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Abstract 
Perovskite materials for solar cell applications are promising due to their high performance 
within just 11 years of development. Nevertheless, the processing and stability of conventional 
perovskite-perovskite tandem solar cells remain an issue due to a lack of solvent 
orthogonality. On the other hand, wide-bandgap CsPbI3 nanoparticles (CsPbI3), soluble in 
non-polar, low-boiling point solvents, add an additional synthesis route for tandem solar cells. 
As the first step in that effort, the synthesis of CsPbI3 nanocrystals is reported here, of which 
the photoluminescence quantum yield (PLQY) could be increased to 56% by purification. By 
concentrating the solution, however, the PLQY dropped by almost a factor of two. The two 
parameters could unfortunately not be disentangled. Besides the synthesis, also film formation 
has been researched. Three solvents (hexane, heptane, and octane) have been explored to 
improve film quality. Films produced from either a heptane or octane solution (50 mg mL-1) 
gave the best film quality in terms of scattering. Finally, a single junction CsPbI3-based solar 
cell could be fabricated with external quantum efficiency (EQE) results up to 50% without light 
bias. Unfortunately, at one-sun conditions recombination effects took the overhand, dropping 
the EQE significantly. Neither the synthesis nor the fabrication of the CsPbI3 solar cells devices 
was found reproducible.  
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1 Introduction 
The Paris agreement in 2015, which has been ratified by 189 of the 197 parties to this date 
[2], states that countries worldwide must take action so that the global average temperature 
increase will be kept well below 2 °C above pre-industrial levels [3]. Increasing the amount of 
generated energy coming from renewable sources is one of the strategies to accomplish this. 
Globally, solar energy has a 23% market share in 2019 of all renewable energy generated [4]. 
Of all investments in renewable energy, solar energy is one of the largest in the past decade 
[5]. To enlarge the potential of solar energy, the efficiency of solar cells must be further 
increased, and the cost decreased. Creating new solar cell technologies that can meet these 
requirements requires exploring new ideas and develop new technologies. 
 
Metal halide perovskite solar cells are one of those new and promising technologies. The 
device efficiencies have risen from 3.8% in 2009 to 25.5% in 2020 [6], [7]. Perovskite is the 
name for a compound with a near crystal structure with the formula ABX3 where A and B are 
two different cations and X an anion. The ionic radii are one of the variables that determine 
the perovskite structure (like cubic, tetragonal, orthorhombic) due to steric constraints [8]. 
Besides the ionic radii, also other factors (like temperature) play a role which makes that the 
structures can inter convert [8], [9]. In perovskites used for solar cells, the B cation is usually 
lead(II) (Pb2+) and the X anion iodide (I−) or bromide (Br−) or a combination thereof, but also 
other elements (e.g. Sn2+ or Cl−) have been used. While initially most perovskites for 
photovoltaic applications comprised monovalent organic A cations such as methylammonium 
or formamidinium, there is a recent shift in focus towards an all-inorganic metal halide 
perovskites as such systems have been reported to have an increased stability [10]–[12].  
 
A solar cell consists of multiple layers. The perovskite layer, also known as the absorber layer, 
can absorb the photons emitted by the sun (electromagnetic radiation). Upon absorption of a 
photon with an energy larger than the bandgap of the material, an electron (e-) is excited from 
the valence band to the conduction band. In this process, an oppositely charged hole (h+) is 
left behind in the valance band. The electron and hole, also known as charge carriers, must 
be separated from each other and extracted out of the perovskite layer to generate a flow of 
electrons (a current). Therefore, the absorber layer is sandwiched between an electron 
transport layer (ETL) and a hole transport layer (HTL). The ETL has lower energy states 
available than the conduction band of the perovskite, which is energetically favourable for the 
electrons but blocks holes at the same time. Similarly, the HTL has higher energy states than 
the valance band of the perovskite and is only able to transport holes. By adding a conductive 
layer on either side, charge carriers present in either one of these layers can be extracted out 
of the solar cell device and used externally.  
 
Among the purely inorganic lead halide perovskites is CsPbX3, where X = Cl-, Br-, I- or a hybrid 
form. As a bulk material at room temperature, CsPbI3 has an orthorhombic structure (δ-
CsPbI3). δ-CsPbI3 has a wide bandgap of 2.8 eV and thus can only absorb a small fraction of 
the solar spectrum. Cubic CsPbI3 (CsPbI3), however, has a narrower bandgap of 1.7-1.8 eV 
and is thus able to absorb sunlight across the entire visible spectrum [13]. The bandgap of 
1.7-1.8 eV makes the material suitable to be used in combination with a lower bandgap 
material to form a multijunction solar cell [14], [15]. Multijunction solar cells have the potential 
to absorb a larger part of the solar spectrum, so device performance can be increased. 
Currently, the research into a tandem solar cell with cubic CsPbI3 is theoretical primarily and 
focuses on combinations with non-perovskite materials like c-Si and CIGS [14], [16].  
 
Obtaining a stable cubical crystal structure at room temperature is found to be preferred for 
CsPbI3 quantum dots. The surfaces of these nanoparticles need nevertheless to be protected 
with ligands to avoid agglomeration [13]. The ligands also affect the device performance, as 
they are non-conducting, thus increasing recombination effects [17]. Different ligands, like 
2,2′-iminodibenzoic acid, octanoic acid, and octylamine have been investigated [18], [19]. 
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Nevertheless, oleyl amine (OAm) and oleic acid (OA) are still the most proven ligands for 
CsPbI3 [20]–[24].  
 
An advantage of ligand-functionalised CsPbI3 nanoparticles is that they can be dissolved in 
solvents like hexane and octane [13], while for the deposition of bulk lead halide perovskites 
polar aprotic solvents like dimethyl sulfoxide (DMSO) and N,N-dimethylformamide (DMF) are 
commonly used. Lead halide perovskites do not dissolve in organic solvents like alkanes [25]–
[31], and this can be an asset in making tandem solar cells.  
 
In the common way of fabricating tandem solar cells solely based on bulk lead halide 
perovskites, a barrier layer is required that prevents dissolution of the first perovskite layer 
when depositing the second perovskite layer. To make a working device, this barrier layer 
must be both transparent and conducting. In principle, several types of layers such as metal 
oxides deposited via atomic layer deposition or photo-cross-linked polymers, can be used as 
a barrier [32]. However, this barrier is only a processing necessity and has no essential 
function in the final device. It adds a processing step, might increase parasitic absorption, and 
decrease device stability [33]. A tandem solar cell based on a traditional bulk perovskite as 
bottom layer processed from DMF and DMSO, with ligand-functionalised CsPbI3 layer 
deposited on top from hexane or octane, would not require a protective barrier layer.  
 
