in Figure 4.5, the PCE, Voc, Jsc, and FF all remained close to a 

remaining factor of 1.0. There is a 6% decrease in the Jsc RF at 1x1012 protons/cm2, 

however due to the stable Voc (RF ~0.99) and FF (RF ~0.99), the PCE remains stable 

with a RF ~0.99. Additionally, there is a decrease in PCE at 1x1013 protons/cm2, with 

a PCE RF ~0.91. There is an observed increase in PCE at 1x1015 protons/cm2, with the 

PCE RF reaching ~1.2. This increase is due to J-V parameter variation after 

bombardment for one device at 1x1015 protons/cm2 as seen in the device parameter 

table in Table B.1. Due to the parameters remaining consistent, even at 1x1015 

protons/cm2, it is suggested that the devices were not degraded under 150 keV 

proton irradiation. To further show the stability of the m-CPSCs, the JV curves and 

EQE spectra as a function of proton fluence are shown in Figure 4.6a and 4.6b 

respectively.   
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Figure 4.5 a) Reverse J-V curves under 1 sun AM0 illumination for the m-CPSCs as a 

function of proton fluence. (b) Measured EQE spectra as a function of proton fluence. 

The J-V curves in Figure 4.5a follow the observed RF trend, with the 1x1012 

protons/cm2 devices exhibiting a 7% decrease in Jsc compared to the control, and all 

devices displaying a good overlap of Voc values around ~0.84 V. Overall there is no 

visible degradation of the JV curve shape as a function of proton fluence, which 

correlates well with the stable device parameters. 

When comparing the EQE spectra as a function of proton fluence in Figure 

4.5b,  the same trend observed in the J-V curves is also exhibited. There is a 4% 

decrease in area under the curve for the 1x1012 protons/cm2 device when compared 

to the control. However, as the fluence increases this is good overlap and is a 

therefore in fair agreement with the stable Jsc RF. In other works looking at 

comparable irradiation conditions, Miyasaka et al showed that there was a non-

uniform spectral response of photocurrent in FAMAPb(IBr)3 cells after proton 

irradiation at fluence of 1x1014 protons/cm2 which they attributed to degradation of 

the active layer.[5] In the last  chapter, it was showed that a uniform reduction in the 

EQE spectrum was indicative of a deterioration in charge extraction properties rather 

than charge generation properties suggesting a degradation of the Spiro-OMeTAD 

HTL properties. Here, no significant change in EQE across the proton fluences is 

observed. Therefore, it is inferred that there is no degradation of the active layer, the 

TiO2 ETL, or a change in charge extraction properties of the mesoporous carbon 

electrode because of the proton bombardment. 
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Therefore, from the JV measurements it is shown that screen printed PSCs utilising a 

mesoporous carbon electrode can be exposed to a radiation level up to 1x1015 

protons/cm2 at 150 keV without being significantly degraded. By comparison, the Voc 

and Jsc of Si solar cells exposed to 150 keV protons decreased by >40% and 10%, 

respectively, at 1x1013 protons/cm2.[6] At this same proton energy, GaAs solar cells 

exhibit a ~40% decrease in PCE at a fluence of 1x1011 protons/cm2.[7] In Chapter 3, 

planar PSCs fabricated with an Au electrode, triple cation perovskite, and Spiro-

OMeTAD HTL were stable up to 1x1013 protons/cm2 when exposed to 150 keV 

protons. At a fluence of 1x1015 protons/cm2 the devices were completely degraded 

due to interfacial recombination at the perovskite/HTL interface. Furthermore, 100 

keV proton bombardment on flexible inverted PSCs show an initial ~20% 

performance decrease at 1x1013 protons/cm2 due an increase in series resistance and 

a decrease in shunt resistance by the generation of recombination centres and trap 

centres due to the irradiation.[8] Therefore, at this proton energy range, screen 

printed m-CPSCs exhibit the greatest stability against 150 keV proton irradiation. 

4.2.4 Spectroscopic Study 

4.2.4.1 Probing Through the Glass Substrate 

As the m-CPSCs exhibit superior proton stopping power and stability, experimental 

issues arise as there is no degradation to probe and investigate. Therefore, work was 

undertaken to try and explain why the m-CPSCs have high radiation stability. Like the 

previous chapter, this involved using non-destructive techniques such as Raman and 

PL to investigate why the PSCs remain stable, and if there are any micro-changes in 

the carbon electrode as from the SRIM simulation all the protons stop within it. Due 

to the mesoporous nature of the CPSCs, micro-Raman and PL mapping was used to 

study the homogeneity of the device layers and to take an average spectrum for 

comparison. The mapping results for the control sample is shown in Figure B.2 as a 

showcase on how the roughness of the mesoporous layers affect the Raman signal. 

As m-CPSCs are unencapsulated, the use of Raman and PL was useful to also probe 

the effect of storage and transport as these cells were under air for ~2 weeks during 
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the experimental time and travel time before were remeasured. The Raman and PL 

measurements were performed on the same area. 

The averaged Raman spectra as a function of proton fluence is shown in 

Figure 4.6a, with the normalised spectra shown in Figure 4.6b. The Raman spectra 

through the glass substrate shows three distinct peaks.  

 

Figure 4.6 a) Raman spectra of perovskite solar cells measured between 50 and 500 

cm-1 through the glass substrate as a function of proton fluence. b) Normalised 

Raman spectra of perovskite solar cells measured between 50 and 500 cm-1 through 

the glass substrate as a function of proton fluence. 

The first peak being a wide peak at ~100 cm-1 is associated with the vibrations 

of the Pb-I cage.[9] The vibrational modes for PbI2 are in the vicinity of 96 cm−1, 

106 cm−1, and 113 cm−1. The presence of these three modes could explain why the 

peak at 100cm-1 is broad. The second peak is at 145 cm-1, is attributed to the anatase 

phase of the TiO2 ETL used in the devices, and the third peak at 245 cm-1 is related to 

a methylammonium (MA) torsional mode.[10] There is no conclusive trend in the 

Raman peak intensity, which could be due to the mesoporous nature of the device 

structure. Therefore, it should be more accurate to normalize the Raman spectra to 

account for the inhomogeneity. The normalised Raman spectra is shown in Figure 

4.6b and has been normalized to the peak at 145 cm-1. The spectra at 145 cm-1 

overlap each other excellently, consistent with no degradation in the TiO2 chemical 

structure. There is also no considerable change in the peak position or FWHM at 100 
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cm-1 and 245 cm-1, which is consistent with no degradation on the perovskite 

structure.  

Alongside the Raman measurements, micro-PL mapping of the full device 

stack before and after the proton irradiation was also measured through the glass 

substrate. This was an additional method used to look at the stability (regarding to 

optical properties) and device homogeneity. The PL mapping is shown in Figure B.3 

while the averaged PL spectra as a function of proton fluence is shown in Figure 4.7a, 

with the normalised spectra shown in Figure 4.7b.  

 

Figure 4.7 a) PL spectra of perovskite solar cells as a function of proton fluence. b) 

normalised PL spectra of perovskite solar cells as a function of proton fluence. 

As shown In Figure 4.7, the PL intensity peak is centred at 773nm which is 

attributed to the perovskite. The PL signal undergoes a decrease in intensity as a 

function of proton fluence, however there is an overlap of intensity between 1x1012 

and 1x1013 protons/cm2, and 1x1014 and 1x1015 protons/cm2. The 1x1014 and 1x1015 

protons/cm2 samples present the lowest PL intensity as compared to the reference 

sample. However, the decrease in PL intensity as a function of proton fluence is not 

in agreement with the stability of J-V performance as seen previously. As the 

mesoporous carbon electrode should block all protons, the decrease in intensity 

could be due to air/humidity, but not affect the PCE. Another cause could be the 

variation in homogeneity of the active area and therefore PL intensity. The PL 

mapping after bombardments (Figure B.3) shows variations in the PL intensity, with 

a maximum variation of 11,000 counts for the 1x1014 protons/cm2 device. To reduce 

the effect of inhomogeneity, the normalised PL data a function of proton fluences 
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was compared, as shown in Figure 4.7b, and showed no considerable shift in peak 

position or change in FWHM. The observed excellent PL spectral overlap is consistent 

with no considerable degradation of the PL properties, and further suggests that the 

change in PL intensity is due to the inhomogeneity caused be the mesoporous nature 

of the active area. The consistency in the normalised PL indicates that there is no 

change in the optical properties or phase separation in the perovskite as observed 

for mixed FAMAPb(Br)3 based devices.[11]  

While it is strongly suggested that the reduction in the PL intensity as a 

function of proton fluence is due to the mesoporous active area, PL intensity can be 

indicative of the quality of the bulk perovskite layer or extraction layer interfaces. 

Deep trap states formed in the perovskite bulk can induce nonradiative 

recombination and quench the PL. In full device stacks, defective interfaces of the 

HTL and ETL, due to degradation, can also quench the PL due to an increase of 

nonradiative recombination. Taking the assumption that the absorbance is similar 

across all fluences as they are non-/slightly degraded, the Photoluminescence 

Quantum Yield (PLQY) can be estimated to investigate the change in the Quasi-Fermi 

level splitting (QFLS). By estimating the QFLS, the implied changes in the Voc can be 

calculated as they scale logarithmically on the PLQY. The estimated QFLS from the PL 

can be calculated using Equation 4.1: 

𝑄𝐹𝐿𝑆𝑃𝐿 = 𝑄𝐹𝐿𝑆𝑅𝐴𝐷 + 𝐾𝐵𝑇 ∙ ln(𝑃𝐿𝑄𝑌) (4.3) 

Where QFLSRAD is the radiative QFLS, KB is the Boltzmann constant, and T is the 

temperature in Kelvins.[12] Assuming that QFLSRAD is the same or similar for all 

samples, The change in QFLSPL (ΔQFLSPL) is given by Equation 4.2: 

∆𝑄𝐹𝐿𝑆𝑃𝐿 = 𝐾𝐵𝑇 ∙ ln (
𝑃𝐿𝑄𝑌𝑏𝑒𝑓𝑜𝑟𝑒

𝑃𝐿𝑄𝑌𝑎𝑓𝑡𝑒𝑟
) 

(4.4) 

Approximating the PLQY to the PL intensity, the 43% difference in PL intensity 

between the control and 1x1014 or 1x1015 protons/cm2 sample leads to a ΔQFLSPL  

and calculated Voc loss of ~12 meV. Therefore, the estimation of the QFLS shows that 

the decrease in PL intensity is not contradicting the measured J-V stability. 

4.2.4.2 Probing Through the Carbon Electrode 
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As the active layer was shown to be stable and undergo little to no degradation, the 

next layer to probe was the mesoporous carbon electrode. The SRIM simulations 

performed showed that the protons should stop ≤1.5 µm within the electrode, 

meaning any potential structural changes because of the proton bombardment 

would most likely occur within the electrode. Illumination was applied to the 

mesoporous carbon electrode to probe any structural and optical changes in the 

perovskite embedded within the mesoporous carbon layer at a depth ~2 µm.[13] This 

perovskite is described as a “capping layer” as it is not within the active area and does 

not contact the TiO2 ETL. 

Raman mapping was used to investigate any structural changes in the 

perovskite capping layer and mesoporous carbon electrode. Due to the roughness of 

the carbon electrode, the non-normalised data was deemed unreliable to draw any 

conclusions from, so the normalised Raman spectra was used to investigate any 

changes within the capping perovskite and carbon electrode. The non-normalised 

data is shown in Figure B.4. The normalised Raman spectra measured through the 

carbon electrode as a function of proton fluence are shown in Figure 4.8. 

 

Figure 4.8 Normalised Raman spectra of the perovskite solar cells a) 50 and 500 cm-1 

as a function of proton fluence b) 1200 and 1750 cm-1 as a function of proton fluence.  

Figure 4.8a shows the perovskite Raman signal, while Figure 4.8b shows the 

Raman signal from the mesoporous carbon electrode. In comparison to the Raman 

measurements taken from the glass side, the overall perovskite Raman signal is 

weaker due to the increase in light scattering from the meso-porous carbon 
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electrode. Therefore, it is particularly better to focus on the normalised Raman data. 

Figure 4.8a has been normalised to the relatively sharp peak at 110 cm-1 and there 

are three observed Raman peaks at 110 cm-1 164 cm-1, 245 cm-1 respectively. The 

peaks at 110 cm-1 and 164 cm-1 are attributed to the formation of dihydrated MAPI.[14] 

Both peaks are more prominent with increasing humidity level, indicating the 

presence of moisture in the capping layer of perovskite. The broad peak at 245 cm-1 

is again attributed to MA cation torsional modes. For each of the three peaks, 

however, there is no trend between the relative peak intensity and proton fluence, 

suggesting that the amount of moisture present in each device is random. 

Figure 4.8b shows the normalized Raman intensity in the range of 1200-1750 

cm-1 where there are two clear peaks at 1349 and 1582 cm-1. These peaks are 

assigned to the D and G bands of carbon respectively. The D peak is only visible in sp2 

hybridized carbon systems and arises due to the defects in the layer. The more 

defects that are present in the carbon layer, the higher the Raman intensity of the D-

band relative to the G-band.[15][16] The G peak is due to stretching of the C-C bond in 

graphitic materials which can be used to investigate any modification to the structure 

and is common to all sp2 carbon systems. In Figure 4.8b, which has been normalised 

to the G-band, there is very good overlap at the 1582 cm-1 peak. This overlap suggests 

that there is no considerable change in structure of the carbon because of the proton 

bombardment. While there is some variation in D-band intensity, there is no trend 

as a function of proton fluence. Here it is suggested that the variation in the carbon 

domain size across the samples is responsible for the variation in the measured D 

intensity. To further support this hypothesis, the intensity ratio of the D (IG) and G 

(ID) peaks was calculated for the control, 1x1012, and 1x1015 protons/cm2 samples and 

are shown in Figure 4.9. 1x1012 and 1x1015 protons/cm2 samples were chosen to 

compare any changes between the control and irradiated samples, along with any 

changes as a function of increasing proton fluence. 
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Figure 4.9 Mapped ratio of the Raman intensity of the carbon D and G peaks (ID/IG). 

a) Control device b) 1x1012 protons/cm2 c) 1x1015 protons/cm2. 

As seen in Figure 4.9, there is variation in ID/IG across the irradiated samples. 

Across the measurement area (~0.16 mm2) there is no conclusive trend as a function 

of proton fluence. The average ID/IG is 0.8, 1.6, and 1.1 for the control, 1x1012, and 

1x1015 protons/cm2 samples respectively. The increase in ID/IG for the 1x1012 and 

1x1015 protons/cm2 samples suggests that there is an increase in defects within the 

carbon electrode because of the proton bombardment. In the case of the 1x1012 

protons/cm2 sample, the increase in ID/IG could explain the measured decrease in Jsc 

as the defects could potentially affect the conductivity of the carbon electrode. 

However, this is not concluded here and would require further work.  

Alongside Raman spectroscopy measurements, PL mapping was also 

performed through the carbon electrode. These measurements were performed 

alongside the Raman measurements and are therefore from the same 0.16 mm2 

area. The averaged and normalised PL peaks are shown in Figure 4.10 as a function 
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of proton fluence. The peaks positions are labelled for the normalised PL peaks to 

show the shift in peak position. 

 

Figure 4.10 a) Averaged PL spectra as a function of proton fluence b) Normalised 

averaged PL spectra as a function of proton fluence. 

In Figure 4.10a, the PL peak for the 1x1012 protons/cm2 sample exhibits a 

~490% increase in intensity compared with the control device. This increase in PL 

intensity could be related to the increase in defects within the 1x1012 protons/cm2 

m-CPSC as the poor conductivity of the carbon will lead to increased recombination 

and reduced charge extraction. There is also a clear shift in peak position between 

the different samples, which is easier to distinguish using the normalised data shown 

in Figure 4.10b. Here there is a clear shift in the PL peak wavelength between the 

samples under different proton fluences and the control sample. In comparison to 

the PL measurements taken through the glass substrate (Figure 4.7), the control PL 

peak has a centre value of 757 nm which is blue shifted by 16 nm. The direct cause 

for the shift in PL position is unknown. Here, it is hypothesised that the blue shift 

seen here is due to the polydisperse nature of the carbon/perovskite capping layer, 

with a similar effect having been observed in other work.[17] However, there is also 

an observed red shift between the control sample and the bombarded devices. The 

control, 1x1012, 1x1013, 1x1014, and 1x1015 protons/cm2 devices have centre values 

of 757, 765, 760, 760, and 773 nm respectively. The measured change in PL centre 

value is independent from proton fluence, suggesting that the change is not due to 

the proton bombardment. However, as the cells are unencapsulated the carbon 
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electrode and perovskite “capping” layer is in contact with moisture in the air. 

Moisture induced changes in perovskite has been shown to cause a red shift in the 

PL peak position.[18] As the perovskite in the “capping” layer is close to the carbon 

surface, it would encounter more moisture than the more embedded perovskite 

active area and therefore would exhibit a larger shift in PL peak position. With this 

hypothesis in mind, the observed shift follows no trend, indicating that the amount 

of moisture that encounters the perovskite “capping” layer is random and could be 

related to the formation of the mesoporous structure. Overall, the measured blue-

shift of the perovskite PL position through the carbon electrode could be due the 

counter effect of random variation of polydisperse nature of the layer, and/or the 

pressence of humidity at the top carbon surface causes a  PL red shift in the 

perovskite “capping“ layer. Furhter work will be needed to investigate this trend. 

Importantly, the ‘capping’ layer of perovskite/m-carbon is not involved in device 

functionality, hence the variation in PL intesnity and oberved shift does not affect the 

PCE of the m-CPSCs. 

4.2.5 Electrode Proton Bombardment Simulations 

To understand why the perovskite in the meso-carbon devices exhibits superior 

proton bombardment stability against other device structures using metal 

electrodes, simulations were performed to compare the proton stopping power of 

the carbon electrode and compare it to other commonly used metal alternatives. The 

idea was that the simulations should provide a better understanding of the 

penetration depth of the proton beam into the materials and how the choice of 

electrode affects the proton stability. Two different simulation packages were used, 

the first being The Stopping and Range of Ions in Matter (SRIM) and its sister 

programme, Transport of Ions in Matter (TRIM). This package was used to calculate 

the lower proton energy (150 keV) stopping range. The second package used was a 

self-written python code to solve the Bethe-Bloch equation for the different 

electrodes across a much wider range of energies as this allows us to assess the 

stopping power not just for the proton energy used in this experiment but at energies 

you would also find in LEO. 
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The electrode materials that were simulated using both SRIM and python 

were mesoporous carbon, Silver (Ag), Gold (Au), Aluminium (Al) & Copper (Cu). 

