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Abstract 

Abstract 
In this work the application of ALD deposited SnOx films as electron transport layers in 

perovskite solar cells is analysed. Processes to fabricate homogeneous, transparent and 

conductive tin oxide films were developed on an Oxford Instruments FlexAL tool using a 

TDMASn precursor and H2O as oxidiser. Two process regimes were investigated; an ALD 

regime, where the precursor gases are fully separated by long purging steps and a 

pulsed-CVD regime, where short purge times allow for continuous reactions. Both process 

regimes were analysed at deposition temperatures from 100 – 250°C and showed a decrease 

in growth rate with an increase in refractive index for higher temperatures. In terms, of 

optical properties highly transparent films in the visible range (> 80%) were obtained for all 

analysed processes. The samples with the lowest absorption were SnOx films deposited at 

low temperatures in the pulsed-CVD regime. Films with low absorption also exhibited 

improved conductivity in the range of 200 – 500 Ωcm, which decreased further when the 

samples were heated. All investigated films were amorphous with a tin rich atomic 

composition of SnOx. The processes were performed to be compatible with n-i-p and 

inverted perovskite single junction solar cells as well as tandem devices on textured silicon 

bottom cells, due to conformal coating at low deposition temperatures and no need for 

thermal annealing steps. 

For the application on cell level, perovskite single junction solar cells in a n-i-p architecture 

were fabricated with a ~15 nm SnOx film as electron transport layer. To improve electron 

extraction properties different organic interlayers and mesoporous TiO2 were investigated 

below the perovskite absorber. It was seen that the use of PCBM on top of SnOx improved 

the solar cell performance of devices with a co-evaporated MAPbI3 absorber. Solar cells with 

efficiencies close to 6% were fabricated which exhibited a moderately high Voc of ~990 mV 

but low Jsc of < 10 mA/cm². For devices with wet-chemically deposited perovskite absorber 

materials, the fullerene solutions did not form a closed film due to wettability issues on 

SnOx and the risk of washing away by the spin-coated perovskite solution. SEM-images 

confirmed that no closed interlayers were formed in the wet-chemical devices which could 

be the cause of poor reproducibility for devices with a planar structure and SnOx as electron 

contact. The best performing device was achieved with SnOx and mesoporous TiO2 deposited 

by spin-coating and a MAPbI3 absorber. It showed a mean PCE from forward and reverse 

scans of 12.8% with a Voc > 990 mV and a Jsc close to 20 mA/cm². Compared to the TiO2 

reference cells the devices using SnOx showed lower efficiencies but improved 

reproducibility and reduced hysteresis in the mesoporous structure. The produced cells serve 

as an initial proof of concept for the use of SnOx by ALD in the analysed solar cell structure.  

To analyse the potential for commercialisation of perovskite based photovoltaic 

technologies a techno-economic analysis was performed. Taking into account up-scaled 

manufacturing processes for perovskite modules, manufacturing costs of 21.0 $/m² were 

calculated. This cost is below the calculated allowed extra costs for the top cell of a tandem 

device with 30 % efficiency, estimated at 30 – 80 $/m². Projections of the LCOE showed that 

perovskite single junction cells with a PCE of 15% and a lifetime of 25 years could achieve 

an LCOE of 5.2 c/kWh. For two-terminal tandem devices with a similar lifetime and an 

efficiency of 27% an LCOE of 6.6 c/kWh could potentially be achieved, making both 

technologies competitive with conventional energy technologies in Germany. An overview 

of literature on life cycle assessments showed that despite the use of lead based absorber 

materials, perovskite technologies have a minor environmental impact and are considered 

more sustainable than other photovoltaic technologies.  
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Sammanfattning 

Sammanfattning 
A I detta arbete appliceringen av ALD deponerade SnOx lager som selektiv kontakt till 

elektronerna perovskite solceller är analyserad. Processer för att fabricera homogena, 

transparenta och ledande SnOx lager utvecklades med en Oxford Instruments FlexAL med 

användnig av TDMASn gas och H2O. Två typer av processer analyserades; en ALD process, 

där dem reaktiva gaser är helt sepererade av långa rensande steg och en pulsed-CVD 

process, där korta rensningstider tillåter kontinuerliga reaktioner. Båda processer 

analyserades vid despositionstemperaturer från 100 till 250°C och visade en minsknig i 

tillväxtakten med en ökning i refractive index för högre temperaturer. Gällande optiska 

egenskaper, väldigt transparenta lager i det synliga området (> 80%) blev erhållna för alla 

analyserade processer. De proven med den lägsta absorptionen var SnOx filmer vid låga 

temperaturer i pulsed – CDV regimer. Lager med en låg absorption uppvisade ochså 

förbättrad ledningsförmåga inom intervaller från 200 – 500 Ωcm, som minskade ännu mer 

när proven blev uppvärmda. Alla utrettade lager var amorfisk med en hög andel tenn i 

SnOx. Procceserna genomfördes för att vara kompatibel med n-i-p och p-i-n perovskite 

solceller samt tandem apparater på texturerad kisel bottenceller, på grund av enhetlig 

beläggning vid låga depositionstemperaturer och inget behov av termisk behandling i 

efterhand.  

För applikationen på cellnivå, perovskite solceller i en n-i-p konstruktion tillverkades med 

ett ~15 nm SnOx  lager som selektiv kontakt till elektronerna. För att förbättra kontakten 

olika naturliga mellanskikter och mesoporös TiO2 undersöktes under det perovskite lagret. 

Det sågs att användnigen av PCBM på SnOx förbättrade funktionen av solcellerna av 

apparater med en dunstad MAPbI3 absorbator. Solceller med effektivitet nära 6% 

tillverkades, som ledde till en medelmåttligt hög Voc vid ~990 mV men låg Jsc vid < 

10 mA/cm². För apparater med perovskite deponerade vid spin-coating, fullerene-lösningen 

bildade inget stängt lager på grund av vätningsproblem på SnOx och risken att tvätta bort 

den spin-coated perovskite lösningen. SEM-bilder bekräftade att inga stängda mellanskikter 

bildades i dem våtkemiska apparater. Det skulle kunna vara grunden till den dåliga 

reproducerbarheten av apparater med  en platt struktur och SnOx som selektiv kontakt till 

elektronerna. Den apparaten som uppträdde bäst uppnåddes med SnOx och mesoporös TiO2 

deponerade vid spin-coating och en MAPbI3 absorbator. Det visade en genomsnittlig 

verkningsgrad av 12,8% med Voc > 990 mV och Jsc nära 20 mA/cm². I jämförelse med TiO2 

referensceller, dem apparatener som använde SnOx visade lägra effektivitet men förbättrat 

reproducerbarhet och minskad hysteresis i den mesoporösa strukturen. Dem producerade 

celler tjäna som första bevis av konceptet för användningen av SnOx vid ALD i den 

analyserade strukturen av solcellerna.  

För att analysera potentialen av kommersialiseringen av perovskite baserade photovoltaiv 

tekniker en ekonomisk analys genomfördes. Att ta med i beräkning storskalig 

tillverkningsprocesser till perovskite moduler, tillverkningskostnader vid 21.0 $/m² 

kalkulerades. Denna kostnad är under dem kalkulerade tillåtna extra kostnader till 

toppcellen av en tandem apparat med 30% effektivitet, beräknad vid 30 – 80 $/m². 

Projektioner av LCOE visade att perovskite celler med en verkningsgrad vid 15% och en 

livstid på 25 år skulle kunna uppnå ett LCOE vid 5.2 c/kWh. Två-terminal tandem apparater 

men en liknande livstid och en effektivitet vid 27% ett LCOE vid 6.6 c/kWh skulle potentiellt 

kunna bli uppnått, om man gjorde båda tekniker konkurrenskraftiga med andra 

energitekniker i Tyskland. En översikt av litteratur om livscykelanalyser visade att, trots 

användningen av blybaserad absorbtionsmaterial, perovskite tekniker har en låg 

miljöpåverkan och anses vara mer hållbart än andra foltovoltaisk tekniker.  
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Introduction 

 

1. Introduction 
With ambitions of transitioning towards low carbon technologies in the energy system, 

global efforts are made to promote the use of renewable energies. Especially for electricity 

generation renewable energy technologies have gained momentum leading to a rapid 

increase in global renewable capacity in recent years doubling from 1000 GW to 2000 GW in 

the years from 2007 to 2016 [1]. Accordingly, the share of renewables in global electricity 

generation has increased from 18% in 2000 to 23% in 2015, making the contribution of 

renewables the second highest behind that of solid fuels and on par with that of natural gas 

as can be seen on the left in Figure 1 [2].  

 

 

Figure 1: Share of global electricity generation by fuel in 2015 [2] and electricity generation by fuel in 
Germany (2015) [3] 

Within the use of renewable energies hydro power takes up the largest share on a global 

scale, accounting for almost 70% of electricity generated from renewable energies. This is 

followed by wind power (17%) and biofuels (9%). Solar energy globally made a 

contribution of 4% to the total of renewable energies in electricity in 2015. In Germany, as 

seen on the right of  Figure 1, renewables account for 30% of generated electiricty behind 

42% from solid fuels/coal. In terms of renewables wind energy dominates in Germany 

followed by biofuels and solar energy [3]. When looking at the growth of renewable 

technologies in Germany, solar photovoltaics has shown the most significant increase in its 

share in electricity generation from 3% of renewable electricity generation in 2007 to 20% 

in 2015, alongside a doubling of the share of renewables. In 2015 a total of 6% of the 

electriticity in Germany was is generated from a total solar PV capacity of 41 GW. 

Generally an exponential increase in solar capacity could be observed worldwide since early 

2000, while module costs continuously decreased. This can be seen in Figure 2 where the bar 

chart shows the cumulative capacity worldwide for 1990-2015 and by country in 2016, as 

well as the module cost in the orange line chart. In 2016 the cumulative global PV capacity 

amounted to almost 300 GW, of which 77 GW are installed in China, 43 GW in Japan and 

41 GW in Germany [3]. The cost of PV modules saw a large decrease from close to 10 

USD/MWp in 1990 to below 2 USD/MWp in 2010, since then the costs have continued to 

decrease at a slower pace  with prices in 2016 being at 0.62 USD/MWp [4].  
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Figure 2: Global cumulative PV capacity and associated module cost [4, 5]  

Factors that contribute to the decreasing costs per MWp of module capacity are the lower 

manufacturing costs for large scale production and the increase in module efficiency. 

Increased solar cell and module efficiency alongside decreasing module costs lead to a 

decrease in all associated specific costs for generating electricity from solar energy. Modules 

with higher efficiency require less space for the same rated power, which is directly related 

to costs for land-use and area-dependent balance of system.    

As currently used technologies are approaching their efficiency limits, new technologies will 

be needed to further promote the growth of solar PV installation. At the moment more 

than 90% of commercialised PV-modules are based on silicon single junction cells. With 

increasing research efforts the record efficiency for silicon solar cells lies above 26% and is 

already close to the theoretical efficiency maximum of 29.8% [6, 7]. Other concepts for 

improved efficiencies are commonly associated with more complex production processes 

and thus higher costs. To match the growing trend for the use of solar PV, new concepts for 

highly efficient solar cells with simple and affordable production processes are required.  

An emerging concept for potentially low-cost and high efficiency in solar cells is the use of 

perovskite absorber materials. Since the first perovskite solar cell was fabricated in 2009 [8] 

and stable performance was reported at 9.7% efficiency in 2012 [9], major research efforts 

have focused on improving the performance of devices based on perovskite materials. In less 

than ten years of research, the power conversion efficiency of perovskite solar cells reached 

22.7% coming close to that of multi-crystalline silicon solar cells [10]. Advantages of the 

technology lie in the potential for high efficiencies at low production cost and high 

throughput.  

The high achievable efficiencies as well as the possibility to tune the bandgap further 

qualify the perovskite solar cell for applications in multi-junction devices.  The basis of multi-

junction solar cells is the combination of a high bandgap top cell with a low bandgap 

bottom cell to better harness the energy from the solar spectrum by minimising 

thermalisation losses. Perovskite absorbers show a sharp absorption edge at the bandgap, 

which can be tuned in the range of 1.2 to 2.4 eV [11], making them especially suitable for 

silicon/perovskite tandem solar cells. So far perovskite/silicon tandem solar cells have 

achieved a power conversion efficiency (PCE) of 25.2% and it is estimated that efficiencies 

beyond 30% can be reached, making this cell concept a suitable contender for the next 

generation of high-efficiency solar cells [12].  
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With the greater complexity of the perovskite/silicion tandem cell concept it is crucial to 

precisely optimise every layer and interface in the device while keeping the scalability of 

processes in mind. Constraints include the deposition temperatures which should not exceed 

200°C on the silicon heterojunction bottom cell or 150°C on the perovskite absorber [13]. A 

further challenge is the deposition of the commonly solution processed perovskite top cell 

on top of textured bottom cells that are compatible with monocrystalline Si industry 

standards [12]. Consequently, deposition processes for all contact layers should be 

developed to achieve homogeneous coating at low-temperature. 

Especially the carrier selective contacts for electrons and holes play a crucial role in achieving 

high PCEs in solar cells. These films need to exhibit good carrier selectivity, through ideal 

band alignment with the absorber, and high optical transparency without damaging other 

layers in the cell stack during deposition. For the electron selective contact tin oxide (SnOx) 

has recently emerged as a promising material due to its favourable band alignment with 

common perovskite absorber materials [14]. 

A suitable deposition technique to achieve conformal coating on any surface structure at 

low deposition temperatures is atomic layer deposition (ALD). The vapour based deposition 

technique qualifies for depositing metal oxides in perovskite/silicon tandem devices as films 

with thickness control on atomic level can be deposited at temperatures < 200°C [15]. 

Atomic layer deposition is based on self-limiting reactions through separation of the 

precursor gases by purging the chamber with an inert gas. A possibility to reduce process 

times and increase the film growth rate is the reduction of purging steps, which leads to a 

growth component from chemical vapour deposition (CVD). This approach, called 

pulsed-CVD, was used by Bush et al. for the tin oxide electron contact in a perovskite/silicon 

tandem solar cell with a PCE of 23.6%. The pulsed-CVD process was further investigated for 

deposition of tin oxide on perovskite by Palmstrom et al. to determine interfacial 

effects [16]. However, it has not yet been clearly investigated what effects the deposition in 

a pulsed-CVD regime has on the properties of the tin oxide film.  

1.1. Aim and Research Question 
Moving towards new concepts for highly efficient solar cells the Fraunhofer Institute for 

Solar Energy Systems (ISE) is working on perovskite/silicon tandem solar cells in the PerSist 

project. Within the project, the aim of this thesis is to study the use of tin oxide (SnOx) 

deposited by atomic layer deposition as electron selective contact in perovskite solar cells. 

Prior to this work, ALD was not applied in perovskite solar cells at Fraunhofer ISE. 

Consequently, it is first required to develop suitable deposition processes for SnOx on the 

Oxford Instruments FlexAL. Through process variations, the film characteristics should be 

optimised within the given constraints to obtain a film which shows a high growth rate, 

high transparency for a large wavelength range and good conductivity while being 

deposited at temperatures ≤ 150°C. Other desired properties such as the band alignment 

with the perovskite absorber and the contact resistance should be analysed after cell 

integration. Conclusions on the advantages and challenges of using SnOx as electron 

transport layer can be drawn based on the achieved performances of perovskite single 

junction solar cells.  

Additionally, a techno-economic analysis of the investigated cell concept is performed to 

identify whether the developed technology can be competitive with silicon single junction 

solar cells and other energy technologies. Sustainability considerations are made based on a 

literature review of life cycle assessments.  
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2. Theoretical Background  

2.1. Solar Cells                                                                                          
Solar cells work on the basis of the photovoltaic effect, where photons of incoming light are 

absorbed by a semi-conductor material. The energy of the photon excites an electron from 

the valence to the conduction band and thus generates an electron-hole pair. Separation of 

the charges through a p-n junction leads to current flow. 

 

Figure 3 shows the interaction of an incoming 

photon of energy 𝐸𝛾 with the solar cell absorber 

and resulting loss mechanisms. An electron is 

excited from the valence (𝐸𝑉) to the conduction 

band (𝐸𝐶) without losses only when the photon 

energy matches the bandgap energy 𝐸𝑔. When the 

photon energy is higher than the bandgap, 

electrons experience higher excitation and relax to 

the conduction band edge through thermalisation. 

The excess energy is lost in the form of heat. For 

photons with an energy lower than the bandgap 

an electron cannot be excited into the conduction 

band, the energy of the incoming photon is lost 

for electricity generation. 

Figure 3: Absorption mechanisms in a single 
junction solar cell: 𝑬𝜸𝟏 > 𝑬𝒈 energy exceeding 

band gap is lost as heat, 𝑬𝜸𝟐 = 𝑬𝒈 an electron 

is excited into the conduction band without 
energy losses, 𝑬𝜸𝟑 < 𝑬𝒈 photon energy is too 

low to excite an electron 

Figure 4 visualises which portion of the solar spectrum at AM 1.5g can be used for electricity 

generation in a silicon based solar cell. The spectral irradiance is shown in grey while the red 

area shows the usable energy for a silicon solar cell. Incoming photons with a wavelength     

λ > 1100 nm do not have enough energy to excite electrons, leading to approximately 20% 

of the solar spectrum that cannot be used for electricity generation. The area above the red 

spectrum marks energy lost by thermalisation, which accounts for 35% of incoming energy. 

Furthermore, losses can occur when absorbed photons are re-emitted or through energy 

transfer between electrons in the conduction band. These mechanisms limit the potential 

efficiencies of single junction solar cells. For silicon based solar cells, which is the most 

common cell concept in commercial applications, the maximum theoretical efficiency taking 

into account the mentioned losses as well as Auger recombination losses lies at 29.4%[6, 17].  

 
Figure 4: Solar spectrum (grey) and usable energy for silicon solar cells (red) 
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2.1.1. Perovskite Solar Cells  

In recent years, perovskite solar cells have seen stellar success in the world of photovoltaic 

research, showing a rapid increase in efficiency within a short period of time. Perovskite 

solar cells use an absorber material made of perovskite compounds which have a general 

chemical formula ABX3, where A and B are cations of different sizes and X is an anion. 

Figure 5 shows a unit cell of a perovskite material to illustrate the crystal structure. In the 

solar cell application organo-metal halide perovskites are most commonly used.  

 

They consist of an organic cation (CH3NH3
+, 

CH(NH2)2
+), a divalent metal cation (Pb2+, Sn2+) 

and a monovalent halogen anion (I-, Br-, Cl- ). 

Most perovskite solar cells use absorber 

materials with methyl-ammonium (CH3NH3 or 

short MA) as organic cation and lead (Pb) as 

metal cation. For the anion different halogens 

can be used to tune the bandgap. The 

compounds can be of the form MAPb(IxBr(1-x)) 

for bandgap energies in the green-IR region 

or MAPb(BrxCl(1-x)) in the blue-green 

region [18].  

Figure 5: Crystal structure of a unit cell for 
perovskite materials 

In recent years perovskite solar cells have rapidly reached power conversion efficiencies 

beyond 20%. Despite calculations of Almansouri et al. suggesting a limit of 22% for the PCE 

of single junction perovskite solar cells, researchers at the Korean Institute of Chemical 

Technology (KRICT) have reported an efficiency of 22.7%. 

Besides the variety of materials that can be used as an absorber material with perovskite 

crystal structure, there are also numerous different fabrication processes for the perovskite 

layers. For perovskite solar cells (PSC) the most common deposition processes for the 

absorber layer are spin-coating, blading and vapour deposition or hybrid processes. 

Especially for planar single junction cells spin-coating has long been the dominant 

deposition method, achieving efficiencies above 19% [19, 20]. Limitations of spin-coating 

processes include their reproducibility and the upscaling of homogeneous layers. More 

promising alternatives for scalable cell concepts have also been investigated. Liu et al. first 

demonstrated that vapour deposition of an MAPbI(3-x)Clx absorber can yield efficiencies 

beyond 15% [21] and a PCE of 19.3% was achieved using doctor-blading by Tang et al. [22]. 

Despite high achieved PCEs of perovskite solar cells, several challenges remain for the 

commercialisation of this solar cell concept. Constraints arise from the temperature 

sensitivity of perovskite absorber materials which disqualify high-temperature deposition or 

annealing steps in the production. Furthermore, hysteretic behaviour is often observed 

between forward and reverse IV-measurements. Other limitations include their low 

operational lifetime due to degradation induced by the exposure to humidity, heat and 

light, the toxicity of lead in the most commonly used absorber material MAPbI3 and the 

scalability for large scale applications and module integration. To rival or complement 

silicon solar cells not only in efficiency, but also in applicability, high power conversion 

efficiencies, affordable fabrication and environmentally friendliness need to be achieved 

simultaneously [23, 24]. 
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2.1.2. Tandem Solar Cells 

In order to more efficiently use the energy from the solar spectrum, materials with different 

bandgap energies can be combined using a concept called tandem or multi-junction solar 

cells. These structures have a top cell with a high bandgap in which only high energy 

photons are absorbed and excite an electron to the conduction band with few 

thermalisation losses, below this cell are one or multiple bottom cell(s) with a lower 

bandgap to absorb photons with lower energy. This concept allows for an increase of the 

Shockley-Queisser limit from 34% for single-junction solar cells to 45% for tandem solar cells 

formed by two sub-cells [25]. 