There are currently two synthesis routes for CsPbX3 nanoparticles formation: a cold- and a 
hot-injection method [13], [34]. In both routes’ supersaturation is reached by injection. In the 
cold-injection method, the lead halide source is injected into the caesium source, whereas the 
opposite occurs in the hot-injection method. The main difference between the two methods is 
the type of ligands that are used. In the cold-injection method shorter ligands are required 
(isopropanol and butylamine) than for the hot-injection method (oleyl amine and oleic acid). 
As a result, the hot-injection method requires a high-boiling point solvent (1-octadecene), 
whereas the cold-injection method can use a solvent like hexane.  
While the hot-injection method has already been shown to effectively prepare (small) 
quantities of CsPbI3, the cold-injection method has not yet been optimised for CsPbI3 [34]. 
Both type of methods use solvents that are neither miscible in either DMF or DMSO [35], 
eliminating the need for the protective barrier between two perovskite layers in a perovskite-
perovskite tandem solar cell. Nevertheless, the hot-injection provides nanoparticles of a higher 
regularity [34], [36]. Currently, the hot-injection method is the main synthesis method for 
CsPbI3 [18], [19], [42]–[44], [22], [23], [36]–[41]. 
 
Solar cells based on CsPbI3 have already been shown effective. In 2017, Luther et al. reported 
a CsPbI3 solar cell with an efficiency of 8.5% [20]. This efficiency was reached by removing a 
part of the oleyl amine and oleic acid ligands with Pb(NO3)2 dissolved in methyl acetate. 
Research continued, and the mixed cation of caesium and formamidinium (FA), Cs1-xFAxPbI3 
(x=0-1) quantum dot solar cells emerged, reaching efficiencies up to 16.6% [45]. Incorporation 
of FA increases the cubical stability by increasing the average cation size but also can 
increase orbital overlap and thus reduce recombination effects [46], [47].  
 
In this project, a synthesis route to form a single junction CsPbI3 based solar cell has been 
explored to investigate if a complete perovskite-based tandem solar cell in the future would 
be viable. Three aspects have been examined: synthesis of CsPbI3 based ensures the 
formation of black CsPbI3 and maximises the photoluminescence quantum yield (PLQY) while 
keeping a stable solution. Besides, the film formation was examined to control the film quality 
and thickness of CsPbI3. Finally, the former two aspects were combined to explore the 
possibilities for solar cell fabrication.  
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2 Theory 
2.1 CsPbI3 nanoparticle synthesis 
The synthesis of the CsPbI3 nanoparticles is a crucial step towards the fabrication of a solar 
cell, as this material will constitute the active layer. A synthesis method that provides 
nanoparticles with a quality that is likely to produce an efficient device and is reproducible is 
required.  
 
2.1.1 Nanoparticle formation methods  
Two synthesis methods, a cold-injection method and the hot-injection method for forming the 
nanoparticles, have been exanimated. 
 
Cold-injection method 
The cold-injection method has already been developed for CsPbBr3 [34]. In this article, 
Akkerman et al. describe the formation of a Cs+ propionate complex by dissolving Cs2CO3 in 
propionic acid and hexane together with two short ligands (isopropanol and butylamine) at 
room temperature in a glovebox (see also chemical equation below). PbBr2 was dissolved with 
the same solvent and ligands under the same conditions. By injecting the PbBr2 mixture in the 
mixture with the Cs-propionate complex, nanoparticles nucleated and reached within 10 s their 
maximum size.  
 

𝐶𝑠2𝐶𝑂3 + 2𝐶2𝐻5𝐶𝑂𝑂𝐻 → 2𝐶𝑠[𝐶2𝐻5𝐶𝑂2] + 𝐶𝑂3
2− + 2𝐻+ 

 
2𝐶𝑠[𝐶2𝐻5𝐶𝑂2] + 3𝑃𝑏𝐵𝑟2 → 2𝐶𝑠𝑃𝑏𝐵𝑟3 + 𝑃𝑏[𝐶2𝐻5𝐶𝑂2]2 

 
Hot-injection method 
The hot-injection method has shown to be effective for forming both CsPbBr3 and CsPbI3 
nanoparticles [13]. In the hot-injection method, the caesium oleate (Cs[C17H33CO2]) in 1-
octadecene is injected into the mixture of the other reactants (PbI2, 1-octadecene, oleyl amine 
and oleic acid) at a relatively high temperature (60-185 °C). Supersaturation conditions are 
reached almost instantly, nucleation occurs, and the nanoparticles grow to their maximum size 
in seconds.  
 

𝐶𝑠2𝐶𝑂3 + 2𝐶17𝐻33𝐶𝑂𝑂𝐻 → 2𝐶𝑠[𝐶17𝐻33𝐶𝑂2] + 𝐶𝑂3
2− + 2𝐻+  

 
2𝐶𝑠[𝐶17𝐻33𝐶𝑂2] + 3𝑃𝑏𝐵𝑟2 → 2𝐶𝑠𝑃𝑏𝐵𝑟3 + 𝑃𝑏[𝐶17𝐻33𝐶𝑂2] 

 
The PLQY is used to describe how many photons are emitted compared to the number of 
photons absorbed. A sample with high PLQY has the potential that a relatively large part of 
the energy of the absorbed photons can be utilised to generate electricity in a solar cell device.  
 
Both methods provide nanoparticles with a similar PLQY (~35% for CsPbBr3 films) [34]. 
However, the shape of the nanocrystals was different. Where the hot-injection method (Figure 
2.1a) showed distinct rather monodisperse nanocubes, the shape and size of the nanocrystals 
made by the cold-injection method seem less well defined (Figure 2.1b) [34], [36]. While for 
CsPbBr3, this might not be an issue, for CsPbI3, which is less stable, coagulation of the 
nanoparticles would become more likely [13].  
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 Figure 2.1 TEM image of CsPbBr3 synthesised with the cold-injection method 

(a) and the hot-injection method (b). The scale bar depicts 50 nm. The images 
have been taken from [34], [36]. 

 

The hot-injection method, which was already shown to be effective for preparing CsPbI3, was 
chosen as the baseline in this project [13], [39], [41], [48].  
 
2.1.2 Quality Criteria 
Several experimental methods have been used to analyse the quality and reproducibility of 
the experiments: optical (UV-Vis-NIR) absorption spectroscopy, photoluminescence 
spectroscopy (PL), scanning electron microscopy (SEM), and surface profiling. These 
techniques have been used to validate the following criteria: 
 
Quality criteria  

• The material is black CsPbI3  
Both yellow orthorhombic δ-CsPbI3 and black tetragonal β-, orthorhombic γ- and α-
CsPbI3 exists, as stated in the introduction. UV-Vis-NIR measurements can be used 
to determine the optical bandgap of a material. The experimentally determined optical 
bandgap of δ-CsPbI3 is 2.8 eV, for β-CsPbI3 1.73, for γ-CsPbI3 1.6 eV, whereas α-
CsPbI3 has an optical bandgap of 1.7 eV [13], [49]–[51]. Based on these differences, 
only black CsPbI3 has the potential to be used as an active layer in a solar cell device 
[52].  
 

• Photoluminescence quantum yield (>20%) 
Photoluminescence and UV-Vis-NIR measurements were combined to describe the 
photoluminescence quantum yield of the material in solution. The PLQY describes 
quantitatively the number of photons emitted by CsPbI3 compared to the number of 
absorbed photons. If the PLQY is low, a large part of the excited electron-hole pairs 
does not recombine radiatively by emitting a photon but recombine or are quenched 
via nonradiative processes. In solar cell applications, nonradiative recombination 
processes are detrimental and minimise parameters like the open-circuit voltage (VOC), 
the short-circuit current density (JSC), the fill factor (FF) and the power conversion 
efficiency (PCE) [53]. The PLQY is thus a parameter that can be used to assess the 
potential efficiency of a material. A PLQY of 20% was selected as a minimum since 
preliminary results showed that PLQY’s of at least 20% would be achievable, even 
though literature reports PLQY’s of 40-95% [22], [38], [40].  
 

