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Abstract 
Perovskite solar cells (PSC) performance has risen rapidly the last few years with the current record 

having power conversion efficiency (PCE) of 22.1 %. This has attracted a lot of attention towards this 

alternative solar cell that can be manufactured with less energy and toxic material than traditional 

silicon solar cells.  

The purpose of this thesis is to reproduce high performance PSC from known recipe by Zhang et al. 

with potential of PCE reaching above 18 %. The thesis covers the theory how a PSC operates, how 

they are measured and what parameters that is important for a high performance PSC. Presents a 

detailed manuscript how to manufacture high performance PSC layer by layer and how to measure the 

performance of the cells by IV-measurements. 

The result presents how the cells surface layers and cross-section looks through scanning electron 

microscopy (SEM). Furthermore, shows that it is possible to reproduce the PSC and achieve as high 

PCE of 18.8 % but the cells lack stability. This is showed by the cells PCE decreases by 15 % during 2 

hours constant illumination. There is also a brief presentation how the manufactured PSC is used to 

power two catalysts that splits water into O2 and H2 with solar to hydrogen conversion efficiency 

(STHCE) reaching 13 %.  
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Glossary 
 

AM 1.5 SUN Air mass of 1.5 atmosphere and solar zenith angel of 48.2 °  

ETL Electron transporting layer 

EQE External quantum efficiency 

Exiton Excited electron-hole pair 

FF Fill factor 

FIB Focused ion beam 

HTL Hole transporting layer 

ISC Short circuit current, V=0 

IV-curve Current voltage curve 

JSC Short circuit current density, V=0 

M Molarity also known as molar concentration, mole/volume 

PSC Perovskite solar cell 

PCE Power conversion efficiency 

RS Series resistance 

RSH Shunt resistance 

SEM Scanning electron microscopy 

STHCE Solar to hydrogen conversion efficiency 

VOC Open circuit voltage, I=0 
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1 Introduction 
With the growing population and improved living standard comes a larger need for electricity to 

power commodities. While the earth suffers from global warming the best solution would be to use 

renewable energy sources like water-, wind- and solar power to help reduce the effect of pollution. 

One problem with such renewable energy is that  they require specific location to be able to produce 

energy while nonrenewable sources as gas, coal and oil does not.  

The location on earth where the most power is needed to increase living standards is luckily close to 

the equator (1). This is the best location for utilizing solar energy due to regular hours of sun radiation 

over the whole year. 

The sun contributes with more solar energy per day than the present population on earth consumes 

during a whole year (2). This shows that until we discovered efficient ways of produce electricity from 

fusion power or more stable fission power the sun is one of our greatest sources of energy. 

There is several ways of harvesting solar energy that has been shown to be efficient. Like solar cells 

that convert solar radiation directly electricity. The most common solar cell on the market is the 

silicon solar cells that have increased its power conversion efficiency (PCE) from 12 % to 25 % the 

last 40 years (3). The silicon solar cells have a long lifetime of 20 years and the price of manufacturing 

the cells keeps decreasing due mass production by large industries for. However the problems with the 

most common solar cell is that the manufacture process requires a lot of heat energy in producing the 

crystalline silicon structures (4). Furthermore it usually uses rare and toxic materials like cadmium 

telluride, copper indium selenide, cadmium indium gallium di-selenide and silicon tetrachloride (5) 

(6). Therefore scientist looks for other structured solar cells that mostly come from organic and 

abundance materials like dye-sensitized-, organic-, and perovskite solar cells (PSC).  

Among these alternative solar cells the PSC have shown the greatest power conversion efficiency 

(PCE) development from 9.7 % (7) to 22 % (3) over a span of 5 years. But this cell loses efficiency 

during operation (7), so until that issue is handled it will not be able to compete with the classical 

silicon solar cells. It is still an interesting area of research due to several factors: it does not require a 

lot of heat energy to manufacture, it is easy to apply different layers by example spin-coating and it 

can be applied on flexible surfaces like plastic. Furthermore the cells consist of abundant materials and 

it is a young area of research which presents unknowns to be discovered. 
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1.1 Background 

Perovskite solar cells were first introduced in literature 2009 but with a low power conversion 

efficiency of only 3.8 % and very low stability, due to the liquid electrolyte that dissolved the 

electrodes and perovskite layer during operation (8). It was not until 2012 the interests for PSC were 

triggered when Kim et al (7) managed to get the PCE to 9.7 % with a stability of 500 h. 

 

Figure 1: General schematic structure for a perovskite solar cell, the sun is the illumination source.  

The general layer structure for PSC is shown in figure 1 above. It consists of a transparent electrode, 

like indium tin oxide (ITO) or fluorine doped tin oxide (FTO), on a glass surface and on the ITO/FTO 

there is an electron transporting layer (ETL). On top of the ETL is the perovskite layer which is the 

active layer where the light photon is absorbed and an electron-hole pair (exiton) is excited. On top of 

the perovskite is the hole transporting layer (HTL) and lastly a metallic electrode. The transparent 

electrode and the metallic electrode are connected to create a closed circuit cell.  

There has been research and development (R&D) on all layers in the structure, because all layers 

contribute to increase the PCE with a few percent. The ETL have received a lot of attention (9) (10) 

(11) due to its ability to increase the cell performance significantly by collecting electron more 

efficiently which prevent electron-hole recombination. Experiments have been made using a compact 

TiO2 layer before adding the mesoporous TiO2 layer with the purpose of blocking the holes. The result 

shows lower series resistance and higher shunt resistance than without the compact TiO2 layer. That 

means it prevents recombination of electrons-holes and it reduce resistance in the ETL which result in 

increased PCE, because the electrons are collected without much resistance. The ETL layer is either 

done by spin-coating, spray pyrolysis or evaporation (9) (11). Various mixes of perovskite have been 

researched (12) (13) to increase the open circuit voltage (VOC) and decrease the energy gap of the cells 

(12) with result of larger absorption region. With a larger absorption region more light is absorbed that 

excites electron-hole pairs and with increased VOC the cell power output increases. The energy gap is 

the energy difference between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). Different HTL has been researched where the most used is  

2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-OMeTAD) doped by 

either salts or oxygen O2 (14) (15). This is due to that spiro-OMeTAD has low charge conductivity by 

itself and when it been doped its conductivity is increased. With better conductive HTL the short 
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circuit current density (JSC) will increase, because of lower resistance in this layer and it will also 

prevent recombination of electrons-holes. The most efficient metallic electrode is gold (Au) but other 

metal is also used depending on cell structures.  