4.2.5.1 SRIM Target Depth Simulations 

Figure 4.11 shows the energy loss at 150 keV, as a function of target depth, for the 

electrode materials. Here, target depth is a measure of how far into a material a 

proton will travel before it comes to rest. This is sometimes also called the shield 

thickness. As we are looking at the energy loss during travel through matter, the 

results of the SRIM simulation are presented as Bragg curves. As 𝐸𝑙𝑜𝑠𝑠  ∝ 𝑉
−2, a peak 

is formed as the protons reach their minimum velocity, which is called the Bragg 

peak, however due to the low energy in this work they are not well defined as seen 

in other work looking at higher energies.[19] 

 

Figure 4.11 Log-log plot of 150 keV proton energy loss due to ionisation in the 

electrodes as a function of electrode thickness (Target Depth). 

From this plot, Au and Ag possess the shortest target depth (highest stopping 

power) with 150 keV protons, with protons completely stopped at a target depth of 

~920 nm and therefore can be regarded as the best metal electrode for stopping 

150keV protons from those investigated here. Cu has a simulated target depth of 

~980 nm and Al has a depth of ~1.34 µm. For mesoporous carbon, protons stop at a 
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target depth of ~1.3 µm. At a proton energy of 150 keV, the protons have enough 

energy to cause ionisation in each of the materials. For example, Comparing Au and 

mesoporous carbon, the electronic configuration of Au is [Xe]4f145d106s1 with an 

ionisation energy of 888 kJmol-1, while mesoporous carbon has an electronic 

configuration of [He]2s22p2 and an ionisation energy of 1086.1 kJmol-1. Only 

considering the ionisation energy, the mesoporous carbon should have a lower target 

depth in comparison to Au as the incident protons should lose more energy through 

ionisation. Therefore, from the SRIM simulations, the main cause of the variation in 

target depth is the density and atomic mass of the different electrodes. Au has a 

density of 19.3 g/cc, which is 10.7x greater than mesoporous carbon’s 1.8 g/cc. 

Looking at the atomic mass, 1g of Au contains 1.18x1026 atoms, while 1g of C contains 

5.01x1022 atoms, meaning that there are ~2.35x103 more atoms in the gold electrode 

than the carbon. This would result in increased proton collisions within the material, 

resulting in more energy loss through ionisation and a reduced target depth. 

Although mesoporous carbon has lower proton stopping power than most of the 

electrodes, the target depth is very similar to that shown in Figure 4.4, meaning that 

the inclusion of the infiltrated perovskite does not affect the proton stopping power 

of the carbon electrode. This finding shows that the mesoporous carbon electrode is 

responsible for the superior proton stability of the devices with 150 keV proton even 

at 1 x 1015 protons/cm2.  

A noteable result from the SRIM simulation results is that the mechanisms 

that lead to the good device performance also play a crucial role in proton radiation 

stability. For effective electrode conductivity in the m-CPSC architecture, the carbon 

layer is required to be thick (~12 µm). Therefore, the device design already 

incorporates impressive proton radiation shielding. On the other hand, for other 

common metal electrodes simulated here such as Au, the required thickness of the 

metal to stop the 150 keV protons is ~9.2x thicker than the electrodes used for the 

planar PSCs in this thesis (~100 nm). The simulations show that a significant increase 

in the metal thickness could stop the 150keV protons, but it could be challenging, 

expensive, and time consuming to achieve that thickness using a thermal evaporation 

approach. However, these simulations only consider a single proton energy, which is 
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not indicative of the environment found in LEO. Therefore, additional simulations 

were required to investigate the stopping power over a larger energy range. 

4.2.5.2 Bethe-Bloch Stopping Power Simulations 

To gain insight on the proton stopping power at higher proton energy, proton 

stopping power of the electrodes was also simulated up to 100 GeV proton energy. 

This is because of the wider range of energies that are present in a LEO and beyond, 

so the stopping power at higher energies would also need to be investigated. This 

was achieved using the Bethe-Bloch equation to solve the stopping power for each 

material from 100 keV to 100 GeV. For this package, python simulation code of the 

Bethe-Bloch equation was self-written and used. The results of this simulation 

allowed for the calculation of dE/dx, the energy deposited per unit length. From this 

value the minimum layer thickness to achieve sufficient shielding can be calculated 

for any given proton energy. SRIM was used previously due to there being caveats at 

lower energies, which are dicussed later. The derivation is as follows. 

Given a particle with charge Z and velocity v that is moving in a medium of 

constant electron density, a free electron located at a distance x in the medium and 

a perpendicular distance b from the charged particles path (impact parameter) will 

experience a force 

 
𝐹 = −𝐾𝑐

𝑍𝑒2

𝑟2
= |𝑒𝐸| = (𝑒(𝐸⊥

2 + 𝐸∥
2))

1
2
 (4.5) 

Where Kc is equal to (1/4πε0)2, with ε0 being the permittivity of free space. The 

distance between the charge particle and the free electron is denoted as r, e is the 

electron charge, and E is the electric field. The electric field has a transversal and 

parallel component denoted as 𝐸⊥ + 𝐸∥ respectively. The kinetic energy transfer (Te) 

from the proton to the electron is given by Equation 4.6: 

 
𝑇𝑒 = 𝐾𝑐

2𝑍2𝑒4

𝑚𝑒𝑏2𝑣2
 (4.6) 

Here me is the mass of an electron (9.11x10-31 kg). Equation 4.6 can be used as the 

estimate energy transfer to all electrons with the same b. If 𝑛𝑒 is the electron density, 

the number of electrons with impact parameter b to a differential change b + db, with 
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a differential distance dx along the incident ion trajectory is 2π𝑛𝑒bdbdx. Using this 

term and Equation 4.6, the total energy transfer (energy loss) can be integrated as: 

 
−
𝑑𝐸

𝑑𝑥
= 2𝜋𝑇𝑒𝑛𝑒𝑏𝑑𝑏𝑑𝑥 = 𝐾𝑐

2
4𝜋𝑛𝑒𝑍

2𝑒4

𝑚𝑒𝑣2
∫(
𝑑𝑏

𝑏
) (4.7) 

To integrate over b, there are limits that must be put in place. At b = 0 the energy 

loss must tend towards ∞ due to the 1/b term. Therefore, as Equation 4.6 has a 1/b2 

relation, the minimum impact parameter (𝑏𝑚𝑖𝑛) gives rise to the maximum kinetic 

energy (𝑇𝑚𝑎𝑥). The calculated 𝑇𝑚𝑎𝑥 is shown in Equation 4.8: 

 𝑇𝑚𝑎𝑥 = 2𝑚𝑒𝑣
2 

 

𝑤ℎ𝑒𝑛 𝑏𝑚𝑖𝑛 = 𝑘𝑐
𝑍2𝑒4

𝑚𝑒𝑣2
 

(4.8) 

 
 

(4.9) 

Now considering atomically bound electrons, especially those in the outer orbitals, 

there is a mean excitation energy (𝐼) that can be defined for each element. This 

constant is the required 𝑇𝑒 to either excite or ionise bound electrons. As electronic 

stopping occurs through interactions with the electrons via excitation or ionisation, 

energy transfers with energy less than the ionisation constant are forbidden as 

electronic stopping will not occur, and nuclear stopping dominates (collisions with 

nuclei) before the particle stops. Therefore, any impact parameters that would lead 

to 𝑇𝑒 < 𝐼  will not contribute. This means that there is a maximum b, 𝑏𝑚𝑎𝑥, which 

occurs at 𝑇𝑒 = 𝐼 as shown in Equation 4.10 and is the upper limit of the impact 

parameter. 

 
𝐼 =  𝐾𝑐

2
2𝑍2𝑒4

𝑚𝑒𝑏𝑚𝑎𝑥2 𝑣2
 (4.10) 

 

𝑤ℎ𝑒𝑟𝑒 𝑏𝑚𝑎𝑥 = 𝐾𝑐
𝑍𝑒2

𝑣
(
2

𝑚𝑒𝐼
)

1
2
 (4.11) 

Using both 𝑏𝑚𝑖𝑛 and 𝑏𝑚𝑎𝑥 as the limits of the integral in equation 4.7, and applying 

quantum mechanical corrections, the Bethe-Bloch equation is: 

  

−
𝑑𝐸

𝑑𝑥
= (

1

4𝜋𝜀0
)
2 4𝜋𝑛𝑒𝑍

2𝑒4

𝑚𝑒𝑣2
ln [

2𝑚𝑒𝑣
2

𝐼(1 − 𝛽2)
] − 𝛽2 

 

(4.12) 
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Where dE/dx is the stopping power of a given element and Z being the atomic 

number of the bombarded material. me is the mass of the electron. β is the relativistic 

velocity ratio (V/c) of the incident protons; ne is the electron density of the target and 

I is the mean excitation energy of the bombarded element, which can be calculated 

empirically via Equation 4.13: 

 𝐼 ≈ 9.1𝑍(1 + 1.9𝑍−2/3)𝑒𝑉 (4.13) 

V is the velocity of the incident protons and is calculated from the relativistic kinetic 

energy 𝐾𝑒 = (𝛾 − 1)𝑚𝑐
2, where γ is 1/√1 − 𝑉2/𝑐2. 

For the electrode materials investigated the mean excitation energy has been found 

experimentally, so Equation 4.13 is included to complete the derivation but was not 

used for the simulations. Figure 4.12 shows the stopping power as a function of 

proton energy derived from the Bethe-Bloch equation for several common metal 

electrodes in semiconductors and solar cells.  

 

Figure 4.12 Bethe-Bloch calculated proton stopping power as a function of proton 

energy of different electrode materials. 

Equation 4.12, and therefore the line-shape, scales with both Z2 and V-2. The 

shift in the peak stopping power is due to the different Z and ne values for each 
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element. The maximum energy loss is when the incident proton energy is sufficient 

that electronic stopping dominates over nuclear stopping, and is the dominant 

energy loss mechanism. As the proton energy, and therefore velocity increases, the 

V-2 term dominates and causes as decrease in stopping power. This decrease reaches 

a minium value at β~0.96 before the logarithmic term begins to dominate and the 

stopping power begins to increase before plateauing at β=1 (V=c). Comparing the 

Bethe-Bloch simulations results to SRIM’s, at 150 keV the mesoporous-carbon has a 

stopping power of 1166 MeV/cm. Therefore, a layer with a thickness of at least of 

1.29 µm will stop the incident protons. This is in agreement with SRIM, including the 

similarity in stopping power between Al and mesoporous carbon for proton energies 

<1 MeV. However, when looking at higher energy levels >200 keV, the stopping 

power of mesoporous carbon is much lower that of Cu, Ag, and Au. At a protons 

energy of 10 MeV, the stopping power of mesoporous carbon is 73.40 MeV/cm. This 

means a layer thickness of at least 1.36 mm is needed. For Au, the required layer 

thickness is 269 µm. Both Ag and Cu have a similar stopping power of 251.84 and 

250.45 MeV/cm respectively. This results in a Ag and Cu layer thickness of 396 and 

399 µm respectively. In LEO, protons with energy 10 Mev are present in the Van Allen 

Belt with a flux of 3.96x1012 protons/cm2/year.[20] For protons with energy 150 keV, 

the proton flux is ~3.154x1011 protons/cm2/year, meaning that a fluence of 1x1015 

protons/cm2 is ~10,000 years in LEO.[21] Therefore, a mesoporous carbon layer needs 

to be ~5x thicker than that of an Au layer and ~3.4x thicker than a Ag and Cu layer. 

However, this raises another topic of consideration, the viability of evaporating metal 

electrodes with a layer thickness of ≥269 µm compared with printing a 1.36mm 

mesoporous carbon layer. 

It is worth noting that while the Bethe-Bloch equation allows for simulations 

of a  much larger energy range, there are shortcomings. These are more apparent 

when looking at energies <1 MeV for different materials. Here it is clear that the 

stopping power diverges to 0 as the proton energy tends towards 100 keV. This 

decrease is due to the Bethe-Bloch equation having a lower band cut-off energy 

parameter, whose value depends on the material being bombarded. The physical 

meaning behind this parameter is related to the minimum ionisation threshold 

energy, as the Bethe-Bloch equation assumes the protons are always ionised. There 
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are two solutions to solve this and improve the package, and they are to use the 

Lindhard-Scharff approximation or empirical data. The issue of using empirical data 

is that for compunds such as MAPI-AVA, there has been no investigation into the 

mean excitation energy and thus there is no empirical data to work from. This means 

that the version of Equation 4.13 designed for compounds will need to be used, 

which adds a layer of discrepency. This is given via: 

 
𝐼𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑  ≈ 𝑒𝑥𝑝(

1

𝑛
∑𝑛𝑖𝑍𝑖 ln 𝐼𝑖
𝑖

) (4.14) 

Where n is the total number of electrons per unit volume, ni is the electron density 

of material i, Zi is the atomic number of material i, and 𝐼𝑖 is the mean excitation 

energy of material i. The first solution considers the use of the Lindhard-Scharff- 

Schiøtt (LSS) approximation, which considers much lower ion energies (~1-90 keV) 

and therefore nuclear stopping interactions.[22] When considering the case of proton 

bombardment, the LSS approximation can written in the form: 

 

 

 

 

𝑆 = 8𝜋𝑒2𝑎0𝑁
𝑍2

(1 + 𝑍2
2/3
 )
3/2
(
𝑉𝑃
𝑉0
) (4.15)  

Where a0 and V0 are the Bohr radius (5.29x10-11 m) and Bohr velocity (2.18x106 m/s) 

respectively. Vp is the proton velocity and N is the electronic number density. In the 

LSS region, the stopping power is proportional to the incident proton velocity. As 

nuclear stopping and therefore LLS dominates at lower energies, the protons are 

non-relativistic (β<<c) which gives the stopping-energy relationship S ∝ V ∝ E1/2.  

Due to the complexity of combining LSS with Bethe-Bloch, the approximation 

was not used in this work; however, other publications regarding attenuation of 

charge particles and ion implantation in different mediums have fully assessed the 

stopping power across a range of energies.[23] Additionally, an open-source database 

comprised by the National Institute of Standards and Technology (NIST) allows for 

the simulation of proton bombardment into a variety of different elements for a 

range of energies through their PSTAR tool.[24] These simulations use both empirical 

data and the full LSS + Bethe-Bloch + modifications for the results. These 

modifications are the shell-corrections, the Barkas correction, and the density-effect 
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correction.[25-27] However, NIST calculates what is referred to as the mass-stopping 

power of an element rather than stopping power defined previously. The mass-

stopping-power is the density independent stopping power. This version of stopping 

power uses units of MeV•cm2•g-1 and is calculated via: 

Where S is the stopping power, ρ is the density of the target material and S/ρ is the 

mass-stopping-power. The reason for using the mass-stopping power is that when a 

substance is compared in gaseous and solid form, the stopping powers of the two 

states are very different due to the different densities. Therefore, dividing the 

stopping power (MeV/cm) by the density (g/cm3) of the material to obtain the mass 

stopping power (MeVcm2/g) means that the result depends only very little on the 

density of the material. The results from the PSTAR simulation are shown in Figure 

4.13 and further shows the proton stopping power of mesoporous carbon. The mass 

stopping power line shape follows the same trend as the stopping power, however 

the stopping power no longer diverges to 0 at longer energy values as the nuclear 

stopping contribution has been included.  

 

Figure 4.13 Plot of mass-stopping poweras a function of proton energy for different 

metal electrodes compared against mesoporous carbon. This was plotted using open 

source data from PSTAR.[24] 
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In Figure 4.13, it is shown that mesoporous carbon possess the highest mass 

stopping power out of all the materials simulated, with Au exhibiting the lowest. This 

shows that for the results in Figure 4.12, the high stopping power of Au is due to its 

higher density compared to the other electrode materials. Incidentally, it also 

suggests that a compact carbon layer would provide better proton stopping power 

than the mesoporous electrode due to the increase in density (ρ ~ 2.2 g/cc). The 

variation in mass stopping power between Cu and Ag is small, which is also seen in 

Figure 4.12. Therefore, Ag and Cu electrodes appear to offer similar proton stopping 

power. Overall, the simulations further supports the notion that a compact or 

mesoporous carbon electrode has potential in space applications due to the 

simulated high stopping power under proton bombardment. 

4.3 Conclusion 

This chapter finds that screen-printed perovskite solar cells with a mesoporous 

carbon electrode have a very high tolerance to 150 keV proton irradiation, even up 

to a proton fluence of 1x1015 protons/cm2. Using SRIM, it was found that the bulk 

number of incident protons will stop within the carbon electrode at a target depth of 

~1.27 µm. It is shown through remaining factor values that the m-CPSCs exhibit a 

high tolerance to 150 keV proton radiation, up to a fluence of 1x1015 protons/cm2 

which is equal to 10,000 years in LEO. In comparison, Si and GaAs solar cells are 

known to be destroyed or highly deteriorated at this proton energy and fluence. 

Proton fluences ≥1x1014 protons/cm2 have also been shown to degrade the Spiro-

OMeTAD HTL in planar PSCs.  

To investigate any changes in the structure or optical properties of the active 

area and carbon electrode, Raman spectroscopy and PL measurements were 

performed. PL measurements through the glass substrate were consistent with no 

phase separation of the perovskite, and the Raman shows no considerable 

degradation of the perovskite embedded in the mesoporous and compact TiO2 layer. 

An estimate of the QFLS showed that the 49% increase in PL intensity at 1x1012 

protons/cm2 compared to the control sample only results in a 12 meV difference in 

Voc. Raman spectroscopy of the carbon electrode showed the formation of 

dihydrated MAPI with peaks at 110 and 164 cm-1. The carbon G-peak position 
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remains unchanged as a function of proton fluence, indicating no change in the 

chemical structure of the carbon electrode. The ratio of the carbon D and G peaks 

(ID/IG) showed that the variation in the D peaks varies across devices and the 

measurement area, indicating the variation in D-peak intensity is due to the 

mesoporous nature of the carbon electrode. Additionally, ID/IG was much higher in 

the 1x1012 protons/cm2 device, indicating an increase in defects in the carbon which 

could be the cause in the decrease Jsc and increased PL intensity. This will need to be 

investigated in future work. PL measurements taken from the carbon electrode 

showed a significant blue and red shift in PL peak values across fluences. The shift is 

attributed to the competing mechanisms of moisture ingress into the perovskite 

“capping” layer and the polydisperse nature of the perovskite. Importantly, the 

presence of moisture does not affect the device performance as the degraded region 

is not within the PV active area. This strongly indicates that the devices would be 

stable when in storage before a payload launch.  

SRIM and Bethe-Bloch simulations showed that the origin of the superior 

proton stability is due to the thickness of the carbon electrode rather than the proton 

stopping power of the material itself. Data analysis of PSTAR simulations showed that 

of the electrodes considered, mesoporous carbon exhibits the highest mass stopping 

power. This suggests that a compact carbon electrode would provide better proton 

stopping power over a mesoporous one due to the increased density. However, this 

would need to be confirmed experimentally in further work. 