• Film quality 
Perovskite solar cells reported in literature often have a smooth surface. A rough 
surface can indicate irregularities and grain boundaries where recombination of charge 
carriers can occur [54]. To characterize the surface corrugation, the root mean square 
roughness (Rq) parameter is used, which can be determined with a surface profiler. As 
a reference, Rqs of 2-7 nm are reported for other nanoparticle-based perovskite 
systems [55], [56]. Together with SEM images, conclusions can be made regarding 
the roughness, presence of defects like pinholes and therefore the quality of the CsPbI3 
film. 
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2.2 Solar cell devices 
2.2.1 Extraction of charges 
The charges that are generated in a solar cell under illumination need to be extracted from the 
device into an external circuit where they can do work. The photoactive layer of a perovskite 
solar cell is sandwiched between selective contacts that consist of materials that can 
selectively extract the charges formed under illumination to enable charge extraction. The ETL 
extracts the negative charges (e-) and the HTL the positive charges (h+). The ETL and HTL 
are connected to transparent or metal electrodes to conduct the charges out of the device. 
 
There are two main ways in which a solar cell that receives light from one direction can be 
fabricated: in a PIN or NIP structure. The difference between the two lies in which of the two 
charge transport layers is closer to the light source. In a NIP structured device, the light enters 
the perovskite layer through the ETL. A PIN structured device has the exact opposite layout.  
 
The main criteria for choosing materials for NIP or PIN devices are shown below: 

• Band alignment for fast charge transfer  
• Electron mobility in ETL and hole mobility in HTL should be high 
• The material (HTL or ETL) placed between the active layer (I) and the sun should not 

absorb the photons intended for the active layer or should be relatively thin. 
• Orthogonal solvents: the solvent for processing each additional layer should not 

dissolve the underlying layer, also in the case of multijunction tandem solar cells.  
 

The solar cell reported by Luther et al. was based on a NIP layout, where TiO2 served as ETL, 
and doped Spiro-OMeTAD was used as HTL, providing a PCE of 13.4% [20].  
 
2.2.2 Electron transport layer 
The ETL is a material that can selectively accept electrons from the absorber (CsPbI3) layer 
and blocks the transport of holes. To achieve this, the conduction band should be similar, and 
the valence band of the ETL should be lower in energy than that of CsPbI3, such that electrons 
can go to the ETL, but holes cannot.  
 
The CsPbI3 solar cell reported by Luther et al. uses TiO2 as ETL [20]. In this study, a different 
material is chosen, mainly for practical considerations. Deposition and formation of crystalline 
TiO2 require high temperatures (~450 °C). Also, TiO2 has stability issues regarding oxygen 
desorption or absorption have been reported [26]. 
 
SnO2 nanoparticles (n-SnO2) have higher carrier mobility of 1.9∙10-3 cm2∙V-1∙s than TiO2, which 
has a carrier mobility of 3.3∙10-5 cm2∙V-1∙s [57]. In addition, n-SnO2 has a deeper conduction 
band (which favours electron transport) and can be processed at temperatures below 200 °C 
[58]. This n-type metal oxide with a Fermi level of -3.9 eV and ionisation potential of 7.7 eV 
has already been used successfully as an ETL in NIP perovskite devices [29], [57], [58].  
 
Nevertheless, n-SnO2 as ETL has some problems in combination with the perovskite material. 
Due to defects at the interface, nonradiative recombination at the surface has been reported. 
Also, ionic charge accumulation at this interface occurs, which could enlarge the hysteresis 
seen in forward and backward scans in JV curves [25]. Therefore, a combination of n-SnO2 
and [60]PCBM was chosen as ETL, with a combined Fermi level of -3.9 eV and ionisation 
potential of 6.1 eV. Due to the organic origin of [60]PCBM, ionic charge accumulation and thus 
hysteresis effect can be significantly reduced [29]. 
  
2.2.3 Hole transport layer 
The HTL is a material that can selectively accept holes from the absorber (CsPbI3) and blocks 
the transport of electrons. For a good HTL, its conduction band should be higher, and its 
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valence band be similar in energy to that of CsPbI3, such that holes can go to the HTL, but 
electrons cannot.  
 
In this project, the HTL that has been used is Spiro-OMeTAD. It is a proven HTL in perovskite 
solar cell devices for almost a decade already [59]. Together with the three additives described 
below, the ionisation potential is 5.5 eV [59].  
 
As stated above, Spiro-OMeTAD is often used in combination with three additives: lithium 
bis(trifluoromethanesulfonyl)imide (Li[(CF3SO2)2N] or LiTFSI), 4-tert-butylpyridine (tBP), and 
tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) tri[bis(trifluoromethane)sulfonimide] (FK 
209 Co(III) TFSI). The role of the additives remains under discussion but is primarily to 
increase the conductivity of Spiro-OMeTAD by oxidative doping and increase mobility [59]. 
LiTFSI can assist in the oxidation of spiro‐OMeTAD by O2 via the following reaction 
mechanism: 
 

Spiro‐OMeTAD + O2 ⇌ Spiro‐OMeTAD•+`O2•− 
 

Spiro‐OMeTAD•+ O2
•− + LiTFSI → Spiro‐OMeTAD•+TFSI− + LixOy 

 
 
Co(III)TFSI works similarly but acts as a direct dopant that does not need the presence of 
oxygen: 
 

Spiro‐OMeTAD +  Co(III)(TFSI)3  ⇌  Spiro‐OMeTAD•+ + TFSI− Co(II)(TFSI)2 
 
The precise role of tBP is less clear. In literature, the addition of tBP can be attributed to the 
increase of the wettability of the spiro-OMeTAD solution [60]. It has also been reported that 
when Co(III)TFSI) is used in combination with LiTFSI and tBP, the perovskite layer is protected 
against deterioration of its surface morphology [61]. 
 
2.2.4 Device structure 
The NIP device contains thus two layers to separate the charges: SnO2 with [60]PCBM as an 
ETL and the doped Spiro-OMeTAD as an HTL. Since CsPbI3 has an ionisation potential of 5.7 
eV and an optical bandgap of ~1.8 eV (see also §4.1.2, the conduction band minimum is 
roughly at -3.9 eV [62]. Together with an ionisation potential for indium tin oxide (ITO) of 4.7 
eV, MoO3 of 5.4 eV and gold (Au) of 5.1 eV [29], [43], [63], a band-alignment diagram Figure 
2.3a and device layout (Figure 2.3b) can be constructed. 
 
The ITO layer on top of the glass substrate and the MoO3 and Au layer are patterned as shown 
in Figure 2.2. The overlap of these patterns defines two areas of 3×3 mm2 and two areas of 
4×4 mm2 where all layers are sandwiched between a bottom (ITO) and top (Au) electrode. 
One substrate contains, therefore in total, four separate solar cells. 
 

a) 

 

b)  

 

Figure 2.2 Sketch of the ITO pattern (black) in a) and in b) the Au contacts are shown (blue and red). 
Here, the blue area represents the Au that is in direct contact with the bottom ITO layer. The red area 
is the top Au electrode only in contact with the underlying HTL. The cell area is defined by the overlap 

of the ITO bottom electrode (black) and the Au top electrode (red)  
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Figure 2.3 Band-alignment diagram of the CsPbI3 solar cell system in a) and the device layout in b 
[29], [43], [62], [63]. 