1.2 Purpose and goal 

The purpose for this thesis is to get a deeper understanding how PSC operate and with that knowledge 

be able to replicate the fabrication method for PSCs used by Zhang et al. (16), which have potential of 

reaching above 18 % PCE. Moreover, the study aims to get a better understanding on important 

manufacturing steps to achieve high PCE and to investigate the stability of the manufactured cells. If 

high performances PSCs are manufactured they will be used to power catalysts that split water into 

oxygen- (O2) and hydrogen gas (H2).   
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2 Theory 
This section will introduce how solar cells operate, what perovskite material is and how the solar cells 

are defined and interpret from current voltage (IV) graphs. 

2.1 Photovoltaic effect 

Photovoltaic effect occurs when a semiconducting material is illuminated by light with photons of 

equal or higher energy than the semiconductors energy gap. For all semiconducting materials, the 

energy gap is the energy difference between the top of the valence band and the bottom of the 

conduction band. The valence band is the energy level for electrons farthest away from the atom 

nucleus. The conduction band is the energy level the electrons need to be excited to for making the 

material conductive, this energy level is not occupied by electrons in the atoms ground state. It is also 

called HOMO-LUMO gap for organic semiconductors and is described as the energy difference 

between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO). The principle is the same and to excite and electron from the valance band/HOMO to the 

conduction band/LUMO requires a specific energy which is determined by the material. 

Light is electromagnetic radiation that consists of photons and each photon carries with it a specific 

energy depending on its wavelength with the following relation, 

𝐸 =
ℎ𝑐

𝜆
 

(1) 

Where E is the energy of the photon, h is planks constant, c is the speed of light and λ is the 

wavelength of the photon.  

Semiconductor materials can be excited by photons of light. If the photons contain energy larger than 

the material energy gap, it can be absorbed to excite electrons in the valence band/HOMO to the 

conduction band/LUMO, leaving behind holes in the valence band/HOMO. The excited electron want 

to recombine with the hole left behind but instead of recombination the charge carriers can be diffused 

by the built in electric field by the opposite electrodes. The movement of the charge carriers is what 

generates the current and the materials band gap is what produces the voltage. The effect was 

discovered by Becquerel in 1839 and is called “Becquerel effect” but in modern times it is usually 

referred to photovoltaic effect. 
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2.2 Perovskite material 

The original perovskite structure comes from calcium titanium oxide (CaTiO3) with the general 

structure ABX3, which is shown in figure 2 below. 

 

Figure 2: The generals perovskite cubical crystal structure ABX3, where A and B are cations and X is an anion. The 

anions are bonded to both of the cations.  

Where A and B are cations with different electronegativity and size while X is an anion that is bonded 

to both A and B. It is important that A atom has lower electronegativity and bigger atomic radius than 

atom B, due to symmetrical purposes of the crystal cubic structure. Any material with same crystal 

structure is called perovskite material. Depending on cations and anion they exhibit different 

properties like super conductivity, ionic conductivity, high thermal power etc. The specific 

composition of material in perovskite used for photovoltaic cells is called organometallic halides and 

was first discovered in 1978 by Weber (17). It consist of organic material like methyl ammonium 

(MA) or formamidinium (FA) as (A), metal like lead (Pb) or tin (Sn) as (B) and halide like bromide 

(Br3), iodide (I3) or chloride (Cl3) as (X3). The beneficial properties for this perovskite are: low band 

gap which lets more light be absorbed because a broader spectrum of light has photon with enough 

energy to excite exitons. It has high charge carrier mobility which let the created electron and holes to 

move through the material without much resistance, and a high diffusion length which keeps electron-

hole pair from recombination. 



6 

 

2.3 How perovskite solar cells operate  

The PSC operation is described in the schematic shown in figure 3

 

Figure 3: Schematic energy band diagram showing how perovskite solar cells operate The y-axis is the energy vs. 

vacuum in eV. The lowest value for each layer is the energy at HOMO and the highest value is the energy at LUMO. 

The blue arrows shows how the charge carriers moves, arrows with a cross  is a blocked path.  

 

Photons from a light source, shown as a sun with a yellow arrow, reach the perovskite layer through 

the glass and the transparent electrode. In the active perovskite layer the photon is absorbed and 

excites an exiton if the photons energy is above the energy gap of the perovskite material. The exiton 

is separated to free charge carriers by the internal potential created from the work function difference 

between the transparent electrode and the metallic electrode. The electrons are transported to the ETL 

while the holes are transported to the HTL. From there the electrons are transported to the transparent 

electrode and the hole to the metallic electrode. Then the electron moves through the wire connecting 

the two electrodes and a current is produced by the moving electrons. In the metallic electrode the 

electron and hole recombine. 

For the PSC to function properly the energy levels for each layer need to be carefully planned. 

Because the excited electrons and holes wants to recombine in order to minimize the total energy. But 

the charge carriers are also energy conservers, which mean they will always take the path of minimum 

resistance. With right layer structure some of the recombination in the cell will be blocked by letting 

the charge carriers take a different route. This is done by having the ETLs LUMO a bit lower than the 

active layers LUMO which creates a more attractive way for the electron to go. The same is for the 
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HTLs HOMO that needs to be a bit higher than the active layers HOMO which creates a more 

attractive way for holes to go. This is same for every layer in the cell, each layer has either higher 

HOMO or lower LUMO for the charge carriers transportation chain to work as seen in figure 3 above. 

2.3.1 Doping, trap states and defects 
To increase charge carriers conductivity in materials they are doped by adding an extra molecule to its 

structure. If the added molecules have slightly lower HOMO than the original materials LUMO the 

electrons can be excited by room temperature to fill this energy level. Which increase the electron in 

the LUMO and increase electron conductivity for the material. If the added molecule has slightly 

higher LUMO that the original materials HOMO the electron can be excited by room temperature, 

which leaves holes behind. Which increase the number of holes in the LUMO and the hole 

conductivity for the material is increased 

Trap states collects charge carriers and exitons during operation. Where the charge carriers are 

prevented from transporting onwards to produce current and the exitons requires more energy to 

excite. Defects can be anything from areas with electrochemical fault, strange crystal structures and 

regular dust particles.   

2.4 Scanning Electron Microscopy  

Scanning electron microscopy (SEM) use a focused electron beam directed at a materials surface to 

excite the atoms electrons by collision. The collision disperses the electrons which are detected by 

SEM. The detected electrons create an image of the materials surface characteristics, like crystallinity 

,topography and thickness if the focused electron beam is on the cross-section.  
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2.5 Solar cells characteristic 

The solar radiation in space has different energy than the solar radiation that reaches the earth surface, 

because it reacts with the gases in the earth’s atmosphere and lose energy. It also varies depending on 

where on earth the solar radiation is measured due to height variations, solar zenith angel, moister 

content in air, etc. That is why the universal air mass coefficient used for measuring solar cells is AM 

1.5 (18). This is with an atmospheric thickness of 1.5 due to the solar zenith angel of 48.2 ° and gives 

the incident power density of 1000 W/m
2
 from the sun.  