 

This concept is depicted in Figure 6 where a photon 

with the highest energy is absorbed by the high-

bandgap top cell. Photons with lower energy pass 

through the top cell and are either absorbed in the 

bottom cell, if the energy is greater than the 

bandgap energy (𝐸𝛾 > 𝐸𝑔,𝑏𝑜𝑡𝑡𝑜𝑚), or cannot be used 

for electricity generation if the energy is lower.  

In general, the combination of a high bandgap top 

cell and low bandgap bottom cell can be achieved 

either through isolated cells with four separate 

terminals or through a two-terminal device which 

required a tunnelling or recombination junction to 

connect the the cells. For two-terminal devices the 

individual cells are connected in series and require 

precise current matching at the maximum power 

point to achieve high overall efficiency. In four-

terminal configurations current matching is not 

required since the power outputs are connected 

individually. A comparison of two-terminal and four-

terminal cells is shown in Figure 7 [26]. 

Figure 6: Absorption mechanisms in a 
tandem solar cell. 𝑬𝜸𝟏 ≥ 𝑬𝒈,𝒕𝒐𝒑 the 

incoming photon excites an electron in the 
top cell, 𝑬𝒈,𝒕𝒐𝒑 > 𝑬𝜸𝟐 > 𝑬𝒈,𝒃𝒐𝒕𝒕𝒐𝒎 the 

photon reaches the bottom cell and 
excites an electron, 𝑬𝜸𝟑 < 𝑬𝒈,𝒃𝒐𝒕𝒕𝒐𝒎 < 𝑬𝒈,𝒕𝒐𝒑 

photon energy is too low to excite an 
electron in either cell 

 

 
Figure 7: two-terminal and four-terminal configurations for tandem solar cells [26] 

 
In the two-terminal tandem cell, shown on the left, the top and bottom cell are connected 

in series through a conductive layer while the individual cells are separated by an insulating 

layer in the four-terminal device [26]. The theoretically achievable and practically achieved 

PCEs of 4-terminal tandem cells are generally higher than those of two-terminal 

configurations due to fewer restrictions in stack processing and current matching. However, 
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most commercialised tandem cells in concentrator or space applications are two-terminal 

devices as module costs are estimated to be higher for the four-terminal concept [26]. 

Many tandem cell concepts are based on silicon bottom cells with Eg = 1.12 eV, for which 

fabrication processes are well developed. Concepts for the top cell in two-terminal devices 

include the use of III-V materials and, more recently, the use of a perovskite absorber. Other 

approaches have been organic tandem cells, devices with CIGS bottom-cells and high 

efficiency III-V multi-junctions [27, 28]. 

Figure 8 shows the solar spectrum and the usable energy for a multi-junction solar cell based 

on GaInP/GaAs/Si as developed at Fraunhofer ISE. The bandgap energies of the three cells 

are 1.87 eV, 1.44 eV, 1.12 eV from top to bottom. The graph clearly shows the larger area of 

usable energy as compared to a silicon single junction solar cell. The theoretical efficiency 

for this cell concept is 46.9% and researchers at Fraunhofer ISE have fabricated cells with 

efficiencies beyond 30% [29, 30]. Despite high attainable efficiencies this multi-junction cell 

concept is still far from being commercialised on large scale. The complex production 

processes for the stack including three cells, namely wafer-bonding and metal organic 

vapour phase epitaxy lead to high production costs. Consequently, such concepts are more 

suitable for specialised applications or concentrated PV, where cost plays a smaller role or 

smaller cell sizes are needed.   

 
Figure 8: Solar spectrum (grey) and usable energy for a 
GaInP/GaAs/Si (blue/green/red) multi-junction solar cell 

Due to low material costs and comparably simple fabrication processes of perovskite solar 

cells as well as the possibility to tune the absorber’s bandgap, perovskite/silicon tandem 

solar cells have gained great research interest. Top cell absorbers from solution-processed 

hybrid organic-inorganic perovskites are more easily deposited on Silicon than III-V materials 

which require vacuum based depositions. The theoretical efficiency of such cells is estimated 

to 42% with experimentally achieved record PCEs of 25.2% for two-terminal devices and 

26.6% for four-terminal devices [24, 31, 32]. 

Figure 9 shows the solar spectrum and the usable energy for a Perovskite/Silicon tandem 

device. There is a clear improvement to be seen when compared to the silicon single 

junction and thermalisation losses only account for 20% of the total energy. However, the 

usable energy is lower than for the previously introduced triple junction. It is estimated that 

Perovskite/Silicon solar cells can reach a realistic potential beyond 30%, making it a 

promising contender for highly efficient large-scale applications [33]. Important steps to 

achieve high efficiencies in two-terminal tandem devices are the production of efficient 
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individual cells, current matching between top and bottom cells, good transparency of the 

top cell(s), optimisation of interfaces to reduce recombination losses and improved 

contacting of the individual cells.  

 
Figure 9: Solar spectrum and usable energy for Perovskite/Si 
(blue/red) tandem solar cell 

2.2. Carrier Selective Contacts 
A contact in a solar cell is the region between the bulk absorber and the metallic regions, 

where voltage and current are extracted. The metal interfaces generally have a high defect 

density and very high recombination velocity, whereas the bulk material should show little 

defects and high quasi fermi-level splitting. Consequently, the desired properties for a 

contact layer are good passivation, high carrier conductivity for one carrier type and low 

conductivity for the other type, thus achieving carrier selectivity.  

Carrier transport in solar cells is governed by the following two equations:  

𝐽𝑛 = −𝑞𝛷𝑛 = 𝑛𝜇𝑛 𝐸𝐹,𝑛  

 
(2.2.1) 

𝐽𝑝 = 𝑞𝛷𝑝 = 𝑝𝜇𝑝 𝐸𝐹,𝑝 

 

(2.2.2) 

where 𝐽𝑛, 𝐽𝑝 are the electron and hole current densities, 𝑞 is the elementary charge, 𝜙𝑛, 𝜙𝑝are 

the electron and hole fluxes, n and p are the electron and hole densities, 𝜇𝑛, 𝜇𝑝 are the 

electron and hole mobilities and 𝐸F,n, 𝐸F,p are the electron and hole quasi-Fermi-level 

gradients. The electron and hole conductivities of a material are directly proportional to the 

terms pμp and nμn, respectively. In order to achieve charge separation in a solar cell the 

contacts need to block one type of carrier and allow the second type of carrier to be 

transported effectively. This is achieved through an asymmetry in carrier conductivity. The 

carrier density and consequently the carrier conductivity can be controlled by varying 

material properties such as the work function [34].   
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2.2.1. Selective Contacts for Perovskite Solar Cells  

As in any solar cell, selective contacts also play a crucial role in optimising perovskite solar 

cells. The selective contacts should exhibit high carrier selectivity to effectively extract one 

type of charge carrier and block the other, good alignment of the energy band and 

reduction of carrier recombination on the interfaces. For the front contact and in tandem 

devices other criteria are high transparency in the optical wavelength range and good 

stability [35]. 

Figure 10 shows the energy levels of several commonly used materials for electron transport 

layers (ETL) and hole transport layers (HTL), as well as the valence band (VB) and conduction 

band (CB) of different perovskite absorber materials. In this context it should be mentioned 

that the bandgap of the listed materials can depend on deposition technique and 

parameters, as well as post deposition treatment and can, therefore, vary from the given 

values. Energy barriers between the layers can lead to significant losses in perovskite solar 

cells. Therefore, the band alignment is an important factor to achieve good carrier 

extracting properties and high selectivity. Generally, the conduction band of an electron 

transport layer should be aligned with or slightly below that of the absorber to improve 

electron conductivity. A low valence band edge of the ETL compared to the absorber 

improves selectivity by blocking holes. For a hole transport layer, the valence band of the 

perovskite absorber should be aligned with or lower than the VB of the HTL. This alignment 

improves the conductivity for holes while a high band offset of the conduction bands blocks 

electrons [35, 36]. As surface effects, such as defects can affect the charge transport over 

such an interface, however, strong deviations from this simple concept are also observed.  

 

Figure 10: Energy levels of HTL and ETL for perovskite solar cells [35] 

Focusing on electron selective contacts, applied cell concepts commonly use organic 

semiconductors such as PCBM or metal oxides such as TiO2 and ZnO. Perovskite solar cells 

with organic semiconductors as carrier selective contacts are often limited by the cost of 

material synthesis making them less suitable for scalable applications [36]. While highly 

efficient PSCs have been fabricated using mesoporous TiO2 as ETL, compact-TiO2 layers 

require a high deposition temperature (>500 °C) which poses constraints on device 

integration for perovskite solar cells and tandem devices. Low temperatures processes have 

been demonstrated, however, yielding lower efficiencies [37–39]. Furthermore, hysteretic 
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behaviour was commonly observed in J-V measurements of PSCs with TiO2 as electron 

selective contacts [40]. ZnO layers have shown promising properties such as good electron 

mobility and a wide band gap, however problems with chemical and thermal stability, an 

already existing issue with perovskites as absorber material, have been observed. Tin oxide 

(SnOx) has recently emerged as a promising electron transport medium for perovskite solar 

cells and has shown good PCEs in single junction as well as tandem devices, as will be 

discussed in the next section [40, 41]. As HTL in this thesis, Spiro-OMeTAD is used 

2.2.2. Tin oxide as Electron Transport Layer 

Due to the wide bandgap, good thermal stability and high electron mobility, tin oxide 

qualifies as transparent conductive oxide or electron transport medium in various 

applications. Different processes have been used to deposit SnOx and SnOx-composites as 

electron transport layer in perovskite solar cells achieving promising results [40]. Anakari et 

al. have shown a PCE of ~21% using spin-coating of SnOx in a planar architecture [20]. 

Furthermore, efficiencies above 18% were achieved through ALD of tin oxide [14], SnOx 

dual-fuel combustion [42] and by using hydrothermal synthesis of SnOx nanocrystals [18]. 

SnOx-composite films and doped SnOx were also investigated in perovskite solar cells and 

showed similarly promising results [40].  

Baena et al. suggest improved carrier extraction properties for perovskite absorbers of SnOx 

films deposited by ALD compared to films of TiO2. Using low temperature ALD of SnOx a 

planar perovskite solar cell with a PCE of 18% was fabricated. The conclusion from 

Ultraviolet photoelectron spectroscopy measurements was that SnOx exhibited improved 

band alignment when deposited on two different perovskite absorbers (MAPbI3 and 

(FAPbI3)0.85(MAPbBr3)0.15). The perovskite solar cells with ALD SnOx-layers showed little 

hysteretic behaviour, good stability and fast charge extraction [14].   

Tin oxide has also shown to be a promising electron transport layer for the application in 

perovskite/silicon tandem devices. Currently the two-terminal perovskite/silicon tandem 

solar cells that have achieved higher efficiencies than a perovskite single junction are using 

SnOx by atomic layer deposition. Bush et al. fabricated a 23.6% tandem device with a p-i-n 

structure perovskite top cell on top of a planar silicon heterojunction. A SnO2/ZTO electron 

selective contact deposited on top of the perovskite absorber by ALD in a pulsed-CVD 

regime was used as electron transport layer. Thin layers of LiF/PCBM where deposited 

between the perovskite and tin oxide [41]. This cell concept was further improved to achieve 

> 25% by changing the HTL and varying the perovskite composition. As ETL SnO2 was used 

with a C60 interlayer [43]. The current record efficiency two-terminal perovskite/silicon 

tandem cell by Sahli et al. achieved 25.2% by combining a structured silicon heterojunction 

with a perovskite top cell. As electron transport layer in the perovskite top cell SnOx was 

deposited by ALD on a thin LiF/C60 stack and IZO was used as transparent conductive oxide 

on the top [12]. 
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2.3. Atomic Layer Deposition 
Atomic layer deposition is a chemical gas phase deposition for low-temperature fabrication 

of uniform layers with thickness control to atomic level. It allows for conformal coating of 

complex structured substrates at low temperatures compared to chemical vapour deposition 

(CVD) or physical vapour deposition (PVD). The ALD deposition is typically based on a four 

step process where two reactant gases are pulsed into the chamber in two separate doses. 

Each pulse step of precursor gas is followed by a purge step with a non-reactive gas to 

remove all residual reactants before the second precursor gas is introduced. This induces 

sequential self-limiting surface reactions leading to growth processes of individual mono-

layers per reaction cycle. The desired thickness is obtained by repeating the pulsing 

process [15, 44]. 

Figure 11 schematically shows the reaction steps of an ALD process with a metal precursor 

and H2O as oxidising precursor. To enable reactions between the precursor and the 

substrate without growth delay, surface hydroxyl groups, which naturally exist on silicon or 

metal oxide substrates, are favourable [44]. These react with the metal precursor forming 

metal-oxygen bonds on the surface. Due to the self-limiting nature of the reaction, the 

surface is fully saturated after all surface bonds have reacted. No more precursor material is 

accepted on the surface and residual reactants are removed from the chamber with the first 

purge. Step (d) shows the surface after the first half-reaction. This surface reacts with the 

H2O, introduced in the second dose step, to form a monolayer of metal oxide. Once again 

the reaction is saturated when all surface bonds have reacted and a homogeneous layer is 

formed. The final step of a single cycle is the purging of the oxidising precursor and reaction 

by-products. The reaction cycle, composed of precursor dose, precursor purge, oxidiser dose 

and oxidiser purge can be repeated to obtain films of a desired thickness [44]. 

 
Figure 11: Schematic of an ALD process for the deposition of metal oxides with metal precursor ML2 (M = 
metal, L = ligand) and water precursor (H2O): (a) initial state of substrate before the first reaction step, (b) 
dose of metal ligand and surface reaction, (c) saturated surface after self-limiting reaction with metal 
precursor, (d) surface after precursor purge in the chamber, (e) dose of oxidizer (H2O) and second reaction 
step, (f) saturated surface reaction and completion of one reaction cycle by purging by-products and 
residual precursor gas. The process is repeated until the desired thickness is achieved [44] 
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Several setups are possible to perform ALD processes. In spatial ALD the separation of half-

reactions occurs by introducing the precursor gas in different areas of a reactor chamber. 

Plasma-enhanced ALD and thermal ALD both rely on the separation in time of the two 

reaction steps by purging the chamber [15]. For thermal ALD common oxidising precursors 

are H2O or O3, while plasma-enhanced ALD uses plasma-generated oxidising agents such as 

H or O. Important parameters to tune the deposition are chamber temperature, precursor 

temperature, chamber pressure as well as dose and purge times. The ALD process can be 

characterised by a sequence of four time steps t1:t2:t3:t4. These are the precursor dose time 

t1, the precursor purge time t2, the oxidiser dose time t3 and the oxidiser purge time t4. 

The mentioned properties make ALD a suitable deposition technique for a variety of highly 

efficient applications such as microelectronics, battery technologies, fuel cells and solar 

photovoltaics. [44] Due to the constraints on deposition temperature and the requirements 

for homogeneous coating, ALD is well suited for the application in perovskite solar cells. 

Applications for ALD in perovskite solar cells include selective contacts and transparent 

conductive oxides (TCO), for which TiO2, ZnO and Al2O3 are frequently applied [35]. 

Pulsed-CVD 

Atomic layer deposition is a sub-category of chemical vapour deposition, where materials 

are deposited from gas phase based on surface reactions. The main distinction between 

common CVD processes and ALD is that reactive gases are not introduced into the chamber 

simultaneously and the occurring reactions are self-limiting. ALD processes can also be 

performed at lower temperatures whereas CVD requires thermal decomposition of the 

precursor to occur. When the ALD purge times are reduced, so that not all residual reactants 

are removed before the introduction of the next precursor gas, the clear separation of 

precursor gases is lost. Such a process is then more similar to traditional chemical vapour 

deposition and will be referred to as pulsed-CVD, in this thesis. Generally, a higher growth 

rate per cycle can be expected for this deposition regime since film growth is no longer   

self-limiting [45]. 
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3.  Experimental Methods 

3.1. Atomic Layer Deposition 

3.1.1. Atomic Layer Deposition Setup 

Atomic layer deposition for this thesis is performed in an Oxford Instruments FlexAL reactor. 

A schematic of the reactor is shown in Figure 12. The substrate is placed in the main 

chamber on a substrate heater, which operates in a temperature range from 25°C to 400°C. 

The chamber is kept under vacuum and the pressure setup is regulated through a pump 

system. Depending on the process specifications the purge gases can be introduced from the 

plasma source or through the injection valves. The precursor gases are introduced through 

the injection valves. Up to six precursor gases can be connected to the reactor, each of 

which is heated individually to reach vapour pressure. Additional analysis tools can be 

connected to the chamber for insitu characterisation, which was not used in this setup. 

Deposition recipes and process parameters are set directly through the PC2000 rapid control 

software by Oxford Instruments [46]. 

 

For all processes in this work, argon is used as inert 

purging gas and H2O is used as oxidiser for thermal 

atomic layer deposition. The chamber temperature is 

varied in the range of 100 – 200°C. Different deposition 

substrates are used depending on the performed 

characterisation methods.  

For measurements of thickness and optical constants by 

ellipsometry, films are deposited on pieces of 

monocrystalline Cz-silicon wafers. For optical and 

conductivity measurements glass substrates are used. 

Additional glass substrates with a van der Pauw mask 

are used for Hall measurements. More specific substrate 

configurations are used for further analysis for which 

details will be given in the corresponding chapters. 

Figure 12: Schematic of the Oxford 
Instruments FlexAL ALD reactor [46] 

3.1.2. Atomic Layer Deposition of SnOx 

 

Tin oxide films are deposited using the precursor TDMASn 

(Tetrakis(dimethylamino)tin), [(CH3)2N4]4Sn. The structure of the 

TDMASn precursor is shown in Figure 13. The precursor has its 

melting point at -112°C and the boiling point at 181°C under 

ambient conditions or 55°C for a pressure of 100 mTorr as it 

typically occurs in the ALD reactor. All ALD processes performed 

in this thesis with TDMASn are thermal atomic layer deposition 

using H2O.  

The precursor is heated to 50°C, to reach a vapour pressure, 

which allows for efficient ALD deposition without precursor 

bubbling. For the deposition argon is used as a carrier gas at a 

flow rate of 200 sccm.  

 

Figure 13: TDMASn precursor 
for ALD deposition of SnOx 

 



 

 
 14 

 

Experimental Methods 

 

3.2. Device Integration 
To test the tin oxide films deposited by ALD in a perovskite solar cell and further analyse the 

film properties, single junction devices were fabricated. SnOx was used as ETL in different 

cell architectures and compared to samples with evaporated TiO2 as ETL. Furthermore, a 

variation in the used perovskite absorber was investigated. For the wet-chemical route a 

MAPbI3 and a mixed cation absorber were used. Additionally, devices were fabricated with a 

co-evaporated MAPbI3 absorber.  

In general three configurations are commonly used for perovskite solar cells; planar n-i-p, 

mesoporous n-i-p and planar p-i-n (see Figure 14). The terms n-i-p and p-i-n refer to the 

sequence of functional layers as they are deposited in the solar cell. Here p is the HTL, n is 

the ETL and i is the intrinsic layer or perovskite absorber. For n-i-p the electron transport 

layer is deposited on the substrate prior to perovskite deposition. This allows for the 

deposition of planar films or mesoporous structures. It has been shown that high efficiencies 

can be achieved by using a mesoporous TiO2 scaffold on top of a planar compact TiO2. For 

the p-i-n structure the planar HTL is deposited below the perovskite absorber. In tandem 

solar cells, both concepts can be applied by adapting the bottom cell polarity. Currently, the 

highest efficiencies were achieved using p-i-n structures in the perovskite top cell [12, 41]. 

 
Figure 14: Schematic cross-section of different concepts for perovskite solar cells, 
a) planar n-i-p structure, b) mesoporous n-i-p structure, c) planar p-i-n structure 
sometimes also called inverted planar structure 

 

The cells produced in this work are in n-i-p architecture with tin oxide as electron transport 

layer deposited prior to perovskite deposition. The fabricated devices can be compared to 

the currently used TiO2/mesoporous TiO2 standard structure at Fraunhofer ISE. Analysis of 

Palmstrom et al. shows that the performance of perovskite solar cells with tin oxide by ALD 

as electron transport layer is strongly dependent on interfacial effects between the tin oxide 

layer and the perovskite absorber [16]. Especially, in the p-i-n architecture the atomic layer 

deposition at temperatures above 110°C were shown to affect the perovskite crystallinity. 

Furthermore, they demonstrated that organic interlayers such as PCBM and C60 can improve 

the solar cell performance for both architectures. Ke et al. suggested a similar fullerene 

interlayer to improve cell performance with SnOx as electron transport layer [47]. A steady-

state efficiency of 17.8% could be achieved with spin-coated SnOx and a PCBM film. 

Consequently, in this thesis n-i-p devices with tin oxide by ALD and organic planar 

interlayers as well as mesoporous TiO2 as interlayer were evaluated.  

3.2.1. Devices with wet-chemically deposited Perovskite Absorbers 

Spin-coating of a perovskite solution is the most common process for the deposition of the 

absorber in perovskite solar cells. The wet-chemical process allows for a variation of the 

composition of the absorber material and solution. For this work, MAPbI3 absorber from a 

DMSO solution and a mixed absorber, FA0.83Cs0.17Pb(I0.73Br0.27)3 from a DMSO/DMF solution 

were used. A summary of the fabricated cells is given in Figure 15. The tin oxide film were 
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deposited on an ITO coated glass substrate and investigated in three different 

configurations with different interlayers, namely mesoporous TiO2 (d), PCBM (e) and PCBM-

PMMA (f). For each cell configuration three substrates with three cell pixels each were 

fabricated. Additionally, reference cells were made using compact TiO2 as electron transport 

layer (a-c). The samples using compact TiO2 were deposited on commercial FTO coated glass 

substrates as this is the standard architecture used at Fraunhofer ISE. In previous tests it was 

seen that cells with TiO2 behave similarly on ITO and FTO. For the application in tandem 

devices sputtered ITO is preferred and therefore used for the SnOx cells. The perovskite 

absorber is MAPbI3 for the cells with mesoporous TiO2 (a,d) and a high bandgap mixed 

absorber FA0.83Cs0.17Pb(I0.73Br0.27)3 for the remaining cells. The motivation for the choice of 

absorber will be given below, in the description of the fabrication process.  