 
2.3 Characterisation techniques 
In this project, multiple characterisation techniques are used. Here a short overview of the 
fundamentals behind these techniques is shown. 
 
2.3.1 JV measurement 
Current density - voltage (JV) measurements are performed to obtain insight into the electrical 
characteristics of a solar cell device. In a JV measurement, the effect of a changing electrical 
voltage on the current density is measured, either in the absence or presence of light.  
 
The measurement setup is used in this project is shown in Figure 2.4a. The light from a 
tungsten-halogen lamp (Philips Brillantline, 50 W) is filtered by a Schott GG385 UV filter and 
a Hoya LB120 daylight filter. It can then be blocked with an optional shutter to perform a JV 
measurement under illumination or in the dark. The filtered light is then sent through a cell 
selector, only selectively to let one of the four cells absorb the photons present at the centre 
of the device. The solar cell is connected via probes to a source measure unit (Keithley 2400. 
The Keithley 2400 applies a voltage to the cell and records the resulting current, thus providing 
a means to determine the JV characteristics of the cell. 
 

    
Figure 2.4 JV-setup scheme (a) and a (fictive) example of a JV and PV curve (b). 
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The JV curve measured under simulated Air Mass 1.5 (AM1.5G) (100 mW cm-2) illumination 
(see for example Figure 2.4b) gives a few performance parameters of the solar cell: the short 
circuit-current density when no bias is applied to the system (JSC), the open-circuit voltage 
(VOC), the bias at which the generation and recombination of charge carriers are equal, and 
the maximum power density (Pmax) measured in the maximum power point (MPP), where the 
product of V and J (Pmax = JMPPVMPP) is the highest.  
 

 𝐹𝐹 =
𝑉𝑀𝑀𝑃𝐽𝑀𝑀𝑃

𝑉𝑂𝐶𝐽𝑆𝐶
 (1) 

 
Together with the Pmax and the product of VOC and JSC, the fill factor (FF) can be determined, 
which is defined as the ratio between the two (see equation (1)).  
 
In the experiment, standard test conditions (STC) should preferably be used. This means that 
the power of the light reaching the sample is 1000 W m-2, the spectrum should correspond to 
the air mass 1.5 (AM1.5G) solar spectrum and the device is kept at 25 °C. Sunlight that passes 
through the atmosphere is absorbed by gasses (e.g. by H2O, O2, CO2) and dust particles. The 
longer the path of the sunlight through the air atmosphere is, the more significant this effect 
will be. As a result, the solar spectrum changes. The air mass quantifies the path length of 
light traversing through the Earth atmosphere relative to the shortest path length possible. 
This depends on the angle between the zenith and the position of the sun. For if AM = 1, the 
sun is positioned directly overhead. For STC conditions, the path length should thus be 50% 
longer than the shortest distance possible. This corresponds to an angle of about 48°.  
 
A light source that produces AM1.5G light does not exist. Therefore, in the experiments, a 
light source is used, of which the spectrum simulates the AM1.5G spectrum. As explained 
above, we use filtered light from a tungsten-halogen lamp. It must be borne in mind that there 
can be substantial differences in its spectrum with the AM1.5G spectrum. To obtain an 
illumination intensity of 1000 W m-2, a Si photodiode cell was used to calibrate the system. 
The intensity can be adjusted by changing the distance between the cell and the lamp. Cells 
were measured at room temperature in an N2 glovebox, without active temperature control.  
 
2.3.2 External quantum efficiency  
The external quantum efficiency (EQE) provides information on the fraction of collected 
charges versus the number of incident photons on the solar cell. The EQE is wavelength 
dependent and is determined as  
 

 𝐸𝑄𝐸(𝜆) = 𝑆(𝜆)
ℎ𝑐

𝑞𝜆
 (2) 

 
in which S is the spectral response (ratio of generated current to the light intensity incident on 
the solar cell [A/W]), h the Planck constant, c the speed of light, q the elementary charge and 
λ the wavelength.  
 
In the experimental setup to determine the EQE, two light sources are used. The first lamp is 
a 50 W tungsten-halogen lamp (Philips Focusline). After passing through a mechanical 
chopper, the light is sent through a monochromator (Oriel, Cornerstone 130) to select a light 
with a specific wavelength. The monochromatic light with low intensity is sent towards the 
solar cell, which is kept in a nitrogen-filled box containing a quartz window. The sample is also 
illuminated with a continuous light source of higher intensity. For this, a green-emitting LED 
(Thorlabs) was used. This light is used to bring the cell close to one-sun conditions because 
the EQE depends on the amount of light at the cell. For this purpose, the intensity of the LED 
is adjusted such that the current density matches the current density obtained in the JV setup. 



 9 

The response of the solar cells is measured using a lock-in amplifier (Stanford Research 
Systems SR 830) and compared to that of a calibrated silicon cell of which the EQE is known.  
 
While the use of a lock-in amplifier makes it possible to sensitively measure S(λ), even in the 
presence of a higher intensity background light, it is not the actual spectral response that is 
measured, but the differential spectral response (DS(λ) =dJSC(λ)/dI(λ)). In the ideal case, DS(λ) 
equals S(λ), but this approach can result in an under-or overestimation of the EQE in case of 
a sub- or super-linear dependence of JSC on I. In such a case DS(λ) will depend on the absolute 
intensity of the light [64]. 
 
As an example: The total light intensity reaching the device is relatively low if no background 
light source is used. The measured slope (dJSC(λ)/dI(λ)) is then determined based on the data 
available at low light intensities. However, at high light intensities, higher-order recombination 
processes (like bi-molecular recombination) become more likely [65], which lowers the current 
density. Hence, if no background light source is used and assuming that DS(λ) = S(λ) 
measured at low light intensities also holds at high intensities, the EQE can be overestimated.  
 
Alternatively, if a background light source is used, the measured dJSC(λ)/dI(λ) at 1-sun is 
assumed correct. However, the dJSC(λ)/dI(λ) is lower at high light intensities than at low light 
intensities. The overall slope dJSC(λ)/dI(λ) and thus the EQE is therefore underestimated. The 
‘true’ EQE curve lies thus in between the curves with and without bias. 
 
By measuring the EQE with and without background illumination, some insight can be 
obtained into the effect of light intensity on the EQE.  
 