The external quantum efficiency (EQE) is defined as the ratio between extracted electron and 

incoming photons. The EQE for a good cell should be as high as possible, because it shows how many 

of the incoming photons that excites electrons that are extracted to create a current. At low wavelength 

the EQE is zero due to the photons is absorbed by the glass and transparent electrode, without reaching 

the active layer. At high wavelength the EQE is zero due to the photons energy is lower than the 

energy gap and cannot excite an exiton. 

 

Figure 4: Schematic of an ideal solar cell and a more realistic solar cell. The resistances in the red bracket are added 

for the realistic model. 

The characteristic current equation for an ideal solar cell is the produced photovoltaic current 

subtracted the diode current with the following relation, 

𝐼 = 𝐼𝐿 − 𝐼0 (𝑒
𝑞𝑉

𝑛𝑘𝑇 − 1) 
(2) 

Where I is the total current in the cell, IL is the photovoltaic current produced by illumination. I0 is the 

saturation current of the internal diode, q is elementary charge, V is the produced or applied voltage, n 

is the solar cells ideal factor, k is Boltzmann’s constant and T is cells temperature. The schematic 

circuit diagram shows in figure 4 above and do not include the resistances in the bracket. The more 

realistic current equation includes internal resistances and has the following relation, 

𝐼 = 𝐼𝐿 − 𝐼0 (𝑒
𝑞(𝑉+𝐼𝑅𝑠)

𝑛𝑘𝑇 − 1) −
𝑉 + 𝐼𝑅𝑠

𝑅𝑆𝐻
 

(3) 

Where RS is the cells series resistance and RSH is the cells shunt resistance. The schematic is shown in 

figure 4 and include resistances in the bracket.  
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The open circuit voltage (VOC) is defined as the voltage the cell has at open circuit conditions i.e. when 

the external current is zero. The short cuircuit current (ISC) is defined as the current the cell has at short 

curcuite i.e. when the externalvoltage is zero. Furthermore when mesaurments is done on a cell with 

knows surface area the short curcuite current density (JSC) is used and is defined as  𝐽𝑆𝐶 = 𝐼𝑆𝐶/𝐴, 

where A is the  active surface area of the cell. Both VOC and ISC can be seen in figure 5 below. 

a) 

 
b) 

 
 

Figure 5: IV-curves for a solar cell with low RS and high RSH with the result of an almost rectangular shape as shown 

by the solid blue line in (a) and (b). The thin black line in (a) shows how the IV-curve changes when RS increases for a 

solar cell. The thin black line in (b) shows how the IV-curve changes when RSH decreases for a solar cell. 

An IV-curve for a good solar cell, with a high RSH and low RS, should have a rectangular shape as 

shown by the thick blue line in figure 5 above. The IV-curve is the measured current that is produced 

during illumination by changing the applied voltage.  
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Series resistance is caused by the movement of charge carriers through all layers in the cell. Instead of 

having several resistances they are all lumped up to one which makes it easier to calculate but harder 

to determine which one is causing problems. For optimal cells the series resistance should be as low as 

possible to let the charge carriers to move unhindered through the cell. Figure 5a above show how the 

IV-curve change when RS increase and the RS is defined by the slope of the IV-curve at the VOC. 

Shunt resistance should be as high as possible to hinder alternative paths for the charge carriers in the 

cell. If the shunt resistance is too low it severely affect the performance of the cell due to charge 

carriers taking alternating paths and recombine before they can be collected. Low shunt resistance is 

usually caused by defects in the cell, like unwanted particles between layers or damaged surface 

layers. Figure 5b above shows how the IV-curve changes when RSH decrease and the RSH is defined by 

the slope of the IV-curve at ISC.  

The fill factor (FF) is the ratio between maximum power from the solar cell and the product of VOC and 

ISC. It gives an indication if the resistances in the cell are good or bad and should be as high as 

possible. With following relation, 

𝐹𝐹 =
𝑉𝑚𝑝 ∗ 𝐼𝑚𝑝

𝑉𝑂𝐶 ∗ 𝐼𝑆𝐶
=

𝐴𝑟𝑒𝑎 𝐴

𝐴𝑟𝑒𝑎 𝐵
, 

(4) 

  

where Vmp is the voltage at the maximum power point and Imp is the current at the maximum power 

point. The maximum power from the solar cell is the product of Vmp and Imp , shown as area A (red 

rectangle) in figure 6. The FF is affected by the series- and shunt resistance as can be seen in figure 6, 

with lower series resistance and higher shunt resistance the FF is increased and vice versa. 

 

Figure 6: FF is calculated from the IV-curve by dividing area A with Area B. The power of the cell is the product of J 

and V with the maximum power point being the product of Imp and Vmp.  

The power conversion efficiency (PCE) has following relation 

𝑃𝐶𝐸 =
𝐹𝐹 ∗ 𝐼𝑆𝐶 ∗ 𝑉𝑂𝐶

𝑃
, 

(5) 

where P is the power from the light source. 
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2. 7 Water splitting 

To break the chemical bond between hydrogen and oxygen in water (H2O) an external current is 

applied to two catalyst electrodes. To help with this process an electrolyte is usually added, like 

potassium hydroxide (KOH). The chemical reaction for water splitting is as follows, 

2H2O → 2H2 + O2 ,     E°H20 = 1.23 eV (6) 

 where E°H20 is the energy required to break the chemical bond of water.  

When solar cells is used as the power source for the catalysts the solar to hydrogen conversion 

efficiency (STHCE) has the following relation, 

𝑆𝑇𝐻𝐶𝐸 =  
𝐸°𝐻2𝑂 ∗ I ∗ η 𝐻2

𝑃𝑖𝑛 ∗ 𝐴
, 

(7) 

Where I is the operation current though the catalysts as supplied by the solar cells, ηH2 is the efficiency 

for hydrogen gas evolution, Pin is the power density from the light source and A is the active area of 

the solar cell. 
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3 Method 
The following sections describes how the manufacturing process for perovskite solar cells were done, 

how the manufactured cells were measured and used to power catalysts for water splitting. 

3.1 Making perovskite solar cells 

The procedure steps for making PSC were adopted from Zhang et al. (16) and it follows the 

chronological order as seen bellow.  

1. Cleaning 

2. Spraypyrolys compact TiO2 

3. Spin-coat mesoporous TiO2 

4. Spin-coat perovskite 

5. Spin-coat spiro-OMeTAD 

6. Scratch away layers to expose FTO 

7. Evaporate gold electrode 

The glass substrates with attached fluorine doped tin oxide (FTO) were purchased from the company 

Thin film devices Inc. and were received in squares of 15×15 mm
2
. The FTO covers 75 % of the glass 

substrates surface and are 300 nm thick with a sheet resistance of 7 Ω/sq. 