Overall, the findings of this chapter show that m-PSCs possess high radiation 

stability and could have attractive potential for space applications. However, there 

are still issues to overcome for m-CPSCs before they can begin to be considered as a 

replacement for the currently used PV technology. Issues such as lower PCE 

compared to planar PSCs and the increased difficulty of fabrication on flexible 

substrates due to the high temperature (~500 °C) fabrication processes limit m-CPSCs 

specific power. 
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Chapter 5  

Temperature Stability of Perovskite 

Solar Cells Under Mimic Low Earth 

Orbit Thermal Conditions 
 

5.1 Introduction 
As detailed in Section 1.3, the external conditions found in space and in a LEO pose a 

variety of different problems when looking at the continued performance of 

perovskite solar cells. One such conditions is the varying temperature that orbiting 

bodies experience. This temperature variation can be affected by the distance from 

the sun, period of orbit and the orbital altitude. Objects in direct sunlight are hotter 

due to the increase in solar radiation, often resulting in the need for heat shields to 

reduce the temperature of onboard systems. One such example is the James Webb 

Telescope that has 5 layers of heat shields to protect the telescope equipment.[1] As 

space solar requires direct sunlight to operate at maximum efficiency, the solar cells 

used in space arrays need to be thermally stable, otherwise they will degrade during 

optimal performance conditions. Current PV technology used in space applications, 

such as Si and III-V are inorganic and are thermally stable.[2] However, as PSCs are an 

organic-inorganic hybrid with organic/inorganic extraction layers, the thermally 

stability is a concern for lifetime operations such as CubeSats which can have an 

operational lifetime of >8 years.  

This chapter looks at the thermal stability of the PSCs used throughout this 

thesis, including the use of characterisation techniques such as Raman spectroscopy 

and photoluminescence spectroscopy. It is presented that the limiting factor to 

thermally stable PSCs is the inclusion of the spiro-OMeTAD HTL, specifically the 

dopants used, and an alternative HTL is suggested in the form of P3HT. 
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5.1.1 Low Earth Orbit Thermal Conditions 

As discussed in Section 1.2.2, the temperature range within the Earth’s atmosphere 

increases with altitude above the Kármán Line, with the only heat coming from solar 

irradiation in the form of photons. This means that heat transfer through conduction 

or convection is normally impossible. Therefore, most objects can only release 

energy through emitting infrared radiation. The overall temperature of an object is 

when it is at thermal equilibrium between the solar irradiation heating and radiative 

heat transfer. When a satellite orbits an object, it will enter the objects shadow. This 

result in thermal cycles as the incident solar radiation decreases as the objects enter 

the objects shadow, before increasing again when it exits the shadow.[3] 

Due to LEO satellites having an orbital period faster than GSO, they 

experience an increased number of thermal cycles, in which the temperature 

increases and decreases between two values. For example, the ISS completes a full 

orbital period every 90 minutes, resulting in 16 temperature cycles.[4] From -100 to 

+100 °C, this requires a thermal ramp of 4.4 °C/min. One example of a LEO application 

that is gaining increased attention is CubeSats, such as StarLinkTM.[5] The measured 

temperature range for a CubeSat in LEO is -70 < T < 80 °C.[6] The difference in 

temperature ranges between CubeSats and the ISS is due to the difference in size, 

with the ISS being bombarded with more photons. Taking boundary limits around 

this measure range to encompass most LEO applications, the thermal cycling range 

was chosen to be -100 < T < 85 °C. This temperature range also encompasses the 

analytical temperature range for the ISS (-100 < T < +78 °C).[6] The range is analytical 

as there are no temperature readings for the solar cells onboard the ISS and 

therefore needs to be calculated.  For the ramp rate, to maximise time efficiency with 

measurements, a value of 30 °C/min was chosen. This ramp speed is equivalent to 1 

cycle every ~12 minutes for the chosen range. Comparing to LEO, this equates to 10 

cycles every 2 hours which is equivalent to 120 cycles per day. 
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5.2 Results and Discussions 

5.2.1 NIP Perovskite Solar Cells 

5.2.1.1 J-V Performance Under Mimic LEO Conditions 

Using the thermal measurement set-up shown in Chapter 2, the planar PSCs with the 

device stack of Glass/ITO/SnO2/Cs0.05(FA0.87MA0.13)Pb(I0.83Br0.13)3/Spiro-OMeTAD/Au 

with glass-on-glass encapsulation were thermal cycled between -100 and +85°C 

under vacuum. The vacuum pressure was 1x10-2 mbar (1x10-5 bar). During the 

thermal cycle, the devices were measured for the first 2 cycles and then measured 

during the last cycle. This allowed for an investigation into any early performance 

changes, and to investigate the long-term stability of the devices. During 

measurements, the cells were illuminated at 1 Sun AM0 for 2.5 minutes before 

running the JV measurement to simulate being in LEO. The normalised results of 10 

thermal cycles are shown in Figure 5.1. Here the thermal cycling data for a m-CPSC 

as seen in Chapter 4 is also included. 

 

Figure 5.1 Normalised 1 Sun AM0 PV parameters under thermal cycling (-100 <-> +85) 

°C for a PSC with a spiro-OMeTAD HTL, and a m-CPSC. 
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Comparing the initial and final measurements after 10 cycles, the PCE of the 

m-CPSCs increases by 1.7% overall after the thermal cycling. This further showcases 

the superior stability of the m-CPSC compared to other perovskite architectures. The 

increase in PCE is due to a 100% retention of FF after cycling, and a 5% absolute 

increase in the Jsc. However, there is a 4% absolute decrease in the Voc. In comparison, 

the planar PSCs undergoes a 10% absolute decrease from 13% to 11.7% at 25 °C. This 

decrease in PCE is due to a 6% decrease in Jsc from 22.89 to 21.63 mAcm-2, and a 4% 

decrease in FF from 0.51 to 0.49. The Voc remains stable with a 0.3% decrease after 

10 cycles, with a value of 1.08 V. These results showcase the thermal stability of the 

m-CPSCs, but also a limitation in the planar devices. In the literature, Tumen-Ulzii et 

al. observed an 80-90% decrease in PSCs using spiro-OMeTAD after ~15 hours of 

device heating at 85 °C.[8] This is equivalent to a time of 900 minutes of thermal 

heating (90 cycles), with a linear decrease in PCE observed. Using a linear line of best 

fit (𝑦 = 𝑚𝑥 + 𝑐), the calculated time taken for the PCE in Figure 5.1 to decrease to 

80% of its initial value (T80) is 301.5 minutes which is equivalent to 15 cycles. From 

the linear fitting, at T80, the FF, Jsc, and Voc will be 0.48, 20.8 mAcm-2, and 1.04 V 

respectively. Using the equivalency that the cycles performed here are 5x faster than 

those experienced by an object in LEO, then the T80 time is equivalent to 1 days in 

LEO. The average lifetime of a LEO satellite is 8 years, meaning that the spiro-

OMeTAD cells degraded by 20% in ~ 0.0003% of a LEO satellites orbital lifetime when 

looking at T80.[9] For a CubeSat, the average lifetime is 1 year, therefore the spiro-

OMeTAD cells reach T80 in ~0.003% of a CubeSats lifetime. However, extrapolating 

from the work of Tumen-Ulzii et al, the decrease in device performance is unlikely to 

be directly proportional to cycle number, but the time spent at the high temperature 

limit. 

In the literature, the decrease in performance for spiro-OMeTAD HTL PSCs 

has been attributed to the high temperature instability of the organic HTL.[10-14] To 

further assess how temperature impacts the J-V performance of PSCs utilising a spiro-

OMeTAD HTL, PSCs were cycled between 25 °C (room temperature) and increasing 

or decreasing temperature steps up to ±180 °C. This larger range was chosen to 

understand how the high and low temperature cycling components impact device 

stability, and to find the temperature limit for efficient device performance for future 
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space missions. The PCE stability of a planar PSC cycled between 25 °C and -100 °C in 

10 °C steps up is shown in Figure 5.2a. The PCE stability cycled between 25 °C and -

180 °C in 10 °C steps is shown in Figure 5.2b. The Voc, FF, and Jsc results are shown in 

Appendix C. 

 

Figure 5.2 a) 1 Sun AM0 PCE as a function of temperature stepping for room and low 

temperatures (≥-100 °C) b) 1 Sun AM0 PCE as a function of temperature stepping for 

room and very low temperatures (≥-180 °C). 

The low temperature cycling was performed to investigate any performance 

degradation that may occur during the cycling such as strain on the perovskite, 

physical or phase changes, and possibly thermal tension (shock). From Figure 5.2a, 

when the PSC is stepped between -100 °C and 25 °C, at -100 °C the PCE is ~87% of 

the initial value (11.73%). When the PSC was returned to 25 °C after the -100 °C 

measurement, the PCE was ~101% of the initial value and suggests that the 

degradation in device performance due to low temperature testing is reversible. At 

the final 25 °C measurement, which is -20 °C back to 25 °C, the PCE is ~90% of the 

initial room temperature value. This decrease is due to a 9% decrease in Voc, and 6% 

decrease in Jsc. The overall decrease in PCE at room temperature is suggested to be 
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the result of accumulated cycling, which increases the tensile strain on the 

perovskite. The reversibility of low temperature degradation is more apparent when 

looking at Figure 5.2b where the temperature range is increased. Here the devices 

were cycled between room temperature and incrementally lower temperatures to a 

minimum of -180 °C. When the devices were returned to room temperature the PCE 

remains stable with 100% PCE retention across all cycles. When comparing the 

change in performance at the different cold temperatures, there is a decrease in PCE 

from temperature ≤-110 °C. The most notable decrease in performance because of 

the decreasing temperature is the J-V performance difference between -180 °C and 

25 °C. This decrease is due to a ~57% reduction in FF, with the Voc and Jsc both 

decreasing by 15% and 36%, respectively (Appendix C). The J-V curves as a function 

of temperature are shown in Figure 5.3.  

Here J-V curves show an increase in Jsc for the -100 and -120 °C measurement. 

However, as the temperature continues to lower the Voc begins to decrease. While 

the Voc decreases with decreasing temperature, the Jsc increases at -120 and -150 °C 

when compared to 25 °C. This behaviour in the Voc and Jsc has also been observed 

under HAPS conditions.[15] In Barbe at al., the decrease in Voc is attributed to a 

decrease in the shunt resistance and variations in the perovskite band-gap.[15] It has 

also been shown in the literature that the perovskite active layer undergoes a phase 

change at ~-111 °C.[16] This phase change results in the formation of carrier traps 

within the perovskite that reduce charge extraction.[17] Therefore, the large (~36%) 

decrease in Jsc correlates well to the observed reduced charge extraction properties 

of the Spiro-OMeTAD layer in the literature with decreasing temperature and the 

formation of carrier traps within the perovskite, which is responsible for the large 

(~57%) decrease in FF.[18] Little to no work has been published looking at Si and GaAs 

solar cell performance under the temperatures investigated here (<-150 °C). 

However, around 100 k (-173.15 °C) there is carrier freeze-out in silicon.[19] This is a 

phenomenon where at very low temperatures the electrons do not have enough 

energy to jump to the conduction band and are bound to their donors. Therefore, it 

can be assumed that at -180 °C (93.15 K) Si PV will also exhibit low performance. 
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Figure 5.3 J-V curves as a function of temperature for the low temperature stepping 

shown in Figure 5.2b. 

From the low temperature stepping results, it is apparent that the thermal 

stress the devices experience because of the temperature cycling from cold to room 

temperature does not affect performance. This is also important for LEO applications 

as the PSCs will need to be stable at low temperatures. However, further work will 

be needed to investigate the Low Intensity Low Temperature (LILT) performance of 

perovskite solar cells for their adaptation into deep space missions. The next step 

was to assess the high temperature stability. This stability is more important as this 

corresponds to when the PSCs are in direct sunlight and in operation. The PCE 

stability of a PSC cycled between 25 °C and 80 °C in 10 °C steps is shown in Figure 

5.4a. The PCE stability cycled between 25 °C and 180 °C in 10 °C steps is shown in 

Figure 5.4b. The Voc, FF, and Jsc results are shown in Appendix C. 
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Figure 5.4 a) PCE as a function of temperature stepping for room (25 °C) and high 

temperatures (≤80 °C) b) PCE as a function of temperature stepping for room (25 °C) 

and very high temperatures (≤180 °C). 

It is clear from Figure 5.4a that as the cells are heated with increasing 

temperature, the PCE decreases. However, more importantly, the PCE does not 

recover when returned to 25 °C. The initial 25 °C PCE of ~12.87% decreases to ~8.81% 

after the cycles when measured again at 25 °C, which is a 32% decrease in 

performance. As seen in Appendix C, this decrease in performance is driven by a ~8%, 

~19%, and ~8% decrease in the Voc, FF, and Jsc respectively. The decrease in Voc is 

expected as it has been shown that at higher temperatures ionic conductivity in triple 

cation perovskite is increased, leading to increased recombination.[19] For the 

extreme high temperature performance shown in Figure 5.4b, the PSCs once again 

do not recover after returning to room temperature. In comparison to the initial 25 

°C measurement, at 180 °C the PCE decreased by 44% due to an 8%, 22%, 22% 

decrease in FF, Voc, Jsc respectively. At the final 25 °C measurement, the device had 

degraded from the initial PCE of 13.77% to 8.28%, which is a 40% decrease in PCE. 

This decrease is 20% larger than the decrease observed at 80 °C in Figure 5.4b. From 
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the J-V curves shown in Figure 5.5, the decrease in PCE is due to the continued 

decrease in Jsc, Voc, and FF as a function of increasing temperature. The decrease in 

Jsc is attributed to the degradation of the spiro-OMeTAD layer, reducing charge 

extraction. The decrease in Voc correlates to a change in the perovskite band-gap, 

which results in a higher charge carrier concentration and charge accumulation at 

the interfaces.[20][21] This charge accumulation will result in an increase in 

recombination, and therefore a reduced Voc. However, as the Voc does not recover 

when returned to room temperature, the degradation indicates chemical 

degradation. 

 

Figure 5.5 J-V curves as a function of temperature for the ‘extreme’ high temperature 

stepping shown in Figure 5.4b. Initial here refers to the first 25 °C measurement 

before the thermal stepping. 

To further assess the thermal stability of the PSCs utilising a spiro-OMeTAD 

HTL, PSCs were held at 85 °C for 1 hour with J-V measurements being taken every 10 

minutes. This was to simulate the stability of the PSCs at the maximum temperature 

during a light cycle with a time equivalent close to that of a LEO application (~45 

minutes). The normalised PV parameters are shown in Figure 5.6. Here, the PV 

parameters were normalised to the initial value to investigate any changes in 

performance as a function of time held at 85 °C. 
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Figure 5.6 Normalised J-V parameters at 85 °C as a function of time for spiro-

OMeTAD-based PSCs. 

The PCE of the PSCs held at 85 °C decreases with increasing time, with the 

PCE decreasing by ~20% after 60 minutes at 85 °C. This decrease in PCE is a result of 

a ~24% decrease in Jsc and ~4% decrease in Voc. Interestingly, the FF increases as a 

function of heating time. After 40 minutes, the FF increased by 12%, and after the 

full 60 minutes the FF was ~10% higher than the initial measurement. The increase 

in FF due to heating PSCs has been observed and is suggested because of proper PbI2 

formation acting as passivation centre to reduce the recombination of photo-induced 

carriers in the perovskite film.[22] In comparison, here the FF remains higher than the 

initial value for the total duration of heating time. Therefore, within the 

measurements timescale the increase in FF correlates with PbI2 being formed to act 

as passivation centres. Due to the limited heating time (1 hour) however, it is 

suggested that dispersed PbI2 was not formed and therefore does not bring about 

defect states which hinders charge transfer and increases recombination.[22] 

From the J-V measurements for the PSCs utilising a spiro-OMeTAD HTL, the 

PSCs exhibit good low temperature stability, with the PCE returning to pre-cooling 

performance even when cooled to -180 °C. For high temperature measurements, the 

PCE does not recover to the pre-heating performance. This decrease in performance 

was attributed to the spiro-OMeTAD HTL degrading under heating. 

0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

N
o
rm

a
lis

e
d
 P

a
ra

m
e
te

rs

Time (Mins)

 PCE

 Voc

 FF

 Jsc



164 | P a g e  
 

Further characterisation techniques were needed to properly confirm that 

the reduction in performance was due to the degradation of the spiro-OMeTAD HTL. 

To probe any changes in chemical structure or optical properties, Raman 

spectroscopy and photoluminescence (PL) measurements were used respectively. To 

characterise any change in electrical properties, Transient Photovoltage and 

Photocurrent (TPV/TPC) were used.  

5.2.1.2 Raman Spectroscopy and Photoluminescence 

To probe the stability of the spiro-OMeTAD HTL during thermal cycling, the first set 

of Raman and PL measurements were performed during a thermal cycle between -

100 and +85 °C. Firstly, the Raman spectra of the spiro-OMeTAD HTL was measured 

at 25 °C before cycling, at -100 and 85 °C, and then at 25 °C after cycling to probe any 

reversibility in any measured changes. The averaged spiro-OMeTAD Raman spectra 

as a function of temperature are shown in Figure 5.7. To help associate peaks with 

vibrations, the Raman spectrum of spiro-OMeTAD was simulated using ORCA and is 

shown in Figure C.4. 

 

Figure 5.7 a) Averaged Raman spectra of the spiro-OMeTAD HTL as a function of 

temperature b) Averaged Raman spectra of the spiro-OMeTAD HTL as a function of 

temperature focussed on the carbon bond peaks. Initial is the first 25 °C 

measurement, and final is the 25 °C measurement after cycling.  

As a function of temperature, there is an observed decrease in the average 

Raman intensity at -100 °C, 85 °C, and at 25  °C after cycling. As the Raman signal 

does not completely recover to the initial measurement after cycling, it indicates that 
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there is degradation within the spiro-OMeTAD layer. This has been seen previously 

in Chapter 3 under proton bombardment where a degrading spiro-OMeTAD layer 

correlated well with the observed decrease in Jsc and PCE. In Figure 5.7b, the carbon 

single bond (C-C) and double bond (C=C) peaks in the aromatic ring are measured at 

1576 and 1610 cm-1 respectively. The C=C bond is important for organic 

semiconductors and the source/position of these peaks were confirmed through the 

Raman simulation. Here the Raman intensity of the C-C peak decreased by 26% and 

the C=C peak decreased by 24% at 25 °C after cycling compared to the initial value. 

As both peaks only decreased by 10% on average at -100 °C, the overall decrease 

after cycling is most likely due to the 85 °C cycling time (~50 minutes). The average 

85 °C Raman shows a 32% decrease for both the C-C and C=C peaks. The reduced 

Raman signal during the high temperature measurements and the final 25 °C 

measurement correlates well with the overall reduced Jsc during the thermal cycling. 

To probe the effect of temperature on the optical properties of the perovskite during 

the thermal cycle, PL measurements were taken at each cycle and averaged as a 

function of temperature. The averaged PL as a function of temperature is shown in 

Figure 5.8. 

 

Figure 5.8 Averaged PL response of the perovskite as a function of temperature. 

With a peak centre value of 770 cm-1 at 25 °C, there is a 3 cm-1 red shift in 

the PL response at -100 °C. This shift is expected as in the literature it has been shown 
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that perovskite has a reverse band structure, which results in the band gap narrowing 

at low temperatures.[23] The 138% increase in PL intensity compared to the initial 25 

°C measurement also suggests that there is an increase in radiative recombination 

within the perovskite at -100 °C. The opposite is true for the average 85 °C peak, with 

a 4 cm-1 blue shift observed due to the band gap increasing with temperature.[23] 

However, the PL is quenched by 85% compared to the initial 25 °C measurement. 