2.3.3 Power conversion efficiency 
The power conversion efficiency (PCE) is the ratio of energy output by the device relative to 
the energy input by the sun. STC AM1.5G conditions must be used for the measurement to 
determine the PCE. The PCE is equal to the power density in the maximum power point (Pmax) 
divided by the light intensity per unit area and is determined as 
 

 𝑃𝐶𝐸 =
𝑃𝑚𝑎𝑥

𝑃𝑖𝑛
=

𝐽𝑆𝐶𝑉𝑂𝐶𝐹𝐹

𝑃𝑖𝑛
  (3) 

 
 
Whereas the short-circuit current density depends significantly on the spectrum of the incident 
light, the VOC and the FF do that to a lower extent for perovskite solar cells in general [66]. The 
VOC and FF are, therefore, used as determined from the JV measurement under illumination. 
The JSC, on the other hand, is more accurately determined by integrating the product of EQE 
with AM1.5 G spectral photon flux (Φ𝜆

𝐴𝑀1.5): 
 

 𝐽𝑆𝐶 = −𝑞 ∫ 𝐸𝑄𝐸(𝜆)Φ𝜆
𝐴𝑀1.5𝑑𝜆 

𝜆2

𝜆1

 (4) 

 
Here, q is the elemental charge, and the integration is done over the entire solar spectrum.  
 
 
2.3.4 UV-vis-NIR absorption spectrum 
Absorption of light with a wavelength in the range of ultraviolet (UV), visible (vis), or near-
infrared (NIR) generally results in electronic transitions. In UV-vis-NIR spectroscopy, the 
interaction of light with the material is measured. It is usually measured in transmission mode 
in which the light source, the sample, and the detector or all in line. The light that reaches the 
sensor, after passing through a material, is measured and compared to incident light. It thus 
gives insight in which range of wavelengths the material can absorb photons. For 
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semiconductors such as perovskites, the onset of the absorption at the longest wavelength is 
commonly referred to as the (optical) bandgap of the material.  
 
The bandgap in a semiconductor can be either direct or indirect. A direct bandgap refers to a 
situation in which the excitation of an electron from the valence band to the conduction band 
occurs at the same momentum in the band structure. If the minimum of the conduction band 
and the maximum of the valence band are not aligned at the same momentum, momentum 
must be exchanged before an excitation is possible.  
 
The nature of the bandgap but also the optical bandgap itself can be determined based on the 
absorbance data, using the Tauc method, which is based on the following expression:  
 
 𝛼ℎ𝜈 ∝ (ℎ𝑣 − 𝐸𝑔)1/𝑛 (5) 

 
in which α is the absorption coefficient (see below), hν the photon energy, Eg the bandgap 
energy, and n depends on the nature of the bandgap. A bandgap in which this relation holds 
for n = 2 is referred to as a direct bandgap, and if n = ½, it is referred to as an indirect bandgap 
[67]. The bandgap can thus be determined by plotting αhνn versus hν, and such plot is 
commonly referred to as Tauc plot. 
 
The absorption coefficient is related to absorbance A, which is defined as the -10log of the 
attenuation of the light, normalised to the thickness of the film (d), as shown in equation (6). 
 
  

𝛼(𝑐𝑚−1) = ln (10) ∙ (
𝐴

𝑑(𝑐𝑚)
) (6) 

 
Limitations 
Not all photons that cannot reach the detector are absorbed in the absorber layer or any of 
the other layers present in the sample. Photons may also scatter or be reflected such that they 
do not reach the detector. Hence, when measuring in transmission mode, the absorbance can 
be overestimated. It is possible to determine the absorbed light, transmitted light, reflected 
light and scattered light separately in a series of measurements with an integrating sphere.  
 
 
2.3.5 Photoluminescence spectroscopy 
In photoluminescence spectroscopy (PL) spectroscopy, the emission of light from a sample is 
measured after photoexcitation with light at another wavelength. In semiconductors, emitted 
light often results from recombining electrons and holes (charge carriers) that were created by 
the absorption of light.  
 
Recombination of charge carriers occurs typically at the bandgap with the lowest energy. 
Other charge carriers with higher energy lose this additional energy via a process called 
relaxation. Often, this energy excess is transferred into heat. All the charge carriers created 
by absorption of light can recombine at the bandgap while emitting a photon at the bandgap 
energy. 
 
Particles with a smaller radius than the excitonic Bohr radius (up to 12 nm for CsPbI3) exhibit 
quantum confinement [68]. Since quantum effects play a role, the PL peak-position says 
something about the size of the formed particles [68], [69]. Besides the PL peak-position, the 
broadness of the peak provides information regarding the size distribution. A larger particle 
can contain a longer electron wave. If there are multiple sizes of nanoparticles present in the 
system, the PL peak will thus broaden. The full width at half maximum (FWHM) is used to 
characterise the monodispersity of the system. The FWHM is the difference between the two 
wavelengths at which the signal is at 50% of the maximum intensity.  



 11 

 
Photoluminescence quantum yield 
The PLQY is determined to quantify the fluorescence of a sample. The PLQY is defined as 
the ratio of emitted photons (Nem) and the number of absorbed photons (Nabs) at a given 
wavelength, as shown below 
 

 Φ𝑓 =
𝑁𝑒𝑚

𝑁𝑎𝑏𝑠
 (7) 

 
Since the absolute value of Nem cannot be readily determined with the available equipment, 
the PLQY of a sample (𝛷𝑓

𝑠) in solution is usually determined relative to that of a known 
reference (𝛷𝑓

𝑟) material instead (see equation (8)-(9)). 
 

 𝛷𝑓
𝑠 = 𝛷𝑓

𝑟 𝑓𝑟(𝜆𝑒𝑥)

𝑓𝑠(𝜆𝑒𝑥)
∙

∫ 𝐹𝑠(𝜆𝑒𝑚)𝑑𝜆𝑒𝑚𝜆𝑒𝑚

∫ 𝐹𝑟(𝜆𝑒𝑚)𝑑𝜆𝑒𝑚𝜆𝑒𝑚

∙
𝑛𝑠

2

𝑛𝑟
2 (8) 

 
 𝑓𝑥(𝜆𝑒𝑥) = 1 − 10−𝐴𝑥(𝜆𝑒𝑥) (9) 

 
in here, 𝑓𝑥(𝜆𝑒𝑥) is the fraction of absorbed photons at the excitation wavelength, 𝐹𝑥(𝜆𝑒𝑚) the 
photoluminescence at the corresponding emission wavelength, nx the refractive index, and 𝐴𝑥 
the absorbance (or optical density) (x=s for the sample and x=r for the reference material). 
 
Several aspects to determine the PLQY accurately are essential. Among them is the spectral 
overlap. The absorption and emission spectra of the sample and reference material should be 
comparable. Also, the experimental conditions must be considered. The excitation wavelength 
should be chosen at which both sample and reference material absorb and at which the 
absorption does not fluctuate considerably. The optical density should not exceed 0.1 to avoid 
re-absorption of emitted photons [70].  
 
2.3.6 Transmission and scanning electron microscopy 
The TEM uses a beam of electrons with known energy incident on a sample. When the sample 
is thin enough, a part of the electrons goes through, a part is absorbed, and a part interferes 
with the sample and is scattered. Both the transmitted and scattered electron signals can be 
detected with electromagnetic lenses. Different imaging techniques can be used, but only the 
amplitude contrast imaging technique has been used in this project. With this technique, there 
are two critical settings of the aperture: bright field and dark field. The scattered electrons are 
blocked in the bright-field aperture setting, and only and transmitted electrons are detected. 
Hence crystalline or dense materials and materials with heavy elements that absorb or scatter 
electrons appear dark in the bright-field image. In the dark-field aperture setting, the 
unscattered electrons are blocked, and only those scattered are detected. In this case, areas 
where there is no electron scattering, will appear dark. 
 