 
Figure 15: Schematic of the fabricated perovskite solar cells in n-i-p structure 
glass/TCO/ETL/perovskite/Spiro-OMeTAD/Au, a) reference cells with FTO/compact TiO2/mesoporous TiO2 as 
ETL and a MAPbI3 absorber, b-c) reference cells with FTO/compact TiO2 coated with PCBM (b) or PCBM-
PMMA (c) interlayer and a mixed absorber: FACsPb(IBr)3, d) cells using ITO/SnOx as ETL with mesoporous 
TiO2 and MAPbI3 absorber, e-f)  cells with ITO/SnOx/PCBM (e), ITO/SnOx/PCBM-PMMA (f) and the mixed 
absorber 

The following paragraphs give an overview of the exact fabrication steps for each 

investigated configuration of perovskite single junction solar cells. To obtain the contact 

structure the samples were masked prior to the deposition steps. Initially, samples were 

masked with Kapton tape before and after ITO sputtering. It was found that the use of 

Kapton tape in the reaction chamber of the ALD tool inhibits the deposition of tin oxide. 

Due to outgassing of adhesives from the tape, which has previously been observed in space 

applications, the surface of the substrates is contaminated [48]. This contamination 

prevented surface chemical reaction from occurring and no tin oxide film could be formed 

by ALD. To avoid this effect glass and silicon wafer strips were used for masking in the 

vacuum based processing steps and Kapton tape was only used in the wet-chemical 

processing steps. 

ITO was deposited on bare glass substrates by a two-step sputtering process at 100°C and a 

power of 200 W in an Oxford Instruments PlasmaLab System 100. Initially 600 nm of ITO was 

deposited with 0.3 sccm of O2, for improved conductivity, followed by 20 nm with 0.7 sccm 

of O2, to achieve a similar surface as in tandem device applications. After ITO deposition all 
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processing steps for the reference cells were performed according to the low temperature 

process by Schulze et al. [38, 39]. The compact TiO2 as electron transport layer for the 

reference cells is deposited by electron beam evaporation in a Pfeiffer PLS 570 evaporation 

tool at chamber temperature of approximately 20°C and 10-4 mbar of pressure. The 

deposition rate of the process was controlled to 1 nm/s by an oscillating crystal to achieve a 

target thickness of 20 nm [38, 39]. 

The SnOx layer was deposited by ALD from a TDMASn precursor with the Oxford 

Instruments FlexAL using an optimised process investigated in this thesis. To obtain a 

thickness of approximately 15 nm a deposition cycle with process times of 0.5/30/0.5/30 s was 

repeated 150 times at 150°C. Further details on the process optimisation are given in 

section 4.1. 

The different interlayers were deposited wet-chemically by spin coating. For the 

mesoporous TiO2 a solution of commercial paste (Dyesol 18NR-T) was diluted with ethanol 

and anhydrous terpineol in a mass ratio pf 1:2:4 and was spin coated at 2500 rpm for 10 s 

followed by 7000 rpm for 40 s. The mesoporous film was treated under UV irradiation in a 

Hönle UVACUBE 100 UV chamber for 200 min in air ambient [38, 39]. The PCBM solution 

was prepared by dissolving 1 mg/mL PCBM in Chlorobenzene. The PMMA:PCBM precursor 

solution was prepared according to Peng et al. in a 1:3 ratio by dissolving 1 mg of PMMA 

and 3 mg of PCBM in 1 mL of chlorobenzene [49]. The solution was spin coated on the tin 

oxide layer at 5000 rpm for 30s. 

For the MAPbI3 perovskite absorber on mesoporous TiO2, a solution was prepared from 

0.25 g/mL methylammonium iodide (Dyesol) and 0.7225 g/mL lead(II)iodide(TCI) dissolved in 

1 mL of anhydrous dimethyl sulfoxide (DMSO, Sigma Aldrich) and stirred overnight at 60°C. 

The precursor solution was spin coated onto the substrate at 1000 rpm for 10 s followed by 

5000 rpm for 20 s. Toluene (Carl Roth) was added as an antisolvent 5 s before the end of the 

spin coating process. The substrates were then annealed at 100°C for 60 min [39] [38].  

Initially it was attempted to deposit MAPbI3 absorbers for all cell structures. However, it was 

observed that the tin oxide film showed bad wettability properties for the deposition of a 

MAPbI3 absorber in a DMSO solution. No perovskite film could be formed with the initially 

proposed solution on the PCBM and PCBM-PMMA interlayers. Direct deposition of the 

perovskite absorber on the tin oxide layer was also investigated. However, no cells could be 

produced as neither of the mentioned solutions for the perovskite absorber formed a layer 

on the substrate. Consequently, a mixed absorber in a DMSO/DMF solution was used on the 

samples with PCBM and PCBM-PMMA. To obtain a FA0.83Cs0.17Pb(I0.73Br0.27)3 film, 

formamidinium iodide (Dyesol), cesium iodide (Sigma-Aldrich), lead(II) iodide (TCI) and 

lead(II) bromide (Sigma-Aldrich) were dissolved in a 4:1 volume ratio of anhydrous 

dimethylformamide (Merck) and dimethyl sulfoxide (Sigma-Aldrich). The solution was stirred 

at 60°C overnight before 150 µl of warm precursor solution was spin coated onto the 

substrate (1000 rpm for 10 s, 5000 rpm for 20 s) adding 200 µl of toluene (Carl Roth) as 

antisolvent after 25 s. Substrates were annealed at 100°C for 60 min.  

Spiro-OMeTAD as hole transport layer was prepared according to Burschka et al. [50] and 

deposited by spin coating (500 rpm for 1s, 4000 rpm for 30 s). The gold electrodes with a 

thickness of 100 nm are deposited by thermal evaporation under vacuum. 
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3.2.2. Devices with evaporated Perovskite Absorber 

The co-evaporation of perovskite absorber materials has recently emerged and shows high 

potential to be applied in perovskite/silicon tandem solar cells due to the possibility of 

deposition on textures substrates. This was demonstrated by Cojocaru et al. for a MAPbI3 

absorber [51].  

The previously observed wettability issues of the tin oxide surfaces for wet-chemical 

deposition can be avoided by using evaporation based deposition for the MAPbI3 perovskite 

absorber. Additionally, two different ITO substrates were used; a commercial glass/ITO 

substrate purchased from AMG and a glass substrate with sputtered ITO as described in the 

previous chapter. No reference cells with TiO2 were included in this batch. 

 

Figure 16 shows the schematic of the 

fabricated devices. On the different 

substrates two structures are 

investigated; a direct contact between 

SnOx as ETL and the MAPbI3 absorber, 

and a stack of SnOx/PCBM/MAPbI3. For 

each structure three substrates with 

three cell pixels were fabricated. The 

ALD process was performed as in the 

previous batch at 150°C to deposit an 

approximately 15 nm thick SnOx film.  

 

Figure 16: Schematic of the fabricated perovskite solar 
cells in n-i-p structure with evaporated perovskite 
absorber a) direct contact SnOx/MAPbI3 b) interlayer of 
PCBM between SnOx and the perovskite absorber 

The interlayer was spin-coated at 4000 rpm for 30 s from a solution of 10 mg PCBM in 1 mL 

of chlorobenzol. The co-evaporation of MAPbI3 was performed according to Cojocaru et al. 

in a Kurt J. Lesker Mini Spectros vacuum system [51]. At a base pressure of ~10-6 mbar and a 

substrate temperature of 20°C, PbI2 and CH3NH3I were co-evaporated. For PbI2 the rate was 

held constant at a source temperature of approximately 300°C, for CH3NH3I the source 

temperature was kept constant at 165°C. The 90 min evaporation usually gives a ~380 nm 

thick CH3NH3PbI3 film. The samples were then removed from the vacuum chamber and were 

thermally annealed in a glovebox at 100°C for 30 min.   

For the HTL deposition a solution of 72.3 mg Spiro-OMeTAD in 1 mL of anhydrous 

chlorobenzene was produced with dopants including 28.8 µL of 4-tert-butylpyridine and 

17.5 µl Li-TFSi (lithium bis(trifluorimethylsulphonyl)imide) in acetonitrile (520 mg/ml) and 

29 µl FK209 in acetonitrile (300 mg/mL) [51]. The solution was spin-coated on the 

evaporated perovskite before the Au electrode was evaporated as explained in the previous 

section.  
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3.3. Characterisation 

3.3.1. Spectroscopic Ellipsometry 

Spectroscopic ellipsometry is a non-destructive analysis technique, which allows for 

determining the thickness and optical properties of films by measuring the change in 

polarisation of light reflected off the material’s surface. The measurement is based on 

Fresnel reflection of polarised light on boundaries in multi-layered material stacks. Figure 17 

shows the schematic of an ellipsometry measurement setup with the light source on the left 

and the detector on the right. Linearly polarised light is shone on a sample, where it is 

reflected from the surface and interfaces between the substrate and the film, or film stack. 

A change in polarisation is induced which is measured by the detector. Variable angle 

spectroscopic ellipsometry measures the complex ratio 𝜌 of the Fresnel reflection coefficients 

𝑟𝑝 (in the plane of incidence) and 𝑟𝑠 (perpendicular to the plane of incidence) as a function 

of wavelength and angle of incidence.  Equation (3.3.15) gives the relation between the 

complex ratio 𝜌 and the output parameters: phase difference Δ and the difference in 

amplitude 𝜓. [52] 

tan(𝜓) 𝑒𝑖Δ = 𝜌 =
𝑟𝑝

𝑟𝑠
 (3.3.1) 

 

 

Figure 17: Schematic of a spectroscopic ellipsometry measurement [53] 

In order to obtain the refractive index and film thickness from the measured 𝜓 and Δ values 

a model needs to be created which simulates the interaction of layers, i.e. the measured 

data. Depending on the material properties different models need to be applied [52]. 

For the models optical coefficients of the films are approximated based on physical 

processes. The complex refractive index of a material can be written as follows;  

�̃� = 𝑛 + 𝑖𝑘 (3.3.2) 

where 𝑛 is the real refractive index and 𝑘 is the extinction coefficient which quantifies the 

loss of energy to the material. For transparent materials this value is 0. The optical 

properties of a material can also be described by the dielectric function 

휀̃ = 휀1 + 𝑖휀2 (3.3.3) 

The dielectric function is related to the complex refractive index through 

휀̃ = �̃�2 (3.3.4) 
According to the Kramer Kronig’s relation the real part 휀1 and the imaginary 휀2 part of the 

dielectric function are not independent of each other. They are related through equations 

(3.3.5) and (3.3.6). 
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휀1(𝜔) = 1 +
2

𝜋
𝑃 ∫

𝜔′휀2(𝜔′)

𝜔′2 − 𝜔2
 𝑑𝜔′

∞

0

 
(3.3.5) 

휀1(𝜔) = −
2𝜔

𝜋
𝑃 ∫

휀1(𝜔′) − 1 

𝜔′2 − 𝜔2
 𝑑𝜔′

∞

0

 
(3.3.6) 

The Cauchy model can be applied for transparent films for which 𝑘 =  0. In this model the 

refractive index is approximated by 

𝑛(𝜆) = 𝐴 +
𝐵

𝜆2
+

𝐶

𝜆4
 

(3.3.7) 

For materials that are not transparent in the entire measured wavelength range other 

models have to be found. Commonly oscillator models are used to describe the frequency 

response of 휀1 and 휀2 through a physical process which complies with the Kramer Kronig’s 

relation such as electronic transitions, lattice vibrations or free carriers.  

For dielectrics and amorphous semiconductors the Tauc-Lorentz model is suitable. It includes 

the bandgap energy and does not allow any absorption below the bandgap. It follows a 

Tauc law formula for the complex dielectric function  

휀2(𝐸) ∝
(𝐸 − 𝐸𝑔)

2

𝐸2
 

(3.3.8) 

All films are analysed using a J.C. Woollam VASE in a wavelength range of 250 to 1110 nm 

at three angles. To model the films the Woollam CompleteEASE software was used. A Tauc-

Lorentz oscillator is used to model the SnOx films on Silicon substrates. For measurements on 

glass the substrate is modelled with a Cauchy model prior to applying the oscillator model 

for the metal oxide film. As a comparative value for the wavelength dependent refractive 

index the value at a wavelength of 633 nm is given in all following results and named n. 

3.3.2. UV-VIS Spectroscopy  

UV-VIS Spectroscopy measures the wavelength dependent transmittance (𝑇) and reflectance 

(𝑅) of light in the ultraviolet to visible range on a sample. For every wavelength, a beam of 

monochromatic light is shone onto a sample, which is placed in front of, for transmittance, 

or behind, for reflectance, an integrating sphere containing a detector as shown in Figure 

18 [54, 55].  

 

Figure 18: Schematic of a UV-VIS measurement setup using an integrating sphere [55] 

Spectroscopy is used to measure the transmittance (𝑇) and reflectance (𝑅) of the deposited 

films on a PerkinElmer Lambda 850 UV/VIS Spectrophotometer. Prior to every measurement, 

a calibration with a white standard is required to obtain the baseline of 0% and 100% 
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transmittance. The transmittance and reflectance spectra are measured for both, an 

uncoated glass sample (𝑇𝑔𝑙𝑎𝑠𝑠, 𝑅𝑔𝑙𝑎𝑠𝑠) and the sample with the deposited film (𝑇, 𝑅).  

The absorptance 𝐴 is calculated as follows from the measured data. The wavelength 

dependent absorptance 𝐴𝑔𝑙𝑎𝑠𝑠 of the glass substrate can be calculated from transmittance 

and reflectance measurements as given by Equation (3.3.9). 

𝐴𝑔𝑙𝑎𝑠𝑠 (𝜆) = 1 − 𝑇𝑔𝑙𝑎𝑠𝑠(𝜆) − 𝑅𝑔𝑙𝑎𝑠𝑠(𝜆) (3.3.9) 

The absorptance (𝐴𝑓𝑖𝑙𝑚) of the film, neglecting multiple reflections in the film is then 

obtained from Equation (3.3.10) 

𝐴𝑓𝑖𝑙𝑚 (𝜆) = 1 − 𝑇(𝜆) − 𝑅(𝜆) − 𝐴𝑔𝑙𝑎𝑠𝑠(𝜆) (3.3.10) 

It can be approximated  from the absorptance and the measured transmittance and 

reflectance [56] 

𝛼(𝜆) =  −
1

𝑑
ln (1 −

𝐴

(1 − 𝑅)2
) . 

(3.3.11) 

Starting from this approximation and the measured spectra for 𝑅 and 𝑇 a MATLAB routine is 

used to evaluate the extinction coefficient and refractive index of the film, taking into 

account internal reflections. The calculations for the MATLAB routine are summarised in 

Appendix A.2. 

Bandgap from Absorption Spectrum  

The absorption coefficient obtained from spectroscopy can be used to determine a 

material’s optical bandgap. According to the Tauc relation the bandgap energy 𝐸𝑔 is related 

to the absorption coefficient by 

𝛼ℎ𝜈 = 𝐵(ℎ𝜈 − 𝐸𝑔)
𝑛
 (3.3.12) 

where 𝐵 is a constant and 𝑛 is an exponent whose value depends on the electronic 

transition. The exponent takes the values of 2 for allowed direct transitions, ½ for allowed 

indirect transitions. In the case of SnOx (𝛼ℎ𝜈)1/2 is plotted over the photon energy ℎ𝜈 to 

obtain the bandgap energy from the intersection of a linear fit with the x-axis [57, 58]. 

For amorphous semiconductors the absorption coefficient follows the Urbach rule at lower 

photon energies below the optical bandgap [59, 60]. 

𝛼 =  𝛼𝑜 exp (
ℎ𝜈 − 𝐸1

𝐸0
) (3.3.13) 

This relation is explained by the exponential distribution of localised states in the tails of the 

valence and conduction band of amorphous semiconductors  [59]. 

3.3.3. X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy is an analysis technique to determine the atomic 

composition on the surface of a solid sample. By illuminating a material with X-rays 

information of surface chemistry can be obtained from the kinetic energy of generated 

photoelectrons [61, 62]. 

The setup of an XPS measurement is shown in Figure 19. An X-ray beam is focused on a 

sample from which electrons are emitted. The kinetic energy of the electrons is analysed 

and the number of electrons is measured by the detector. The typical XPS-spectrum, as seen 

on the bottom-right, gives the number of electrons per binding energy.  
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The measurement functions on the basis of the photoelectric effect. X-rays interacting with 

the sample lead to the ejection of photoelectrons with a kinetic energy (𝐸𝑘𝑖𝑛) that is related 

to the binding energy (𝐸𝐵) by Equation (3.3.14):  

𝐸𝐵 = ℎ𝜈 −  𝐸𝑘𝑖𝑛 − 𝜙 (3.3.14) 

where ℎ𝜈 is the photon energy of the X-rays and 𝜙 is the work function [63]. When the 

photon energy of the X-rays and the work function are known from the setup it is possible 

to determine the kinetic energy experimentally. The counts of electrons are then given as a 

function of binding energy in the resulting XPS-spectrum.  

 

 

Figure 19: Schematic of an XPS-measurement setup [64] 

For each element in the material surface, significant peaks which correspond to its electron 

configuration can be identified. From the size of the peaks the atomic percentage of each 

element can be determined by dividing the signal intensity by a relative sensitivity factor 

(RSF) and normalising over all analysed elements [62, 63]. 

3.3.4. Conductivity Measurement 

The conductivity of a film can be determined using different methods. In this thesis, a 

temperature dependent conductivity measurement, i.e. σ(T)-measurement, and Hall 

measurement were performed.  

Hall Measurement 

A Hall measurement allows to determine a film’s resistivity, carrier density and carrier 

mobility. To obtain the resistivity the sample is contacted symmetrically on four points using 

a van der Pauw structure [65]. A varying voltage is applied between two contact points and 

the current is measured on the remaining two points. This process is repeated between all 

neighbouring contact points to avoid mismatches in symmetry. From the linear relation of 

current and voltage a resistance 𝑅. From the symmetrical structure the resistance can be 

converted to resistivity 𝜌 when the film thickness 𝑑 is known; 

𝜌 = 𝑅 ∙
𝑑𝜋

ln(2)
 

(3.3.15) 
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Additionally, electrically conductive samples can be placed in a magnetic field where the 

Hall effect is measured in order to determine the charge carrier density 𝑛 and mobility μ of a 

film. The conductivity is given as product of carrier density 𝑛 and mobility μ.  

𝜎 = 𝑒𝑛𝜇 (3.3.16) 

The measurements are performed on a Bruker Magnet B-E10 with a magnetic field of 

0.43 T. Commonly, films with resistivity values in the range of 10-3 – 101 Ωcm are measured 

on this setup [66]. Resistivity values of up to 103 Ωcm can be measured on the device, 

whereas measurements of mobility and carrier density require lower resistivity. The tin oxide 

samples exhibited higher resistivity, close to the measurement limit, and therefore no 

mobility analysis could be performed in a magnetic field. 

 

3.3.5. Cell Characterisation 

The performance of a solar cell is quantified through its power conversion efficiency 𝜂. The 

efficiency is the ratio of the incoming energy from the solar spectrum and the electrical 

energy output. As described in chapter 2.1 for a silicon single junction device and in chapter 

2.1.2 for multi-junction solar cells, not all incoming solar energy can be converted by a solar 

cell. An estimation of the limiting theoretical efficiency is given by the Shockley-Queisser 

limit which lies at 34% for single-junctions solar cells and 45% for tandem devices. The 

realistic efficiency potential for each cell concept lies below these values. 

 

The power conversion efficiency of a solar 

cell can be determined from an IV curve 

measurement as it is depicted in Figure 20.  

The figure additionally shows a power-

voltage curve. Important values in the 

curves on the left are 𝐼𝑠𝑐 the short-circuit 

current, 𝑉𝑜𝑐 the open circuit voltage, 𝐼𝑚𝑝𝑝 

and 𝑉𝑚𝑝𝑝 the current and voltage at 

maximum power point. The ratio of the 

areas determines the fill factor 𝐹𝐹 Figure 20: Typical current-voltage and power-voltage 
characteristic of a solar cell 

𝐹𝐹 =
(𝐼𝑚𝑝𝑝 ∙ 𝑉𝑚𝑝𝑝)

(𝐼𝑠𝑐 ∙ 𝑉𝑜𝑐)
 

(3.3.17) 

From those parameters the efficiency can be calculated using Equation (3.3.18) 

𝜂 =
𝑉𝑜𝑐 ∙ 𝐼𝑠𝑐 ∙ 𝐹𝐹

𝑃𝑖𝑛
 

(3.3.18) 

where 𝑃in is the power of the incoming light.   
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4. Results and Discussion 

4.1. Atomic Layer Deposition of SnOx   

4.1.1. Process Development SnOx 

To identify the deposition regimes and analyse the growth rate of tin oxide films from 

atomic layer deposition, an initial process development is performed. The temperatures of 

the chamber and the precursor are held constant at Tdep = 100°C. The deposition times are 

varied systematically keeping three time parameters constant and varying the fourth. This is 

then repeated for all four time steps t1:t2:t3:t4 with a constant number of 150 ALD cycles.  