Spin-coating is done by a machine that rotates a holder with predetermined acceleration, spin speed 

and time. The substrate is placed on a holder and attached by vacuum. The predetermined parameters 

used for spin-coating are determined by the solutions boiling point, vapor pressure, concentration and 

viscosity.  

1. Cleaning 
The FTO/glass substrates need to be cleaned before the different layer dispositions can commerce, 

because even a small dust particle on the surface will affect the final cells performance. This was done 

in five steps. First to fourth step were done by cleaning in ultrasonic bath for 10-20 min for every step. 

The ultrasonic bath use high frequency sound waves that induce cavitation bubbles that remove 

contaminations on the substrates. Between every step the substrates was placed in a new beaker to 

minimize mixing of solvents. The first cleaning step was done with Extran MA01 detergent mixed 

with distilled water in a 1:10 volume ratio. The second cleaning step was done with distilled water, 

third step was with acetone and fourth with iso-propanol (IPA, VWR Chemicals). Fifth and last step 

was to dry the substrates in oven of 120 ºC for minimum 2 h. To minimize left over solution on 

substrates after step four, all substrates were pick up one by one from the beaker and blow dry before 

placed to dry in oven.  

 

Figure 7: Schematic figure of the cleaned glass/FTO substrate 

Figure 7 above shows the layers that been cleaned by all above steps and how much approximately the 

FTO covers the glass surface. 
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2. Compact TiO2 layer by spray pyrolysis 
The solutions used for the compact TiO2 layer were a mixture of 0.2 molarity (M) titanium 

isopropoxide (Aldrich, >97.0 %), 2 M acetylaceton (Aldrich, puriss >99.5 %) in IPA (Aldrich, 

anhydrous 99.5 %) with volume ratio of 59.2: 205.4: 1000. Interfusion of the solutions was done in 

glove box filled with nitrogen gas (N2) with low moisture content. The resulting solution has a yellow 

color. 

The cleaned FTO/glass substrates are placed on a hotplate and using aluminum mask to keep some of 

the FTO free from TiO2, to not block the transparent electrode. The temperature of the hotplate is 

increased to 500 ºC and to prevent damage to the glass the temperature was increasing step wise. Each 

step increased temperature on hotplate by 100 ºC for 10 min and stabilized for 10 min. After 10 min of 

stabilization time at 500 ºC the spray pyrolysis can begin. A regular air brush (Art. 17-371, Biltema) 

connected to pressurized N2 were filled with the premade solution and the following spray parameters 

were used to get an average compact TiO2 thickness of 30 nm. 

Table 1. Parameters for spray pyrolysis of compact TiO2 layer. 

Number of full sweeps 8 

Sweeps up to down for a full sweep 6 

Substrate to spray nozzle distance ~15 cm 

Pressure for the air brush 20 psi 

Time for a full sweep 8-10 s 

Time between sweeps 15 s 

Spray volume speed 14 µl/s 

 

After spray pyrolysis was done the substrates were kept 30 min on hotplate at 500 ºC for the TiO2 to 

crystallize to rutile phase (19).  

 

Figure 8: Schematic structure when the compact TiO2 layer has been added 

Figure 8 above shows the added compact TiO2 layer on the glass/FTO substrate and the area where the 

substrate was masked to expose the FTO.  
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Thickness measurement 
The compact TiO2 thickness was measured by scratching away the compact TiO2 layer that was on the 

glass surface of the substrate and the resulting height difference was measured with a stylus 

profilometer (DektakXT, Bruker) and confirmed by scanning electron microscopy. The profilometer 

used a thin needle that pushed down onto the substrates surface and dragged a straight line from the 

compact TiO2 over the scratch and finished on the compact TiO2. It measured and calculated height 

difference between the compact TiO2 layer and the glass surface that had been exposed by the scratch.  

 

Figure 9: The arrow shows where the scratch been made in the compact TiO2 layer. 

Figure 9 shows where on the substrate the scratch was made to be able to measure the height 

difference. 

3. Mesoporous TiO2 layer by spin-coating 
The solution used for mesoporous TiO2 layer were TiO2 nano-particle paste dispersed in IPA with a 

concentration of 150 mg/ml of paste in IPA. The color of the dispersion was white orange with a 

milky texture. The nano-particle dispersion was applied to the substrate using a spin-coater with 

following parameters to get a thickness of ~200 nm. 

Table 2. Parameters for spin-coating mesoporous TiO2 layer. 

Spin speed 4000 rpm 

Acceleration 4000 rpm/s 

Time 30 s 

Volume per substrate 65 µl 

 

After the TiO2 nano-particles were spin-coated, a cotton-swab rinsed in IPA was used to remove the 

TiO2 nano-particles from the same area that was masked during spray pyrolysis. The substrates were 

then placed on the hot plate and the temperature was increased step wise to 500 ºC with 5 min 

temperature increase steps followed by a 5 min stabilization step. The steps increased the temperature 

to 180 ºC, then to 320 ºC, then 380 ºC and finally to 500 ºC with 30 min stabilization time for the final 

step. This is for the TiO2 to crystallize to rutile phase (19).  



15 

 

 

Figure 10: Schematic structure when the mesoporous TiO2 layer has been added.  

Figure 10 above shows the added mesoporous TiO2 layer on the substrate and that the FTO was still 

exposed after this step. 

4. Perovskite layer by spin-coating 
The chemicals used for the perovskite layer are Formamidinium Iodide (FAI, Lum tec), 

Methylammonium bromide (MABr, Lum tec), Lead iodide (PbI2, TCI chemicals) , Lead bromide 

(PbBr2, TCI chemicals) and they were dissolved in a mixture of  N,N-Dimethylformamid (DMF, 

Aldrich, anhydrous 99.8 %) and Dimethyl sulfoxide (DMSO, Aldrich, anhydrous >99.9 %) with a 

volume ratio of 4:1. The molar ratio for the FAI:PbI2:MABr:PbBr2 perovskite precursor solution was 

1:1.1:0.2:0.2. For interfusing the chemicals and solvents to a single solution, the molar concentrations 

for each constituent were increased by two. Before mixing, the iodide compounds (FAI+PbI2) and the 

bromide compounds (MABr+PbBr2) were dissolved with DMF:DMSO in separate vials. Then equal 

volume amount from FAPbI3 and MAPbBr3 was added together to get the wanted molar concentration. 

The color of the solution was yellow  

The perovskite solution was spin-coated in two steps to obtain a thickness of 600-700 nm. In the 

second step chlorobenzene (CB) was added when it was 15 seconds left of the spin-coating program. 

The chlorobenzene helps with the perovskite film formation by distribute the solution evenly and is a 

crucial step for obtaining high performance. The following spin-coat parameters were used. 

Table 3: Parameters for spin-coating perovskite layer. 