Amplitude contrast images show the variations of brightness throughout the sample. 
Depending on where the electron beam hits the sample, it interferes differently with it. Atoms 
with a high atomic number have a more massive electron cloud and thus interfere more with 
the electron beam than atoms with a lower atomic number. In this way, also thicker and thinner 
areas can therefore be detected. 
 
SEM, just like TEM a technique that uses a beam of electrons to gain information about the 
material. In a TEM measurement, a part of the beam can go through the sample. In an SEM 
measurement, an image is produced based on the reflected electrons. The SEM 
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measurement thus provides information regarding the surface of the material, with a spatial 
resolution limited to ~20 nm. 
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3 Experimental Procedures 
3.1 Materials 
Great Cell Solar 

• Cobalt(III) FK209 TFSI Salt: Tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 
tris(trifluoromethanesulfonimide) (MS220305) 

 
Sigma-Aldrich 

• 1-Octadecene, technical grade 90% (O806-1L) 
• Oleic acid, technical grade 90% (3645252-1L) 
• Oleyl amine, technical grade 70% (203580-10g) 
• Lead(II) iodide, 99% (211168-50g) 
• Lead(II) nitrate, 99.999% (203580-10g) 
• Rhodamine 6G, 99% (252433) 
• Dimethyl sulfoxide, anhydrous (DMSO), ≥99.9% (27655-100mL) 
• Bis(trifluoromethane)sulfonimide lithium salt 99.95% (544094-5g)  
• Acetonitrile, anhydrous 99.8% (271004-100mL) 
• Chlorobenzene, anhydrous, 99.8% (284513-100mL) 
• 4-tert-Butylpyridine, 98% (142379-25g) 
• Methyl acetate (MeOAc), anhydrous, 99.5% (296996-1L) 

 
Acros Organics 

• Caesium carbonate, 99.5% (192040250) 
• Dodecyl sulphate (sodium salt), 99% for biochemistry (230420250) 

 
Alfa Aesar 

• n-Octane, 98+% (A13181) 
• Tin(IV)oxide, 15% in H2O colloidal dispersion (44592)  

 
Biosolve 

• n-Hexane, AR 
• n-Heptane, AR 
• Ethanol absolute (dehydrated), AR 

 
AAT Bioquest 

• Oxazine-1 (cat.# 89) 
 
Solenne BV 

• [6,6]-Phenyl-C61-butyric acid methyl ester ([60]PCBM), 99%  
 
Xi’an Polymer Light Technology Corp. 

• Spiro-OMeTAD (PLT502011T-1g) 
 
3.2 Synthesis and purification of CsPbI3 nanoparticles 
The synthesis method of the CsPbI3 nanoparticles is based on the work and tips and tricks of 
Dr Leyre Gómez Navascués from the University of Amsterdam (Optoelectronic Materials) (see 
for example [41]). Based on trial and error, the method has been finetuned to improve the end 
product further. 
 
A. Preparation of caesium oleate 
Caesium oleate has been synthesised by combining Cs2CO3 (814 mg, 2.50 mmol, ±1mol%), 
1-octadecene (ODE) (40 mL) and of oleic acid (OA) (2.5 mL) in a 100 mL three-neck-flask. 
The flask was sealed with rubber stoppers and then put in a 120 °C oil bath while an N2 stream 
was flowing through the solution. To avoid overpressure, an unconnected needle was put in 
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one of the rubber stoppers. After one hour, the temperature was increased to 150 °C, until a 
clear solution was visible. The caesium oleate solution was then cooled to room temperature 
and stored under N2 in a closed flask. 
 
B. CsPbI3 nanoparticles synthesis 
The synthesis of the nanoparticles has been performed by degassing PbI2 (874 mg, 1.9 mmol, 
±1mol%) in ODE (40 mL) by N2 bubbling through the solution while stirring for 5 minutes in a 
100-mL three-necked reaction flask at room temperature. After 5 minutes, the reaction flask 
was put to vacuum for 5 minutes. This procedure was repeated once at room temperature and 
again at 120 °C. Subsequently, N2 bubbled through the solution for 1 hour at 120 °C. After 1 
hour, a mixture of OA (6.5 mL) and oleyl amine (OAm) (6.5 mL), which was degassed with the 
same procedure in a separate two-necked 50 mL flask, was added to the reaction flask all at 
once by shortly removing one of the stoppers. Subsequently, the temperature was increased 
to 175 °C. 
 
While the temperature of the oil bath was increasing, the pre-made caesium oleate solution 
was preheated to 120 °C in a separate oil bath to redissolve the caesium oleate. After the 
reaction flask reached a temperature of 175 °C, Cs-oleate (4 mL, 0.12 M, which equals 0.5 
mmol) was added all at once to the reaction flask by removing one of the stoppers. Within 3-
7 seconds, the reaction was quenched by putting the reaction flask in a bath containing water 
and ice.  
 
C. Purification 
15 mL of the crude reaction mixture containing CsPbI3 was added to each of the four falcon 
tubes. To each of these tubes, methyl acetate (MeOAc) (27 mL) was added as an antisolvent. 
Afterwards, the falcon tubes were centrifugated at 3500 rpm for 10 min. The supernatant, 
containing mainly ODE, MeOAc and excess ligands, was removed. Hexane (9 mL) was then 
added to each falcon tube, and with the help of a sonicator, the CsPbI3 particles were re-
dissolved in a timeframe of at least 10 min. Additional MeOAc (9 mL) was then added to the 
falcon tubes, after which they were centrifugated again at 3500 rpm for 10 min. After removal 
of the supernatant, hexane (6 mL) was added to the precipitate of each falcon tube and put in 
the sonicator for at least 10 min to re-dissolve the particles.  
 
The re-dissolved particles were then centrifuged for 5 min at 3000 RPM to get a smaller size 
dispersity. The supernatant of the falcon tubes was then stored at 4°C overnight, after which 
the sample was centrifuged one last time at 3000 RPM to collect the supernatant 
subsequently. The weight of the product was then determined by removing almost all solvent 
with the use of a rotary evaporator. Finally, the nanoparticles were dissolved in hexane to a 
concentration of 50 mg·mL-1. 
 
3.3 Concentrating the CsPbI3 solution 
Two methods have been explored to examine the effect of concentrating. The results are 
discussed in §4.1.5. 
 
Antisolvent method 
The first method is based on the use of the antisolvent MeOAc. To determine the amount of 
MeOAc to add, the weight concentration of the solution was determined by evaporating a 
sample of 5 µL. This concentration was then compared to the weight concentration before 
performing the second purification step (§3.2). The amount of MeOAc to add is then the 
fraction of the two weight concentrations, multiplied by the 9 mL, which was the amount of 
antisolvent added to the second purification step in §3.2B. Next, a centrifugation step of 3500 
rpm for 10 minutes was applied so that the precipitate could be collected and brought to the 
(approximated) concentration based on their weight.  
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Rotary evaporator minimalization 
In the approach to minimise the use of the rotary evaporator, the idea was to remove the 
amount of solvent up to the average yield of previous batches (1-2 mL, see §4.1.4). Not all 
the solvent should be removed. For that, a small glass reaction tube has been used. On the 
tube, a mark for the 1-2 mL threshold has been set. The rotavapor has been set to about 100 
mbar, so within 15 minutes, the threshold was reached.  
 