This quenching correlates well with the decrease in Raman intensity at 85 °C and the 

decrease in Jsc. Additionally, the PL intensity does not recover after cycling, with the 

25 °C measurement after cycling exhibiting a 73% decrease in intensity. This indicates 

that the degradation because of the thermal cycling is not completely reversible. This 

trend has been seen before in Chapter 3, in which the PL was quenched due to the 

spiro-OMeTAD HTL degrading, which resulted in recombination at the 

perovskite/spiro interface. To further understand the effect of 85 °C treatment on 

the optical properties, the Raman and PL measurements were repeated for a device 

held at 85 °C for 60 minutes. 

For the 85 °C holding measurements, the first layer probed was the perovskite 

active layer. As mentioned previously, PbI2 can form under heating and if there was 

an increase in formed PbI2 because of continued heating, there should be a notable 

increase in the PbI2 Raman signal. The average perovskite Raman spectra and 

normalised average perovskite Raman spectra as a function of thermal holding time 

is shown in Figure 5.9. 

 

Figure 5.9 a) Averaged perovskite Raman spectra as a function of 85 °C heating time 

b) Normalised average perovskite Raman spectra as a function of 85 °C. 
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For the perovskite Raman measurements, the samples were measure 

through the glass substrate. From the Raman spectra shown in Figure 5.9a, there are 

2 main peaks that appear at 93, and 245 cm-1. These peaks correspond to PbI2, and a 

MA torsional mode respectively.[21][19][24] Here, the intensity of the 245 cm-1 peak is 

consistent across all measurements, indicating no change in the torsional mode of 

the MA. The increased intensity of the PbI2 peak could confirm the increase in PbI2 

formation within the perovskite. The PbI2 peak intensity increases by 106% when 

comparing the initial 25 °C measurement to the final measurement after 85 °C 

heating for 60 minutes, strongly suggesting that there is an increase in PbI2 formation 

due to the 85 °C heating. In Figure 5.9b, the Raman spectra’s have been normalised 

to the PbI2 peak (93 cm-1) to probe any shift in peak position. While the increase in 

PbI2 correlates well with the increase in FF, the decrease in Voc and Jsc suggests that 

there are additional degradation mechanisms that correlate to the decreasing PCE. 

The second layer to be probed was the spiro-OMeTAD HTL. Here the same 

measurement conditions for the perovskite layer were used, however the 

measurements were taken through the spiro-OMeTAD layer rather than the glass. As 

the carbon-double bond is important for organic semiconductors, the average spiro-

OMeTAD carbon-double bond (C=C) Raman spectra as a function of thermal holding 

time is shown in Figure 5.10. 

 

Figure 5.10 a) Averaged spiro-OMeTAD C=C Raman spectra as a function of 85 °C 

heating time, b) Normalised Average spiro-OMeTAD C=C Raman spectra as a function 

of 85 °C heating time. 
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It can be seen in Figure 5.10a, that as the 85 °C heating time increases, the 

Raman intensity for the carbon bond peaks (1574 and 1608 cm-1) decrease. It has 

been shown in Chapter 3 that decreasing Raman intensity for spiro-OMeTAD 

indicates degradation of the layer, which reduces charge extraction and therefore 

reduces device performance. This suggests that during the operation time of the 

solar cell in direct AM0 1 Sun intensity for 60 minutes, the increasing temperature of 

the cell will cause the device performance to decrease during operation. In 

comparison, the 85 °C holding measurements exhibit a 20% decrease in Jsc as seen 

in Figure 5.6, while in Figure 5.1 the Jsc decreased by 6% after 10 cycles between -

100 and +85 °C. During the thermal cycle, the total time at 85 °C across all cycles is 

50 minutes, which suggests that the degradation of the spiro-OMeTAD layer can be 

slightly reversed under low temperatures, but not completely. This is also seen in the 

Raman and PL measurements in Figure 5.7 and Figure 5.8 respectively. Figure 5.10b 

is normalised to the 25 °C intensity for the 1574 cm-1 peak and maintains the same 

intensity ratio across all heating time, indicating that the peaks decrease in intensity 

at the same rate. To further investigate the decrease in intensity, the carbon bond 

peak intensity values were plotted as a function of heating time and are shown in 

Figure 5.11. 

 

Figure 5.11 Peak intensity of the 1574 and 1608 cm-1 carbon bond peaks as a function 

of heating time at 85 °C. Insert normalised peak intensity as a function of 85 °C 

heating time. 
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In Figure 5.11, the intensity of the 1574 and 1608 cm-1 peaks decrease at a 

similar rate, with the 1574 cm-1 peak intensity decreasing by 69% and the 1608 cm-1 

peak decreasing by 75% in comparison to the 25 °C measurement. The reduction in 

intensity has been attributed to the degradation of the spiro-OMeTAD layer. This 

correlates with the reduction in Jsc and PCE shown in Figure 5.6a. The reduction in Jsc 

could also correlate to the reduction in Voc as the reduced charge extraction will 

result in increased recombination. However, this would need to be proved through 

electrical characterisation measurements. 

After Raman spectroscopy was performed on the perovskite active layer and 

the spiro-OMeTAD HTL, PL was performed on the perovskite active layer to 

investigate how the thermal holding affected the optical properties of the PSCs. Here, 

the PL measurements were taken through the glass substrate. The averaged PL as a 

function of heating time is shown in Figure 5.12.  

 

Figure 5.12 a) Averaged PL spectra for a PSC utilising a spiro-OMeTAD HTL as a 

function of heating time at 85C, b) Normalised PL peaks as a function of heating 

time. The initial 25 °C (right) and final 85 °C (left) peak position have been labelled 

for the normalised plot. 

Like the radiation induced degradation in PL intensity seen in Chapter 4, there 

is a continuous decrease in PL intensity as a function of heating time. The exhibited 

quenching in PL correlates well with the decreasing Jsc, indicating poor charge 

extraction and increased non-radiative recombination. After 60 minutes of 85 °C 

heating, the PL intensity decreases by 67%.[25] Additionally, it is shown that the PL is 

quenched with increasing heating time. Coupled with the reduction in Jsc, it is 
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suggested that the reduction in effective charge extraction because of the spiro-

OMeTAD HTL degrading results in non-radiative recombination at the spiro-

OMeTAD/perovskite interface due to charge accumulation or defects in the spiro-

OMeTAD layer. This would also agree with the reduction in Voc shown in Figure 5.6a 

as a function of thermal holding time. In Figure 5.12b, there is an observed blue shift 

in the PL peak position from an initial 25 °C measurement position of 769 nm to 765 

nm after 60 minutes at 85 °C. The blue shift in the PL peak indicates an increase in 

high energy band to band recombination in the perovskite and this blue shift in PL 

has been observed and calculated for MAPI and perovskite QDs.[26][27] To further 

investigate the effect of 85 °C heating on the PL spectra of the PSCs, the peak 

position, intensity and FWHM were measured and are presented in Figure 5.13.  

 

Figure 5.13 PL peak position, FWHM, and intensity as a function of thermal holding 

time at 85C for PSCs utilising a spiro-OMeTAD HTL. 

As mentioned previously, the PL peak position blue shifts from 769 nm to 765 

nm after 60 minutes of heating time. Here, the PL peak position blue shifts by 3 nm 

between 0 and 10 minutes, with a further shift of 1 nm between 10 and 60 minutes. 

As the spectral resolution of the measurement system is 1 nm, it is suggested that 

within 10 minutes the device has reached thermal equilibrium and is stabilized.  
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As shown in the Raman spectra of the spiro-OMeTAD HTL, here the FWHM increases 

with increasing thermal holding time. The increase in FWHM, and the broadening of 

the PL peak can be an indication of increased disorder within the perovskite active 

layer.[28][29]  Following a very similar trend, the FWHM increases by 2 nm (6%) after 

10 minutes, but by less than 1 nm between 10 and 60 minutes at 85 °C. This increase 

in FWHM as a function of temperature has been seen in perovskite QDs and is related 

to an increase in carrier-phonon coupling, which reduces carrier mobility and 

increases non-radiative recombination.[30] This is in good correlation with the 

observed decrease in the Voc as a function of heating time, indicating an increase in 

non-radiative recombination. An increase in charge accumulation at the interfaces 

due to poor charge extraction will leads to an increase in non-radiative 

recombination, such as Auger, which quenches the PL.[31] 

5.2.1.3 Electrical Characterisation Measurements 

While the Raman and PL measurements corelate well with the observed J-V 

measurements, additional electrical characterisation techniques were required to 

further investigate how the 60 minute 85 °C holding affected the devices. For this, 

Transient Photovoltage/Current (TPV/C) measurements were performed on spiro-

OMeTAD HTL PSCs. 

 

Figure 5.14 a) Normalised TPV decay at equivalent 1 Sun light intensity. Insert charge 

carrier lifetime vs carrier density b) TPC decay at equivalent 1 sun intensity. Insert 

normalised TPC decay. 
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In these measurements the cells were initially measured, and then heated at 

85 °C for 60 minutes before being remeasured again. In Figure 5.14a, the TPV decay 

lifetime reduces from ~1 µs before to ~0.14 µs after heating. The reduction in lifetime 

indicates an increase in recombination within the perovskite bulk as the cell returns 

to the steady state faster.[32]  However, as the TPV decay does not follow a double 

exponential decay as seen in Chapter 3, it is unlikely that interfacial recombination is 

the sole cause. In Figure 5.14a insert, the carrier density of the spiro-OMeTAD HTL 

PSC decreases by 100x, showing a reduced carrier density within the perovskite bulk 

from ~1018 to ~1016 cm-3 after heating. While the cause of this reduction is unknown, 

one suggestion is the reduction in charge extraction due to the degraded spiro-

OMeTAD HTL. As the charge extraction is reduced, the generated carriers accumulate 

at the interface where the recombine and are unable to be extracted. This is further 

seen in Figure 5.14b where the generated TPC is reduced by ~90% after the 85 °C 

heating. A reduction in TPC decay time is associated with an increase in charge 

extraction, but the area under the TPC curve is an indication of the total charge 

extracted.[32] Here is it shown that the TPC decay time is reduced from ~2 µs before 

heating, to ~0.3 µs after. In comparison with the J-V data under 85°C temperature 

holding, the Jsc is reduced with increasing time. Therefore, the reduced generated 

photocurrent and faster TPC decay is an indication of reduced charge extraction, 

causing the device to return to the steady state much faster. As the devices were 

cooled before measuring, the degradation in transient photocurrent and increase in 

recombination correlates well with the non-reversibility of J-V, Raman, and PL 

measurements. 

Overall, it is concluded that the use of spiro-OMeTAD HTL in a PSC limits the 

high temperature stability. By degrading under high temperature, and thus reducing 

the charge extraction, charge build-up at the perovskite/spiro interface causes non-

radiative recombination and limits device performance. Therefore, to improve the 

thermal stability of PSCs under mimic LEO conditions, a suitable replacement for 

spiro-OMeTAD is required. 
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5.2.2 Perovskite Solar Cells With P3HT HTL 

5.2.2.1 J-V Performance Under Mimic LEO Conditions 

P3HT is a is a low band gap (1.9 eV) polymer donor with applications in organic 

photovoltaics,  OLEDs and OFETs.[33] The replacement of spiro-OMeTAD by P3HT in 

PSCs has been reported, with a large increase in the thermal stability of PSCs at 85 

°C.[34] Therefore, it is an attractive material to improve the thermal stability of PSCs 

under mimic LEO conditions. 

Following the same procedure from Figure 5.1, the planar PSCs with the 

device stack of Glass/ITO/SnO2/Cs0.05(FA0.87MA0.13)Pb(I0.83Br0.13)3/P3HT/Au with 

glass-on-glass encapsulation were thermal cycled between -100 and +85°C under 

vacuum. The vacuum pressure was 1x10-2 mbar (1x10-5 bar). The results of a 10 

thermal cycle are shown in Figure 5.15. 

 

Figure 5.15 PV parameters under thermal cycling between -100 and +85 °C for a PSC 

with a P3HT HTL under 1 Sun AM0. 

Unlike PSCs utilising spiro-OMeTAD as their HTL, the P3HT devices appear 

much more stable under -100 to +85 °C thermal cycling. After 10 cycles, the PCE of 

the device increased by 3% overall from 9% to 9.26%. However, despite the increase 
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thermal cycling stability, the low temperature performance of the P3HT device is 

lower, with a 78% lower AM0 PCE (3.5%) when compared with the spiro-OMeTAD 

devices (14%). The reduction in P3HT PSC PCE  is due to a 42% and 25% reduction in 

Jsc and Voc at -100 °C, respectively. One possible cause for this reduction is that the 

hole mobility (µ0) for P3HT at -100 °C is several orders of magnitude lower than at 

room temperature. At room temperature, µ0 for P3HT is ~3.38x10-6 cm2V-1S-1, but at 

-100 °C (173.15 K) µ0 is ~1.21x10-8 cm2V-1S-1, which is 2 orders of magnitudes lower.[35] 

In comparison, the room temperature µ0 for spiro is ~2x10-2 cm2V-1S-1 and at -100 °C 

µ0 is ~4x10-4 cm2V-1S-1. While there is a 2-order decrease in µ0 for spiro, the -100 °C 

and 25 °C µ0 is 4 orders larger overall than that of P3HT. This can be seen in the room 

temperature performance, with the spiro-OMeTAD devices exhibiting a 44% greater 

PCE (13%) compared to P3HT PSCs (9%). Therefore, at -100 °C P3HT has a hole 

mobility 4 orders of magnitude lower than spiro-OMeTAD. This suggests that while 

in a LEO environment P3HT may offer better thermal stability and low temperature 

performance is not important. Additionally, the overall PCE of the P3HT devices is 

lower than that of the spiro-OMeTAD PSCs. This is due to a decrease in EQE at  

wavelengths between 450-750 nm, which is shown in Appendix C. To assess the high 

temperature stability of P3HT, and to compare it with spiro-OMeTAD, J-V 

measurements were taken while the device was held at 85 °C for 60 minutes. The 

normalised PV parameters as a function of heating time are shown in Figure 5.16.  

Shown in Figure 5.16, after 20 minutes of heating time the PCE has increased 

by 12%, along with a 1% increase in Voc, 5% increase in Jsc, and a 6% increase in FF. 

After 60 minutes, compared to the 25 °C measurement the PCE has decreased by 9%, 

the Voc by 8%, the Jsc by 2%, and the FF retains 100% of the initial FF value. the main 

cause of the decrease in PCE is the 8% decrease in the Voc. One suggestion for the 

decrease in Voc is that under heating the crystallinity of P3HT increases.[36] Nia et al 

showed that under heating, XRD patterns show increased intensity and narrowed 

peak width demonstrating improved crystallinity and indicating that a larger polymer 

crystal size is achieved. It was also shown that annealing may also influence the 

perovskite/P3HT interface as the P3HT becomes soft during the annealing process, 

which effectively increases the contact area, and thus the hole transfer paths. A 

similar effect could appear here, as after 10 minutes the Voc, PCE, and Jsc increased  
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before gradually decreasing with increasing heating time. This decrease in Voc could 

be due to the increased P3HT crystallinity because of the heating time, which would 

increase recombination at the perovskite/P3HT interface.  

 

Figure 5.16 a) Normalised J-V parameters at 85 °C as a function of time for P3HT 

based PSCs. 

In comparison to the PSCs with a spiro-OMeTAD HTL, the decrease in Jsc is 

much less severe. Here the Jsc decreases overall by 2% after 60 minutes of heating 

time. For the spiro-OMeTAD devices the Jsc decreases by 24%. This further shows the 

limitation of spiro-OMeTAD for high temperature applications. For the P3HT devices 

held at 85 °C for 60 minutes, the limitation in device stability is the decrease in the 

Voc as a function of increasing heating time. As shown in Figure 5.12, during the 

thermal cycling there is no change in the Voc, suggesting that the low temperature 

cycling could improve the Voc stability and improves device stability by reversing any 

changes that occur because of the thermal heating. Overall, under 85 °C temperature 

holding, PSCs utilising a P3HT HTL are more stable than those with a spiro-OMeTAD 

HTL. To further investigate any optical changes in the perovskite and P3HT, Raman 

spectroscopy and PL was performed during a 60 minute 85 °C thermal holding. 

5.2.2.2 Raman Spectroscopy and Photoluminescence 

Raman spectroscopy was used to probe the chemical structure of the P3HT HTL while 

devices were held at 85°C for 60 minutes. The measurements were taken through 

the P3HT layer, and a 35 data point Raman map was taken in 10-minute intervals and 

averaged to give a Raman spectrum as a function of heating time. The average P3HT 
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Raman spectra and normalised average P3HT Raman spectra as a function of thermal 

holding time is shown in Figure 5.17. The Raman mapping of the 1447 cm-1 peak 

intensity as a function of heating time is presented in Figure C.5. 

 

Figure 5.17 a) Averaged P3HT Raman spectra focussed at the 1447 cm-1 peak as a 

function of 85 °C heating time b) Normalised Average P3HT Raman spectra focussed 

at the 1447 cm-1 peak as a function of 85 °C heating time. 

The P3HT spectrum shown in Figure 5.17a depicts two major peaks at 

1379 cm−1 and 1447 cm−1, which are attributed to C–C intra-ring stretching and 

symmetric C=C stretching vibrations, respectively.[37] There is a less intense peak at 

1517 cm-1 which is attributed to anti-symmetric C=C stretching.[38] Here it is seen that 

as the thermal holding time increases, the Raman intensity of the P3HT peaks 

decreases. However, after the device was cooled for 10 minutes the Raman intensity 

of the 1447 cm-1 peak recovers to 95% of the initial measurement. In comparison, 

the spiro-OMeTAD Raman intensity in this chapter only recovers to 76% of the initial 

intensity. Therefore, it is suggested that the chemical changes in P3HT that decrease 

the Raman intensity under thermal treatment are reversible. 

The cause of the decrease in Raman signal is not understood, and the 

decrease is not in correlation with the measured increase in Jsc. One suggestion is 

that the perovskite/P3HT interface affects the overall crystallinity of the film. It has 

been shown that in PCBM:P3HT blends, the addition of PCBM causes the P3HT to 

have mixed amorphous and crystalline phases, and this mixed phase is highly 

amorphous.[39] The amorphous phase of P3HT exhibits a lower Raman signal under 

heat treatment, along with improved charge transfer. Both phenomena are exhibited 
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in this work, with the Raman intensity of the P3HT film decreasing and the Jsc of the 

P3HT devices increasing because of thermal treatment. After 10 minutes of holding 

time, the Jsc increases by 8% while the 1447 cm-1 peak intensity decreases by 86%. 