 Step 1: Perovskite Step 2: Chlorobenzene 

Spin speed 1000 rpm 4000 rpm 

Acceleration 1000 rpm/s 1000 rpm/s 

Time 10 s 30 s (CB added when 15 s left) 

Volume per substrate 60 µl 65 µl 

 

The coated substrates were annealed at 100 ºC for 1 h. In the first few minutes the substrates should 

turn dark brown with an even coloring, else some mistake has been made in the chlorobenzene step 

like missing the center of the spinning substrate with the CB. Preparations of the perovskite solution, 

spin-coating and annealing were done in a glove box with N2 atmosphere and controlled oxygen and 

moisture content, [O2] < 1ppm, [H2O] < 1ppm. The reason for preparing solution and annealing inside 

a glove box was because the perovskite react with O2 and H2O.  
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Figure 11: Schematic structure when the perovskite layer has been added.  

Figure 11 above shows the structure with the added perovskite layer which covers the whole substrate. 

5. Spiro-OMeTAD layer: doping and spin-coating 
The chemicals used for doping spiro-OMeTAD ( Lum tec) were bis(trifluoromethylsulfonyl)-imide 

lithium salt (Li-TFSI, Aldrich), Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine) cobalt(III) tris-

(bis(trifluoromethylsulfonyl)-imide)  (FK209, Dyenamo ) and 4-tert-butylpyridine (TBP, Aldrich). 

The molar concentration for spiro-OMeTAD was 70 mM in chlorobenzene (CB, Aldrich, anhydrous 

99.8 %). The wanted molar concentrations for the doping chemicals in the spiro-

OMeTAD/chlorobenzene master solution were: Li-TFSI 35 mM, FK209 2.1 mM and TBP 231 mM. 

Li-TFSI and FK209 were separately dissolved in acetonitrile (anhydrous 99.8 %, Aldrich) to a molar 

concentration of 2 M and 0.5 M, respectively, before addition to the master solution in order to 

minimize the amount of acetonitrile in the master solution. The doped spiro-OMeTAD solution has a 

dark red color. The doped spiro-OMeTAD solution was spin-coated with following parameters to get a 

thickness of 200 nm. 

Table 4. Parameters for spin-coating spiro-OMeTAD. 

Spin speed 4000 rpm 

Acceleration 1000 rpm/s 

Time 30 s 

Volume per substrate 60 µl 

  

This step requires no annealing and is done directly after spin-coating.  

 

Figure 12: Schematic structure when the compact TiO2 layer has been added 

Figure 12 above shows the structure when spiro-OMeTAD been added to cover the whole substrate. 
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6. Scratching 
The perovskite and spiro-OMeTAD were scratched away using a scalpel and wiped with cotton-

swabbed rinsed with acetonitrile. Acetonitrile was used because it removes the perovskite and spiro-

OMeTAD without reacting to the FTO. This was done on the same area of the substrates that been free 

of compact and mesoporous TiO2 with the reason to expose the FTO for the cathode contact.  

 

Figure 13: The schematic structure after scratching away perovskite and spiro-OMeTAD to expose FTO. 

Figure 13 above shows the structure when perovskite and spiro-OMeTAD been scratched away to 

expose the FTO. 
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7. Evaporation of electrode 
The samples were placed in a masked holder for the substrates to only get evaporated metal on wanted 

surface area that were 3×7 mm
2
 and then placed in the evaporator (Leybold vacuum, Univex 350). The 

evaporation metal was gold (Au). The evaporation started by lowering the pressure in the evaporator 

and when the pressure reached vacuum of <3.5×10
-6

 mbar the current through the holder were 

manually increased. At ~165 A the evaporation of the gold started and the voltage were adjusted to get 

an evaporation speed of 0.02 nm/s until a layer of thickness of 10 nm had been evaporated. The reason 

behind slow evaporation speed in beginning was to avoid the Au particles to penetrate the spiro-

OMeTAD and be in direct contact with the perovskite layer. Then the evaporation speed was increased 

to 0.2 nm/s by adjusting the current. One pellet of Au resulted in approximately 70 nm thick layer.  

 
 

 

Figure 14: The top figure is schematic cross-section structure of a complete PSC where the black dotted line shows the 

active measuring area , the bottom figure shows a complete PSC and the dotted line shows where on the PSC the 

schematic cross-section represent and the active area. 

Figure 14 shows schematics for the final structure when the Au layer has been added and shows a real 

perovskite solar cell. The top figure is the schematic cross-section structure with marked out active 

measuring area of 0.118 cm
2
 by the black dotted line. The bottom figure shows a real cell where the 

larger rectangular dotted line represents the schematic cross-section and the smaller represent the 

active measuring area. 
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3.2 Scanning Electron Microscopy  

Preparing substrates for surface SEM imaging were done by removing one substrate after each step in 

the manufacturing process. Witch resulted having one of each substrate with following layers structure 

as seen below.  

1. FTO 

2. FTO/compact TiO2 

3. FTO/compact TiO2/mesoporous TiO2 

4. FTO/compact TiO2/mesoporous TiO2/perovskite 

5. FTO/compact TiO2/mesoporous TiO2/perovskite/ spiro-OMeTAD 

6. FTO/compact TiO2/mesoporous TiO2/perovskite/ spiro-OMeTAD/ Au 

Preparing substrates for cross-section SEM were done as follows. Two complete cells were divided, 

one by using a glass cutter before manual breaking it into two pieces. The other was divided by using a 

focused ion beam (FIB) that cut right through the cell, the FIB was done by Cheng Choo Lee (SEM 

research engineer) at Umeå Core Facility for Electron Microscopy. This was done to see if both 

methods show similar results, because it is more practical if the cells can be divided with FIB. The 

SEM was done in collaboration with Cheng Choo Lee. The electron beam had a voltage of 5 kV and 

current 90 pA. 

3.3 Measurements 

All measurements were done in ambient atmosphere and the cells were stored under dark conditions to 

minimize interaction with photons. 

 3.3.1 IV-curve 
Equipment for measuring the IV-curve for each cell was a lamp Oriel sol 3A (Newsport, model: 

940233 A solar sun) with adjustable power output. The calibration of the lamp to get AM 1.5 SUN 

were done by a reference silicon solar cell (Newsport, model: 91150V), where the reference cell was 

illuminated by the lamp and the power to the lamp was adjusted until 1kW/m
2
 was measured.. 

Substrates were placed in a holder with contact that connect it with the Au electrode for out/input 

connections. On top of the substrate a mask was placed to restrict the illuminated area to 0.118 cm
2
. 

Because if a larger area than the Au electrode is illuminated, the electrode will collect charge carriers 

from larger area instead of the area directly above. This will result in inaccurate high values. Software 

for attaining data was labveiw and control machine keithley (model: 2420 Sorcemaster) that applied a 

voltage and measured response current to get the IV-curve. It also opened and closed the shutter for 

the lamp at start and finish of every measurement.  

Table 5: Parameters used for IV-curves. 