A small sample (5 µL) was taken and put in a small metal weighing boat. After, a small flow of 
N2 was blown over the solution for 10 minutes to evaporate all solvent. The weight of the 
particles was then determined with a microbalance, so the concentration of CsPbI3 inside the 
glass reaction tube could be determined and be corrected to 50 mg·mL-1. 
 
3.4 CsPbI3 film formation and device fabrication 
In this section, the design and fabrication of all films used in the solar cell are discussed. 
During spin coating of the substrates, either a static or dynamic spin coating procedure has 
been used. Static spin coating is a procedure in which the solution is placed on the substrate 
before it spins. With dynamic spin coating, the solution is put on the substrate while the 
substrate spins.  
 
3.4.1 Solution preparation 
The solutions below were stirred at least one day in advance at a temperature of 60 °C and 
prepared in a nitrogen-filled glovebox. 

• [60]PCBM (20 mg) in chlorobenzene (2 mL) 
• Spiro-OMeTAD (80 mg) and Li-TFSI (17.5 µL from a stock solution, 170 mg∙mL-1 in 

acetonitrile) in chlorobenzene (1 mL) 
• cobalt(II) FK209 TFSI salt (250 mg) in acetonitrile (0.5 mL) 

 
3.4.2 Substrate cleaning  
All substrates glass or glass/ITO substrates went through the exact cleaning procedure in the 
air: 

• 15 min sonication in acetone 
• 15 min sonication in sodium dodecyl sulphate dissolved in demineralised water 
• ~1 min scrubbing of the active site of the substrate with a (clean) nitrile glove 
• 10 min washing with a continuous flow of clean demineralised water 
• 15 min sonication in isopropanol 
• Dried with a stream of N2 
• UV-ozone treatment of 30 min 

 
Note that all the samples were used within at least a 30 min window after the UV-ozone 
treatment. 
 
Electron transport layers 
The deposition of the electron transport layer is based on commercially available colloidal 
SnO2 in H2O. The following procedure is performed in the air: 

• n-SnO2 (150 µL, 15% in water), 2800 rpm, 60 s (static) 
• Outer contact points wiped with a cotton swab dipped in demineralised water 
• After the substrate was covered with SnO2, they were annealed for 20 min at 150 °C 
• UV-ozone treatment of 30 min 

 
After the UV-ozone treatment, the samples were transferred to the glovebox, and a [60]PCBM 
layer was spin-coated on top.  

•  [60]PCBM (10 mg mL-1 ) in chlorobenzene (25 µL), 2000 rpm, 30 s (static) 
• After each substrate was covered, it was annealed for 20 min at 100 °C 
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3.4.3 Intrinsic layers 
Multiple speeds and alterations during the perovskite deposition, ligand exchange and 
cleaning steps with MeOAc were examined, of which the one described here was the most 
successful for one layer: 

1. Perovskite: CsPbI3 (50 mg·mL-1) in hexane (80 µL), 1000 rpm, 20 s (static) 
2. 2000 rpm, 5 s (wait) 
3. 400 rpm, 1 s (wait) 
4. Ligand exchange: saturated Pb(NO3)2 in MeOAc (200 µL) (see recipe below), 3000 

rpm, 20 s (dynamic) to partly remove oleyl amine and oleic acid [20]. 
5. 400 rpm, 1 s (wait) 
6. Wash MeOAc (200 µL), 3000 rpm, 20 s (dynamic) to remove the excess of Pb(NO3)2 

[20]. 
 
The increased speed of 2000 rpm for 5 seconds was used to flip off any potential excess of 
solvent present at the corners of the substrate. The speed of 400 rpm for 1 second was used 
as an indication. The solution for the next step was brought into the pipette tip and positioned 
above the substrate right after the 400 rpm mark had been met.  
 
To make the saturated Pb(NO3)2 solution, Pb(NO3)2 (80 mg) was dissolved in MeOAc (80 mL). 
After being sonicated for 10 minutes, the suspension was centrifugated for 10 min at a speed 
of 3500 rpm to collect the supernatant.  
 
The spin coating procedure, shown graphicly in Figure 3.1, was repeated until the desired 
layers of CsPbI3 had been reached 

 
 Figure 3.1 Timetable of the various solutions applied to the substrate. 

Here, CsPbI3 is dissolved in hexane, heptane or octane, Pb(NO3)2 is 
dissolved in MeOAc, whereas the wash is MeOAc only. During the 

waiting period, no solution is applied to the substrate 

 

 
3.4.4 Hole transport layer 
The Spiro-OMeTAD mixture was first doped with the Co(II) salt, after which it was spin-coated 
on the perovskite layer. 

• Spiro-OMeTAD and Li-TFSI mixture (§3.4.1) in chlorobenzene (1 mL) and cobalt(II) 
FK209 TFSI salt (§3.4.1) in acetonitrile (20 µL) 

• Doped Spiro-OMeTAD mixture (60 µL), 2000 RPM, 50 s (dynamic) 
• When all samples were coated, the samples stayed outside the glovebox for 20 

minutes to activate (oxidise) the Spiro-OMeTAD. After, the samples were returned to 
the glovebox.  
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3.4.5 Electrode deposition 
The top electrode has been deposited on the HTL with a metal evaporator which was located 
inside a nitrogen-filled glovebox. Since both types of charge carriers must be collected 
separately, a mask has been used in which one part of the Au electrode is in contact with the 
ITO bottom electrode and a separate part in contact with the HTL and forms the top electrode 
(see also Figure 2.2b). 
The edge of the substrate was cleaned using a scalpel before the top electrode was deposited 
to ensure the Au can be in direct contact with the ITO layer.  
 
The rubber seal of the evaporator chamber was cleaned with a vacuum cleaner to ensure a 
vacuum of at least 10-7 mbar could be reached after the vacuum chamber was closed. 
 
When the desired vacuum level was reached, the electrodes were deposited 

• MoO3 10 nm thickness, deposited with a speed of 0.5 Å s-1 
• Au ~60 nm thickness, deposited with a speed of ~1 Å s-1 
 

3.5 Characterisation equipment 
3.5.1 UV-vis-NIR spectrometer 
Absorption characteristics of solutions and films were examined with a PerkinElmer Lambda 
1050 spectrophotometer.  
 
3.5.2 Photoluminescence spectra 
Photoluminescence spectra of either solutions or films were made with an Edinburgh 
Instruments FLSP920 monochromator luminescence spectrometer.  
 
3.5.3 Transmission electron microscope 
To examine the CsPbI3 nanoparticles in solution on a nanoparticle scale, a Tecnai G2 TEM 
Sphera transmission electron microscope (FEI) operated at 200 kV has been used. 
 
3.5.4 JV measurements 
See §2.3.1 for an explanation regarding the setup. 
 
3.5.5 External quantum efficiency 
See §2.3.2 for an explanation regarding the setup. 
 
3.5.6 Scanning electron microscopy 
Films were examined with an FEI Quanta 3D FEG microscope using a 5-kV electron beam 
and a secondary electron detector. 
 