To further investigate why there is no correlation between the peak intensity and 

measured Jsc, the Raman spectra were normalised to the 1447 cm-1 peak as seen in 

Figure 5.17b. Here there is a good overlap at the 1447, 1517 and 1379 cm-1 peaks, 

however the noise of the measurements is more prominent at longer heating times. 

The changes in 1447 cm-1 peak position, FWHM and intensity are presented in Figure 

5.18 below. This peak was chosen as it is the most prominent peak and being 

associated to the C=C bond, which is important for organic semiconductors. The 

normalised Raman intensity is shown in Figure C.6. 

 

Figure 5.18 Peak position, FWHM, and intensity as a function of thermal holding time 

for the 1447 cm-1 P3HT Raman peak. 70 minutes is the 25 °C measurement after 

allowing the device to cool. 

In comparison to the spiro-OMeTAD devices, the 1447 cm-1 peak position 

shifts to a lower wavenumber rather than a higher value, which is consistent with 

increase crystallisation, which may also reduce the bandgap.[39] The 1446.7 cm-1 peak 

shifts by 1 cm-1 to 1445.5 cm-1 after 60 minutes of total heating time, before returning 

to 1447 cm-1 after the device had cooled. Therefore, it appears that the thermally 

induced change in crystallinity is reversible. However, this will need to be confirmed 

with additional techniques. The FWHM of the P3HT layer increases with heating time, 
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as seen previously with the spiro-OMeTAD layer. This suggests an increased disorder 

within the P3HT layer. One possible cause is the previously mentioned 

amorphous/crystalline P3HT which is highly amorphous and therefore more 

disordered.[39] The P3HT film FWHM increases by 4 cm-1 (6%), while in comparison 

the spiro-OMeTAD FWHM increases by 3 cm-1 (8%), indicating that there is more 

disorder for the P3HT. However, as the resolution of the measurements is ~1 cm-1, 

the FWHM increase is similar for both HTLs. In Figure 5.15, the intensity of the 1447 

cm-1 peaks decreases with increasing heating time. There is a 97% overall reduction 

in intensity after 60 minutes at 85 °C. After 10 minutes of cooling time, the peak 

intensity recover to 95% of the initial 25 °C measurement. 

To properly investigate the effects of thermal heating on the P3HT HTL, PL 

measurements were taken during a 60 minute 85 °C thermal holding experiment, 

where the PL was measured every 10 minutes. Additionally, a Neutral Density (ND) 

filter of 1.0 (10% transmittance) was used to reduce oversaturation of the 

photodetector at longer temperature holding times. The averaged PL spectra as a 

function of heating time at 85C are shown in Figure 5.19a, with the normalised 

averaged PL spectra shown in Figure 5.19b. 

 

Figure 5.19 a) Averaged PL spectra for a PSC utilising a P3HT HTL as a function of 

heating time at 85C, b) Normalised PL spectra as a function of heating time.  

The PL intensity for the 25 °C and the 85 °C 10-minute measurement is very 

low (~80-110 counts), but this is due to the use of the 1.0 absorbance ND filter. 

Despite this, the trend in PL intensity as a function of heating time is clear. As the 
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heating time increases, the PL intensity increases significantly, with there being as 

124x increase in PL intensity after 60 minutes compared to the measurement at room 

temperature. The increase in PL indicates a reduction in non-radiative 

recombination, which is the opposite of what is observed with the spiro-OMeTAD 

PSCs. Additionally, there is an apparent red-shift in the PL peak position after 60 

minutes at 85 °C. Comparing the normalised PL peaks in Figure 5.16b, visually there 

is an initial blue shift in the PL peak position after 10 minutes at 85 °C, which is 

attributed to the perovskites reverse band gap and carrier-phonon coupling which 

increases the band gap with increasing temperature.[28] This was also seen for the 

spiro-OMeTAD PSCs. This change was initially attributed to an increase in the PL 

response of the P3HT layer itself. P3HT has its own PL peak centred around 730 

nm.[40][41] However, additional PL measurements through the P3HT layer showed the 

P3HT PL response being oversaturated with the perovskite PL peak. Therefore, the 

PL of the P3HT is not responsible for the observed PL peak shift, and a different 

interaction with the perovskite/P3HT layers is responsible. This measurement was 

performed 3 times to confirm the red shift. This is due to the red-shift not being 

observed in PSCs with spiro-OMeTAD. To characterise the changes in the PL peak 

parameters as a function of heating time, the changes in the peak position, FWHM 

and intensity as a function of thermal holding time is shown in Figure 5.20. 

 

Figure 5.20 PL peak position, FWHM, and intensity as a function of thermal holding 

time at 85C for the P3HT PSCs. 
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As also seen in Figure 5.19b, here the PL peak position first blue shifts before red 

shifting with increasing holding time. After 10 minutes, the PL peak is blue shifted by 

7 nm. The peak position is then red shifted by  9 nm from 10 to 60 minutes heating 

time. Overall, the total shift in the peak position after 60 minutes is  1nm . This shift 

is equivalent to the spectral limit of the spectrometer, and therefore the redshift in 

relation to the initial measurement is negligible. 

As seen in the PL measurements for the spiro-OMeTAD HTL, here the PL 

FWHM increases with increasing thermal holding time. Here, the overall increase in 

the FWHM is 8 nm, which is 5 nm greater than the FWHM increase observed for 

the spiro-OMeTAD PSC. This suggests that the perovskite PL response is more 

disordered with the P3HT HTL. However, in comparison to the spiro-OMeTAD devices 

the PL is not quenched with increasing 85 °C heating time. Therefore, the induced 

chemical changes because of the heating correlates to a reduction in non-radiative 

recombination, however it does lead to an increase in radiative recombination, a 

reduction in the perovskite optical band-gap, and an increase in the perovskite’s PL 

disorder. Interestingly, the rate of increase of PL intensity as a function of heating 

time is faster between 0-30 minutes, then between 30-60 minutes of heating time. 

The change in intensity between 0 and 30 minutes is ~79x greater, while between 30 

and 60 minutes the increase is 1.6x greater. The large increase within the first 30 

minutes correlates with the increase in device performance within the same time 

frame. To further characterize any changes that occur in the P3HT devices because 

of the 85 °C thermal treatment, TPV/C measurements were performed. 

5.2.2.3 Electrical Characterisation Measurements 

While the Raman and PL measurements suggest that the heat treatment of the P3HT 

PSCs results in increased crystallinity of the HTL, it also suggested that there is an 

increase in radiative recombination within the devices. To gain further understanding 

of the effect of heating, TPV/C measurements were performed on P3HT HTL PSCs. 

The TPV/C results are shown in figure 5.21. 
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Figure 5.21 a) Normalised TPV decay at equivalent 1 Sun light intensity. Insert charge 

carrier lifetime vs carrier density b) TPC decay at equivalent 1 sun intensity. Insert 

normalised TPC decay. 

In contrast to the spiro-OMeTAD devices, the before heating TPV decay 

shown in Figure 21a is almost identical to the decay after heating. The decay time 

before heating was 0.66 µs, while the decay time after heating was 0.65 µs. This is a 

2% overall decrease in TPV lifetime, however in comparison the TPV lifetime in the 

spiro-OMeTAD devices decreased by 85% after heating. Therefore, the increase in 

recombination within the device is less so for the P3HT PSCs compared to the spiro-

OMeTAD devices. Additionally, the carrier density for the P3HT devices increased 

2.5x from ~1.8x1018 to ~4.6x1018 cm-3, rather than decreasing by ~100x as seen in the 

spiro-OMeTAD devices. The increase in carrier density can lead to an increase in 

recombination, however as the PL increases in intensity with heating time, the 

recombination is more likely radiative than non-radiatively. Additionally, as the dark 

saturation current is ∝ ni
2 (where ni is the carrier concentration), an increase in the 

carrier concentration will cause an increase in the dark saturation current and 

therefore a decrease in Voc.[42] In the TPC decays shown in Figure 5.21b, the TPC 

decay time after heating is reduced from 0.8 µs to 0.6 µs. As the Jsc of the P3HT 

devices increases with heating time, the faster TPC decay time correlates with the 

improved charge extraction. However,  as the cells were allowed to cool before 

measuring, the Raman and PL have shown that the thermal activated disorder is 

reversible. Therefore, while the TPV/C show good stability of the electrical 
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parameters for the P3HT PSCs, it is unable to probe any electrical changes during the 

60 minute 85 °C heating. 

5.3 Conclusion 

This chapter finds that the thermal stability of planar n-i-P PSCs is heavily reliant on 

the thermal stability of the HTL, as shown by the degradation of the device 

performance when utilising spiro-OMeTAD as the HTL at high temperatures (>60 °C). 

Through J-V measurement and thermal cycling between -100 and 85 °C, it was found 

that after 10 thermal cycles, the PCE of spiro-OMeTAD PSCs had reduced by 10% due 

to a decrease in the Jsc. To investigate whether the decrease in PCE was due to the 

cold or hot cycling, spiro-OMeTAD PSCs were cycled from 25 °C to ±180 °C. The 

cycling PV measurements were presented with the PSCs maintaining 100% of the 

room temperature PCE when cycled down to -180 °C and back to 25 °C. The high 

temperature cycling showed decreasing PCE with temperature, and no recovery of 

performance at room temperature. However, the exact degradation mechanism is 

unknown and will require further work to investigate. Therefore, it was concluded 

that the high temperature cycling was the cause of device degradation under mimic 

LEO conditions.  

This chapter finds that the degradation of the Spiro-OMeTAD HTL during high 

temperature thermal cycling correlates well with a reduction in efficient charge 

extraction, and therefore an increase in interfacial charge build-up and non-radiative 

recombination at the spiro/perovskite interface. This reduction in charge extraction 

correlates well with the observed decrease in the Jsc and the observed degradation 

in the spiro-OMeTAD Raman spectra and PL intensity. Raman spectroscopy 

measurements showed a reduction in the C-C and C=C bond peak intensity during a 

thermal cycle and holding the devices at 85 °C for 60 minutes. PL measurements 

showed a blue shift in peak position because of the perovskite band gap increasing 

with higher temperatures. In both cycling measurements the Raman intensity and PL 

intensity did not recover to the pre-heating values after returning the sample to 25 

°C. This indicates that the degradation of the spiro-OMeTAD is non-reversible. TPV 

and TPC measurements confirmed the degradation of charge extraction after heating 
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and cooling, along with a faster TPV decay indicating an increase in recombination 

within the device because of holding the devices at 85 °C for 60 minutes. 

To improve upon the thermal stability of PSCs, P3HT was suggested as an 

alternative HTL material due to its reported high thermal stability at 85 °C. J-V 

measurements performed during a 10 cycled thermal cycle between -100 and 85 °C 

showed 100% PCE retention after cycling. Raman spectroscopy of the P3HT layer 

during the 60 minute 85 °C temperature holding showed a decrease in intensity, 

which did not correlate well to the stable performance. The decrease in intensity is 

suggested to be due to an interaction at the perovskite/P3HT interface that results 

in a mixed amorphous/crystalline phase that has been shown to improve device 

performance in OPVs. However, this will need to be confirmed in further work 

through in-situ XRD measurements of the P3HT HTL during the 85 °C heating. The 

Raman spectroscopy also showed an increase in the P3HT FWHM, indicating the 

polymer becoming more disordered because of the heat treatment. PL 

measurements of P3HT PSCs showed a 6 nm blue-shift in peak position after 10 

minutes of heating at 85 °C, which is due to the perovskites reverse band-gap. 

However, after 60 minutes of heating the PL peak was red-shifted by 7 nm, indicating 

a narrowing of the perovskite optical band gap. While the cause of the red-shift is 

unknown, the PL intensity increase is due to an increase in radiative recombination 

within the perovskite. The TPV and TPC measurements showed an increase in the 

carrier concentration, along with a faster photocurrent decay. The increased carrier 

concentration could be correlated to the decrease in Voc as an increase in carrier 

concentration increases the dark saturation current, which reduces the Voc. The 

faster TPC decay correlates well with the increased Jsc because of the 85 °C heat 

treatment.  

It was not possible to perform in-situ XRD measurements on the perovskite 

layer due to the requirement of the vacuum chamber to mimic the LEO conditions. 

The aim of the XRD measurement would be to investigate any structural changes in 

the perovskite layer at 85 °C. The same is true of the TPV and TPC measurements, as 

in-situ measurements would help further understand the electrical changes due to 

the heat treatment. Additionally, XPS measurements could be useful in 

understanding if there is an interaction with the perovskite and P3HT, leading to the 
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formation of Lewis base interaction with the HTL/ETL and the perovskite layers. 

Alongside these measurements, Time Resolved PL (TRPL) could also be useful to 

understand the electrochemical changes within the device. 

Overall, the findings in this chapter highlight how spiro-OMeTAD is the 

limiting factor for thermally stable PSCs in a LEO application, and how P3HT could be 

a potential replacement. A scientific insight into the chemical and optical changes of 

both spiro-OMeTAD and P3HT based PSCs was also shown. The findings in this 

chapter shows how a more thermally robust HTL material is required for PSCs to be 

a potential PV technology for LEO applications. Overall, it is suggested that the 

degradation of the spiro-OMeTAD based PSCs is due to limited charge extraction 

because of thermal degradation of the spiro-OMeTAD layer. The degradation of the 

layer leads to increased non-radiative recombination within the perovskite layer and 

could be a result of charge build-up from the reduced extraction. This degradation is 

non-reversible. 
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Chapter 6  

Flexible Thin Film Spray 

Encapsulation 
 

6.1 Introduction 
As detailed in Section 1.3, the external conditions found in space and in a LEO pose a 

variety of different problems when looking at the continued performance of 

perovskite solar cells. To reduce the severity of several degradation channels when 

operating in LEO, solar cells in space are commonly encapsulated with space qualified 

glass. This glass is used to ensure prolonged high performance by reducing the 

transmission of UV compared to regular soda lime glass, and by being radiation stable 

under high energy bombardment.[1] Similar encapsulation techniques are used for 

solar cells operating on Earth and protect the metal contact side of the device, which 

normally is in contact with the air. The most common form on encapsulation is soda 

lime glass, as this provides a stable and long-lasting encapsulation layer. However, 

for aerospace applications, soda lime glass encapsulation is rigid and heavy. This 

increases the overall weight of the solar cells and means the devices cannot be 

flexible. The removal of this thick, solid encapsulation layer allows for lower overall 

weight for the device, an important factor for space payloads. Therefore, a new 

encapsulation method must be considered that is flexible and lightweight. The new 

encapsulation layer should be as light as possible without reducing the stability of 

the devices. 

This chapter looks at improving upon the currently used rigid glass 

encapsulation method by incorporating spray coating techniques to maximise the 

protection of PSCs from external stimuli, improve the flexibility of the PSCs,  but also 

reducing the overall weight of the substrate to improve the specific power (power-

to-weight ratio). 
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6.2 Results and Discussions 

6.2.1 Currently Used Encapsulation Technique 

The most used encapsulation technique for PSCs is soda lime glass, which is normally 

affixed to the substrate through epoxy. This is known as Glass-Glass Encapsulation.[1] 

However, as this epoxy can degrade and even dissolve the perovskite active layer, a 

protective polyimide tape is normally applied on top of the pixels. This incorporates 

three different materials into one encapsulation process, and each have drawbacks 

of their own. The protective tape must be applied carefully as once it is placed it 

cannot be removed without damaging the pixels. The epoxy used can require curing 

time in which the epoxy solidifies and acts a strong adhesive. This curing process 

often involves the use of UV light, which as shown in Chapter 1, can cause 

degradation within the perovskite active layer and/or transporting layers. The 

application of the encapsulation glass onto the device adds mechanical stress to the 

PSC, which has been shown to negatively affect device performance.[2] A cartoon of 

the soda lime glass encapsulation method is shown in Figure 6.1. Here the bottom 4 

0.15 cm2 are covered as these were the pixels that were measured during the testing.  

 

Figure 6.1 Cartoon of the 3 steps involved in the glass encapsulation technique. The 

Kapton tape is applied over the bottom 0.15 cm2 pixels, followed by the application 

of the UV curved epoxy and encapsulation glass. 

After the process shown in figure 6.1 is complete, the devices are placed 

under a UV bulb for 7 minutes to cure and harden the epoxy, completing the 

encapsulation process. The finished encapsulation process on a PSC following the 

design shown in Chapter 2 can be seen in Figure 6.2. 
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Figure 6.2 Perovskite solar cell with the completed glass encapsulation applied.  

The glass encapsulation provides adequate protection against external stimuli 

such as humidity, O2, and UVB on Earth.[3] In space, the presence of high energy 

radiation can reduce the optical transmittance of the glass as discussed in Chapter 1, 

therefore it has limitations in a LEO. However, even when considering only terrestrial 

application, there is a large drawback when using the glass encapsulation. Shown in 

this work, there is measured degradation to device performance due to the 

encapsulation process. This reduction in performance after encapsulation has been 

recorded for a variety of different encapsulation techniques.[4] The difference in 

performance between a batch (8 devices) of PSCs before and after glass 

encapsulation can be seen in Figure 6.3. 

 

Figure 6.3 Comparison of PSC performance before and after the glass encapsulation 

process, with a normal curve fitted to each parameter. (a) PCE (b) Voc (c) FF (d) Jsc.  

      

      



193 | P a g e  
 

From Figure 6.3, the average device performance decreases by 20% after 

encapsulation. The average Jsc decreases by 2%, the average Voc by 0.03%, and the 

average FF decreases by 19%. Therefore, the largest change is in the FF. It is 

suggested that the degradation in the FF is caused by fractures that occurs due to the 

compressive strain from applying the glass encapsulation layer. It has been shown 

that the heating process of perovskite formulation induces tensile stress when the 

layer is cooled back to room temperature as the Thermal Expansion Coefficient (TEC) 

is mismatched between the perovskite and substrate.[2] This tensile stress reduces 

the fracture energy, the energy required to induce cracks within the layer, meaning 

the device layers are more susceptible the cracking. The formation of cracks and 

delamination because of strain has been observed in perovskite films.[5] Incidentally, 

after the application an encapsulation layer the facture energy has been observed to 

increase.[6] Indicating that while the encapsulation process degrades the devices, the 

encapsulation then improves the stability. Therefore, soda lime glass encapsulation, 

while offering good protection from a variety of different external stimuli, has 

drawbacks. 

6.2.2 Spray Encapsulation Materials 

To overcome the degradation of device performance, increased weight, and reduced 

flexibility that soda lime glass encapsulation offers, personal attention was drawn 

towards the use of thin film, polymer-based encapsulation techniques.  

Three different spray encapsulation materials were chosen to investigate as a 

potential replacement for soda lime glass. These were silicone (polysiloxane), 

polyurethane and polymethyl methacrylate (PMMA). Silicone is a well-known 

polymer sealant, lubricant, adhesive, and insulator material.[7] Polyurethane is 

commonly used flexible polymer insulator than can be made flexible and is used on 

furniture to improve durability and wear.[8] PMMA is a well-known polymer material 

used in a variety of different applications and is often used a substitute for glass. 

Applications include sheeting, conformal coatings, and aircraft canopies.[9] All three 

options can be spray coated, improving the coverage over the solar cell and is a more 
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up-scalable process. These three materials were bought commercially from RS 

components, already in spray can format. 