Figure 21 shows the results of process time variations in terms of growth per cycle (GPC) and 

in Figure 22 for the refractive index (n). For the variation of the TDMASn pulse time, 

performed for t1:5:0.5:20 s, an initial increase of GPC is seen when increasing the pulse time 

to 0.5 s, further increase does not improve the film growth. The refractive index of the 

saturated film lies at 1.9 and shows a similar decreasing trend for short pulse times. The 

TDMASn purge time was varied keeping the other time steps constant at 0.5:t2:0.5:20 s. The 

GPC gradually decreases with an increase in TDMASn purge time, indicating that residual 

precursor gas in the chamber is present for lower purge times, leading to slight CVD growth 

component besides the ALD reaction. The refractive index slightly decreases with shorter 

purge times to 1.85. With varying H2O pulse time (0.5:5:t3:20 s) the film growth increases 

with increasing pulse time up to 0.5 s and then remains constant. The refractive index 

behaves similarly. For the variation of the H2O purge time (0.5:5:0.5:t4 s) an overall 

decreasing trend of growth rate can be observed for higher purge times between 5 - 30 s. 

For the lowest investigated purge time of 3 s a strongly decreased GPC is obtained 

suggesting that almost no layer is formed. This can be explained by the precursor gases 

reacting off in the chamber before reacting on the substrate surface, as at this rather short 

purge time a lot of H2O is present in the chamber during the following precursor dose.  

From the results of the process development an ALD and a pulsed-CVD regime were 

identified. The process times for the two selected depositions are summarised in Table 1.  

Table 1: Process steps for the ALD and pulsed-CVD regime  

Process steps [s] TDMASn pulse  TDMASn purge H2O pulse H2O purge 

ALD 0.5  30 0.5 30 
pulsed-CVD 0.5 3 0.5 5 

For the ALD the process times were chosen so that saturated growth occurs, which is 

indicated by a flattening out of the GPC in Figure 21. The pulsed-CVD purge times were 

selected to give a higher growth rate, seen by an increase in GPC in Figure 21. For the ALD 

process a growth per cycle of 1.0 Å/cycle was obtained which wass significantly lower than 

the growth rate of 1.5 Å/cycle for the pulsed-CVD process. 
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Figure 21: Growth per cycle (GPC) for process time variation for the ALD deposition of 
SnOx, t1:t2:t3:t4 = tTDMASn,pulse:tTDMASn,purge:tH2O,pulse:tH2O,purge 

 

 
 
Figure 22: Refractive index (n) for process time variation for the ALD deposition of SnOx 
 t1:t2:t3:t4 = tTDMASn,pulse:tTDMASn,purge:tH2O,pulse:tH2O,purge 
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4.1.2. SnOx Layer properties  

The calculation of GPC from the previously conducted process development was based on 

the assumption that the growth per cycle is constant for every ALD cycle. In practice, growth 

delay can occur when the precursors do not react well with the substrate in the first cycles, 

leading to a lower initial growth.    

To validate the assumption of constant growth, the nucleation delay of SnOx was 

investigated on different substrate materials. The number of cycles was varied for a process 

with fixed step times and deposition temperature (100°C). This was performed for different 

substrates – silicon wafers, ZnO on silicon, pure glass and glass coated either with ITO or 

FTO, as it is used in the solar cell application. The ITO layer was sputtered on glass substrate 

at 100°C as described in chapter 3.2.1, ZnO was deposited on Si by thermal ALD at 100°C 

from a DEzn precursor and the structured glass/FTO substrate was purchased from AMG. The 

films were analysed using ellipsometry, which gave reliable results for the silicon and ITO 

substrates. For the glass and FTO samples surface roughness and back reflection influenced 

the measured signal and the applied models did not give reliable results.  

 
Figure 23: Thickness of SnOx layers deposited on 
different substrates for varying numbers of ALD cycles 
at 100°C with (0.5:10:0.5:20 s)  

Figure 23 shows the thickness variation of SnOx on different substrates from ellipsometry 

measurements. A linear increase of film thickness is observed with an increasing number of 

cycles for all samples. For SnOx on silicon or Si/ZnO the linear fit intersects the x-axis close to 

zero cycles, suggesting that there is no growth delay. A slight delay of approximately 20 

cycles can be identified in the deposition of SnOx on ITO. The GPC on different substrates 

can be determined from the linear fit. Growth rates of 1.03 on Si, 1.07 on Si/ZnO and 

1.12 Å/cycle on Si/ITO are obtained. The steeper fit for the ITO substrate after the initial 

growth delay gives a higher GPC than other substrates resulting in similar layer thicknesses 

for a high number of cycles. 

The film stacks on ITO and FTO were further investigated by taking SEM images of the cross-

section. Figure 24 shows the cross-section of glass/ITO/SnOx stacks with different thicknesses 

of the SnOx film. Both images show that the layer thickness is uniform and exhibits very low 

roughness on the ITO surface with a thickness of ~55 nm for 500 cycles and ~16 nm for 

150 cycles. The measured thickness values are in good agreement with the results from the 

ellipsometry measurement.  
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Figure 24: SEM images of SnOx films on glass/ITO for 500 cycles (left) and 150 cycles (right) of SnOx  

Figure 25 shows the cross-section of glass/FTO/SnOx stacks for 500 deposition cycles and 

150 cycles of SnOx. It can be seen clearly that the structure of the FTO layer is rougher than 

the ITO film. Nevertheless, the SnOx layers are homogenously coated on the FTO substrate 

structures with thicknesses of 50 – 52 nm for 500 cycles and 16 – 18 nm for 150 cycles. The 

measured thicknesses are within the expected range, suggesting no growth delay for the 

performed depositions on FTO. The images demonstrate the conformal and homogeneous 

coating of the ALD films.  

  
Figure 25: SEM images of SnOx films on glass/FTO for 500 cycles (left) and 150 cycles (right) of SnOx 

For further analysis of films deposited in the identified regimes of pulsed-CVD and ALD, 

shown in Table 1, the deposition temperature was varied in steps of 50°C from 100 – 250°C. 

Due to the low deposition rate at 200°C in the ALD regime, a deposition at higher 

temperatures was only performed in the pulsed-CVD regime. The number of cycles was 

adjusted for every process to obtain films of 30 nm thickness. Layer growth, as well as 

optical and electrical film properties were compared from spectroscopic ellipsometry 

measurements, conductivity measurements, UV-VIS spectroscopy and XPS. 

As can be seen in Figure 26, the growth per cycle decreases linearly with increasing 

deposition temperature for both deposition processes, indicating that optimal deposition 

takes place at lower temperatures. The refractive index, seen in Figure 27, shows an 

increase, which flattens out for higher temperatures and could correlate to denser layers at 

high deposition temperatures.  
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Figure 26: Growth per cycle for the variation of 
deposition temperature in ALD and pulsed-CVD 
processes on Si 

Figure 27: Refractive index for the variation of 
deposition temperature in ALD and pulsed-CVD 
processes on Si 

 

Conductivity of SnOx 

The conductivity of the films was investigated through a temperature dependent 

conductivity measurement, i.e. σ(T)-measurement. Samples were contacted with an 

evaporated silver pad and first heated to 120°C then conductivity was measured in in steps 

of 2°C as the sample was cooled down to 50°C.  

 

The results are shown in Figure 28. For the 

samples deposited at 100°C an error in the 

measurement routine lead to falsified 

results, which are not included. All samples 

show an increasing trend for the resistivity 

with decreasing measurement temperature 

which is steepest for the samples with the 

highest initial resistivity. For all films the 

resistivity is higher for higher deposition 

temperatures whereas the resistivity for 

samples deposited in the pulsed-CVD 

regime is lower than that of samples 

deposited at the same temperature in the 

ALD regime. 

Figure 28: Temperature dependent resistivity of SnOx 
films deposited at different temperatures, obtained 
from σ(T) measurement 
 

The highest resistivity is measured on the pulsed-CVD film deposited at 250°C and the lowest 

values are measured on the pulsed-CVD sample deposited at 150°C. There is a large difference in 

resistivity for the 200°C to the 250°C pulsed-CVD samples. To analyse the effect of heating the 

samples to temperatures above and below the deposition temperature, the same samples 

with films deposited at 150°C were first measured after heating to 120°C and then 

measured a second time after heating to 180°C. Figure 29 shows the temperature 

dependent resistivity for the ALD sample deposited at 150°C. Heating the film to higher 

temperatures decreases the resistivity after cooling, while heating to 120°C shows a steeper 

increase in resistivity when the sample is cooled down. When heated to 180°C the resistivity 

after cooling to 50°C lies at 300 Ωcm compared to 400 Ωcm after heating to 120°C. This 

indicates a permanent modification of the films if annealed above the deposition 

temperature resulting in higher conductivity. 
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Figure 29: Temperature dependent resistivity of 
SnOx films deposited at 150°C ALD, heated to 180°C 
(filled) and 120°C (open) 

Figure 30: Temperature dependent resistivity of 
SnOx films deposited at 150°C pulsed-CVD, heated to 
180°C (filled) and 120°C (open) 

Figure 30 shows the results for the pulsed-CVD sample deposited at 150°C. As seen before, 

in Figure 28 the pulsed-CVD sample overall has a lower resistivity than the ALD sample. A 

similar temperature dependent trend can be observed. The resistivity is lowest after the 

heating processes and then increases more steeply for the lower heating temperature when 

cooled down. When heated to 180°C the resistivity after cooling to 50°C lies at 100 Ωcm 

compared to 170 Ωcm after heating to 120°C. This again indicates a more conductive film 

after heating the sample above the deposition temperature.  

The conductivity was also analysed using a Hall measurement setup, however, the measured 

samples showed a too high resistivity and thus, only the resistivity was obtained and no 

values for carrier mobility and carrier density could be measured. The measurement results 

are shown for ALD samples in Figure 31 and pulsed-CVD samples in Figure 32. Samples were 

measured as deposited and prior to annealing several days after deposition. Missing data 

points for samples deposited above 200°C indicate a resistivity above the measurable range. 

Especially for samples deposited at > 150°C no films could be measured as deposited, 

indicating high resistivity. The samples where then cumulatively annealed for 5 min at 

increasing temperatures starting from Tdep + 50°C. The annealing was performed on a hot 

plate in air. The temperature was increased in steps of 50°C until 300°C and samples were 

measured after every annealing step.  

  
Figure 31: Resistivity of ALD samples deposited at 
different temperatures with annealing treatment, 
results from Hall measurement 

Figure 32: Resistivity of pulsed-CVD samples 
deposited at different temperatures with annealing 
treatment, results from Hall measurement 
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Generally, for both ALD and pulsed-CVD, only the samples deposited at 100°C and 150°C 

could be measured as deposited and at annealing temperatures below 300°C. This is in 

agreement with the trend seen in Figure 28 where samples deposited at higher 

temperatures showed higher resistivity. The values measured for samples deposited at 100°C 

and 150°C are in the range of 1000 Ωcm for both regimes. For the samples deposited in the 

pulsed-CVD regime lower resistivity is measured for a deposition temperature of 150°C, 

whereas in the ALD regime samples deposited at 100°C give lower resistivity.  The higher 

values compared to the σ(T) measurement can be explained by the fact that Hall 

measurements were performed at room temperature while the samples in the 

σ(T)-measurement were heated to at least 50°C. The steep increase in resistivity with 

decreasing temperature in Figure 29 and Figure 30 shows the strong dependence of 

resistivity with sample temperature.  

The annealing process at temperatures below 300°C shows little effect on the resistivity of 

the samples. At 300°C annealing the resistivity of all samples decreases, for both the ALD 

and the pulsed-CVD regime. At high annealing temperatures the samples deposited at 

higher temperatures could be measured and showed the lowest resistivity values for the 

highest deposition temperatures. Both the 200°C ALD sample and the 250°C pulsed-CVD 

sample show resistivity values below 10 Ωcm. The high temperatures could induce 

crystallisation in the previously amorphous films leading to lower resistivity [67].  

In general, samples that could be measured exhibited lower resistivity than that of most 

transparent metal oxides. The values lie in the range of measurements given in literature 

and are below that of the TiO2 film which is integrated in perovskite solar cells [68, 69]. 

Depending on the layer thickness in the perovskite device the resistivity may not be a 

limiting factor. Despite the high resistivity of TiO2 the thin film does not inhibit charge 

transport and is highly suitable as electron transport layer. It has to be investigated in the 

solar cell application whether the lower resistivity of SnOx gives an advantage compared to 

TiO2. In the initial process development and characterisation only bulk properties were 

analysed and interfacial effects of the SnOx film with other layers used in the solar cell 

application were not investigated. From the conductivity measurements it can be concluded 

that the investigated annealing temperatures and high deposition temperatures which 

showed low resistivity are not compatible with the integration of tin oxide films in 

perovskite solar cells. For compatible processes pulsed-CVD samples deposited at 150°C 

without annealing show the lowest resistivity in the order of 10² Ωcm.  

Optical properties of SnOx 

Optical analysis of the films deposited at different temperatures was performed using 

UV-VIS spectroscopy. The results for transmittance and reflectance for films with 

approximately 30 nm of SnOx on a glass substrate are given in Figure 33 and Figure 34, 

respectively, together with the R and T data of an uncoated glass reference. The glass 

substrate shows a sharp edge of transmittance below 340 nm. The minimum of reflectance 

for the glass sample at 375 nm is due to the change of detector in the measurement setup 

and is not related to the material properties. For all coated samples transmittance is high 

(> 80%) above a wavelength of 500 nm and reflectance increases with wavelength until 

350 nm. The highest transmittance and lowest reflectance is measured for the 100°C pulsed-

CVD film. The lowest transmittance and highest reflectance is obtained from the 250°C 

pulsed-CVD and the 200°C ALD sample. Generally, pulsed-CVD films are more transparent 

than the ALD films and lower deposition temperatures give more transparent SnOx layers.  
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Figure 33: Transmittance measurement of samples 
deposited at different temperatures in ALD and 
pulsed-CVD regime 

Figure 34: Reflectance measurement of samples 
deposited at different temperatures in ALD and 
pulsed-CVD regime 

From transmittance and reflectance 

measurements the absorptance of the films 

is calculated using Equation (3.3.10). The 

absorptance of samples deposited in 

different process regimes and at different 

temperatures is given in Figure 35. The 

graph only shows the absorption peak and is 

cut off at 800 nm. For higher wavelengths 

the absorptance is almost zero. Below 

340 nm the absorption of the glass becomes 

dominant and properties of the SnOx can no 

longer be analysed. The decrease of 

absorptance for short wavelengths < 340 nm 

is a result of the simplified calculation 

approach and is not meaningful.  

 
Figure 35: Absorptance  from transmittance and 
reflectance measurements of SnOx films                 

(𝐴 =  1 –  𝑅 –  𝑇 – 𝐴𝑔𝑙𝑎𝑠𝑠) 

The trends for transmittance and reflectance are again visible in the absorptance spectrum. 

Lower deposition temperatures show lower absorptance for all wavelengths and 

pulsed-CVD films have lower absorptance than ALD films. The film deposited in the 

pulsed-CVD regime at 100°C shows the lowest absorptance and the steepest absorption 

peak. This trend correlates with the lower refractive indices of pulsed-CVD samples 

deposited at lower temperatures seen in Figure 26. As refractive indices for samples 

deposited at higher temperatures converge towards the same value, the absorption spectra 

become more similar. The higher absorption and higher refractive indices could indicate 

denser films of SnOx for higher deposition temperatures. 

From the UV-VIS measurement results, the absorption coefficient of the tin oxide film can 

be determined from which the optical bandgap can be obtained. The absorption coefficient 

is calculated using a MATLAB routine that takes into account multiple internal reflections in 

a stack of two materials. Details on the exact calculations are given in the Appendix A.2. 

Figure 36 gives an overview of the absorption coefficient of tin oxide samples and the 

process of determining the optical bandgap. In Figure 36 c) the absorption coefficient α of 

samples deposited in different process regimes is shown as a function of the photon energy 

hν. From the absorption coefficient the optical bandgap can be determined using a linear fit 

of a Tauc-Plot, demonstrated exemplarily for the 100°C pulsed-CVD sample in Figure 36 a). 
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Figure 36: Determination of the optical bandgap from the absorption coefficient, a) Tauc-plot of pulsed-
CVD sample deposited at 100°C with linear fit b) Urbach Tail of 100°C pulsed-CVD sample c) Absorption 
coefficient for samples deposited at different temperatures d) wavelength dependence of the refractive 
index n for samples deposited at different temperatures 

The exponent in the Tauc-Plot is chosen based on the material properties. X-ray diffraction 

measurements showed that films deposited in the different regimes and at different 

temperatures were amorphous as deposited (see Figure A1). For amorphous semiconductor 

materials with a direct bandgap such as tin oxide the exponent is ½ [58, 70]. The absorption 

curve in the Tauc-Plot shows no sharp edge but a gradual flattening towards low photon 

energies. This can be attributed to a high width of the Urbach tail, which was also observed 

in literature for tin oxide [57, 70] and is shown in Figure 36 b). The exponentially decreasing 

Urbach tail appears in amorphous material as a result of localised sub-bandgap states that 

contribute to absorption. In Figure 36 b) a linear relation of log(α) with the photon energy 

hν is observed in the range of 2.8 – 3.8 eV, which indicates the presence of localised states in 

the bandgap of SnOx. Figure 36 d) shows the wavelength dependence of the refractive 

index for all investigated samples. A clear trend can be observed that samples with low 

absorption also show the lowest refractive index.  

From the Tauc plot of absorption coefficient versus photon energy a linear fit was 

performed for all samples to obtain the optical bandgap. This analysis was performed for as 

deposited samples and for samples after a cumulative annealing process. Samples were 

heated for 5 min each in steps of 50 °C up to a temperature of 300°C on a hot plate in air. 

After every step the samples were measured using ellipsometry. No change in layer 

thickness or refractive index was observed. The results for the optical bandgap are shown in 

Figure 37 as a function of deposition temperature. 
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Figure 37: Optical bandgap of ALD and pulsed-CVD 
samples as deposited and after annealing for 5 min at 
300°C 

The annealing process shows little influence 

on the optical bandgap of the analysed 

samples. For the investigated range of 

deposition temperatures the bandgap 

energy of tin oxide is between 3.67 eV and 

3.47 eV with a minimum at 150°C for all 

samples. The determined bandgap is in the 

expected range from literature and is 

compatible as ETL for different perovskite 

absorber materials, as can be seen in    

Figure 10. A similar trend with a bandgap 

minimum at 150°C for tin oxide deposited 

by ALD was also observed by 

Mullings et al. [71].  

This analysis shows that samples deposited at low temperatures show the lowest absorption 

coefficient and the sharpest absorption edge, indicating a shorter Urbach tail and 

consequently less sub bandgap defects. The obtained bandgap corresponds well to 

literature values, seen in Figure 10, and confirms the suitability as electron selective contact 

in perovskite solar cells. Two observations can be made 1) the higher refractive index 

indicates denser layers that consequently show higher absorption, 2) the films with the 

lowest absorption and the sharpest absorption edge show less sub-bandgap defects which 

contribute less to absorption of low energy photons. From this conclusion, the films with 

lowest absorption and refractive index are most suitable for the application in solar cells to 

ensure high transparency in large wavelength range. 

Atomic composition and stoichiometry 

For further analysis, the atomic composition of the films was determined using 

XPS-measurement. Samples of SnOx on silicon at different deposition temperatures and for 

both process regimes were analysed. The measurement was performed on the films twice, 

once without pre-treatment and a second time with 15 s of Ar sputtering prior to the 

measurement to reduce in particular the carbon contamination on the sample surface. For 

each sample an overview scan was performed, shown in Figure 38 and in Figure 39 in stack 

view, without sputtering. Detailed measurements of the most dominant peaks of SnOx and 

O are shown in Figure 40 for the Sn3d5 and Sn3d3 peaks and Figure 39 for the O1s peak. 
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Figure 38: XPS spectra of ALD deposited SnOx films 
before sputtering 

 
Figure 39: Stack view of the XPS spectra of ALD 
deposited SnOx films before sputtering 
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Little differences in the measured spectra are observed for the different process regimes and 

temperatures. From the observed peaks, the atomic composition of the films can be 

determined. The results are summarised in Table 2. The high carbon content could be 

attributed to two sources; residues from the precursor gas which contains carbon or 

contamination of the surface after processing. It is more likely that the carbon content is 

due to surface contamination which suggests the bulk material does not have a high carbon 

content. Without taking into account carbon the ratio of Sn:O is 1:1.2, which is below the 

expected ratio of SnO2 and above that of SnO.  

Table 2: Atomic concentrations from XPS measurements of films deposited by atomic layer deposition in 
different process regimes and deposition temperatures before sputtering 

  Sn [at %] O [at %] C [at %] 
100°C ALD 34.0 43.1 23.0 
200°C ALD 33.3 39.2 27.6 
100°C p-CVD 32.3 41.1 26.7 

200°C p-CVD 35.9 41.7 22.4 
 

To verify that the measured carbon peaks are only due to surface contamination the 

measurement was repeated after 15 s of Ar sputtering. The overview spectra are shown in 

Figure 43 in overlay and in Figure 42 in stacked view. Compared to the results without 

sputtering the C1s carbon peak is no longer visible. Few differences are visible in the 

measured samples after sputtering. The detailed peak spectra of the Sn3d3 and Sn3d5 peaks 

are shown in Figure 44 and in Figure 45 for the O1s peak. The detailed peaks are also similar 

for all samples. 