Sweep direction Forward > reverse 

Max forward voltage  1.2 V 

Max reverse voltage -0.2 V 

Number of sweep points 141 

Time between sweep points 10 ms 

Dwell time 500 ms 

 

Table 5 shows the  parameters that were used for the IV-measurements to extract the IV-curves. 
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3.3.2 Stability measurement 
Following stability measurements were illuminated by calibrated lamp with AM 1.5 SUN output 

power. 

1. The Setup connection was same as for regular IV-measurement but with the lamp shutter 

constantly open. Time duration was 2 hours and after every three minutes an IV-measurement 

was taken. 

2. The Setup connection was almost same as for regular IV-measurement except the voltage was 

constant 0 to be able to only measure JSC and the shutter was constantly open. Time duration 

was 20 hours and the collection of data was done automatically by a Keithley 2400 source 

measure unit. 

3.3.3 External Quantum Efficiency  
  

Equipment for measuring EQE-curve was a monochromater (Newsport, model: 74125) with a 

reference collector (Newsport, model: 70356_70316NS). Software for attaining data was labview with 

a merlin lock-in amplifier (Newsport, model: 70104) to improve the signal and minimize the noise.  

Table 6: Parameters used for the EQE-scans. 

Start wavelength 300 nm 

Finish wavelength 850 nm 

Wavelength step 10 nm 

 

Table 6 show the parameters that were used for the EQE-scan to apprehend a EQE-curve. 
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3.3.4 Water splitting 
Two series connected PSCs were needed in order to drive the two catalyst electrodes, comprising of 

nickel iron molybdenum (NiFeMo) with ratio 5:1:0.4. The catalysts were submerged in 1 M potassium 

hydroxide (KOH) electrolyte 1 cm apart to close the circuit. A Keithley (model: 2420 Sorcemaster) 

was used to measure the operation current during operation and the PCSs were driven by illumination 

from an AM 1.5 SUN, 1000 W/m
2
 solar simulator. The efficiency for hydrogen gas evolution ηH2 was 

assumed to be 100 % and the active areas for solar cells were 0.118×2 = 0.236 cm
2
.  

a) 

 

b) 

 

Figure 15: a) Schematic setup for water splitting experiment. Number 1 is the lamp, number 2 is the two series 

connected PSC and number 3 is the submerged catalysts with 1 cm apart. b) Is the actual setup with nr 2 as the 

illuminated series connected PSC and nr 3 the submerged catalysts. 

Figure 15 above show the schematic water splitting setup and actual setup used for the experiment.  
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4 Result and discussion 
In this section the result are presented and discussed continuously for clarification.  

4.1 Cells 

The SEM images of the PSC surface and cross-section is presented and discussed under this section. 

     a) FTO 

 

     b)Compact TiO2 

 
Figure 16: SEM images showing the surface of a) FTO  and b) compact TiO2 layer 

Figure 16shows the surface SEM image of FTO and compact TiO2. Figure 16a show large crystals 

from the FTO with large height variation that can be seen by the shades around the crystal grains. The 

FTO consist of large crystals with grains size varies from 50-200 nm. Figure 16b shows the compact 

blocking TiO2 layer that has been spray pyrolysis on top the FTO layer. The compact TiO2 has been 

applied to cover the FTO uniformly with small crystals of grain size of 5-10 nm without changing the 

surface topography structure.  

One difficult step in the manufacture parts was the compact TiO2 layer. Because the goal was to get a 

compact film that minimize recombination by preventing holes. Furthermore the film needs to be thin 

to minimize series resistance. To get it right required a lot of trial and error by experimenting with the 

parameters used for spray pyrolysis to find optimal thickness and compactness. If the layer is not 

compact enough, pinholes will be seen in the surface as small dark dots. The result of pinholes is that 

the holes are not blocked properly. No pinholes can be seen in figure 16b which means it is compact 

enough.  

     a)Mesoporous TiO2 

 

     b)Perovskite 

 
Figure 17: SEM images showing the surface of a) mesoporous TiO2 layer  and b) perovskite layer 

Figure 17a shows the mesoporous TiO2 layer that is covering the FTO topography structure with a 

dense crystalline TiO2.The mesoporous TiO2 change the topographic surface structure with its small 

crystals with grain size of 10-20 nm. Large heights variations exist in this layer, which can be seen by 
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the dark holes that can be interpreted as pinholes. In this layer pinholes are of no concern due to the 

compact TiO2 layer underneath it. Figure 17b show the perovskite layer with large crystals with varied 

grain sizes of 200-400 nm and 50-200 nm.  

The spin-coating of the perovskite was also one difficult step in the manufacturing process due to the 

chlorobenzene step. If the chlorobenzene was not dripped directly in the middle of the spinning 

substrates, the surface layer would not form optimal crystals and it would lower the performance of 

the cells. To get this step right it required a lot of tries that resulted several bad cells. 

     a) spiro-OMeTAD 

 

     b)Au 

 
Figure 18: SEM images showing the surface of a) spiro-OMeTAD layer and b) Au layer 

Figure 18a shows uniform spiro-OMeTAD layer with no height difference. The scale for the spiro-

OMeTAD layer is much larger because it showed nothing in higher magnification which is probably 

due to the smooth surface. Figure 18b show the compact uniform Au surface with uniform small 

grains of 10-50 nm without any pinholes. This is good because pinholes in the Au layer would mean 

that Au atoms have pierced the spiro-OMeTAD layer and decrease its electron blocking properties. 

The SEM of each PSC layer shows that all steps had been executed correctly to create wanted 

crystallization and uniformity for all layers in the cell. 

a)                                                                       b) 

 

Figure 19: The figure shows cross-section SEM images of a PSC where a) is divided manually and b) is divided by 

FIB. The numbers in a) and b) indicate each layer in the device stack where 1) is glass, 2) is a silicon oxide (SiO2) 

barrier layer, 3) is FTO, 4) is compact TiO2, 5) is mesoporous TiO2, 6) is perovskite, 7) is spiro-OMeTAD and 8) is Au. 

Figure 19 shows the cross-section of a cell by SEM, in figure 19a the PSC been manual divided and 

figure 19b by FIB. The numbering for figure 19a-b is the same. From the bottom number 1 is glass 
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and on top of that a thin silicon oxide (SiO2) layer, used as a barrier layer, can be seen as number 2. 

The FTO is number 3 and is approximately 300 nm thick with large crystals. On top of the FTO, the 

compact TiO2 layer is the dark line that is about 30 nm thick, marked as number 4. This thickness is 

quite hard to see from the SEM that been manually divided but is quite clear in the FIB. On top of that 

is the mesoporous TiO2 as number 5, it shows uniform small crystalline layer with thickness around 

200 nm. On top the TiO2 layer is the large crystalline perovskite layer with a thickness around 500 nm 

as number 6. Then comes the spiro-OMeTAD with a thickness of around 300 nm as number 7 and last 

the Au layer with a thickness of around 70 nm as number 8. 