Initially the different polymer encapsulants were sprayed on bare glass substrates to 

investigate the wetting of each material and to measure the thickness of a single 

spray coat. This variation in spray patterns and thicknesses for each of the different? 

can be seen in Figure 6.4. The images were taken using a digital camera built into the 

Tencor profilometer. 

 

Figure 6.4 KLA Tencor profilometer imagery for 1 coat spray of (a) Silicone (b) 

Polyurethane (c) PMMA. The measurements were taken after the samples had dried 

(10 minutes). 

As seen in Figure 6.5, the wetting on the glass is inhomogeneous for each 

material. The droplet size varies between each encapsulation material. However, 

from the profilometer imagery, the droplet size for the PMMA spray is visually very 

small and more homogenous in comparison to the silicone and the polyurethane. 

These samples were then measured with the profilometer to probe the droplet 

thicknesses for each material. The results are shown in Figure 6.5. Three different 

measurements were taken across the sample to investigate how the homogeneity of 

droplet thickness varied across the sample area, and are denoted as Scan 1,2, and 3. 
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Figure 6.5 Profilometry data for one spray coat of the different encapsulation 

materials on bare soda lime glass. (a) Silicone (b) Polyurethane (c) PMMA. 

From Figure 6.5, both the silicone and polyurethane have a comparable 

thickness with a maximum droplet thickness of ~8 µm. However, the droplet 

thickness varies greatly, with some droplets being <1 µm and the overall thickness 

range for both silicone and polyurethane being 500 nm – 8 µm. For the PMMA spray, 

the droplet size is significantly smaller, with many of the droplets having a thickness 

between ~2-3 µm. 

Initially, all three encapsulation materials were to be used and their 

encapsulation properties characterized. However, due to the solvent/solubility for 

each of the encapsulation materials, it was clear that there would be performance 

issues spraying directly onto the PSCs used in this thesis. As stated in Section 2.2.1, 

the spiro-OMeTAD is dissolved in CB. However, it is also easily dissolvable in a variety 

of different organic solvents. These solvents include toluene, xylene, and ethyl 

acetate. These solvents are used to dissolve the spray materials, with silicone being 
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dissolved in xylene, polyurethane in toluene and PMMA in ethyl acetate. These 

details are shown in Table 6.1, along with the vapour pressure at 25°C for each of the 

organic solvents. The vapour pressure is a measure of the tendency for a material to 

change into a gaseous/vapour state. 55°C was chosen due to the PSCs utilising spiro-

OMeTAD as an HTL. As seen in Chapter 5, spiro-OMeTAD is thermally unstable at 

temperatures >60 °C, therefore a temperature lower than 60 °C was required to 

maximise drying without degrading the devices. 

Table 6.1 Encapsulation materials, the organic solvent used in the spray, and the 

vapour pressure of each solvent at room temperature and 55 °C.[10]  

Encapsulation Material Spray Solvent Vapour Pressure 
at 25 °C (mm Hg) 

Vapour Pressure at 
55 °C (mm Hg) 

Silicone Xylene 6.5 41 
Polyurethane Toluene 28 112.5 
PMMA Ethyl Acetate 94.7 346.6 
Water H20 25 118 

 

Comparing the vapour pressure of each of the solvents, xylene has a much lower 

value than water, meaning that it will evaporate at a much slower rate. Whereas, 

both toluene and ethyl acetate are higher. Toluene evaporates slightly faster than 

water, and ethyl acetate evaporates ~4x faster than water at 25 °C. At higher 

temperatures, the vapour pressure increases, however ethyl acetate still evaporates 

at a much higher rate, with toluene and xylene evaporating slower than water. Given 

that the cells are limited by the heating temperature due to the spiro-OMeTAD HTL, 

the best candidate to test and characterise was PMMA due to its fast solvent 

evaporation and lower boiling point (77.1 °C).[11] 

6.2.3 PMMA Layer Thickness Measurements 

Once PMMA was chosen as the preferred encapsulation candidate moving forward, 

the layer thickness would need to be determined to understand encapsulation 

properties, such as the Water Vapour and Oxygen Transfer Rate (WVTR & OTR 

respectively). These rates are the measure of permeability to water vapour and 

oxygen and was an important factor in optimising layer thickness and coverage. 
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As mentioned above, the process for spray coating devices would need to 

incorporate low temperature heating to evaporate the ethyl acetate to minimise any 

degradation to the spiro layer. As referenced in Chapter 5, spiro-OMeTAD can 

undergo thermal degradation at temperatures as low as 60 °C, so a lower 

temperature would be needed to reduce any degradation from the heating process 

as well. The chosen temperature was 55 °C. Once the temperature was chosen, 

masks were fabricated that allowed for the pixels to be spray coated, but also for the 

ITO and Au contacts to still be connected, due to PMMA being an insulator. The 

spraying technique used to encapsulate the PSCs with PMMA is shown in Figure 6.6. 

 

Figure 6.6 Cartoon of the experimental set-up for the deposition of the thin film 

PMMA encapsulation layer. Here the hot plate is set to 55 °C (top left) and the 

samples are left for 5 minutes to dry after coating (top right). 

In the spray set-up, the cells and mask are placed onto a hotplate set to 55°C 

and left to reach thermal equilibrium (5 minutes). The spray can is moved across the 

device and back again, this is defined at 1 coat. Therefore 2 coats is 4 passes, 3 coats 

is 6 etc. Once the device has been coated, it is left on the hotplate for 5 minutes to 

evaporate the ethyl acetate. Then the devices and mask are removed from the 

hotplate and left to cool (5 minutes). After this 5-minute cooling period, the devices 

are encapsulated. 

After spray encapsulating a PSC, profilometer measurements were taken to 

investigate the PMMA encapsulation thickness on-top of the device rather than on a 
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glass substrate. The results are shown in Figure 6.7. In these measurements, the 

profilometer is set to measure outside the encapsulation area initially, before passing 

over the PMMA layer. This is to account for the roughness of the spiro-OMeTAD layer 

and set a baseline.   

 

Figure 6.7 Profilometer data over 3 scans with the average and standard deviation 

included. Insert is the profilometer camera image of the PMMA layer on the spiro-

OMeTAD HTL. 

From Figure 6.7, one coat of PMMA gives a very rough layer and as seen 

previously when spray coated on glass, the droplet size is small (~0.125 mm). This 

large variation and roughness indicated that more spray coats would be needed to 

get a layer thickness that is more uniform. While this is a real result, the layer 

thickness is noisy and non-uniform. This is an issue when looking at parameters such 

as WVTR as it is affected by layer thickness.[12] Therefore, it was decided to repeat 

the measurements with more coatings. Three coats of PMMA spray encapsulation 

was applied to a PET flexible substrate using the same spray mask as the PSCs. The 

profilometry measurement for this 3-coat film is shown in Figure 6.8. The substrates 

were changed from glass to PET in this case as these films were also used for bend 

testing measurements, which are shown in Section 6.2.5.4. 
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Figure 6.8 Averaged profilometer measurement for 3 coats of PMMA on a PET 

substrate. The three different measurements were taken at different locations 

around the encapsulation layer. 

In the case of PMMA on PET substrates, multiple PMMA spray coats give a 

much more uniform film and decreases the roughness of the encapsulation layer. 

The variation in droplet size and thickness is also reduced and the average layer 

thickness of ~6.56 ± 0.18 µm is mostly consistent. However, as observed in Figure 

6.8, there are still troughs that appear in the encapsulation layer, meaning the layer 

is not complete homogenous. While the layer underneath the PMMA encapsulation 

is different, the 3 coat measurements on PET are for more uniform compared to 

Figure 6.7. Assuming a linear increase in thickness with increasing number of coats, 

the thickness of 1 coat PMMA is ~2.17 µm. However, the profilometry measurements 

in Figure 6.7 an average thickness of 1.77 µm meaning that the increase in thickness 

is not linear. Therefore, a different technique was needed to characterise the 

thickness of a 1 coat PMMA layer. 

In the literature, it has been shown that for a variety of different materials, 

such as graphite and transparent polymers, the Raman spectra can be used to 

determine layer thickness.[13] In this case, the Raman intensity is directly proportional 

to the layer thickness and therefore increases with increasing thickness. By 

measuring the Raman signal of the PMMA film on the PET substrates and correlating 

that to the profilometry measurements, the intensity ratio between the different 
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coating numbers would allow for an estimated layer thickness. The Raman spectra of 

a bare PET substrate was also measured in case there were any overlapping peaks 

with the PMMA signal.  

The Raman signal from the PMMA/PET samples can be found in Figure D.1. 

The Raman signal from the PET almost perfectly overlaps the PMMA signal. 

Therefore, the Raman signal measured for the PMMA films may also include signal 

from the PET as the PMMA is transparent. Additionally, if there is any non-uniformity 

in the layer this could cause the laser to directly probe the PET. The inability to 

disassociate one from the other means that the results from these measurements 

are unreliable and inaccurate. To rectify this issue, the same procedure was 

performed on crystalline silicon (c-Si) substrates.  

C-Si has a well-known single Raman peak at 520 cm-1, therefore there should 

be no other overlap with the PMMA. In addition to the 1 and 3 coat samples, a 2-coat 

sample was also prepared as this would help with understanding how multiple sprays 

affect the overall thickness of the encapsulation layer. The averaged Raman spectra 

from these measurements is shown in Figure 6.9 and the mapping results can be 

found in Figure D.2. 

 

Figure 6.9 Averaged Raman spectra for a bare c-Si along with the averaged Raman 

spectra for 1,2, and 3 coat c-Si/PMMA samples. 
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As expected, the c-Si has a peak at 520 cm-1. In comparison to the PET/PMMA 

Raman signal, the peak at 3081 cm-1 is no longer visible, indicating that the laser was 

able to penetrate to the PET layer and its highly likely the spectra in Figure D.1 is from 

the PET. However, there is peak at 2936 cm-1 attributed to the vibration of the C-H 

bonds that was used to estimate the 1 coat and 2 coat layer thickness.[14] By taking 

the ratio of the peak intensity, the thickness of 1 coat was calculated to be ~2.7 µm 

and the thickness of 2 coat was calculated to be ~3.9 µm. While the 3 coat 

profilometry measurement is on PET not silicon, the calculated thickness are a 

reasonable estimation as the PMMA is spray coated. The difference between the 

Raman calculated 1 coat layer thickness and the 3 coat profilometer measurement 

suggests that there is not a linear relationship between the number of spray coats 

and the resultant layer thickness. Assuming homogeneity in the PMMA thickness, the 

estimated thickness of 2.7 µm is ~400x thinner that the 1.1 mm encapsulation glass 

used in the current glass encapsulation technique. In terms of the weight of overall 

substrates, the spray encapsulated device weighs ~60mg while the glass 

encapsulated device weighs ~1.7g. This is a ~283x reduction in weight (~1.64g 

difference). 

Now that the spray encapsulation layer thickness was known, testing and 

characterisation of the encapsulation was required. This included the variation in 

device performance before and after encapsulation; the thermal stability of the 

encapsulation layer as this is relevant to the operation of the devices in a LEO 

environment; and the dark storage stability and humidity stability as the cells would 

need to maintain performance while they are stored before they are launched into 

orbit. 

6.2.4 Performance Before and After Encapsulation  

As mentioned in Section 6.1.1, it is suggested that the use of glass encapsulation 

negatively affects device performance due to the delamination of the perovskite and 

HTL layer from compressive strain. This is shown in Figure 6.3. An important test for 

the spray encapsulation is how the application affects the device performance, 

especially due to the organic solvents used in the spraying process. Therefore, the 
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devices were measured before and after the application of the PMMA encapsulation 

layer. The results of this comparison are presented in Figure 6.10. 

 

Figure 6.10 PV Parameters for PSCs before and after PMMA spray encapsulation. 

The results shown are for a 1 coat encapsulation process to investigate how a single 

coat affected device performance. 

After encapsulation, it appears the overall PCE of the devices remains largely 

unchanged. Here the average PCE after encapsulation is 12.42%, which is slightly 

decreased from the initial average of 12.81% (~3% decrease). Due to issues of 

shadowing from the spray mask, the pixel count after encapsulation was reduced. 

This showcases the importance of the mask, as the encapsulation layer is a good 

insulator and can easily stop contact being made to the electrodes. In comparison 

with the glass encapsulation, the PCE decreases from an average of 15.63 to 12.54% 

(~20% decrease). The Voc remained very consistent, with the average Voc before 

encapsulation being 1.04 V, and after encapsulation it decrease to 1.02 V (~1% 

decrease). In comparison with the glass encapsulated device, the Voc remains 

unchanged. The fill factor is significantly reduced with a 10% absolute decrease in 
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one pixel; however, this is not mirrored across all measurements and excluding this 

outlier the average FF decreases by 1% from 60.35 to 59.78% after encapsulation. 

There is a considerable shift in Jsc from 18-22 mAcm-2 before encapsulation, to 21-23 

mAcm-2 after. The improvement in performance is unlikely to be due to PMMA layer 

itself as it is an insulator and will not improve the conductivity of the electrodes. 

Further work will be needed to investigate the mechanisms behind this increase. 

6.2.5 PMMA Encapsulation Heat, Humidity, and Bend 

Stability 

6.2.5.1 Thermal Stability 

As showcased in Chapter 5, the thermal stability of PSCs is paramount to their 

inclusion in aerospace applications, and especially space applications. Therefore, it 

was very important that the durability of the PMMA encapsulation layer was tested 

under the same thermal cycling procedure. The PMMA spray is only certified within 

the temperature range of -40°C to 60°C, therefore the thermal cycling will be 

applying much higher thermal stress onto the encapsulation layer. Additionally, 

comparing the thermal cycle performance against a non-encapsulated device and a 

glass encapsulated device will assist in separating degradation of the spiro-OMeTAD 

from the PMMA. If the thermal stability of the PMMA encapsulated and glass 

encapsulated device was similar, any decrease in performance would be attributed 

to the spiro-OMeTAD layer as degradation is expected at the temperature range of   

-100 to +85 °C, as shown in Chapter 5. 

The 1 coat, unencapsulated and glass encapsulated thermal cycling stability 

testing results are shown in figure 6.12. Here the devices were thermally cycled in 

the dark and exposed to 1 Sun AM0 light intensity during measurements. The vacuum 

level during these measurements was ~9x10-2 mbar as described in Section 2.5.3. 
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Figure 6.11 Normalised PV parameter comparison for the 1 coat, unencapsulated and 

glass encapsulated PSCs under thermal cycling from -100 to +85 °C. Shown top to 

bottom (a) PCE (b) Voc (c) Fill Factor (d) Jsc 

From Figure 6.11, the normalised PV parameters show that the 1 coat spray 

encapsulated device stability is comparable to the glass encapsulated device. 

Comparing the final PCE after the thermal cycling, the unencapsulated device PCE 

decreasing to 75% of its initial PCE. The 1 coat and glass encapsulated devices PCE 

decreased to 86% and 90% respectively. The main cause of the unencapsulated 

device’s PCE decrease is a 15% decrease in the Jsc. This is attributed to the 

degradation of the spiro-OMeTAD HTL, with the 1 coat maintaining 99% of it’s initial 

Jsc, with the glass encapsulated device maintaining 94%. The Jsc retention for the 

encapsulated devices is attributed to the increase of the fracture energy because of 

the encapsulation.[15] If the encapsulation is rigid or has a similar TEC to the layer, 

more energy is required to create fractures because of thermal stress. However, the 

1 coat device shows a decrease in FF (89% of initial) compared to the glass 

encapsulated device (96% of initial FF value). In terms of the Voc, the difference is 
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negligible with the 1 coat device retaining 97% and the glass device retaining 99% of 

their initial values.  

The difference in stability between the unencapsulated device, and both the 

spray and glass encapsulated PSCs, showcases how the inclusion of encapsulation 

improves upon the thermal stability of the PSCs by increasing the fracture energy. 

However, the thermal degradation of the spiro-OMeTAD HTL is still apparent. It is 

also observed that the encapsulated perform better at -100 °C compared with the 

unencapsulated device. Therefore, here it is suggested that the inclusion of the 

encapsulation reduces the tensile strain due to the contracting film under cold 

temperatures.  

Under mimic vacuum and temperature conditions, the PMMA spray 

encapsulation is comparable to that of the glass encapsulation and successfully 

operates outside of the listed temperatures. This is a very important result as if the 

PMMA performed worse than not encapsulating the devices, the encapsulation layer 

would be unsuitable and would need to be replaced. Overall, the 1 coat PMMA is 

encapsulating the PSCs well and the thermal cycling stability is comparable to glass. 

6.2.5.2 Dark Storage Stability 

The next step was to probe the dark storage stability. There is a long waiting period 

between the fabrication of the solar cells, the creation of the solar array, and the 

payload launch. While the cells are stored in a dry (nitrogen) environment, the 

ambient condition stability of PMMA encapsulated PSCs is still important for 

terrestrial applications. 

For the stability measurements of the PSCs, they were stored in dark under 

ambient conditions. These conditions were at a temperature of 22-25°C and the 

relative humidity between 30-50%. These conditions are like those detailed in the 

dark storage measurement standard ISOS D-1, in which the cells are kept at room 

temperature with a relative humidity of 50%.[16] In these measurements, the devices 

were left in a drawer and were measured one week and one month (~730 hours), 

respectively, after the spray encapsulation was applied. The cells were also measured 

before the spray encapsulation was applied. The results of this experiment can be 

seen in Figure 6.12. Unencapsulated and glass devices were not studied for a 
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comparison. This is because there is already a large amount of work looking at the 

ambient stability of PSCs, so the work here was compared to the literature.[4][17][18] 

 

Figure 6.12 Box plot of the PV parameters measured during the dark storage stability 

testing for 1 coat encapsulated PSCs. The parameters shown are (a) PCE (b) Voc (c) 

Jsc (d) FF. 

Initially, as seen in Figure 6.13, the PCE remains after the spray encapsulation 

is applied. After 1 week the PSCs show change in the PCE distribution. The 

distribution narrows, increasing the average PCE from 12.42% after encapsulation, 

to 13% after one week of dark storage. After 1 month in dark storage, the average 

PCE increases  to 13.9%. This increase in PCE is attributed to the increase in the Voc 

with increasing with the time spent in dark storage. In the analysis of Figure 6.13. 

However, as seen in Figure 6.13c, the average Jsc only increases after the initial 

encapsulation (21.64 mAcm-2), before deceasing after 1 week (19.57 mAcm-2) and 

then returning to similar values compared to before encapsulation (20.43 mAcm-2) 

after 1 month in dark storage (20.75 mAcm-2). The most noticeable trend is the 

continued increase in the Voc as the time in storage increases. Before encapsulation, 

the average Voc was 1.03 V, after 1 month in dark storage the average Voc was 
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measured to be 1.08 V. This is an increase of 5%. One potential reasoning is the 

presence of moisture inside the PSC as the PMMA has a WVTR. Moisture has been 

shown to increase PSC performance and the Voc by promoting a reaction between 

PbI2 and organic salts.[19][20] Another potential reason is increasing oxidation of Spiro-

OMeTAD HTL. This increases the charge transfer at the perovskite/Spiro-

OMeTAD/gold interfaces, decreasing the series resistance (Rs). Consequently, the fill 

factor is affected by  Rs.[18] This reasoning is discussed further in Section 6.2.5.3. 