  
Figure 42: XPS-spectra of SnOx films after 15 s Ar 
sputtering 

Figure 43: : Stack view of XPS-spectra of SnOx films 
after Ar 15 s sputtering 
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Figure 40: Detailed XPS spectra of the Sn3d5 and 
Sn3d3 peak before sputtering 

Figure 41: Detailed XPS spectra of the O1s peak 
before sputtering 
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Figure 44: Detailed XPS-spectra of the Sn3d5 and 
Sn3d3 peak after 15 s Ar sputtering 

Figure 45: Detailed XPS-spectra of the O1s peak 
after 15 s Ar sputtering 

From the peaks the atomic composition of the films is analysed. The results are given in 

Table 3. When compared to the results prior to sputtering the atomic concentrations have 

changed to a ratio of 1:0.7. This concentration indicates a tin rich film with a composition of 

Sn3O2.  

Table 3: Atomic concentrations from XPS measurements of films deposited by atomic layer deposition in 
different process regimes and deposition temperatures after Ar sputtering for 15 s 

 Sn [at %] O [at %] 
100°C ALD 58.3 41.7 
200°C ALD 59.1 40.9 
100°C p-CVD 59.5 40.5 
200°C p-CVD 59.2 40.8 

 

For both measurements no contamination of nitrogen from the precursor gas was observed. 

From the results it can be concluded that no carbon from the precursor is present in the film 

and that the carbon peak measured in the first spectrum is due to surface contamination. In 

the case of carbon residues on the surface the concentration of the remaining elements 

should give the film composition, as the carbon atoms are assumed to not be chemically 

bound to the surface. With this assumption the results after sputtering should reflect the 

same ratio of Sn:O. As this is not the case, two assumptions can be made 1) the measured 

carbon atoms are chemically bound to the surface or are bonded to oxygen which is 

detected on the surface, 2) the sputtering process does not only remove the carbon but 

preferentially removes oxygen atoms from the film. One of these effects or the combination 

of both can lead to lower oxygen concentrations in the film. This effect of surface 

sputtering on tin oxide films was also observed by Mullings et al. with the conclusion that 

results prior to sputtering give a closer representation of the real film properties [71]. The 

oxidisation state of tin oxide could be determined from the core level shifts. The binding 

energies are 486.8 eV for SnO and 487.2 eV for SnO2. However, due to the closeness of the 

values and the slight differences in peak positions of the measured films at ~487 eV a clear 

determination of the oxidation state is challenging [71]. 

Neither of the performed measurements allow for a clear determination of the atomic 

composition of the tin oxide film. However, it is likely that the results before sputtering give 

a more realistic representation and that all investigated processes give a tin rich SnOx film. 
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4.1.3. Effect of Pumping Rate on Properties of SnOx by ALD 

During the process development for the deposition of SnOx, the pumping system to create 

the vacuum in the Oxford Instruments FlexAL experienced a failure. Both the turbopump 

and the rotary vane pump had to be replaced. The turbopump was repaired while the 

second pump was replaced by a device with a lower pumping power. Following, the change 

of the pump, the previously investigated processes for tin oxide were repeated and showed 

different properties in terms of growth per cycle and refractive index.  

Processes using other precursor gases on the FlexAL tool (e.g. Al2O3) showed little variation 

after the change of pump. This can be attributed to the comparably long dose times in the 

tin oxide deposition processes for both the precursor gas and the oxidiser gas. These steps 

are both approximately one order of magnitude higher than the dose times used in e.g. the 

thermal Al2O3 ALD process. With longer dose times more gas enters into the reaction 

chamber which requires more pumping power to extract the reactive gases in the purge 

steps.   

The previously analysed process parameters were investigated under the changed pumping 

configuration and it was attempted to achieve similar layer properties as before by varying 

the dose and purge times. In the following chapter the processes from the initial 

development phase described in Table 1 will be referred to as ALD initial and pulsed-CVD 

initial. As such, this chapter also provides an analysis how the pumping rate of a vacuum 

pump can alter ALD or pulsed-CVD processes, and thus how these processes can vary from 

deposition tool to deposition tool, with different pumping configurations. The pumping 

rate can be reduced in the setup by adjusting the valve positions, making it possible to 

achieve low pumping rate processes with a high pumping power. In reverse, processes that 

require high pumping rates cannot be replicated when a pump with lower pumping power 

is used.  

Figure 46 and Figure 47 show the comparison of processes from the initial process 

development (open symbols) and after the pump change (filled symbols) in terms of GPC 

and refractive index, respectively. The previously selected ALD and pulsed-CVD processes 

were repeated after the pump change at 100°C and 150°C and showed considerably higher 

growth rates and lower refractive indices.  

  
Figure 46: Growth per cycle for the initially 
developed ALD and pulsed-CVD compared to the 
processes after pump change  

Figure 47: Refractive index (n) for the initially 
developed ALD and pulsed-CVD compared to the 
processes after pump change 

Concluding from the obtained results, the ALD process with 0.5/30/0.5/30 s most likely 

roughly resembles the initial pulsed-CVD process in terms of GPC and refractive index. The 

pulsed-CVD process with 0.5/3/0.5/5 s shows a much higher growth rate of close to 
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2.5 Å/cycle at 100°C. This value lies above any growth achieved in the initial process 

development and clearly demonstrates the effect of the pumping rate. When the gases in 

the reaction chamber are removed less efficiently, precursor gases remain in the chamber 

during and after the purge steps. The resulting process is no longer self-limiting as the clear 

separation of precursor gases is lost. The refractive index of the process with the initial 

pulsed-CVD parameters shows a much lower refractive index than the values that could 

previously be achieved. The trend of lower refractive indices for higher growth rates is 

consistent with the previous results. For this process the results showed poor reproducibility, 

which could be due to uncontrolled reactions of the precursor gases in the chamber before 

reacting with the substrate surface.  

The results show that the purge times selected in the initial process development are no 

longer sufficient to remove reactant gases from the chamber in the ALD process. Due to the 

lower pumping power the gases are not removed from the chamber as effectively as before, 

leading to pulsed-CVD growth components even for purge times of 30 s. To further analyse 

the effect of the lower pumping power on the SnOx films more process tests were 

performed. It was seen that a reduction of the TDMASn precursor dose time to 0.3 s leads to 

a lower growth rate with higher refractive indices, therefore, resembling the initial 

processes more closely. A change of the water dose time showed little effect on the 

measured properties. In the initial process development, similar growth could be achieved 

for 0.3 s and 0.5 s of precursor dose time, seen in Figure 21, but the higher dose time was 

selected to avoid reproducibility issues. For the process tests, after pump change the 

precursor dose time was reduced to 0.3 s and the purge times for both gases were varied 

symmetrically. 

Figure 48 shows the GPC for the variation of purge times with dose times of 0.3 s for the 

precursor and 0.5 s for water at 100°C and 150°C. Additionally, comparison points are given 

from the initial processes at 5 s (pulsed-CVD initial) and 30 s (ALD initial) for both 

temperatures. In Figure 49 the results are shown for the refractive index. As was previously 

shown in Figure 46 and Figure 47, higher growth rates and low refractive indices are 

achieved with the lower pumping power.  

  
Figure 48: Growth per cycle for the initially 
developed process and the processes after pump 
change at 100°C and 150°C  

Figure 49: Refractive index (n) for the initially 
developed process and the processes after pump 
change at 100°C and 150°C 

The trend of higher growth rates for lower deposition temperatures is still visible. With an 

increase in purge times the growth rate decreases, indicating the reduction of the pulsed-

CVD growth component. For the purge time of 30 s GPC and n values close to the initial 

pulsed-CVD process with 5 s were achieved for both temperatures. At 90 s of purge time the 
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growth rate is further reduced to 1.00 Å/cycle at 100°C. Despite the long purge times the 

growth rate and refractive index of the initial ALD process could not be replicated. The 

process with 90 s might still show a pulsed-CVD growth component which could be 

eliminated with even longer purge times. Longer purge times were not investigated as the 

processes with 90 s purge times had a duration of more than 11 h for ~20 nm, compared to 

the initial ALD process with a duration of 3.5 h for the same thickness. For the refractive 

index of samples at 100°C, an increase with increasing purge times is visible making it 

possible to achieve similar results as before with slightly longer purge times. In comparison, 

the samples deposited at 150°C showed higher refractive indices that could not be 

replicated with longer purge times.  

This difference in optical properties of the films is further investigated with UV-VIS 

spectroscopy. Samples with deposition processes with 0.3 s of precursor dose time and purge 

times of 5 s, 30 s and 90 s are measured and compared to the initial ALD and pulsed-CVD 

processes. From the UV-VIS measurement the absorption coefficient is calculated to 

eliminate thickness related effects. The results are shown in Figure 50 for samples deposited 

at 100°C and in Figure 51 for a deposition temperature of 150°C.  

  
Figure 50: Comparison of absorption coefficient for 
SnOx films deposited at 100°C for the initially 
developed process and processes after pump change 

Figure 51: Comparison of absorption coefficient for 
SnOx films deposited at 150°C for the initially 
developed process and processes after pump change 

Generally, more transparent films are obtained for the processes after pump change while 

the absorption edge is located at similar photon energies. The higher transparency is most 

visible in the range of 3.0 – 3.5 eV where the absorption coefficient of the films after pump 

change is lower for all investigated processes. This also indicates a shorter Urbach tail and 

therefore less sub-bandgap states. The trend that the process with 0.3/30/0.5/30 s resembles 

the initial pulsed-CVD process is again visible. Furthermore, the process with the longest 

purge times (0.3/90/0.5/90 s) at 150°C comes close to the results of the initial ALD process. 

The new film is slightly more transparent which indicates that there might still be a 

pulsed-CVD component and the film. XPS measurements of films deposited at 150°C with 

process times of 0.3/30/0.5/30 s were performed and showed the same results as the films 

analysed in the initial development after sputtering (see Figure A3). 

A comparison of conductivity, seen in Figure 52, shows that the films after pump change 

exhibit higher resistivity than the films from the initial process development. A similar trend 

to the initial films can be observed; SnOx deposited with shorter purge times are more 

conductive than those with long purge times. The layer after pump change with a purge 

time of 90 s shows the highest resistivity compared to all measured samples. The sample 

with the lowest purge times exhibits a resistivity close to that of the initial ALD process. 
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In general, a large effect of the change of 

pumping power was seen in the film 

properties. The measured results indicate 

that films with similar growth rates and 

atomic composition could be achieved with 

lower pumping power, however, other 

optical and electrical properties could not 

be replicated. With lower pumping power 

more transparent films with higher 

resistivity were obtained compared to the 

initial SnOx films. This indicates that a trade-

off between conductivity and transparency 

for the solar cell application could be 

achieved by varying the pump rate.  
Figure 52: Results of σ(T)-measurement for films 
deposited after pump change 

4.1.4. Discussion of Process Development and SnOx Layer Properties 

A process to deposit tin oxide using atomic layer deposition was developed and analysed. It 

was shown that the variation of process times in the ALD cycle can have a large effect on 

the layer properties. Two regimes were analysed, a ALD regime where the precursor gases 

are separated by long purging steps and a pulsed-CVD regime where continuous growth is 

achieved by a reduction of the purge times. In addition to faster processing times, the 

pulsed-CVD regime also gave more transparent films combined with improved conductivity. 

The variation of deposition temperature further influenced the growth rate and refractive 

index of the deposited tin oxide. Films deposited at lower temperatures were more 

transparent and more conductive than those deposited at temperatures > 150°C. Thermal 

annealing at temperatures up to 300°C in air ambient showed little effect on optical 

properties of the film but improved the conductivity. For the solar cell integration only films 

deposited at temperatures ≤ 150°C were considered and annealing was not further 

investigated. The properties of all suitable processes are summarised in Table 4 all other 

analysed processes are given in Table 4. The processes marked in orange are the films 

deposited at lower pumping power. Resistivity for samples deposited at 100°C before the 

pump change could not be measured in temperature dependent measurements but gave 

similar values to the samples deposited at 150°C in the Hall measurement setup.  Generally, 

the films at 150°C are less transparent but slightly more conductive in the pulsed-CVD 

regime than the films at 100°C. A bandgap minimum is observed for films at 150°C. After 

the pump change films are more transparent but less conductive and show higher growth 

rates.  

Table 4: Summary of measured properties of SnOx films deposited at Tdep ≤ 150°C 

Process 
times [s] 

T  
[°C] 

Process GPC 
[Å/cycle] 

n633nm  ρ50°C 

[Ωcm]  
α3.0eV 

[1/µm]  
Eg  
[eV] 

0.5/3/0.5/5 100°C p-CVD initial 1.54 1.88 - 0.7 3.7 

0.5/30/0.5/30 100°C ALD initial 0.95 1.96 - 1.8 3.6 

0.5/3/0.5/5 150°C  p-CVD initial 1.20 1.98 170 2.0 3.5 

0.5/30/0.5/30 150°C ALD initial 0.69 2.02 400 2.8 3.5 

0.3/30/0.5/30  100°C - 1.51 1.90 2990 1.0 3.6 

0.3/30/0.5/30 150°C - 1.09 1.96 970 1.8 3.6 

It was seen that lower pumping power of the vacuum pump had a large effect on the 

deposition processes, which required additional analysis to readjust the previously 
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investigated processes. Due to the lower pumping power, a reduction of the TDMASn 

precursor dose time and an increase of the purge times were needed to replicate the films 

from the initial process development in terms of GPC and n. After the pump change the 

process with 30 s purge, which was previously the ALD process resembled the initial 

pulsed-CVD process. A purge time > 90 s was needed to achieve similar growth rates as the 

initially investigated ALD process. The stoichiometric analysis from XPS-measurements of the 

atomic composition of the film showed a tin rich film without contamination of C or N from 

the precursor gases. The composition did not vary for different process regimes and 

deposition temperatures. Even after the change of the vacuum pump, films with the same 

composition could be obtained.   

Following the process development the most promising film, in terms of for the solar cell 

integration was the pulsed-CVD process at 150°C. This process gave transparent SnOx films 

with a low resistivity compared to other deposition temperatures and to evaporated TiO2, as 

shown in Table 4 [68]. Furthermore, the bandgap was estimated to allow for good band 

alignment with the perovskite absorber. The growth rate was lower than that at 100°C 

leading to longer processing times and optical properties were slightly better for the 100°C 

film. However, Palmstrom et al. investigated the dependence of deposition temperature of 

ALD SnOx in the application in n-i-p perovskite solar cells [16]. They saw a clear reduction in 

PCE for devices with SnOx films deposited at 100°C and achieved the best performance with 

films deposited at 150°C. For the application in p-i-n devices the pulsed-CVD process at 

100°C could be more suitable due to temperature constraints.  

After the failure of the ALD pump the process with 0.3/30/0.5/30 s was used to replicate the 

initial pulsed-CVD process. This film was selected to be integrated in different solar cell 

structures. However not all film properties could be tuned to the initial values after the 

pump change, as can be clearly seen in Table 4. Especially in terms of absorption and 

conductivity the integrated films varied from the SnOx films of the initially developed 

processes. The films deposited by this process gave similar films in terms of refractive index 

and growth rate to the initially developed film. In comparison to the initial pulsed-CVD 

process the integrated layers were more transparent and less conductive.  

4.2. Device Integration 
Perovskite single junction solar cells were fabricated as described in chapter 3.2 and 

IV-measurements were performed to analyse the cell performance. For wet-chemically 

deposited and evaporated perovskite absorbers different configurations of electron contacts 

were investigated. In addition to the SnOx film by ALD, organic fullerenes and mesoporous 

TiO2 were used as interlayers to enhance electron transport. The single layers of SnOx were 

also analysed using ellipsometry, UV-VIS spectroscopy and XPS. 

4.2.1. Device Integration in wet-chemical Batch 

For the devices with wet-chemically deposited perovskite absorbers, IV-measurements under 

air were performed twice. The first measurement was performed shortly after fabrication 

when the cells were taken out of the glovebox for the first time. After the measurement the 

samples were placed into the glovebox again before the second measurement was 

performed approximately a week later. From both IV-characteristics it could be concluded 

whether cells improved or degraded after the initial measurement. The detailed results for 

both measurements are given in the  Appendix A.3. It had previously been observed that 

the reference cells using TiO2 as ETL improved after the first measurement, which was also 
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seen in this batch. The samples with SnOx/mesoporous TiO2/MAPbI3 remained comparably 

stable while the cells with the mixed absorber all degraded in the second measurement.  

For comparison the best results from both measurements based on PCE for each cell are 

summarised in Figure 53. The highest PCE of 16.7 % was achieved with the 

TiO2/PCBM/FACsPb(BrI)3 structure in the reverse scan of the first measurement. For the best 

performing cell the mean efficiency of both scan directions is 15.4 %. Similarly high values 

of PCE could be achieved in the reverse scan for the TiO2/mesoporous TiO2/MAPbI3 structure. 

However, those samples show lower PCEs in the forward scan due to larger hysteresis. The 

cells with TiO2/PCBM-PMMA/FACsPb(BrI)3 have slightly lower efficiencies and also show 

hysteresis. For the samples with tin oxide the best performing devices were obtained with 

the SnOx/mesoporous TiO2/MAPbI3 structure. Little hysteresis was observed for those 

samples, which achieved PCEs of 13.4 % in the reverse scan and 12.3 % in the forward scan.  

For all cells with this structure a PCE close to 10 % could be achieved. Compared to the TiO2 

reference the mesoporous cells with SnOx showed a lower PCE but less hysteresis and 

improved reproducibility. The values measured for the samples using 

SnOx/PCBM/FACsPb(BrI)3 showed a larger spread and overall lower efficiencies than the TiO2 

reference. For the cells with SnOx/PCBM-PMMA/FACsPb(BrI)3 one cell showed a mean PCE of 

10.5% with lower hysteresis than the reference cells. However, the PCE showed a large 

spread and poor reproducibility. Furthermore, both planar structures using tin oxide 

degraded strongly in the second measurement. It is likely that the lower efficiencies and 

stability in the planar architecture using tin oxide are due to the poor wettability of the 

SnOx surface described in chapter 3.2.1. Even though the deposition of the mixed absorber 

gave improved wettability, the uniformity of the perovskite absorber layers on SnOx was still 

problematic. It is assumed that the interlayers either formed no closed films or were washed 

away by the perovskite solvent, which explains the reproducibility issues. To investigate this 

effect, SEM images of the cell cross-sections were taken and are shown in Figure 63 to 

Figure 67.  

The IV parameters for all samples are also shown in more detail below. The fill factor (FF) is 

given in Figure 54, short-circuit current density (Jsc) in Figure 55 and open-circuit voltage 

(Voc) in Figure 56. For the fill factor, some samples show overestimated values because of an 

unsual bump in the IV-curve. This is more pronounced for the samples using TiO2 seen in 

Figure 57 and is related to charge accumulation at the interface. The samples with SnOx 

show more realistic values that are similar for all structures and scan directions. The highest 

realistic FF is achieved for the samples with TiO2/PCBM/FACsPb(BrI)3, which also shows the 

highest PCE.  

The short-circuit current density, shown in Figure 55, is also highest for the 

TiO2/PCBM/FACsPb(BrI)3 samples with values > 20 mA/cm² in both scan directions. The 

SnOx/mesoporous TiO2/MAPbI3 samples also show a high Jsc with little variation between the 

forward and reverse scan. For the TiO2 the Jsc is close to 20 mA/cm² for the forward scan but 

lower for the reverse scan due to the S-shaped curve. The samples using a PCBM-PMMA 

interlayer show a large spread in Jsc for samples with TiO2 and SnOx.  

The values of the open-circuit voltage Voc are shown in Figure 56. The highest values are 

achieved for the samples with a PCBM-PMMA interlayer and mixed perovskite absorber for 

all ETL materials. The higher Voc is mainly attributed to the higher bandgap of the 

FACsPb(BrI)3 absorber (~1.7 eV) compared to the MAPbI3 absorber. In the case of a 

SnOx/PCBM-PMMA values above 1000 mV are achieved. Similarly high values are obtained 

from the TiO2/PCBM/FACsPb(BrI)3  structure.   
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Figure 53: Overview of efficiency values for the 
wet-chemical batch of n-i-p single junction cells, 
description according to Figure 15 

Figure 54: Overview of fill factor (FF) for the wet-
chemical batch of n-i-p single junction cells, 
description according to Figure 15 
 

  
Figure 55: Overview of short-circuit current  density 
(Jsc) for the wet-chemical batch of n-i-p single 
junction cells, description according to Figure 15 

Figure 56: Overview of open-circuit voltage (Voc) for 
the wet-chemical batch of n-i-p single junction cells, 
description according to Figure 15 

To further analyse the results of the IV-measurements the measured curves for the best 

performing devices of every structure are plotted in Figure 57 to Figure 62. Additionally, the 

IV-parameters are given for the forward and reverse scan. This allows for a comparison 

between the TiO2 reference cells and the cells using SnOx.  