The two cross-sections SEM show the different layers uniformity and thickness, with similar layer 

thicknesses result. The difference between the SEM images is that the manually divided cell shows the 

layer crystals while the cell that has been divided by FIB do not. Still it is the thickness that is most 

important from the cross-section and that is clear from both figures 19a-b  

The result from SEM is shows what was expected with the right thickness of each layer, which shows 

that the manufacture process is accurate.  
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4.2. Measurement every 24 hour 

In this section the performance increase with every 24 h IV-measurement is presented and discussed. 

Same cell was IV-measured every 24 hours with a total experimental time of 96 hours. 

 

Figure 20: IV-curves with 24 hour intervals between measurements, the arrow shows the direction the IV-curves are 

moving with each interval. 

Figure 20 shows IV-measurements on the same cell with 24 hours intervals. After every measurement 

the cell was stored under dark to minimize interaction with photons and in ambient atmosphere instead 

of placing the cells back in glove box. This is done to see how they are reacting when stored in 

ambient atmosphere. From the figure 20 it can be seen that JSC, VOC and FF increase with each 24 

hours interval. The largest increase is in the FF which is mostly dependent by RS and RSH. The result 

of increasing above parameters is an increase of PCE.  

From table 7 it show more clearly the continuous increase for all parameters. All the parameters 

increase but the most noticeable increase is the FF, which increases from 53 % to 73.4 %. This is also 

the parameter that affect PCE the most which shows by the increase from 11.8 % to 18.8 %. The high 

PCE of 18.8 % is good and close to the record of 22.1 % (3). 

Table 7: Parameters for each measurement with a 24 hour interval. 

Time [h]  0 24 48 72 96 

 Jsc [mA/cm2]  22.2 22.2 23.2 23.3 23.4 

 Voc [V]  1.01 1.03 1.06 1.07 1.09 

 FF [%]  53.0 61.3 68.8 72.8 73.4 

 PSC [%]  11.8 14.0 16.9 18.1 18.8 



26 

 

The increase of JSC, VOC, FF and PCE with 24 h intervals was an interesting result which led to many 

questions. Why do all variables increase with each measurement and time and why does FF increase 

the most? The FF is mostly dependent on the cells resistances and the resistance is dependent on either 

defects in the layer structure or that recombination occurs before charge carriers are extracted. Which 

mean that there are most likely some flaws either at the compact TiO2-, mesoporous TiO2 -or at the 

spiro-OMeTAD layer. 

4.3 External Quantum Efficiency 

In this section the EQE is presented and discussed 

 

Figure 21: EQE curve for a PSC. 

Figure 21 shows the EQE of the cell that been stored in ambient atmosphere for 96 h and measured 

five times upon. The EQE shows that the PSC converts 75-85 % of the incoming photons, with a 

wavelength between 350 - 800 nm, into extracted electrons and holes. At short wavelength <350 nm 

the photons have enough energy to be absorbed by the glass and FTO, resulting in a sharp decline in 

the EQE since these photons never reach the active perovskite layer. The EQE increase at 800 nm is 

due the onset of absorption due to the energy gap of the perovskite layer. 
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4.4 Measurements to see if spiro-OMeTAD is doped enough 

A possible explanation for the results shown in figure 20, where the performance increased due to 

ambient storage, is that the spiro-OMeTAD layer is improved by O2 exposure. To investigate this, an 

experiment was designed to see if intentional exposure improves the initial performance. This was 

done by exposing the PSC to ambient atmosphere after step 5 in the manufacturing process, before the 

Au evaporation, in order to allow the spiro-OMeTAD to interact with O2 and become doped. 

Following article by Calio et al (15) mention that one method of doping spiro-OMeTAD is with O2. 

 

Figure 22: IV-curves for Regular cell and Test cell. 0 h for Regular cell represents first measurement directly from the 

glove box. 0 h for Test cell represents the cell being in ambient atmosphere for 72 h before first measurement. 

Figure 22 shows two cells from same batch that went through same manufacture process until it was 

time for scratching and evaporation. After spiro-OMeTAD layer had been applied the Test cell was 

placed outside in ambient atmosphere under dark for 72 h. The Regular cell went through the normal 

manufacture steps of scratching, evaporation and was measured directly after those steps were 

completed. After the first measurement for the Regular cell it was stored in ambient atmosphere under 

dark for 72 h. When 72 h had passed the Test cell went through with the scratching and evaporation 

steps before it was measured. After the Test cell had been measured for the first time the Regular cell 

was measured for its second time. The second measurement for the Test cell was after 24 h of its first 

measurement  

From figure 22 can see big increase in JSC and FF between first and second IV-curve for the Regular 

cell. The Test cell IV-curves does not show such large increase between first and second measurement. 
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The second IV-curve for the Regular cell and second IV-curve for the Test cell have similar JSC, VOC 

and FF.  

Table 8 shows how JSC, VOC, FF and PCE change for the two cells with different time intervals. Where 

the most notable change is FF for the Regular cell, where FF increase from 39 % to 70 %. For the Test 

cell the increase in FF is low in comparison with only 4 % units. 

Table 8: Parameters for Regular- and Test cell with different time intervals. The regular cell parameters is the two 

columns to the left and the test cell parameters is the two columns to the right. 

Cell Regular Test 

Time [h] 0 72 0 24 

Jsc [mA/cm2] 18.7 22.8 22.9 23.0 

Voc [V] 1.03 1.08 1.01 1.05 

FF [%] 39.2 70.0 70.5 74.1 

PSC [%] 7.6 17.3 16.3 17.9 

 

The result from figure 22 and table 8 shows that doping of the spiro-OMeTAD is one large factor 

behind the improvements of FF which results in improvement of PCE. It can deduced that it is the 

spiro-OMeTAD that is reacting with the oxygen due to it is the top layer of the cell with most surface 

area exposed. This means that the doped spiro-OMeTAD prevents recombination by extracting the 

holes efficiently. Furthermore it means that the holes can move easily from active layer to spiro-

OMeTAD and finally to the Au, which reduce the series resistance of the cell. 

But why does the VOC increase after each measurement as seen in figure 20 and 22. It could be that the 

illumination of the cell moves the electron to fill traps states which creates an electrical field. This 

electrical field will make the halides move away from the trapped electrons and fill defects which 

create a new equilibrium, as following article (20) states. When the defects decrease, the quality of the 

cell increases, with higher quality cells the I0 decrease and that results in increased VOC which can be 

derived from equation 2. This result is shown in my experiments and could be one explanation for the 

increase of VOC.  
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4.5 Stability measurments  

In this section the stability of the PSC is presented and discussed 

4.5.1 IV-measurements under constant illumination 
This experiment was done during 2 hours with 40 IV-measurement that were done 3 minutes apart 

(see Method 3.3.2 point 1).  