In comparison to the literature, the 1 coat spray encapsulation performs 

better than not encapsulating the devices. A 60% decrease in PCE after 15 days of 

ambient storage has been observed in unencapsulated perovskite devices.[4] This 

degradation has also been confirmed through XRD measurements.[21] In comparison 

to glass encapsulation, the ambient humidity stability of the PMMA encapsulation is 

greater in some cases, as the type of epoxy used affects the stability.[4] Using the 

same glass-glass encapsulation method shown in Figure 6.1, PSCs have shown 90% 

PCE retention after 1000 hours.[22] With this decreasing to 70% retention after 4000 

hours.[23] As the 1 month measurements are equivalent to 730 hours under ambient 

conditions, the PMMA encapsulated devices exhibit similar if not greater ambient 

stability than the glass-glass encapsulation method. Here is it concluded that 1 coat 

PMMA offers a good baseline in terms of dark storage conditions, however further 

work is needed to assess the stability over much longer time frames, and with a 

thicker PMMA layer. 

6.2.5.3 Relative Humidity Stability in Ambient Air 

Further testing was needed to probe the stability of the PMMA encapsulation under 

different relative humidity’s. While this does not directly affect space-based PV, if the 

PMMA encapsulation provided excellent humidity stability it would also be appealing 

for terrestrial applications. 

Firstly, a baseline was needed to allow a further investigation into what 

humidity was detrimental to perovskite devices and if the spray encapsulation would 

improve upon the stability. This was achieved using the humidity set-up shown in 

Chapter 2. Here, an unencapsulated, 1 coat and glass encapsulated PSC were 

humidity stepped from 10 to 80% RH, with a JV measurement taken at every 10% RH 
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interval after 5 minutes of wait time. The normalised device parameters as a function 

of increasing relative humidity are shown in Figure 6.13. The JV curves as a function of 

relative humidity are shown in Figure D.3. 

 

Figure 6.13 Normalised JV parameter for an unencapsulated, 1 coat and glass 

encpasulated device (a) PCE (b) Voc (c) Jsc (d) FF. 

The glass encapsulation devices maintains a normalised PCE of 1.05 up to 90% 

RH and showcases the protection the glass encapsulation offers. This increase in PCE 

is due to a 9% increase in FF and 2% increase in Voc. The Jsc decreases by 5%. In 

comparison, both the unencapsulated and 1 coat encapsulated devices show a sharp 

decrease in PCE after reaching 50% RH. The unencapsulated device encounters a PCE 

decrease of 4% at 50% RH, before degrading further at 80% RH with a 18% decrease 

in PCE. The 1 spray coat device exhibits a 1% decrease in PCE at 50% RH, but further 

declines to a 15% PCE loss at 80% RH. This loss in PCE is driven by the 5% and 8% 

reduction in the Jsc and FF respectively. The unencapsulated device undergoes a 14% 

decrease in Jsc at 80% RH. Unexpectedly, the FF increases at higher % RH, but as seen 

in Figure D.3, the JV shape is heavily distorted and has three potential Voc values. This 

indicates that the measured FF value is incorrect and should be much lower, meaning 
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the PCE should be much lower for the unencapsulated devices as well. For the 1 spray 

encapsulated devices, the Jsc decreases by 5% and the FF decreases by 8% at 80% RH 

respectively. Same as in the case of the unencapsulated device, the JV line shape of 

the 1 coat PSC begins to distort from 50% RH and higher. The large decrease in PCE 

for the 1 coat spray encapsulated device compared to the glass encapsulation 

provides a large stumbling block for the use of the PMMA spray in terrestrial 

conditions. To understand why this decrease occurred at the same % RH as the 

unencapsulated device, the Water Vapour Transfer Rate (WVTR) for PMMA was 

considered. 

WVTR is the measure of how much water vapour permeates through an area 

of material per unit time, and can be calculated through Equation 6.1: 

  

𝑊𝑉𝑇𝑅 =  
𝑃𝑜(𝑃2 − 𝑃1)

𝐿
𝑒
−𝐸𝑎
𝑅𝑇  

 
(6.1) 

Where P0 is the permeation coefficient, (P2 – P1) is the partial pressure difference 

between the vapour and the material, L is the material thickness, Ea is the activation 

energy of the material, R is the ideal gas constant and T is the absolute 

temperature.[24] Normally this value is measured experimentally as there are several 

standards for measuring the WVTR.[25] However, the estimated WVTR is useful for a 

guide to further understand the degradation exhibited by the 1 coat encapsulated 

device. From published experimental data, the activation energy for PMMA is 65 

kJmol-1 and Po is 1.7 g·mm/m2·day·atm.[26][27] Taking the partial pressure difference 

to be 1 atm (1x105 Pa) and the temperature to be 293 k (room temperature), the 

WVTR of 1 coat PMMA is calculated to be ~16.27 g/m2·day. This value will be lower 

in practise as the partial pressure should be less than 1 atm. Initially, the similar 

performance between the unencapsulated and 1 coat PSC is counterintuitive as the 

PMMA film reduces the moisture entering the perovskite and degrading it. However, 

by correlating the profilometry data of 1 coat in Figure 6.7, there is large variation in 

film thickness across the encapsulated area. This inhomogeneity increases the WVTR, 

allowing for the moisture to enter the perovskite more readily. Interestingly, the 

relative humidity does not affect the WVTR of the material, only the temperature 

and the thickness. As the temperature of the cells remains the same during the 
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humidity stability experiments, the film thickness is the deciding factor in the WVTR 

calculation. Therefore, by making the PMMA film thicker and improving the film 

homogeneity, the humidity stability should be improved. The WVTR for a 2 and 3 

coat PMMA film was calculated to be ~11.26 & ~6.77 g/m2·day respectively. The 

reduction in the WVTR for the thicker films is as expected, and the stability should 

begin to correlate more with the decreasing WVTR. Due to the 1 coat PSC degrading 

>50% RH, the humidity stability experiment was repeated with the humidity held at 

50% RH for 3 hours. JV measurements were taken every 10 minutes to investigate 

the change in the PV parameters over time. The normalised JV parameters over the 

3 hours are presented in Figure 6.14. The J-V curves are shown in Figure D.4. 

 

Figure 6.14 Normalised JV parameter for an unencapsulated, 1 coat, 2 coat, 3 coat, 

and glass encpasulated device (a) PCE (b) Voc (c) Jsc (d) FF  

The inclusion of encapsulation significantly increases the device stability 

under the testing conditions as seen in Figure 6.15. The performance of the 

unencapsulated cell decreases to ~42% of its initial starting performance after 3 

hours. This degradation is mainly driven by the reduction in the Jsc (43% reduction) 
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and FF (20% reduction). There is an increase in FF for the 1 coat device after 90 

minutes of humidity holding. The cause of this increase is not currently known. As 

the devices are fabricated onto glass substrates, the moisture should enter the PSC 

through the Au face and therefore will encounter the perovskite at the 

perovskite/spiro interface. This means that the perovskite at the interface will begin 

to degrade first, which could affect the charge extraction, indicating the reduction in 

the Jsc. The Voc remains stable for the unencapsulated device across the 3-hour test. 

For the glass encapsulated device, the device performance degrades by 8% in the 

first 20 minutes and is then stable for the remaining 160 minutes (92% retained PCE). 

This decrease is due to a slight decrease in the FF (93% retained FF). The Voc and Jsc 

remain stable with 99% and 99% retention respectively.  

For the PMMA encapsulated devices, the 1 coat encapsulated device follows 

a similar trend to the unencapsulated device, with a slow decrease in FF (79% 

retention) over the 3 hours (0.12 %/min), and a small decrease in Jsc (94% retention). 

The 1 coat device retains 74% of its initial PCE after 3 hours. The 2 coat PSC shows 

good FF retention (90%), good Jsc retention (95%), and retains 87% of its initial PCE 

after the experiment. As the Jsc decreases in the 1 and 2 coat devices, moisture must 

still be passing through the PMMA layer due to the inhomogeneity and high WVTR. 

However, the Jsc variation is minimal in comparison to the unencapsulated device. 

From Figure 6.15a and Figure 6.15h, the 3-coat device offers the best stability and 

performance under the testing conditions. The 3-coat device undergoes a 30% 

increase in PCE within the first hour of testing, and this increase is maintained 

throughout the remaining testing time. The Voc remains unchanged during the 

humidity holding, with a 100% retention after 3 hours. The Jsc and FF undergo a 7% 

and 30% increase during the holding respectively. The increase in both the PCE of the 

2 coat and 3 coat devices suggests a positive effect of the humidity holding. It has 

been shown that the inclusion of H20 can improve performance of triple cation PSCs 

by improving the crystallinity of the perovskite.[28 To further probe why the devices 

improved with 3 coat encapsulation, Raman and PL measurements were taken on an 

unencapsulated, 3 coat, and glass encapsulated device while being held at 50% RH. 

The PL results are shown in Figure 6.15.  
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Figure 6.15 Averaged photoluminescence measurements at 50% RH as a function of 

time for (a) unencapsulated PSC (b) 3 coat encapsulated PSC (c) glass encapsulated 

PSC. (d) normalised averaged photoluminescence measurements at 40% RH before 

and after 3 hours under 50% RH for unencapsulated, 3 coat PMMA, and glass 

encapsulation. 

Under 50% RH, there is an observed increase in PL intensity for all 3 samples. 

For the unencapsulated PSC, there is a 136.63% increase in intensity after 3 hours. 

There is a 23.25% and 2342.86% increase for the glass and 3-coat PMMA device 

respectively. This increase in PL under humidity treatment has been seen in Howard 

et al, which showed that the presence of moisture increases the radiative 

recombination, increasing the PL intensity. This is due to the passivation of surface 

defect states, which increases the carrier lifetime.[29]  It is also mentioned that 

continued humidity treatment results in degradation of the perovskite, causing new 

surface trap states. This behaviour explains the increase and decrease in PL intensity 

for the unencapsulated PSC. Therefore, the increase in the PL for the 3-coat PMMA 

PSC is due to the passivation of surface defects due to the moisture treatment, 

however as the PMMA encapsulation limits the concentration of moisture entering 

the perovskite layer, there is no decrease in the PL. Additionally, the passivation and 
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increased carrier lifetime could be responsible for the increased Jsc, and FF observed 

in Figure 6.4. This behaviour was also observed in the proton bombardment in 

Chapter 3. The increase in PL intensity for the glass encapsulated device is unintuitive 

due to glass not having a WVTR, however moisture could enter the device through 

the areas no encapsulated by the glass. The observed PL red-shift is attributed to a 

change in the perovskite phase and increased halide migration.[29] However, as seen 

in Figure 6.15d, the induced redshift in the PL peak position is reversible. Here the PL 

was measured at 40% RH, held at 50% RH for 3 hours, before returning the 40% RH 

and remeasured. For all samples, the PL peaks perfectly overlap after returning 40% 

RH, indicating that the moisture induced phase change and halide migration is 

reversable. To further investigate any change in the optical properties of the devices 

peak position, FWHM and calculated optical band gap shown in Figure 6.16. 

 

Figure 6.16 Changes in PL peak position, FWHM and band gap for the 

unencapsulated, 3 coat spray encapsulated, and glass encapsulated PSCs. 

By comparing the initial PL peak positions, the application of the 3-coat spray 

encapsulation influences the optical properties of the perovskite. The mechanism 

behind this is unknown, however the 3-coat PSC has an initial PL peak position of 

786.29 nm. Both the unencapsulated and glass encapsulated device have similar 

initial PL peak positions of 764 and 764.5 nm respectively. After 3 hours, the glass 

encapsulated device has a redshift ~5nm, while the unencapsulated and 3 coat 
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redshift by ~17 and ~16 nm respectively. This suggests that the glass encapsulation 

provides much better phase stability from moisture than the PMMA encapsulation 

due to having no WVTR. The PL FWHM is larger for the glass encapsulated and 3-cat 

PMMA devices compared to the unencapsulated device, indicating that the presence 

of both encapsulation methods increases the disorder of the PL. However, the FWHM 

fluctuates for both the unencapsulated, and glass encapsulated device but decreases 

for the 3-coat. It is reported that the increase in FWHM is linked to an increase in 

disorder within the device, as the line shape shift from a Lorentzian to gaussian with 

increasing disorder.[30] The optical band gap values were calculated via the equation: 

  

𝐸𝑔
𝑜𝑝𝑡(𝑒𝑉) =  

1240

𝑃𝑒𝑎𝑘 𝑊𝑎𝑣𝑒𝑙𝑒𝑛𝑔𝑡ℎ (𝑛𝑚)
 

 
(6.2) 

Where the peak wavelength is the PL peak wavelength value. As shown in Chapter 5,  

the optical bandgap is related to the electrical band gap via the equation: 

  

𝐸𝑔
𝐸𝑙𝑒𝑐 = 𝐸𝑔

𝑂𝑝𝑡 + 𝐸𝐵 

 
(6.3) 

Where EB is the exciton binding energy. Using Equation 6.2, the 3-coat PMMA device 

optical band gap decreases by 0.04 eV. For the unencapsulated and glass 

encapsulated devices, the optical band gap decreases by 0.04 and 0.01 eV 

respectively. Comparing the calculations to the J-V measurements, in Figure 6.14 the 

Voc for all devices measured during the humidity holding J-V experiment does not 

change by more than ~1%. For the 3-coat and unencapsulated devices, assuming EB 

does not change, the observed change in the optical band gap is equivalent to a 4%. 

However, it has been shown that as the perovskite band-gap becomes narrower, the 

Jsc increases.[31] Here it is suggested that this is the cause of the increase in the Jsc for 

the 2 and 3-coat PMMA devices.  

Raman spectroscopy measurements were also performed at 50% RH for 3 

hours. These measurements were performed to investigate any changes in the 

perovskite during the humidity holding. The normalised averaged Raman spectra for 

all 3 samples are shown in Figure 6.17. 
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Figure 6.17 Normalised averaged Raman spectroscopy as a function of time for PSCs 

before and after the 3-hour humidity holding experiment. (a) unencapsulated (b) 3 

coat PMMA (c) glass encapsulated. 

From the Raman measurements, there are 2 distinct peaks that related to the 

perovskite. The first peak at 93cm-1 is attributed to Pb-I stretching.[32] For the 

unencapsulated and 3-coat PMMA encapsulated PSC, this peak is quite prominent 

and shows no decrease and/or shift after the 3 hours of humidity holding. However, 

this peak is not visible in the glass encapsulation measurements. Therefore, the 

presence of the peak at 93 cm-1 is likely related to the presence of moisture within 

the unencapsulated and 3 coat PMMA PSCs. The second perovskite peak is seen at 

255 cm-1 and is attributed to MA.[33] As there are no peaks forming at 110 and 168 

cm-1, which are related to moisture degradation of perovskite, it can be assumed that 

the area being probed by the Raman has not undergone humidity degradation or was 

not severely dihydrated.[34] 

6.2.5.4 Flexion Testing 

The remaining mechanical test was to probe the flexion (bending) stability of the film. 

PMMA spray encapsulation was applied to PET films and bent around different 
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diameters to probe the formation of any cracks within the encapsulation layer. A 

cartoon of the experimental process is shown in Figure 6.18. 

 

Figure 6.18 Cartoon of the experimental process to probe crack formation in the 

PMMA encapsulation under flexion testing 

The experimental process consisted of using the 10x magnifying lens and 5x 

objective lens to image the PMMA film before flexion, bending the film around plastic 

tubing of  different diameters, and then re-imaging the films to probe the formation 

of any cracks within the PMMA layer. The PMMA film was bent around a variety of 

diameters from 7.5 cm to 6 mm. The optical images of the films after the bend testing 

can be seen in figure 6.19. 

 

Figure 6.19 Optical microscope images of the PMMA film after being flexed around 

the labelled diameters. 
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From the flexion images, there are no clear cracks within the PMMA layer 

when compared to the control image. Most noticeably in the 0.6 cm image, there are 

long features that appear throughout the film. These features are most likely 

variation in the PMMA thickness as seen in the bottom of the control sample image. 

Additionally, across all images there are small “bubble-like” features. These features 

are not a result of the bending, and therefore are a result of the encapsulation 

process. One potential cause is dust or defects on the PET surface, therefore affecting 

the roughness and eventual PMMA thickness. The same PMMA film was used for all 

6 measurements, therefore increasing the stress on the same film to properly assess 

the mechanical stability of the encapsulation films. In this case the PMMA film was a 

1 coat encapsulation as crack propagation in PMMA increases with material 

thickness.[35] Therefore, if the film cracked or deformed at 1-coat then the probability 

of deformation at higher coats would be much greater. 

6.2.6 Proton Hardness Simulation 

To link the PMMA encapsulation to all work shown in this thesis, SRIM simulation 

was also performed for PMMA to assess the stopping power of the film and the target 

depth that one could expect in the presence of 150 keV protons. The results of the 

SRIM simulation are shown in Figure 6.20.  

 

Figure 6.20 SRIM simulation of PMMA under 150 keV proton bombardment. 
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In the same instance of the mesoporous carbon electrode SRIM simulation in 

Chapter 4, the PMMA layer has a target depth less than the material thickness. As 

shown in this chapter, the PMMA thickness for 1 coat is calculated to be 2.7 µm, 

therefore any 150 keV protons incident on the PSC will stop within the PMMA 

encapsulation layer at a target depth of 2.34 µm. Additional work would need to be 

undertaken to assess the proton stability of the PMMA layer as it is a polymer, but 

the SRIM simulation is promising for the use of PMMA as a protective layer from 

proton radiation. 

6.3 Conclusion 

This chapter finds that PMMA spray encapsulation could be beneficial in improving 

the stability of PSCs while reducing the weight of the devices. The weight of the 1-

coat PMMA encapsulation was measured to be ~60 mg, while the encapsulation glass 

was measured to be ~1.4 g, therefore reducing the encapsulation weight by ~96%. It 

was found that the PCE and FF of glass encapsulated PSCs decreases after 

encapsulation and could be linked to tensile strain and fracture during the 

encapsulation process. From a selection of different commercially available spray 

encapsulants, PMMA in ethyl acetate was deemed to be the least likely to dissolve 

the spiro-OMeTAD HTL and perovskite active area. The PMMA spray was less harmful 

to the device’s performance than glass encapsulation, with the overall PCE 

decreasing by 3% compared to the 20% for glass. PMMA/Silicon was used to properly 

identify the PMMA peaks and using the ratio between peak intensity of the different 

thickness, the PMMA film was found to be 2.7 µm for 1 coat spray encapsulation. 

Thermal cycling between -100 °C and +85 °C was performed on a 1 coat 

PMMA encapsulated device and confirmed that the inclusion of encapsulation 

improved the stability compared to unencapsulated devices. The PMMA device 

stability is comparable to the glass encapsulation, showing that the PMMA 

encapsulation works well under mimic LEO thermal cycling.  