Figure 57 shows the IV-curve of the best performing TiO2/mesoporous TiO2/MAPbI3 device 

with a mean PCE of 14.4 %. A strong bump of the reverse scan can be seen which leads to 

the overestimation of the fill factor. This shape is observed for all samples of this structure 

and results in large hysteresis between the two scan directions. The results for the 

SnOx/mesoporous TiO2/MAPbI3 are shown in Figure 58. The cell has a mean PCE of 12.5% 

and shows less hysteresis than the TiO2 cell. However, a slight drop in current density for 

voltages above 100 mV is observed in the forward scan direction.   
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Figure 57: IV-curve of the best performing device 
according to structure a) in Figure with 
15FTO/TiO2/mesoporous TiO2/MAPbI3/Spiro-OMeTAD  

Figure 58: IV-curve of the best performing device 
according to structure d) in Figure 15 with 
ITO/SnOx/mesoporous TiO2/MAPbI3/Spiro-OMeTAD  

  
The best performing devices with the PCBM interlayer and the mixed absorber are shown in 

Figure 59 for TiO2 and Figure 60 for SnOx. The TiO2/PCBM/FACsPb(BrI)3 sample with a mean 

PCE of 15.4% is also the best device from this batch. It shows an IV-curve with a normal 

shape and moderate hysteresis. The lower IV curve of the forward scan above 600 mV 

indicates that the series resistance is lower for the reverse scan and a higher PCE was 

measured in the forward scan. The Jsc is above 20 mA/cm² and the Voc above 1000 mV in both 

scan directions. The shape of the IV-curve for the SnOx sample has no unusual shape and the 

series resistance is similar for both directions. However, especially in the reverse direction 

the Jsc is low, which leads to a significantly lower mean PCE of 11.6%.  

  
Figure 59: IV-curve of the best performing device 
according to structure b) in Figure 15 with 
FTO/TiO2/PCBM/FACsPb(BrI)3/Spiro-OMeTAD 

Figure 60: IV-curve of the best performing device 
according to structure e) in Figure 15 with 
ITO/SnOx/PCBM/FACsPb(BrI)3/Spiro-OMeTAD 

 

Figure 61 and Figure 62 show the IV-curves for the samples with a PCBM-PMMA interlayer. 

A mean PCE of 13.5% is achieved with the TiO2/PCBM-PMMA/FACsPb(BrI)3 structure which 

also does not show an bump in the curves for both directions. The hysteresis is larger than in 

the samples only using PCBM but improved compared to the mesoporous TiO2 structure. For 

the sample with SnOx the shape of the curve and the series resistance are similar in both 

scan directions, but the Jsc and Voc are lower for the reverse scan. Despite this comparably 

good cell performance, reproducibility of the SnOx/PCBM-PMMA/FACsPb(BrI)3 cells is the 

biggest issue with this structure. 
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Figure 61: IV-curve of the best performing device 
according to structure c) in Figure 15 with 
FTO/TiO2/PCBM-PMMA/FACsPb(BrI)3/Spiro-OMeTAD 

Figure 62: IV-curve of the best performing device 
according to structure f) in Figure 15 with 
ITO/SnOx/PCBM-PMMA/FACsPb(BrI)3/Spiro-OMeTAD  

The thickness of the tin oxide film was measured using ellipsometry on separate silicon 

substrates and was in the range of 17-18 nm for the two ALD runs. A measurement of 

reflectance and transmittance on bare glass substrates showed a highly transparent SnOx 

film with low absorption for wavelengths above 400 nm (see Figure A17). The results are in 

line with the expected properties after process development. The growth rate and refractive 

index are similar to the initial pulsed-CVD process and slightly more transparent films were 

obtained. Conductivity measurements on glass substrates showed a high resistivity of the 

films compared to the measured values in the stage of process development before and 

after the pump change (see Figure A18). It is unclear why this large variation in resistivity 

occurs for similar ALD processes and in which way it could affect the solar cell performance. 

Likely, a lower resisitivity of the SnOx film can reduce the series resistance and improve the 

fill factor of the solar cells.  Furthermore, XPS measurements were performed to analyse the 

atomic composition of the film. From the spectrum a tin rich SnOx film can be interpreted 

which is similar to the films measured during process development. All details on the single 

layer characterisation are given in Appendix A.3.1. 

With SEM images the cross-section of the fabricated solar cells can be viewed to analyse the 

layers. Figure 63 shows the cross-section of a device with the structure ITO/SnOx/mesoporous 

TiO2/MAPbI3/Spiro-OMeTAD, which is shown with larger magnification in Figure 65. From 

the bottom the thick ITO layer is visible which is followed by a thin and homogeneous SnOx 

film and the mesoporous TiO2. The MAPbI3 absorber does not show large crystals and the 

layer thickness varies. The dark layer is the HTL Spiro-OMeTAD covered by a gold layer. In 

comparison a cell with the mixed absorber and an organic interlayer is shown in Figure 64 

and in Figure 66. The stack of ITO/SnOx/PCBM-PMMA/FACsPb(BrI)3/Spiro-OMeTAD looks 

similar to the previously shown cell up to the SnOx film. It can be seen that PCBM did not 

form a uniform layer and that small drops and voids are visible between the SnOx layer and 

the perovskite crystals. The mixed absorber perovskite shows large crystal sizes and quite 

homogeneous thickness. The Spiro-OMeTAD and gold layers look similar to the cell in Figure 

63.  
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Figure 63: Cross-section SEM image of a 
ITO/SnOx/mesoporous TiO2/MAPbI3/Spiro-OMeTAD 
device at 5k magnification  

Figure 64: Cross section SEM image of a  
ITO/SnOx/PCBM/FACsPb(BrI)3/Spir-OMeTAD at 5k 
magnification 

Images with larger magnification allow for more precise views of the individual layers. This 

is especially interesting for the cells with organic interlayers. Figure 65 shows a cell with 

ITO/SnOx/mesoporous TiO2/MAPbI3/Spiro-OMeTAD structure with a measurement of the film 

thicknesses. The SnOx film shows the expected thickness of approximately 15 nm followed by 

the mesoporous film and the MAPbI3 absorber. As the perovskite solution penetrates the 

mesoporous structure the total thickness of the absorber is close to 500 nm. An image with 

larger magnification of the cell with ITO/SnOx/PCBM/MAPbI3/Spiro-OMeTAD is shown in 

Figure 66. Between the ~15 nm thick SnOx film and the mixed perovskite absorber small 

drops of PCBM are visible, they have a thickness of roughly 20 nm. In other areas no PCBM is 

visible or voids have formed below the perovskite. As a comparison images of the reference 

cells with TiO2 were also taken and are shown in the Appendix A.3 in Figure A14 to Figure 

A16. For the PCBM layer on TiO2 it was observed that the PCBM accumulated in the trenches 

of the rough FTO surface and also formed no homogeneous layer. This could confirm the 

assumption that the PCBM film was washed away by the perovskite deposition as the 

wettability issues did not occur on TiO2. 

  
Figure 65: Cross-section SEM image of a 
ITO/SnOx/mesoporous TiO2/MAPbI3/Spiro-OMeTAD 
device at 70k magnification 

Figure 66: Cross section SEM image of a  
ITO/SnOx/PCBM/FACsPb(BrI)3/Spiro-OMeTAD at 70k 
magnification 
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A cell with a mixed absorber and an 

ITO/SnOx/PCBM-PMMA structure is shown in 

Figure 67. Between the SnOx film and the 

perovskite absorber no continuous layer is 

visible. Voids with a thickness of 

approximately 15 nm can clearly be seen. 

These holes are present on the entire sample 

and are also visible for the reference cell 

with TiO2. The interconnection between 

SnOx and the perovskite bulk material is 

most likely perovskite material and not 

PCBM-PMMA. This can again lead to the 

conclusion that the organic interlayer is 

washed away by the perovskite solution.  

 
Figure 67: Cross-section SEM image of a 
ITO/SnOx/PCBM-PMMA/FACsPb(BrI)3/Spiro-OMeTAD  
device at 70k magnification 

 

The IV-measurement results and SEM images show a clear trend that the spin-coating of 

fullerene layers underneath a wet-chemically deposited perovskite absorber layer show 

problems with reproducibility of homogeneous films. No closed films were formed or 

remained on the substrate after perovskite spin-coating. Especially on the SnOx films, the 

lack of a closed interlayer negatively impacts the solar cell performance. For the TiO2 

reproducible cell results were obtained, despite the inhomogeneity of the organic 

interlayers. Potentially, the layery are not required to improve charge extraction for TiO2 as 

ETL while it is necessary when SnOx is used. With all investigated structures efficiencies 

above 10 % could be achieved. Generally, the TiO2 references showed a higher PCE. 

However, larger hysteresis was observed for TiO2 which could be improved with SnOx. 

Furthermore, the SnOx/mesoporous TiO2 samples showed improved reproducibility. This first 

batch of perovskite solar cells using SnOx served as a proof of concept and showed 

promising results for further optimisation of device level. Especially the problems with 

wettability of the ETL surface and the poor resistivity of SnOx should be addressed.  

4.2.2. Device Integration co-evaporated Batch 

The IV-characteristics of the cells produced with a co-evaporated MAPbI3 perovskite 

absorber and SnOx or SnOx/PCBM as ETL were measured under air once. A summary of the 

PCE of different cells is shown in Figure 68. Overall, the cells showed low values of PCE in 

the range of 4 – 6%. No clear difference can be seen between the commercial and the 

sputtered ITO substrates. However, a clear trend can be observed that the PCBM interlayer 

improves the solar cell performance for both substrates. For the evaporation of the absorber 

material it is more likely, that the PCBM layer remained on the SnOx film. The best 

performing device was a sputtered ITO/SnOx/PCBM structure which had a PCE of 5.9% in 

reverse scan direction.  

The remaining IV parameters are shown in Figure 69 for FF, Figure 70 for Jsc and in Figure 71 

for Voc. IV-curves are shown in Figure 72 to Figure 75. Generally, the samples with a 

SnOx/PCBM layer showed IV-curves without an S-shape and realistic values for the FF. For the 

direct contact between SnOx and the perovskite absorber the shape of the IV-curves does 

not allow for a correct estimation of the fill factor. In terms of Jsc the trend of lower 

performance without PCBM is clearly reflected. Despite all samples showing low Jsc values, 

the values for the samples with a PCBM layer are almost twice as high as those without 

interlayer. This trend is similar for both substrates and the best devices show a Jsc of around 

9 mA/cm². The Voc of all samples lies close to 1000 mV, as seen in Figure 71. Slightly higher 
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values are achieved with the sputtered ITO substrate. No difference in Voc is observed for the 

samples with or without PCBM. Consequently, it can be concluded that the limiting factor in 

the solar cell performance of the structures investigated in this batch is the Jsc. As there are 

no reference cells included in the batch, it is not clear whether the low Jsc is related to the 

SnOx film or other layers. Low Jsc could indicate a too thin perovskite film with low 

absorption or crystallisation of the perovskite could be influenced by the SnOx and PCBM 

films. For the ETL the low Jsc can be a result of high absorption in the layers or poor contact 

properties between the absorber and the ETL. However, from the wet-chemical batch no 

effect of parasitic absorption was observed due to the SnOx or PCBM layers. Therefore, it is 

more likely that the low Jsc is a results of poor contact properties. For SnOx/MAPbI3 it seems 

that the ETL is mainly blocking holes but not efficiently extracting electrons. The electron 

extraction properties are improved by the PCBM fullerene layer.  

                        

  
Figure 68: Overview of efficiency values for the 
evaporated batch of n-i-p single junction cells, 
description according to Figure 16 

Figure 69: Overview of fill factor (FF) for the 
evaporated batch of n-i-p single junction cells 
description according to Figure 16 
 

  
Figure 70: Overview of short-circuit current  (Jsc) for 
the evaporated batch of n-i-p single junction cells 
description according to Figure 16 

Figure 71: Overview of open-circuit voltage (Voc) for 
the evaporated batch of n-i-p single junction cells 
description according to Figure 16 

 
The solar cell performance can further be analysed from the measured IV-curves. The 

IV-curves of the best performing devices on the commercial ITO substrates are shown in 

Figure 72 for the SnOx/MAPbI3 structure and in Figure 73 for SnOx/PCBM/MAPbI3. As 

previously mentioned, the shape of the curves for the cell without PCBM interlayer leads to 

an overestimation of the fill factor. A current density maximum is observed at higher 
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voltages than under short-circuit conditions, which is more dominant in the reverse 

direction. A similar shape of the IV-curve was observed for all samples of this structure. 

Overall, the cell shows poor performance with a mean PCE of 3.5%. For the best performing 

device with SnOx/PCBM IV-curves with little hysteresis were measured. The Voc is close to 

1000 mA which is close to the expected value for this configuration. However, the Jsc is very 

low and limits the overall cell performance. This cell has a mean PCE of 5.4 %. 

  
Figure 72: IV-curve of the best performing device 
according to a) on commercial ITO in Figure 16 with 
commercial ITO/SnOx/MAPbI3/Spiro-OMeTAD 

Figure 73: IV-curve of the best performing device 
according to b) on commercial ITO in Figure 16 with 
commercial ITO/SnOx/PCBM/MAPbI3/Spiro-OMeTAD 

For the sputtered ITO substrates the best performing devices showed slightly higher PCEs 

than the devices on commercial ITO. Their IV-curves are given in Figure 75 for cells without 

PCBM and in Figure 74 for SnOx/PCBM as ETL. The device without PCBM again showed an 

S-shape in the IV-curve which is less pronounced than on the commercial ITO. Its mean PCE is 

3.4%. The device with sputtered ITO/SnOx/PCBM/MAPbI3 was overall the best performing 

device of this batch with a mean PCE of 5.7%. The curves show minimal hysteresis between 

the forward and reverse scan and have the shape of a typical IV-characteristic. The Voc is 

close to 1000 mV, however, the Jsc is < 10 mA/cm².   

  
Figure 74: IV-curve of the best performing device 
according to a) on sputtered ITO in Figure 16 with 
sputtered ITO/SnOx/MAPbI3/Spiro-OMeTAD 

Figure 75: IV-curve of the best performing device 
according to b) on sputtered ITO in Figure 16 with 
sputtered ITO/SnOx/PCBM/MAPbI3/Spiro-OMeTAD 

The devices fabricated in this batch can be considered a proof of concept for perovskite 

solar cells with SnOx as ETL and a co-evaporated perovskite absorber. Low overall 

performances were observed compared to the best co-evaporated device fabricated at 

Fraunhofer ISE and the University of Freiburg with 16% of PCE. This device used the same 

evaporated perovskite absorber and compact plus mesoporous TiO2 as ETL [51]. However, 
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solar cells with an evaporated perovskite absorber generally show lower performance than 

wet-chemically produced devices. It cannot be excluded that the low Jsc is related to the 

properties of other layers than SnOx. From the fabricated devices in this batch an important 

trend could be observed in terms of necessity of the PCBM interlayer to improve charge 

extraction. Due to the evaporation it is more likely that the PCBM layer stayed on the 

substrate and was not washed away. However, it is not clearly visible after PCBM 

spin-coating whether a closed film was formed. To ensure a closed fullerene film between 

SnOx and the perovskite absorber alternatively evaporated C60 could be investigated and 

compared to spin-coated PCBM.  

Additionally, the single SnOx layer was measured using ellipsometry to confirm a thickness 

of ~15.5 nm and a refractive index of 1.97. The absorption of the film was also measured 

and showed similar results as the SnOx layer in the previous batch (see A.3.). In terms of 

conductivity similarly high values as in the wet-chemical batch were measured. The 

resistivity of the integrated SnOx film lies well above the expected values measured during 

process development and could influence cell performance (see Figure A18). 

Fabricating devices which rely mainly on evaporation based depositions are an important 

step towards the integration in tandem devices with a random pyramid textured surface of 

the bottom cell for improved light absorption. The optimisation of the contact between 

SnOx by ALD and an evaporated perovskite absorber can potentially allow for high 

performance single junction and tandem devices.  

4.2.3. Discussion of Perovskite Solar Cells using SnOx by ALD 

Different cell structures were tested to have an initial impression of the performance of 

devices with SnOx as ETL. Two batches of solar cells were fabricated, one using wet-chemical 

processing to deposit the perovskite absorber and one using co-evaporation for perovskite 

deposition. From IV-measurements the cell performance was analysed and compared. 

As ETL SnOx films deposited at 150°C with processing times of 0.3/30/0.5/30 s were used in 

both investigated batches. The individual layers were analysed and showed the expected 

results in terms of thickness, refractive index and absorption, when compared to the 

measurements in the stage of process development. For the conductivity, surprisingly high 

values were measured in the films integrated in the perovskite solar cells, which could limit 

the cell performance. The resistivity for the SnOx films in the solar cells batches are 

compared to the processes developed before and after the pump change in Figure 76. The 

black symbols show the low resistivity for the initially developed pulsed-CVD process which 

was supposed to be integrated into the solar cells. In orange the resistivity after the pump 

change is shown for the 0.3/30/0.5/30 s process that resembled the initial pulsed-CVD process 

in terms of growth and absorption. As was discussed in chapter 4.1.3 the resistivity increased 

for the films deposited at lower pumping rate. In the solar cell batches the same process 

(0.3/30/0.5/30 s) at 150°C was used to deposit SnOx.  

The measurement of resistivity showed substantially higher values for the films integrated in 

the solar cells compared to the reference process. It is unclear whether this large difference 

is due to problems with reproducibility or can be related to the presence of other materials 

in the reaction chamber from the ITO coated glass substrates. By changing the pump to 

achieve higher pumping rates more conductive films could potentially be produced which 

might positively affect the solar cell performance. 
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Figure 76: Results of σ(T)-measurement for films 
developed for the integration in solar cells at 150°C 

Using wet-chemical processing of the perovskite absorber, devices with efficiencies above 

10% could be fabricated for all investigated cell structures. With further variation of the 

film properties it is likely that issues that were observed in the first batch can be addressed 

and solved. From the IV parameters it was seen that the Jsc was lower than that of cells with 

TiO2 as ETL, which could potentially be improved through a variation of the SnOx thickness 

and an optimisation of the interlayer. Another important criterion is the optimisation of the 

film conductivity which changed drastically for the integrated SnOx films compared to the 

developed processes. The contact properties in the first batch of solar cells was not 

optimised and poor wettability of the SnOx surface properties for the used perovskite 

solution and the PCBM, PCBM-PMMA solutions were observed. This effect can be related to 

the surface morphology of SnOx and the TCO below as well as solvent polarity. In future 

solar cell batches a variation of the substrate can be investigated to see if the wettability 

can be improved by using a substrate with higher surface roughness. Other variations can be 

made in the solution of the perovskite absorber which already showed improvement from 

DMSO to DMF/DMSO. 

In literature, several research groups have reported functioning devices using spin-coating 

on top of SnOx. Anaraki et al. succeeded at wet-chemically depositing a mixed perovskite 

absorber on an ALD tin oxide film [20]. They used a similar cell structure to the one in this 

thesis, however, FTO was used as transparent conductive oxide which shows higher surface 

roughness than ITO. A PCE of 19 % was achieved without interlayer. Furthermore, Ke et al. 

showed that PCBM/MAPbI3 deposited on spin-coated SnOx displayed no wettability issues 

and could lead to a device with a PCE of 17.8 %. In this case, FTO was also used on the glass 

substrate [47]. 

For the evaporated MAPbI3 solar cell efficiencies of close to 6 % were achieved with 

SnOx/PCBM as ETL. Despite the low achieved values of PCE the results showed a way forward 

for the use of evaporation based processes for perovskite solar cells using SnOx. It was 

observed that a PCBM layer on top of SnOx lead to an improved cell performance which is 

likely due to improved electron extraction properties of the organic film. The Voc showed 

good values for most samples with a PCBM interlayer, however, low Jsc values were obtained 

for all samples. A low Jsc can be related to, perovskite thickness and crystallisation as well as  

absorption in the ETL layer or contact properties between the ETL and the perovskite 

absorber. From the results of the wet-chemical batch with Jsc values close to 20 mA/cm² it 

can be concluded that the tin oxide and PCBM film do not contribute greatly to parasitic 

absorption. Further investigations should target the contact between SnOx and the MAPbI3 

40 60 80 100 120

0

1000

2000

3000

4000

5000

6000


 [


c
m

]

T [°C]

 0.5/3/0.5/5 s (initial p-CVD)

 0.3/30/0.3/30 s

 SnO wet-chemical batch

 SnO evaporated batch



 

 
 50 

 

Results and Discussion 

 

absorber. The use of an evaporated fullerene interlayer such as C60 could ensure a 

homogeneous contact layer and good electron extraction.  

In general, further variations of the SnOx film and potential interlayers are needed to 

optimise the cell performance. Until now only a process at 150°C which resembled the initial 

pulsed-CVD process was used for solar cell fabrication. The process was chosen based on 

single layer characterisation, however, the film properties that were optimised during the 

initial process development varied from those measured in the in the films that were 

integrated in the solar cell batches. Furthermore, the device performance can depend on a 

multitude of factors that cannot be analysed for the individual layer such as contact 

resistance and band alignment. Consequently, an investigation of different deposition 

temperatures and process regimes should be performed on cell level to optimise the layer 

properties. Varying the pumping rate can affect the transparency and conductivity of SnOx 

which allows for further variation of the film properties. Additionally, the layer thickness of 

both SnOx and the interlayers can be varied to find a trade-off between charge extraction 

properties and absorption in the film. With an outlook to future applications all 

investigated processes should be designed to be compatible with the integration in 

perovskite/silicon tandem solar cells.  
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5. Techno-economic and Sustainability Analysis 
Perovskite solar cells have received major attention in the field of photovoltaic research 

which led to a rapid increase in power conversion efficiency on laboratory scale. With the 

emergence of this technology the topic of commercialisation is becoming a more important 

issue to address. However, while highly efficient perovskite solar cells and perovskite/silicon 

tandem solar cells have been realized on small area and efforts are made to upscale the 

technology, few attempts have been made to analyse the upscaling of fabrication processes 

from a techno-economic point of view. This section aims at determining the competitive 

price range for perovskite/silicon tandem photovoltaic modules by analysing manufacturing 

costs and and levelised cost of energy (LCOE). An overview of existing literature is given and 

compared to a cost model for the cell concept investigated in this thesis. Additionally, the 

topic of sustainability is considered by referring to literature on life cycle assessments of 

perovskite solar cells.  