 

Figure 23: IV-curve for the first and last measurement during stability experiment 

In figure 23 the two graphs shows IV-curve for the first and last measurement, the last one is after 120 

min under constant illumination. Figure 23 shows a decrease in JSC, FF and increase in VOC with the 

end result of decreased PCE. The JSC, VOC, FF and PCE from the first and last measurement are shown 

in table 10.It is clear that the parameter reduces the most is the FF with a decline from 73 % to 62 % 

which correlate with the decrease in PCE from 17.1 % to 14.5 % This shows that the cells have poor 

stability. 

Table 9: Parameters for the first and last IV-measurement. 

Time [min] 0 120 

Jsc [mA/cm2] 23.0 21.9 

Voc [V] 1.02 1.07 

FF [%] 72.8 62.2 

PSC [%] 17.1 14.5 



30 

 

a)JSC 

 

b)VOC 

 

c)FF 

 

d)PCE 

 

Figure 24: The figure shows how JSC, VOC, FF and PSC change individually with time during constant illumination. a) 

shows how JSC change with time , b) shows how VOC change with time, c) shows how FF change with time and d) 

shows how PCE change with time. 

Can see from figure 24a that JSC decrease continuously, figure 24b shows how VOC increase the first 10 

min before it start to decrease slowly. Figure 24c shows FF is stable the first 10 min and then decrease 

fast until 60 min before it slows down and figure 24d shows how PCE increase and reach its maximum 

after 10 min, due to the initial increase in VOC, before it decrease continuously. 

The largest decrease is the FF which could be that the redistribution of halides (20) during continues 

illumination increase the series resistance and makes it more difficult for charge carriers to move 

through the cell. Furthermore it could lower the shunt resistance which increases recombination of the 

charge carriers in the cell.  
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4.5.2 Short circuit current measurement under constant illumination 
This experiment was done during a span of 20 hours and the only parameter investigated was the JSC 

(see Method 3.3.2 point 2). 

 

Figure 25: The figure show how the JSC change with time under constant illumination. 

Can see from figure 25 that the JSC decrease most during the first 4 hours until it slows down and in 

the end it looks like it decrease at a constant slow rate. 

Stability of the cells shows that they degrade quite fast and cannot see the cells have a stability of over 

500 h as following article (7), with structure without compact TiO2 layer and MAPbI2 as perovskite 

layer. Because figure 24 shows that all variables except VOC decrease constantly under illumination 

under a 2 h span and figure 25 shows that the decrease of at least JSC seems to be continuous. 

Furthermore the parameter that degrades most is FF. This means that it is the cell resistances that are 

mostly affected by constant illumination. One reason could be that the halides redistribute to create a 

new equilibrium that working against the transportation of charge carriers during constant illumination 

(20). 
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4.6 Water splitting 

In this section result from water splitting experiment is presented and discussed. 

 

 

Figure 26: The figure shows how much current two PSC distributes to two catalyst that splits water into O2 and H2 on 

the left y-axis. The right y-axis shows the STHCE that the system is performing at with the assumption that the 

efficiency for hydrogen gas evolution is 100 % 

The STHCE start at 13 % and then it decreases continuously until it with final STHCE around 6 % 

after 20 hours which can be seen from figure 26 above. The STHCE  is 10 % the first three hours. 

Figure 27 below shows H2 gas bubbles being formed on one of the catalysts surfaces  

 

Figure 27: The figure shows the H2 bubbles on the catalyst surface  
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For the water splitting experiment the STHCE start out high but drops quickly, which could be that the 

JSC for the perovskite cells degrades the most in beginning under illumination. Moreover the peak of 

delivered current in beginning of the experiments shows similarity with the degradation curve of JSC in 

figure 25 for the perovskite solar cells. This shows that the initial degradation of STHCE in the water 

splitting experiment is dependent on the degradation of the perovskite solar cells. After the initial 

degradation of the STHCE curve that seems correlated to the JSC there might be other factors that also 

contributes to the degradation. Such as the JSC, VOC and FF degrades for the perovskite solar cell which 

gives a lower max power point, because equation (5). With a lower power output from the PSC the 

catalyst will not operate at is maximum. Because the degradation off the STHCE graph in figure 26 is 

steeper than the degradation of JSC in graph figure 25, which means that it is not only dependent on the 

JSC. It is probably dependent on the FF and VOC as well which also degrades under constant 

illumination from figure 24. Furthermore, it was noted that the catalysts are subject to degradation 

which also affects the performance, but the study on performance and degradation of the catalysts are 

beyond the scope of this work 
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5 Conclusion 
This study was able to replicate the recipe from Zhang et al (16) and manufactured PSC with 

efficiency above 18 % as can be seen from table 8. The PSC was manufactured with solution based 

methods, where every layer been applied by made solutions unlike silicon solar cell and still able to 

compete in power conversion efficiency. 

As shown in method section a detailed replicable manufacture process has been made with parameters 

for achieving high performance PSC. The most important factors in the manufacture steps to get high 

performance PSC has been found. Which are that the spiro-OMeTAD that needs to be doped by O2 

before this high performance can be reached. The TiO2 layer should be approximately 30 nm thick to 

block the holes without decreasing the electron extraction. Found the right volume ratio between 

perovskite solution and chlorobenzene in the spin-coating step for good perovskite films. This also 

means that there is room for improvement for the HTL.  The parameters might be improved even more 

with more by further optimizing experiments.  

As shown in the SEM images in section 4.1 Cells the cells ended up with the right structure that was 

desired, with the right thickness.. The increase of VOC between measurements is one interesting factor 

with the only assumption that it is dependent on halide distribution (20). There is possible more behind 

the increase but that will require more studies.  

It will take some time before we will see PSC in the market as a valid energy source due to the poor 

stability. But the future looks bright for solving this issue due to the rapid development in the last few 

years in this field. 

5.1 Future studies 

It would be interesting to investigate what makes the perovskite solar cells degrade during constant 

illumination to discover a way to prevent it. Because that is the biggest obstacle right now for making 

them commercialized. It would also be interesting to investigate alternative materials for every layer in 

the PSC structure, to try to optimize the cell and see if other materials reduce degradation.  

There are still many unknown details around the PSC and this thesis might have raised more questions 

than given answers. Still it might set an opportunity for further research that could lead to answer the 

following questions raised during this research. Why do JSC, VOC and FF degrade during constant 

illumination? Is this the best PSC structure? Could other materials for ETL, HTL and active layer be 

better? Can Au be replaced? It would be interesting to investigate different PSC structures and 

experiment with different layers, to see if another structure has better stability, PCE and to minimize 

the use of finite and toxic materials. Like change FTO to ITO, try another perovskite without Pb and 

maybe replace Au electrode.   
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