Dark storage measurements under the ISOS-D1 standard found that after 1 

month the performance of the PSCs with 1 coat spray encapsulation were unchanged 

and had improved. Under humidity testing at ≥50% RH, the device performance with 

one coat spray encapsulation decreased at the same rate as the unencapsulated PSC. 
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To investigate the cause, the WVTR of PMMA was calculated and found that the 

WVTR should decrease with increasing PMMA thickness. Three PSCs with different 

PMMA thicknesses were held at 50% RH and it was found that 3-coat PMMA offered 

the best humidity stability as expected from the WVTR calculations. For the 3-coat 

PMMA device the PCE increased by 30%. Non-destructive techniques were employed 

to investigate any changes in the molecular or optical structure due to the humidity 

testing. PL spectroscopy measured at 50% RH found that there was considerable 

redshift of 15 nm for the PMMA encapsulated layer compared with the 5 nm shift for 

the glass encapsulated devices. The estimated changes in the Voc were consistent 

with the experimental Voc values, indicating no degradation from the band-gap shift. 

However, the decreasing band gap is suggested to be responsible for the 7% increase 

in Jsc observed for the 3-coat device. Raman spectroscopy was performed at 50% RH 

and found that after 3 hours there was an increase in the PbI2 response for the 

unencapsulated and 3-coat devices, indicating a change in the chemical structure due 

to the humidity treatment. However, due to the minimal response at 110 and 164 

cm-1, the Raman spectroscopy measurements agree with no strong dehydration of 

the perovskite. 

Flexion testing of a 1 coat PMMA film on PET was performed to assess 

relevant mechanical stress stability. At a diameter of 6 mm, no cracks in the PMMA 

were observed highlighting the mechanical stability of the spray encapsulation. 

Lastly, SRIM simulation was performed for PMMA and found that a minimum 

stopping distance of 2.34 µm is required to stop 150 keV protons, which is less that 

the 1 coat spray thickness. Therefore, here it is proposed that PMMA spray coated 

encapsulation is a scalable, stable encapsulation material for use in aerospace 

applications.  

Additional optimisation of spray parameters and layer characterisation will 

need to be performed to assess the role of spray defects and inhomogeneity on 

stability. An investigation into different solvents and solution concentrations would 

also be beneficial to further improve film wettability and homogeneity. As thin film 

encapsulation is required to reduce the PSC weight and improve the specific power, 

the findings in this chapter highlight the PMMA encapsulation’s  thermal and 

humidity stability. 
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Chapter 7  

Conclusions and Further Work 
 

While PSCs are beginning to reach the threshold for viability in terms of device 

efficiency, device stability remains a barrier to adoption for aerospace applications. 

Research efforts have focussed on the AM1.5G stability such as moisture and light 

soaking of perovskite active layers, leaving the AM0 stability and Low Earth Orbit 

(LEO) environment stability unclear. 

Chapter 3 investigates the proton radiation stability of PSCS utilising an AZO 

TCO, and how the role of different device layers affect the overall stability of PSCs. 

Triple cation perovskite solar cells were shown to undergo a severe performance 

decrease under 150 keV proton bombardment at fluences >1x1013 protons/cm2. 

Device degradation of the PSCs was due to degradation of the Jsc, with a 99.99% 

decrease at a fluence of 1x1015 protons/cm2. SRIM simulation showed proton 

penetration through the full device stack, and most of the protons stopping within 

the AZO revealing the significance of the role of the TCO in PSC radiation stability. 

Remarkably, at a fluence of 1x1015 protons/cm2, the triple cation perovskite showed 

excellent radiation stability confirmed through XRD measurements. Through Raman 

spectroscopy, there was a measured decrease of the spiro-OMeTAD signal indicating 

degradation of the HTL. This was confirmed through PL measurements that showed 

quenching as a function of increasing fluence and through TPV measurements. The 

TPV measurements showed that at fluences >1x1013 protons/cm2 a double 

exponential fitting was required, showing an increase in interfacial recombination at 

the spiro/perovskite interface. When quartz/AZO samples were bombarded under 

150 keV, no change in transmittance was observe, showcasing the proton stability of 

the quartz substrate and the AZO TCO. These results show that good radiation 

stability of the HTL is necessary for good PSC radiation stability. 

Chapter 4 explores how the radiation stability of mesoporous carbon-based 

PSCs (m-CPSCs), with attention to the radiation stability of the carbon electrode. It 
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was found that m-CPSCs retain 100% PCE under 150 keV proton bombardment up to 

a fluence of 1x1015 protons/cm2. Raman spectroscopy on the active area showed no 

change in chemical structure. However, measurements performed on the carbon 

electrode exhibited signal from dehydrated MAPI. As the perovskite in the electrode 

is part of the capping layer, the moisture degradation did not affect the device 

performance. The Raman signal from the carbon D and G-bands showed no change 

in the chemical properties of the carbon as a function of the proton irradiation; the 

signal of the D band varied between samples independently from proton fluence. 

This suggests that the screen-printed carbon electrode is not uniform across the 

printing area, or there are areas within the print that are defect rich. 

Photoluminescence measurements of the active area showed PL quenching as a 

function of proton fluence, this correlates well to the Jsc increase with the same 

trend. Therefore, the PL quenching is suggested to be indicative of better charge 

extraction. Additionally, the decrease in PL intensity correlates to a Voc loss of 12 

meV. PL measurements of the carbon electrode showed both blue and red-shift in 

the peak position. The measured blue shift is attributed to the poly-disperse nature 

of the perovskite, while the red-shift is due to the moisture degradation of the 

perovskite in the capping layer. SRIM simulations of 150 keV proton bombardment 

into different electrodes showed that the stopping power of the carbon electrode is 

lower than Au and it revealed that the carbon thickness (~12 µm) is responsible for 

the m-CPSC radiation stability. Additional simulations were performed by solving the 

Bethe-Bloch equation across a large range of proton energy values (0.1 – 10000 

MeV). The simulation confirmed the SRIM results. However, when the mass-stopping 

power was simulated to remove the effect of the density, the carbon electrode 

exhibited the greatest stopping power across the different materials. These results 

show the superior radiation stability of m-CPSCs, and that the radiation stability is 

not limited to just PV but can be applied to other electronic systems as well. 

In Chapter 5, the thermal stability of PSCs was investigated to study the 

stability under mimic LEO conditions. PSCs with a spiro-OMeTAD and P3HT HTL were 

thermal cycled for 3 hours between -100 and +85 °C. After 3 hours, the spiro-

OMeTAD PSCs had degraded by 10% while the P3HT PSCs retained 100% of their 

initial PCE. 1 hour 85 °C thermal holding showed that the PCE decrease for the spiro-
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OMeTAD devices was due to a reduction in Jsc. Through Raman spectroscopy and PL 

measurements, the decrease in Jsc is suggested to due to the degradation of the HTL, 

increasing non-radiative recombination. The Raman spectroscopy during thermal 

cycling showed a decrease in the C-C and C=C bond peaks, which do not recover after 

finishing the cycling and returning the cells to 25 °C. The PL showed a large blue shift 

and quench with increasing heating time. The blue shift is due to the increase in 

thermal energy within the perovskite, and the reverse band-gap. The quenching 

correlates well with the decrease in Jsc, suggesting an increase in non-radiative 

recombination which correlates well with the degradation of the spiro-OMeTAD HTL. 

TPV and TPC measurements showed a large decrease in carrier concentration (100x) 

and much faster TPV decay indicating an increase in recombination. The reduced TPC 

generation suggests worse charge extraction. Alternatively, the same measurements 

performed on the P3HT PSCs showed the decrease in Raman intensity was reversible, 

and it was suggested that an interaction at the perovskite/P3HT interface could lead 

to an amorphous/crystalline phase. The PL measurements showed an increase in 

intensity and a red shift. Coupled with the TPV and TPC results, the increase PL is 

attributed to an increase in carrier density, resulting in more recombination within 

the perovskite. However, the cause of the PL redshift is unknown and will require 

further investigation.  

Chapter 6 focused on spray coated thin film encapsulation. Firstly, the effect 

of glass encapsulation on PSC performance was investigated. It was found that after 

the application of  polyimide/epoxy/glass encapsulation, there is a 20% reduction in 

PCE. This degradation is attributed to defect creation within the perovskite layer 

because of strain generation greater than the fracture energy of the layer. PMMA 

was chosen as a replacement material, which was spray coated onto PSCs at 55 °C. 

After the spray encapsulation, the PSCs retained 97% of their initial efficiency. 

Profilometry measurements and Raman spectroscopy were coupled to estimate the 

thickness of the PMMA encapsulation for multiple coatings. The thickness after 1 

coat was estimated to be 2.7 µm. Following the same thermal cycling measurement 

as Chapter 5, the PMMA encapsulated devices exhibited similar stability to the glass 

encapsulated devices, showing the potential for LEO applications. Additionally, the 

PMMA encapsulated devices retained their PCE after 1 month in ISOS-D1 standard 
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dark conditions. Then the humidity stability of the PMMA encapsulation was 

investigated, firstly by stepping the %RH from 10 to 80%, then by holding the devices 

at 50% RH for 3 hours. For >50% RH both unencapsulated and 1-coat PMMA 

encapsulated devices degrade, which for the PMMA encapsulated device was 

attributed to the WVTR of the PMMA and inhomogeneity of the film. For the 50% RH 

holding experiment, the 3-coat PMMA encapsulated PSC showed exceptional 

stability in comparison to thinner coatings, while also showing a 30% improvement 

in PCE. Through PL measurements, the increase in PCE is suggested to be due to the 

reduction in the band gap of the perovskite, increasing the Jsc. Finally, flexion testing 

was performed down to a diameter of 0.6 cm. Through optical imaging, no crack 

formation was seen showcasing the mechanical stability of the PMMA encapsulation. 

These results show the potential for spray encapsulated PMMA in both terrestrial 

and space applications. 

In the work concerning the proton radiation hardness in Chapters 3, it was 

found that the gold metal electrode initially increases in sheet resistance after the 

proton bombardment, and then begins to decrease with increasing fluence. It is 

suggested that due to Au being an FCC structure that generated vacancies relax at 

their nearest neighbour, and it has been shown that the bond length can change after 

bombardment increasing the conductivity. Further work could be undertaken to 

better understand why the sheet resistance initially increases after proton 

bombardment. Additionally, it is suggested that further work be undertaken to fully 

investigate the role of the TCO under proton bombardment. Methods such as XRD 

could be useful to investigate any structural changes in the TCO because of proton 

irradiation. 

For the m-CPSCs in Chapter 4, Raman spectroscopy was performed on the 

carbon electrode. Since the intensity ratio between the D and G peaks shows a large 

increase in disorder for the 1x1012 protons/cm2 sample but not the 1x1015 

protons/cm2, further work to assess how low energy proton bombardment affects 

the D peak in sp2 carbon systems could be performed. For example, sheet resistance 

and photocurrent mapping could provide insight into how the proton bombardment 

affects conductivity and charge extraction. 
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In Chapter 5, it was found that the correlation between the decreasing device 

performance at high temperatures was the degradation of the spiro-OMeTAD HTL. 

The degradation led to a reduction in charge extraction. To further investigate the 

degradation of the spiro-OMeTAD, DFT could be performed to simulate the Raman 

spectra at different temperatures. It would be interesting to perform transient 

photovoltage and photocurrent measurements in-situ to investigate the charge 

carrier density and lifetime for both spiro-OMeTAD and P3HT PSCs during the 85 °C 

heating, along with XRD of the P3HT HTL in-situ. 

The increasing of specific power is an area of current research interest. In 

Chapter 6, some preliminary results of spray coated PMMA encapsulated are shown. 

Here, the PMMA encapsulation reduces the overall encapsulation weight by 96% and 

improves the performance retention after encapsulation. However, many of the 

presented results are for 1 coat PSCs when 3 coats was shown to be the most stable. 

Following the same methods, additional work should be undertaken to further 

investigate the stability of 3-coat PMMA encapsulation.  

The work presented in this thesis establishes relationships between the 

choice of HTL and encapsulation technique with material/device stability under 

mimic LEO conditions. Namely how the choice in HTL can lead to reduced proton 

bombardment or thermal stability, and how the encapsulation method can have an 

adverse effect on device performance. These are crucial for addressing the feasibility 

of future PSCs under mimic LEO conditions, thereby paving the way toward achieving 

long-term stability of PSCs for space applications. 
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Appendix A 

 

Figure A.1 PL mapping at the peak position as a function of proton fluence. (a) Control 

(b) 1x1012 protons/cm2 (c) 1x1013 protons/cm2 (d) 1x1014 protons/cm2 (e) 1x1015 

protons/cm2. 

 

 

      

      

   



230 | P a g e  
 

Table A.1 AM1.5G PV parameters for every pixel before proton bombardment and 

colour coded for their allocated proton fluence.  

Pixel Number PCE (%) Voc (V) Fill Factor (%) Jsc (mAcm-2) 

1 12.22 1.11 65.49 16.84 

2 11.02 1.09 63.91 15.79 

3 8.78 1.05 59.68 13.98 

4 14.75 1.12 68.70 19.18 

5 13.76 1.11 62.69 19.84 

6 12.90 1.10 59.97 19.59 

7 12.26 1.09 58.07 19.40 

8 14.95 1.10 69.94 19.41 

9 12.46 1.07 61.79 18.77 

10 11.38 1.07 59.88 17.77 

11 10.96 1.07 52.45 17.98 

12 12.60 1.03 57.17 22.50 

13 11.84 1.07 56.07 19.70 

14 12.49 1.04 55.11 21.31 

15 8.53 1.03 54.93 15.09 

16 8.28 0.94 40.43 22.23 

17 9.30 0.99 50.78 18.53 

18 12.4 1.06 55.84 17.84 

19 10.59 1.04 51.97 23.03 

20 9.56 1.05 53.85 16.88 

21 9.26 1.02 47.72 19.05 

22 10.68 1.08 54.19 18.31 

23 13.19 1.09 65.20 18.56 

24 12.73 1.08 64.55 18.25 

25 12.81 1.09 66.72 17.57 

26 11.18 1.05 61.65 17.26 

27 10.49 1.08 59.91 16.19 

28 10.18 1.07 57.58 16.50 

29 9.51 1.07 54.84 16.20 

Control   1x1012 p/cm2   1x1013 p/cm2   1x1014 p/cm2   1x1015 p/cm2 
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Figure A.2 Changes of photovoltaic characteristics ( Jsc, FF, Voc, and PCE) of perovskite 

solar cells under 1 Sun AM0 illumination as a function of proton fluence. 

Figure A.3 Raw Raman spectra as a function of proton fluence. The normalised 

spectra has also been included for comparison. 
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APPENDIX B 
 

Table B.1 1 sun AM0 PV parameters for every pixel pre- and post- proton 

bombardment. 

Fluence 

(Protons/

cm2) 

Pre 

PCE 

(%) 

Post 

PCE 

(%) 

Pre Voc 

(V) 

Post 

Voc 

(V) 

Pre Jsc 

(mA/cm2) 

Post Jsc 

(mA/cm2) 

Pre FF 

(%) 

Post FF 

(%) 

Control 10.35 10.06 0.88 0.82 25.14 26.19 60.92 60.53 

Control 10.17 9.58 0.88 0.86 24.58 25.61 60.25 56.50 

1x1012 9.85 9.72 0.89 0.85 24.08 25.84 59.75 57.38 

1x1012 9.04 8.58 0.87 0.83 24.73 22.13 58.94 59.49 

1x1013 10.15 9.08 0.87 0.86 26.63 24.77 56.81 55.78 

1x1013 9.22 8.78 0.86 0.82 24.65 23.8 56.46 58.58 

1x1014 10.46 10.36 0.87 0.84 25.15 26.01 62.32 61.66 

1x1014 10.15 9.51 0.85 0.81 25.73 25.04 60.07 60.49 

1x1015 7.56 10.23 0.85 0.82 21.62 26.50 53.59 52.91 

1x1015 10.17 10.01 0.88 0.79 25.00 24.47 60.33 59.80 

 

 

Figure B.1 Remaining Factor of PCE, Voc, Jsc, and FF (under 1 sun AM1.5G illumination)  

versus proton fluence of m-CPSC (including the control device). 
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Figure B.2 Mapping of the perovskite peak at 100 cm-1 for the control sample. Raman 

measurements are sensitive to focus, and the roughness of the mesoporous layers 

cause intensity variation over small areas. 
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Figure B.3 PL mapping of the perovskite within the active area through the glass 

substrate. These measurements were taken as a function of proton fluence. (a) 

Control (b) 1x1012 protons/cm2 (c) 1x1013 protons/cm2 (d) 1x1014 protons/cm2 (e) 

1x1015 protons/cm2 
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Figure B.4 Raman spectra of the perovskite solar cells (a) 50 and 500 cm-1 as a 

function of proton fluence (b) 1200 and 1750 cm-1 as a function of proton fluence. 
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APPENDIX C 

 

Figure C.1 PV parameters as a function of temperature stepping for room and low 

temperatures (≥-100 °C) b) PV parameters as a function of temperature stepping for 

room and very low temperatures (≥-180 °C). 
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Figure C.2 a) PV parameters as a function of temperature stepping for room and high 

temperatures (≤80 °C) b) PV parameters as a function of temperature stepping for 

room and very high temperatures (≤180 °C). 
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Figure C.3 EQE response for PSCs with a P3HT and spiro-OMeTAD HTL. 

 

Figure C.4 (a) DFT Raman simulation of pristine spiro-OMeTAD using ORCA and 

Avogadro. 
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Figure C.5 Raman intensity of the 1447 cm-1 peak for P3HT as a function of 85 °C 

heating time in minutes. (a) 0 (b) 10 (c) 20 (d) 30 (e) 40 (f) 50 (g) 60 
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Figure C.6 Normalised 1447 cm-1 P3HT peak intensity as a function of heating time. 
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APPENDIX D 

 

Figure D.1 Averaged Raman spectra for a 1 and 3 coat PMMA spray on PET substrates. 

The Raman spectra of a bare PET substrate is included to act as a control 

measurement.  

 

Figure D.2 PMMA Raman mapping of the 2936 cm-1 peak intensity. (a) 1 coat (b) 2 

coat (c) 3 coat. For both the 2 and 3 coat measurements, the difference between the 

maximum and minimum values is ~1000 counts. For the 1 coat measurements it’s 

~10000. 
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Figure D.3 J-V curves for the different encapsulation methods under humidity 

stepping from 10-80% RH. (a) unencapsulated (b) 1 coat PMMA (c) glass 

encapsulation  
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Figure D.4 J-V curves for the different encapsulation methods under humidity 50% 

RH for 3 hours. (a) unencapsulated (b) 1 coat PMMA (c) 2 coat PMMA (d) 3 coat 

PMMA (e) glass encapsulation. 
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Figure D.5 Averaged PL intensity at 40% RH for the encapsulated samples before 

and after 3 hours holding at 50% RH. 
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