There is not yet a standardised process or concept for the production of perovskite solar 

cells or perovskite/silicon tandem solar cells, making cost estimations challenging and 

leading to strong variations in calculation results.  Approaches to model the costs of a 

perovskite module were made by several research groups giving manufacturing costs 

between 30 – 300 $/m². Cai et al. estimate the manufacturing costs for two different 

perovskite modules, one using only solution based processing such as spray pyrolysis, dip-

coating and screen printing (A) and one using evaporation for the electron and hole contact 

layer (B). [72] Materials were not specified; instead the costs were calculated from a 

comparison to other processes in the photovoltaic industry. The solution-processed model 

was compared to the production of dye-sensitized solar cells and the evaporation 

production was compared to silicon PV manufacturing giving a cost of 29.2 $/m² and 

38.8 $/m² for modules A and B, respectively.  

Other calculations to obtain manufacturing costs as used by Song et al. [73], Chang et al. 

[74] and Li et al. [75] are based on a bottom-up model that includes material costs and 

overhead costs. The manufacturing cost is calculated by: 

𝑀𝐶 = ∑(𝑀𝑖 + 𝑈𝑖 + 𝐿𝑖 + 𝐸𝑖 + 𝐷𝑖)

𝑛

𝑖=1

 

 

(4.2.1) 

with the material cost 𝑀𝑖, utility cost 𝑈𝑖, labour cost 𝐿𝑖  , equipment maintenance cost 𝐸𝑖 and 

depreciation of the equipment and facility 𝐷𝑖  , for every year 𝑖 in the system lifetime 𝑛. 

Song et al. analysed a possible low-cost perovskite module where all active layers are screen 

printed, the TCO is sputtered and the top contact is Al deposited by sputtering. The 

analysed cell uses ZnO as electron contact and NiO as hole contact. A module cost of 

31.7 $/m² was calculated of which the majority is material costs and costs related to the 

module integration [73]. Based on this work Li et al. investigated the effect of exchanging 

the electron contact for SnOx and the top contact to evaporated Cu [75]. The resulting costs 

are estimated at 29.7 $/m². Additionally, this cell concept was analysed as a top cell in a 

perovskite/silicon tandem device with a silicon hetereojunction bottom cell giving a cost of 

113.9 $/m².  

Compared to other works Chang et al. based their calculations on proven processes and 

materials that yield high efficiency solar cells. Three modules are analysed, all use FTO as 

transparent conductive oxide, spray-coated TiO2 as ETL and solution based P3HT as HTL. 

Module A uses an evaporated gold contact which gives a cost of 330.3 $/m² of which 
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246.8 $/m² can be attributed to the gold layer. Therefore, only Module B with a silver 

contact and Module C which uses laser scribing instead of patterning with sacrificial masks, 

are considered further. These have estimated costs of 102.3 $/m² and 90.5 $/m² which is 

higher than the previous calculations by approximately a factor of three.  

Additionally, a cost projection based on the perovskite solar cells investigated at Fraunhofer 

ISE is performed using material prices from literature as well as internal experience and 

process costs from other photovoltaic manufacturing lines. The analysed solar cell structure 

differs from the structure analysed in the experimental section in terms of used HTL, metal 

contact and wet chemical deposition processes. For the cost analysis it is reasonable to 

assume that materials such as Spiro-OMeTAD and gold will be replaced by cheaper materials 

and wet-chemical processing will be up-scaled from spin coating to screen printing.  Hence, 

the considered cell architecture uses sputtered Al as metal contact, printed NiO as HTL, a 

MAPbI3 absorber and SnOx as ETL. As transparent conductive oxide sputtered ITO is used and 

laser scribing is considered for patterning. The costs for module integration are taken from 

silicon technologies and all further assumptions are summarised in Table A4. The calculation 

gives manufacturing costs of 21.0 $/m².   

When considering perovskite solar cells as top cell for silicon based tandem solar modules 

the additional cost can be estimated by considering the production costs of silicon 

heterojunction modules and adding costs for all steps that are additionally required in the 

top cell. The manufacturing cost is then calculated from the cost of the silicon module (SIH) 

plus the cost of the perovskite top cell (PSC) minus cost for module integration (MI) since 

this is already included in the SIH cost.  

𝑀𝐶𝑃𝑆𝐶/𝑆𝑖 = 𝑆𝐼𝐻 + (𝑃𝑆𝐶 − 𝑀𝐼) 

 

(4.2.2) 

Figure 77 compares the costs of perovskite modules as calculated by different research 

groups. The additional cost for perovskite top cells in tandem modules is visualised by the 

filled bars, the structured bars give the costs for processes that are already included in silicon 

heterojunction production such as the front glass, metal contacts and module integration. 

For Cai et al. [72] only the overall cost for perovskite modules is given while for the 

calculations based on bottom-up models the costs are split by processes. The inset shows the 

general structure of the perovskite solar cell used in the considered modules.  

Figure 77 clearly shows the large difference between estimated costs for different 

production steps based on the chosen materials and processes. Calculations in this work, 

shown in the bar on the right, give the lowest manufacturing costs for perovskite modules 

which are mainly due to lower assumed costs for the front glass and module integration. For 

Chang et al. the highest manufacturing costs are obtained which decrease only slightly 

when patterning is optimised and can be attributed to more complex processing and 

expensive materials. When only additional costs are considered values in the range of           

3 – 40 $/m² are obtained which are between 10% and 44% of the total manufacturing costs.  
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Figure 77: Comparison of Module Costs from Calculations by Song et al. [73], Li et al. [75] Chang et al. [74], 
Cai et al. [72] and a calculation performed at Fraunhofer ISE 

From the calculated manufacturing cost of a module an estimation of the LCOE can be 

made based on reasonable assumptions for module efficiency and lifetime.  Generally, the 

levelised cost of energy is given as the ratio of overall cost to total energy production.  

𝐿𝐶𝑂𝐸 =
∑ (

𝐶𝑖

(1 + 𝑑)𝑖)

∑ (
𝐸𝑖

(1 + 𝑑)𝑖)
 (4.2.3) 

where 𝐶𝑖  is the cost in year 𝑖, 𝐸𝑖  is the energy generated in year 𝑖 and 𝑑 is the discount rate. 

To obtain the system costs the module manufacturing costs per m² can be converted to cost 

per module, considering module size, and further converted to cost per Wp rated power by 

taking into account the module efficiency and irradiance under standard conditions. Costs 

for area dependent balance of system, abbreviated as BOS, (including land preparation, 

cables and mounting systems) and output dependent balance of system (inverters, 

transformers) are then added; additionally a margin for the vendor can be considered for 

the manufacturing costs.  

The LCOE over the system lifetime can be approximated using an annuity factor or capital 

recovery factor CRF. 

𝐶𝑅𝐹 =  
𝑑 ∗ (1 + 𝑑)𝑛

(1 + 𝑑)𝑛 − 1
 

 

(4.2.4) 

where 𝒏 is the system lifetime and 𝒅 is the discount rate. The LCOE is then calculated as 

𝐿𝐶𝑂𝐸 [$ kWh⁄ ] = (𝐶𝑅𝐹 + 𝑂𝑀) ∗ 𝐶𝑠𝑦𝑠𝑡𝑒𝑚 ∗
1000

𝑃𝑟𝑒𝑓
 

 

(4.2.5) 

where 𝐶𝑅𝐹 is the previously introduced capital recovery factor, 𝑂𝑀 is the operation and 

maintenance expenses in percent of costs, 𝐶𝑠𝑦𝑠𝑡𝑒𝑚 is the system cost per Wp, 𝑃𝑟𝑒𝑓 is a 

reference energy yield based on the rated power in kWh/kWp.  
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With this approach the LCOE of a perovskite single junction is calculated based on the 

previously viewed concept. The included assumptions for balance of system costs are 

summarised in Table A5. The calculated LCOE can be compared to values from literature, 

however, values can vary greatly depending on the made assumptions for location, 

efficiency and lifetime. This is summarised in Table 5 for perovskite single junction modules.  

Table 5: Comparison of calculated LCOE for perovskite single junction modules 

Reference Location Irradiation 
[kWh/m²a] 

Efficiency 
[%] 

Lifetime 
[y] 

LCOE  
[$c/kWh] 

Song [73] Kansas, US 1500 16  30 5.82 
Li [75] Qinghai, China 1900 19 20 5.22 
Chang [74] Kansas, US 1500 18 20 18.60 
Cai [72] -  1700 20 15 3.50 
ISE Freiburg, Germany 1200 15 25 5.16 

 

Generally all calculated LCOE values for perovskite solar modules are below 20 c/kWh and, 

apart from calculations of Chang et al., all LCOE values are below the global weighted 

average LCOE for solar PV of 10 c/kWh in 2017 [76]. The high LCOE calculated by Chang et 

al. is directly related to the high manufacturing costs due to the chosen processing steps. 

Other calculations show an LCOE in the range of 3.50  to 5.82 c/kWh. The calculation in this 

work shows a comparable LCOE value for considerably lower solar irradiation, lying below 

the LCOE of 7.4 – 8.8c/kWh for solar PV in Germany in 2018 [77]. 

 

The cost model for the Fraunhofer ISE concept is based on a bottom-up approach and 

further includes the consideration of perovskite/silicon tandem modules. To analyse the 

manufacturing costs of a perovskite/silicon tandem module Figure 78 shows the allowed 

extra costs for a two-terminal tandem module depending on overall module efficiency for Si 

bottom cells with different efficiencies. The calculation assumes the same LCOE for single 

junction silicon modules and tandem modules from equation (4.2.5). An increase in 

efficiency leads to an increased power output per area which allows for additional system 

costs to obtain the same LCOE. This can be expressed by equation (4.2.6). 

ΔM𝐶𝑡𝑎𝑛𝑑𝑒𝑚 = (𝑀𝐶𝑠𝑖𝑛𝑔𝑙𝑒 + 𝐵𝑂𝑆𝑠𝑖𝑛𝑔𝑙𝑒) ∗ (
𝜂𝑡𝑎𝑛𝑑𝑒𝑚

𝜂𝑠𝑖𝑛𝑔𝑙𝑒
− 1) (4.2.6) 

For the BOS only the area dependent balance of system is considered as other BOS costs 

remain the same. Assumptions of 20% and 25% Si bottom cell efficiency and 25 years 

overall lifetime are made and the area dependent BOS of 26.13 $/m² for Germany is based 

on data summarised in Table A4. 

 

The likely cost range for perovskite top cells from calculations is marked in grey in the 

graph. The curves show that for both bottom cells allowed extra costs increase with 

increasing overall efficiency. This increase of extra costs is steeper for the 20% bottom cell 

and reaches values up to 80 $/m² for an efficiency gain of 12%. For modules with 

perovskite/silicon tandem solar cells the realistic potential lies at 30 – 32% of efficiency. 

Competitiveness of the technology is achieved when the allowed extra costs are not 

exceeded by additional costs for tandem manufacturing. 
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When the additional costs are below the 

allowed extra costs the tandem module has 

a cost advantage compared to the single 

junction at similar LCOE.  In order for such 

modules to be competitive to conventional 

single junction solar cells an allowed extra 

cost for the realistic potential is estimated 

at  30 – 80 $/m², with the lower values 

applying for bottom cells with high 

efficiencies. This result is in line with and 

even well above the costs from techno-

economic analyses in literature and the 

costs calculated for the Fraunhofer ISE solar 

cell concept.  

Figure 78: Allowed extra costs for a tandem module 
with similar LCOE to the Si bottom cell. 

Further analysis of the LCOE for perovskite/silicon single junction and tandem devices is 

performed to evaluate the effects of increased lifetime and device efficiency. A stand-alone 

Si single junction system with a lifetime of 25 years and a cell efficiency of 21.3% is taken as 

the base case. The system is analysed for the south of Germany with 1200 kWh/m²a of 

average annual insolation and a WACC (weighted average cost of capital) of 5%. For 

perovskite solar cells the assumed base efficiency is chosen at realistic 15%. All technologies 

are assumed to have a lifetime of 25 years in the base case scenario while different lifetimes 

are investigated for the 2-terminal tandem device. 

Figure 80 shows the silicon base case in orange at an LCOE of 8.11 c/kWh. This value is in line 

with the LCOE for solar PV in Germany in 2018 and confirms that assumptions made for the 

calculations are reasonable [77]. For a perovskite module with an efficiency of 15% an LCOE 

of 4.9 c/kWh is calculated which further decreases with increasing efficiency, potentially 

qualifying it as a more affordable technology compared to silicon modules. 

Perovskite/silicon tandem modules are investigated in a 4-terminal and 2-terminal 

configuration. For the case of 25 years lifetime, both technologies show a similar trend of 

decreasing LCOE with increasing efficiency, while the 4-terminal module has a slightly 

higher LCOE. Even at an efficiency gain of 1% compared to the stand-alone silicon 

technology a comparable LCOE can be achieved, further efficiency gain shows reduction of 

the LCOE compared to the base case technology. 

  
Figure 79: Comparison of LCOE for 
perovskite/silicon solar technologies dependent of 
efficiency gain compared to the base case 

Figure 80: Influence of solar irradiation on LCOE 
for different solar technologies 
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As previously mentioned in the comparison of LCOE for perovskite modules, the location 

plays a major role in the calculations as it influences BOS and available solar resource. The 

effect of a change in average solar irradiation on the LCOE is shown in Figure 80. 

Assumptions for the stand-alone silicon, with a cell efficiency of 21.3%, and perovskite 

modules, with an efficiency of 15%, are the same as before. The tandem devices are 

assumed to have a 6% higher efficiency than the silicon module with a lifetime of 25 years. 

All technologies show an exponential decrease in LCOE when solar irradiation is increasing. 

The stand-alone silicon module, with the highest LCOE, shows the steepest decrease from 

10.8 c/kWh at 900 kWh/m²a to 3.2 c/kWh in the extreme case of 3000 kWh/m²a. 

Perovskite/silicon tandem modules in both 2-terminal and 4-terminal configuration show a 

decrease from approximately 9.0 c/kWh to 2.7 c/kWh. The perovskite technology overall 

shows the lowest LCOE:  other technologies, such as a tandem module and a silicon module, 

would require an average annual solar irradiation of 2000 kWh/m² and 2500 kWh/m²a, 

respectively, in order to achieve a similar LCOE as the perovskite value at the investigated 

scenario of 1200 kWh/m²a. 

Considering that the stability of perovskite technologies is still a critical factor, the influence 

of system lifetime on the LCOE is also analysed. Figure 81 shows the comparison of the base 

case silicon technology with a lifetime of 25 years to perovskite and perovskite/silicon 

tandem technologies with different assumed values for system lifetime. Four cases for 10, 

15, 20 and 25 years lifetime of the perovskite solar cell are analysed with the same 

assumptions as before. Generally, a lower lifetime increases the LCOE of the system. As was 

seen in Figure 79 for a system lifetime of 25 years the LCOE of both perovskite based 

technologies are similar or lower than that of silicon based PV for an efficiency gain of only 

1%. The perovskite single junction technology with a base efficiency of 15% generally 

shows the lowest LCOE values. Even for a lifetime of only 10 years and an efficiency gain of 

2%, equalling 17% of module efficiency, an LCOE below that of silicon technologies can be 

achieved. For the tandem technology with a lifetime of 20 years the solar cell needs an 

efficiency gain of at least 4% to be competitive with stand-alone silicon. 

 

For a reduced lifetime of 15 years the 

efficiency gain needs to be above 8%, to 

achieve a similar or lower LCOE as silicon 

technologies. If the lifetime is only 10 years 

no realistic efficiency gain can reduce the 

LCOE enough to make the technology 

competitive. This shows that the tandem 

technology requires higher lifetimes and 

efficiency gains to be competitive with 

silicon, while perovskite can reach lower 

LCOE values even with limited lifetime of 

10 years and lower efficiencies than silicon. 
Figure 81: Influence of system lifetime on LCOE for 
perovskite technologies 
 

With improved manufacturing techniques and larger scale application of high-efficiency 

cells it is also likely that costs for processing tools or material synthesis will decrease, making 

room for a potential further decrease in LCOE. Other limitations to the consideration of 

LCOE are implemented policies and incentives that can affect balance of system costs. The 

development of PV modules with efficiencies above 30% is still under-way and it will take 

several years for them to be available and competitive on the market.  It is unclear how the 
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regulatory landscape will develop until modules with such high efficiencies reach the 

market. Consequently, the projected LCOE is only an estimate based on current research.  

The obtained LCOE values can be further compared to other energy technologies to give a 

broader view of the potential of perovskite and perovskite/silicon tandem solar modules. 

Figure 79 shows the LCOE for conventional and renewable energy technologies in Germany 

in 2018 [77].  

 

Figure 82: Comparison on LCOE for different energy technologies in Germany in 2018,                                     
CHP – combined heat and power, CCGT – combined cycle gas turbine [77] 

The minimum and maximum values for each technology depend on capacity factor, CAPEX 

and O&M costs. Combined heat and power generation shows the lowest LCOE at 5.1 c/kWh 

which can range up to 11.9 c/kWh. Onshore wind in Germany has an LCOE in the range of 

5.8 – 7.5 c/kWh while the costs for offshore wind are higher at an LCOE of 10.0 – 17.4 c/kWh. 

Generation from combined cycle gas turbines and coal show slightly higher LCOE values 

than onshore wind and solar PV. The cost for pumped hydro is the highest at an LCOE of 

11.4 – 33.9 c/kWh due to its use as energy storage. The LCOE of solar PV comes close to that 

of wind at 7.4 – 8.8 c/kWh which confirms its competitiveness in German electricity 

generation. The obtained results from the techno-economic analysis of perovskite single 

junction and perovskite/silicon tandem technologies showed that LCOE values below that of 

conventional silicon based photovoltaic modules can be achieved. In the base case the 

perovskite single junction module gave an LCOE of 4.9 c/kWh which is lower than the 

minimum LCOE in Germany in 2018. Furthermore, the 2-terminal tandem device with a 6% 

efficiency gain gave an LCOE of 6.6 c/kWh making it competitive with wind energy.  

As a general conclusion, it can be stated that perovskite/silicon tandem solar cell and 

perovskite single junction show potential for low levelised cost of energy due to the low 

manufacturing cost of the perovskite active layers. The increase of module efficiency and 

system lifetime play a crucial role in lowering the costs for PV technology as long as 

manufacturing costs do not exceed allowed extra costs. Projections show that the evaluated 

technology, once optimised and up-scaled can be competitive with silicon solar PV and 

conventional energy technologies.  

Despite projections of low production costs and potentially low LCOE for perovskite solar 

cells, concerns about sustainability exist and need to be addressed. Especially lead based 

perovskite absorbers that are soluble in water are viewed critically in terms of 

environmental impact. Life cycle assessment is a suitable tool to investigate the 
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environmental impact of technologies and used materials. For perovskite solar cells several 

publications have addressed this topic [23, 78, 79]. The main conclusions are that perovskite 

solar cells have similar or slightly lower environmental impact compared to mono-crystalline 

silicon solar cells. Based on assumptions that perovskite solar cells have a shorter lifetime 

than conventional PV technologies, the overall impact is higher for perovskite technologies. 

However, the environmental payback time is estimated to be below two years which is less 

than that of silicon technologies [23, 23]. 

Looking at the perovskite cell components in more detail, it was concluded that the toxicity 

of lead does not have a worrying or catastrophic impact even in the case of leaching in the 

destruction of an entire solar power plant. It was also mentioned, that the lead exposure 

from large-scale adoption of perovskite solar cell technologies is modest compared to 

existing technologies and practices such as lead soldering, leaded fuels and electricity 

generation from fossil fuels. In contrast, the solvents for wet chemical processing have a 

higher toxicity impact than the often criticised lead. Furthermore, avoiding solution 

processed layers reduces the human toxicity potential of the solar cell. In contrast, 

evaporation based depositions use less toxic materials but have higher primary energy 

consumption. Consequently, a reduced impact for evaporation based devices is only 

achieved when the sources of primary energy consumption have low impact. Concerning 

material scarcity the main components of a perovskite solar cell are barely affected, while 

the metal contacts can be more critical if gold or silver is used [23, 79].  

Celik et. al further calculated that the impact of the perovskite top cell in a tandem device is 

small compared to the impact of different bottom cells. Consequently, the overall impact is 

determined by the bottom cell, which is lowest for a silicon bottom cell. This allows for the 

conclusion that perovskite/silicon tandem devices show the lowest environmental impact 

compared to other high efficiency solar cell concepts. [80] It can be further concluded that 

with improved manufacturing processes that avoid solution processed depositions and 

reduce energy consumption, the environmental impact of perovskite solar cells or 

perovskite/silicon tandem cells is no limitation to the technology’s commercialisation.  

Generally, perovskite/silicon tandem solar cells show high potential for commercialisation on 

large-scale from an economic and environmental perspective. The estimations of LCOE for 

tandem devices show that the concept, once optimised and up-scaled, can be competitive 

with common solar PV modules and fossil fuels technologies in Germany. An even lower 

LCOE can be achieved with perovskite single junction solar modules despite lower 

efficiencies. Life cycle assessment shows that the environmental impact of the perovskite top 

cell is not critical even if absorber materials that contain lead are used. Consequently, both 

photovoltaic technologies analysed in this thesis show potential cost reductions compared 

to silicon based PV and are suitable contenders for the next generation of high-efficiency 

solar cells. Challenges that remain in terms of upscaling and stability are likely to be 

addressed by research in the upcoming years, paving the way for the technology’s large-

scale application.  
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6. Conclusion and Outlook 
A thorough process development of SnOx by ALD was performed to analyse and optimise 

the film properties. Variations of ALD process times made it possible to identify two 

regimes; an ALD regime and a pulsed-CVD regime. Generally, the films deposited in the 

pulsed-CVD regime were more transparent and conductive than those deposited in the ALD 

regime. For both regimes increased deposition temperatures lead to decreased growth rates 

and increased refractive indices. The conductivity and transparency also decreased with 

deposition temperature. After the change of the vacuum pump, which reduced the 

available pumping power, the effects on the SnOx films were further investigated. It was 

seen that longer purge times were required to achieve similar growth rate and optical 

properties compared to the initially developed processes. While absorption was reduced, 

conductivity decreased drastically for the lower pumping rates.  

Based on the properties of the single layers and literature results, SnOx films deposited in 

the pulsed-CVD regime at 150°C were chosen to be integrated in perovskite single junction 

solar cells. The integrated films showed an optical bandgap of ~3.5 eV and high 

transparency in the visible range as well as low resistivity < 500 Ωcm. However, after 

adapting the process to the lower pumping power the resistivity was higher than for the 

films investigated during process development while the absorption slightly decreased. 

Following the process development and adaptation the application of tin oxide was 

investigated in perovskite single junction solar cells. Promising results were obtained on the 

first attempt. It was shown that a stable performance could be achieved in an n-i-p 

architecture with tin oxide as electron selective contact and a mesoporous TiO2 interlayer. 

The best performing device had a power conversion efficiency of 12.8% with a Jsc of ~ 20 mA 

and a Voc > 990 mV. The TiO2 reference cells showed a higher PCE, however, the SnOx cells 

showed improved hysteresis and reproducibility. For cells with a planar structure the 

wettability of the tin oxide layer posed problems. The deposition of PCBM, PCBM-PMMA 

interlayers did not give full coverage on the planar structure. Consequently, the solar cell 

performance was lower than in the mesoporous structure and reproducibility was a 

problem.  

In solar cells with a co-evaporated perovskite absorber the wettability issues could be 

avoided. The best performing solar cells showed a PCE close to 6% with, little hysteresis 

good Voc but low Jsc. As the SnOx and PCBM are similar to the previous batch, absorption in 

the ETL is unlikely to lead to low Jsc. It is assumed that contact properties for the 

investigated cells were not ideal and could only be slightly improved by a PCBM interlayer. 

Further analysis will be needed to investigate the low short-circuit current, as it could also 

be related to the properties of other layers in the cell stack.  

It was shown that with the use of atomic layer deposition, tin oxide films can be deposited 

on substrates with rough surfaces. The conformal coating of textured substrates is an 

important quality for tandem solar cells with enhanced light trapping as was demonstrated 

in the perovskite/silicon tandem solar cell with the current world record efficiency. The 

optical properties of tin oxide, with low absorption for wavelengths above 400 nm, further 

qualify it for the application in perovskite/silicon tandem devices. For tandem solar cells tin 

oxide can be used as a selective contact in both p-i-n and n-i-p architecture of the top cell. 

The deposition at 150°C, as it was performed in this thesis, is well suitable for an n-i-p 

structure while the p-i-n architecture poses a constraint on deposition temperature. As was 

demonstrated, low temperature deposition of tin oxide with T ≤ 100°C can also be achieved 

with ALD.   
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To move towards the goal of high-efficiency perovskite/silicon tandem solar cells, further 

research on the tin oxide layer is required. The next planned steps in this process are the 

systematic variation of tin oxide films in perovskite single junction devices, the transition to 

p-i-n structure and ultimately the integration in perovskite/silicon tandem solar cells. For 

variations of the tin oxide layer, different deposition temperatures, thicknesses and process 

regimes can be investigated. It was observed that the deposition temperature can influence 

the material’s bandgap and conductivity, which contribute to the contact properties in the 

device application and, thus, should be analysed further. Other oxidiser gases such as O3 

could also be used in the ALD process and plasma enhanced ALD could be investigated. The 

effect of the pump change in the ALD system lead to altered film properties in the 

previously investigated processes. This allows for further possible variations in the cell 

application based on the pumping rate. To address the wettability problems the solvent of 

the perovskite absorber can be changed and a variation of the substrate roughness should 

be analysed. Once improved wettability of the tin oxide surface is achieved, the interlayers 

should be investigated again in terms of thickness. After high-performance n-i-p devices are 

achieved, a transition towards the p-i-n architecture requires adaptation of the deposition 

temperature to minimise the impact on the perovskite absorber. Other requirements for the 

film might also apply in the inverted architecture which will need to be addressed. When 

the p-i-n structure is optimised and all deposition processes are adapted to be compatible 

with processing on top of a silicon heterojunction, first tandem devices can be fabricated. 

Further challenges that remain to achieve high performance perovskite/silicon tandem 

devices are the choice of HTL and potentially the use of a different TCO to avoid sputter 

damage.  

With increasing international research efforts it is likely that stable, high-efficiency 

perovskite/silicon tandem solar cells will soon be a technological standard that can easily be 

up-scaled for industrial applications. In terms of up-scaling, processes need to be adapted to 

conform to industry requirements. In this context, atomic layer deposition poses no 

constraints as high throughput can be achieved for conformal films. With setups such as 

spatial ALD, which are in mass-production for silicon based PV, large areas can be coated 

homogeneously.  

From a techno-economic perspective, perovskite single junction solar cells and 

perovskite/silicon tandem devices also show great potential to become the next generation 

of commercially available photovoltaic technologies. The analysis performed in this thesis 

showed that once the challenge of stability is solved, an LCOE below that of silicon PV and 

other conventional energy technologies can be achieved for both solar cell concepts. It is 

likely, that perovskite single junction devices and tandem solar cells will find their place in 

the photovoltaic market as they have the potential to cover different sectors. Tandem 

modules are more likely to be applied in large solar power plants, while perovskite devices 

can be deposited on flexible substrates for a use in applications that consider not only 

efficiency but also functionality and aesthetics. It was also seen that environmental concerns 

and sustainability issues are classified as minor for the analysed technologies when 

compared to other photovoltaic technologies. All in all, perovskite based photovoltaics 

shows the potential to become a truly sustainable technology that will play a leading role in 

the energy transition.  
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A.  Appendix 

A.1 Additional Layer Properties 

A.1.1 XRD Measurement 

X-ray diffraction measurements were performed to analyse the crystallinity of the tin oxide 

films. XRD is a non-invasive technique to analyse crystalline materials. A diffraction pattern 

is observed when a crystalline sample is irradiated by X-rays from which structural and phase 

compositions can be concluded. 

X-rays with a wavelength of the same order of magnitude as the crystal spacing of a sample 

are scattered from lattice planes following Bragg’s law, given by Equation (3.3.15) 

nλ = 2d sinθ (1.1) 

where 𝑛 is the order of reflection, 𝜆 is the wavelength of the x-rays, d is the characteristic 

spacing between crystal planes and 𝜃 is the angle of incidence. Figure 20 displays the 

diffraction of X-rays on crystal planes leading to constructive interference. The peaks in the 

diffraction pattern are formed by constructive interference of an X-ray beam at specific 

angles from each set of lattice planes in a sample. The peak intensities are determined by 

the distribution of atoms within the lattice. [55] 

For this work an X’pert Pro x-ray diffraction system (PANalytical) with a Cu-anode as the x-

ray source (λ = 1.54184 Å) was used. Samples were measured in grazing incidence geometry 

to analyse crystallinity. Figure A1 shows the measured XRD pattern for three samples; ALD 

deposited at 100°C and pulsed-CVD at 100°C and 250°C. No diffraction peaks are visible, 

indicating that all analysed layers are amorphous. 

 

Figure A1: XRD spectrum of as deposited SnOx films on glass 

A.1.2 Layer Properties Summary 

To comply with tandem device compatibility only films deposited at T ≤ 150°C were 

discussed in detail. Table A1 gives an overview of measured parameter for films deposited at 

T > 150°C. 

Table A1: Summary of measured properties of SnOx films deposited at Tdep > 150°C 

Process 
times [s] 

T [°C] Process GPC 
[Å/cycle] 

n633nm  ρ50°C 

[Ωcm]  
α3.0eV 

[1/µm]  
Eg  
[eV] 

0.5/3/0.5/5 200°C p-CVD initial 0.78 2.02 221 2.60 3.54 

0.5/30/0.5/30 200°C ALD initial 0.51 2.03 615 2.60 3.57 

0.5/3/0.5/5 250°C  p-CVD initial 0.59 2.03 745 2.63 3.54 
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A.2 Calculations for the Absorption Coefficient 
Chapter 3.3.2 describes a simplified approach to calculating the absorption coefficient of a 

material film from reflectance and transmittance data. This approximation neglects the 

effect of multiple internal reflections in a stack consisting of a thick substrate and a thin 

film. When the thickness of the substrate exceeds the coherence length of the incident light 

and the film thickness is smaller than the coherence length, all multiple internal reflections 

overlap coherently. Figure A2 schematically shows the occurring interference mechanism in 

this stack system.  [56] 

 
Figure A2: Transmittance and reflectance of a 
thin film on a thick substrate [56] 

 
The corresponding transmission and reflection coefficients (𝑡123,  𝑟123) are given by the 

following expressions. The full derivation can be found in work by Stenzel. [56] 

𝑡123 =
𝑡12𝑡23𝑒𝑖𝛿

1 − 𝑟21𝑟23𝑒2𝑖𝛿
 

(2.1) 

 

𝑟123 =
𝑟12+𝑟23𝑒2𝑖𝛿

1 − 𝑟21𝑟23𝑒2𝑖𝛿
 

(2.2) 

The reflection coefficient 𝑟123 gives the ratio of the field strength of the reflected and 

incident light. The transmission coefficient  𝑡123 denotes the ratio of the transmitted field 

strength at the film-substrate interface and the incident light. The remaining coefficients 

𝑟12, 𝑟23, 𝑡12, 𝑡23 are the Fresnel coefficients at the interfaces corresponding to the indices. The 

coefficient 𝛿 is the, possibly complex, phase gain for every film penetration. 

The transmittance and reflectance are given by the following equations. [56] 

𝑇 =
𝑅𝑒(𝑛3 cos 𝜑3)

𝑅𝑒(𝑛1 cos 𝜑)
|𝑡123|2 

(2.3) 

 

𝑅 = |𝑟123|2 (2.4) 

To correct the approximated values for the absorption coefficient by taking into 

consideration multiple internal reflections, a routine in MATLAB is performed which is taken 

from the work of Richter [81]. An iterative approach is used to calculate the extinction 

coefficient 𝑘 and the refractive index 𝑛. As starting conditions the following equations are 

applied.  
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𝑘 =
𝛼

4𝜋𝜈
 (2.5) 

 

𝑛 =
1 + √𝑅

1 − √𝑅
 

(2.6) 

For the extinction coefficient the 𝛂 is taken from equation (3.3.11) 

A.3 Additional Data of wet-chemical Batch  

A.3.1 Single Layer Characterisation SnOx  

To analyse the individual tin oxide layers integrated in the wet-chemical n-i-p perovskite 

solar cell batch, additional glass and silicon samples were added to the deposition process. 

These samples were measured using spectral ellipsometry, XPS and UV-VIS spectroscopy. The 

results are summarised in Table A2. Both runs show similar properties in terms of 

stoichiometry and thickness.  

Table A2: Comparison of tin oxide film deposited in two runs of the SnOx film 

 Sn [%] O [%] d [nm] n 
run 1 58.93 41.07 17.63 1.96 

run 2 59.12 40.88 18.05 1.97 
 

Additionally, the spectra obtained from the XPS measurement are shown in Figure A3 for 

the overview spectra, in Figure A4 for the detailed spectra of the O1s peak and in Figure A5 

for the Sn3ds and Sn3d5 peak. Similarly, to the results obtained before the pump change, 

the films are a tin rich tin oxide.  

 
Figure A3: Overview XPS-spectra after sputtering of 
SnOx films integrated in perovskite n-i-p single junction 
solar cells  
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Figure A4: Detailed XPS-spectra of the O1s peak for 
the SnOx films integrated in perovskite n-i-p single 
junction solar cells 

Figure A5: Detailed XPS-spectra of the Sn3d3 and 
Sn3d5 peak for the SnOx films integrated in 
perovskite n-i-p single junction solar cells 

 

A.3.2  IV-measurement Results 

The results of the first IV-measurement of the batch with wet-chemically deposited 

perovskite absorbers are shown below for all investigated structures. Figure A6 shows the 

PCE, Figure A7 gives and overview of the FF, Figure A8 compares the Jsc for all cells and 

Figure A9 shows the Voc values. All samples apart from the TiO2/MAPbI3 references cells 

showed the best results in the first measurement.  

                        

  
Figure A6: Measurement 1: Overview of efficiency 
values for the wet-chemical batch of n-i-p single 
junction cells  

Figure A7: Measurement 1: Overview of fill factor 
(FF) for the wet-chemical batch of n-i-p single 
junction cells 
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Figure A8: Measurement 1: Overview of short-
circuit current density (Jsc) for the wet-chemical 
batch of n-i-p single junction cells  

Figure A9: Measurement 1: Overview of open-
circuit voltage (Voc) for the wet-chemical batch of n-
i-p single junction cells 

 

The results of the second IV-measurement of all cell structures with wet-chemically 

deposited perovskite absorbers are shown in the following images. The improvement of PCE 

for the TiO2/MAPbI3 cells is visible in Figure A10 compared to Figure A6. An overview of FF is 

given in Figure A11, Jsc is shown in Figure A12 and Voc in Figure A13. 

                        

  
Figure A10: Measurement 2: Overview of efficiency 
values for the wet-chemical batch of n-i-p single 
junction cells  

Figure A11: Measurement 2: Overview of fill factor 
(FF) for the wet-chemical batch of n-i-p single 
junction cells 

a b c d e f
0

5

10

15

20

25
J

S
C
 [

m
A

/c
m

²]

a b c d e f
0

200

400

600

800

1000

1200

V
O

C
 [

m
V

]

123456789101112
0

5

10

15

20

25
ITO/SnO/mTiO

2
 /MAPbI

3

 for  rev

ITO/SnO/PCBM/FACsPb(BrI)
3

 for  rev

ITO/SnO/PCBM-PMMA/FACsPb(BrI)
3

 for  rev

FTO/TiO
2
 /mTiO

2
 /MAPbI

3

 for  rev 

FTO/TiO
2
 /PCBM/FACsPb(BrI)

3

 for  rev

FTO/TiO
2
 /PCBM-PMMA/FACsPb(BrI)

3

 for  rev

123456789101112
0

5

10

15

20

25
ITO/SnO/mTiO

2
 /MAPbI

3

 for  rev

ITO/SnO/PCBM/FACsPb(BrI)
3

 for  rev

ITO/SnO/PCBM-PMMA/FACsPb(BrI)
3

 for  rev

FTO/TiO
2
 /mTiO

2
 /MAPbI

3

 for  rev 

FTO/TiO
2
 /PCBM/FACsPb(BrI)

3

 for  rev

FTO/TiO
2
 /PCBM-PMMA/FACsPb(BrI)

3

 for  rev

a b c d e f
0

4

8

12

16

20

E
ff

ic
ie

n
c
y
 [

%
]

a b c d e f
0

20

40

60

80

100

120

140

160

F
F

 [
%

]



 

 
 70 

 

Appendix 

 

  
Figure A12: Measurement 2: Overview of short-
circuit current density (Jsc) for the wet-chemical 
batch of n-i-p single junction cells  

Figure A13: Measurement 2: Overview of open-
circuit voltage (Voc) for the wet-chemical batch of n-
i-p single junction cells 

A.3.2 SEM-images  
 

As a comparison to the cells with SnOx the 

following images show cross-sections of the 

cells with TiO2. Figure A14 show a device 

with FTO/TiO2/mesoporous TiO2/MAPbI3/Spiro 

structure, Figure A15 shows a 

FTO/TiO2/PCBM-PMMA/FACsPb(BrI)3/Spiro  

structure and a FTO/TiO2/PCBM-

PMMA/FACsPb(BrI)3/Spiro structure is shown 

in Figure A16. Similar to the SnOx cells, the 

mesoporous layer is clearly visible whereas 

the organic interlayers show no closed film. 

For PCBM drops of the material can be seen 

in the trenches of the rough FTO substrate. 

The PCBM-PMMA layer is not visible at all, 

instead voids can be seen alongside the 

entire length of the sample.  

 
Figure A14: Cross-section SEM image of a 
FTO/TiO2/mesoporous TiO2/MAPbI3/Spiro device at 
70k magnification 

  
Figure A15: Cross section SEM image of a  
FTO/TiO2/PCBM/FACsPb(BrI)3/Spiro at 70k 
magnification  

Figure A16: Cross-section SEM image of a 
FTO/TiO2/PCBM-PMMA/FACsPb(BrI)3/Spiro device at 
70k magnification 
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A.4 Additional Data of co-evaporated Batch  

A.4.1 Single Layer Characterisation SnOx 

The SnOx film that was integrated in the solar cells with a co-evaporated perovskite 

absorber was analysed using ellipsometry and UV-VIS spectroscopy. Table A3 gives the 

thickness and refractive index measured by ellipsometry.  

Table A3: Ellipsometry results of the tin oxide deposition  

 d [nm] n 
run 1 15.58 1.97 
 

From transmittance and reflectance measurements to absorption coefficient of the SnOx 

films integrated in the wet-chemical and in the evaporated batch were calculated. The 

results are shown in Figure A17. 

  

 

Figure A17: Absorption  coefficient of the SnOx 
films for the two fabricated solar cell batches from 
UV-VIS measurements 

Figure A18: resistivity of SnOx for the two 
fabricated solar cell batches from σ(T)-
measurements 

 

A.5 Assumptions for the Techno-economic Analysis 
The assumptions for the calculations in the techno-economic analysis are based on internal 

cost data for a silicon heterojunction production line. For the perovskite top cell process 

costs and material requirements are adapted from internal data and supplemented with 

material cost from literature. A summary of the manufacturing costs per m² for every 

processing step is given in Table A4.  

Table A4: Manufacturing Costs for Perovskite Solar Cell  

Component Material Process Cost [$/m²] 

Front Glass   4.00 

Front TCO ITO Sputtering 3.80 

Patterning  Laser Scribe 0.60 
HTL NiO Screen Printing 0.54 

Perovskite Absorber MAPbI Screen Printing 0.47 

ETL SnOx Vacuum based/ALD 0.49 
Metal Contact Al Evaporation 2.80 

Busbar   0.50 
Edge Seal   0.40 

Lamination   1.40 

Back Glass   4.00 
Junction Box   1.88 

Testing   0.15 

Perovskite Module Cost   21.03 

Silicon Module Costs   96.28 
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Appendix 

 

From the manufacturing costs of a perovskite/silicon tandem module the LCOE can be 

calculated. For this calculation the balance of system costs need to be included. All BOS costs 

(area proportional, power proportional and soft BOS) are assumed for Germany and are 

summarised in Table A4. For the LCOE calculations a location in southern Germany is 

considered. The calculations were performed using Euro € as currency. The results are 

converted to US $ at an exchange rate of 0.86 $/€. 

Table A5: Balance of System Costs  

Component Cost Unit 

Inverter Costs 0.043 $/Wp 
Preparation Infrastructure (Land/Roof) 0.000 $/m² 
Installation labor (mechanical & electrical) 6.450 $/m² 
Mounting System 0.000 $/m² 
DC Solar cables  4.842 $/m² 

Area Proportional BOS Costs 11.292 $/m² 

Monitoring Equipment 0.009 $/Wp 
String Combiner-Boxes (before Inverter) 0.015 $/Wp 
DC collector cables to central Inverter (120-240 mm² Al) 0.011 $/Wp 
Transformer to High Voltage 0.017 $/Wp 
High Voltage switchgear  0.004 $/Wp 
High Voltage Cable 0.006 $/Wp 

Power Proportional BOS Costs 0.062 $/Wp 
Engineering, planning and documentation  3.151 $/m² 
Transaction cost (Customer acquisition, Travelling, etc.) 1.575 $/m² 
Permitting fees, Inspection & Grid Interconnection 0.394 $/m² 
Performance inspections and warranty 0.473 $/m² 
Due Dilligence 0.315 $/m² 

Soft BOS Costs 5.908 $/m² 
 

The main assumptions for the LCOE calculations in terms of performance and output are 

summarised in Table A6. Further assumptions that were made are:  

- linear depreciation over the system lifetime 

- a 4% margin on the manufacturing costs 

- an 80% share of debt and 20% share of equity  

Table A6: Assumptions for LCOE calculations in the base case scenario 

  Unit 

Solar Cell Area 0.0156 m² 

Solar Cell Efficiency Silicon 21.3 % 

Module Losses  (other than packaging) 4.0 % 

Packaging 10.0 % 

Module Efficiency Silicon 18.4 % 

Module Efficiency Perovskite  15.0 % 

Margin on Total PV System Costs 5.0 % 

Performance Ratio 80.0 % 
Annual Solar Radiation on module plane 1200 kWh/m²a 

Annual System Output 960 kWh/kWp 

System Lifetime / Depreciation period 25 years 

WACC  5 % 
 