3.6 Surface profiler 
The surface profiler Veeco Dektak 150 was used to determine the thickness and roughness 
of the CsPbI3 layers. 
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4 Results and Discussion 
4.1 Nanoparticles synthesis 
 
4.1.1 Synthesis procedures 
The synthesis of CsPbI3 nanoparticles involves multiple steps; the synthesis of Cs-oleate, the 
ligands, the nanoparticle synthesis itself, and the purification and concentrating method. Two 
parts have been examined in more detail. 
 
Cs-oleate 
Cs-oleate is synthesised with three components: caesium carbonate, 1-octadecene and oleic 
acid. Cs-oleate is often prepared in bulk, kept in stock, and reheated before use [20], [69]. 
After storing Cs-oleate multiple days, its colour changed from off-white to brown, suggesting 
an undesired reaction (Figure 4.1). Nevertheless, no correlation could be found between the 
PLQY or yield of CsPbI3 nanocrystals could be found based on the use of freshly synthesised 
Cs-oleate or Cs-oleate used from stock. 
 

 
Figure 4.1 Cs-oleate (at ~120°C) after the synthesis (left vial) and after being stored for multiple days 

(right vial).  

Concentrating 
Concentrating the CsPbI3 nanoparticle solution to concentrations of ~50 mg mL-1 is required 
for the deposition of a film via spin coating, as will be discussed in more detail in §4.2. The 
concentration step, however, should occur on the same day as the deposition steps. Upon 
concentrating, nanoparticles are forced to be closer to one another, increasing the risk of 
agglomeration [13]. Storing the sample at a concentration of ~50 mg mL-1 results in the 
formation of insoluble particles, disrupting the formation of a smooth film. However, as will 
become clear in §4.2.1, also by taking these precautions a rough film could not be prevented 
which indicates another reason beside agglomeration of particles in the stock vial for rough 
films.  
 
4.1.2 Characterisation 
Figure 4.2a shows the UV-vis-NIR spectrum of CsPbI3 nanoparticles dissolved in hexane. The 
spectrum is typical for CsPbI3 perovskite materials [13]. The first onset (highlighted with an 
arrow) is approximately the optical bandgap and can be determined with a Tauc plot (Figure 
4.2b); It has an energy of 1.79 eV (692 nm). Photons with an energy higher than 1.79 eV can 
thus be absorbed in this layer. Therefore, the CsPbI3 perovskite would be suitable in a 
multijunction solar cell combined with an absorber layer with a smaller bandgap to increase 
device performance [15]. 
 
The Tauc plot also confirms that the bandgap is direct (n=2), which has been shown before 
[27], [71]. A direct over an indirect bandgap has the advantage that the generation of excitons 
is allowed, and thus, no phonons are required to assist the energy transition [15]. As a result, 
the absorption coefficient is higher for a direct than for an indirect bandgap semiconductor 
which means that thinner films can be used. Thin films are required, for example, for flexible 
substrates. 
 



 20 

 
Figure 4.2 a) UV-vis-NIR spectra of CsPbI3 in hexane, b) Tauc plot around the onset of the arrow in 

a). 

TEM images of CsPbI3 particles are shown in Figure 4.3. As can be seen in the figure, both 
micrometre-long crystals (a), platelets (b, highlighted), and nanocubes (b,c) are present. 
Based on the assumption that all particles in Figure 4.3c are nanocubes, the average edge 
length has a size of ~9 nm (see also Figure 4.4). 
 

 
Figure 4.3 TEM images of a solution of 50 mg·mL-1 CsPbI3 in hexane deposited on a TEM grid. 

Micrometre-long crystals, however, are also present beside the nanocubes. This means that 
particles could have agglomerated, as also occurs in a similar system when the ligands are 
removed completely [72]. CsPbI3 might have been stored for too long at a high concentration 
in an early phase of the project, favouring Oswald ripening. Oswald ripening is the observation 
that the smallest particles dissolve to enhance the growth of larger particles. In this way, the 
overall surface area and surface energy are reduced. Also, platelets are visible in Figure 4.3b, 
which are organised in concentric circles.  
 
In Figure 4.3b and c, light and darker coloured cubes are visible. The darker cubes may 
represent a stacking of multiple nanocubes on top of each other [73]. Thicker parts result in 
more absorption of electrons from the TEM and appear darker on the bright-field TEM image. 
Figure 4.3c also shows that the CsPbI3 nanocubes preferentially stack in a square array [73].  
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 Figure 4.4 Size distribution of CsPbI3 nanocubes (based on 

Figure 4.3c). 
 

 
4.1.3 Fluorescence quantum yield reference dye 
Rhodamine-6G (Figure 4.5a) is a dye that is used in literature to determine the relative PLQY 
of CsPbI3 [42]. However, one of the criteria for determining the PLQY is that the emission 
spectra of the material of interest and the dye are comparable [74], [75]. This is shown in 
Figure 4.6, which shows the PL spectra of CsPbI3 and rhodamine-6G in solution, not the case. 
While the rhodamine-6G dye gives insight into batch-to-batch variations, it thus not gives an 
accurate representation of the PLQY. 
 

 
Figure 4.5 Chemical structure of oxazine 1 perchlorate (a) and rhodamine-6G in (b). Images taken 

from [76], [77]. 

 

 
Figure 4.6 a) PL spectra of CsPbI3 dissolved in hexane and rhodamine-6G in ethanol. b) PL spectra 

of CsPbI3 dissolved in hexane and oxazine-1 in DMSO b). The PLQY, excitation wavelength (λex), and 
the fraction of absorbed photons at the excitation wavelength for the reference dye 𝑓𝑟(𝜆𝑒𝑥) are 

included in both figures. The pathlength is, in both cases, 10 mm.  

The PL spectrum of oxazine-1 (structure shown in Figure 4.5a) is better compatible with that 
of CsPbI3 (Figure 4.6b) because the overlap of the PL spectra is larger. It has been used 
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before in a similar experiment [78]. As a comparison, the PLQY of CsPbI3 is around 10% when 
rhodamine-6G is used as a reference dye and about 25% when oxazine-1 is used. 
Rhodamine-6G thus underestimates the PLQY of CsPbI3. To which extent, however, is 
unclear. The PLQY reached once 59% with rhodamine-6G as reference dye (Figure 4.7). 
Assuming the factor of 2.5 would hold, a more accurate PLQY would be ~150%, which cannot 
be.  
 
4.1.4 Reproducibility 
The synthesis of nanoparticles is challenging to control as the reaction occurs in only a few 
seconds. This becomes clear when comparing the yield and PLQY of different batches (Figure 
4.7). The yield of the batches varies between 1 and 3 mL (with a concentration of 50 mg mL 

−1) but was in all cases enough for the design of a solar cell. The PLQY reached a value of 
59% (relative to the rhodamine-6G dye) initially but dropped to lower PLQYs (5-10%) in 
subsequent batches. For the PLQY based on oxazine-1 as a reference dye, the PLQY varied 
between 10-30%. No synthesis recipe has thus been found to provide a reproducible PLQY. 
In addition, compared to literature, the PLQYs reported here are relatively low, as literature 
reports PLQYs up to 40-95% [22], [38], [40].  
 

 
 Figure 4.7 Overview of the yields (in mL, based on a 

concentration of 50 mg mL-1) and the PLQY’s (determined 
with either rhodamine-6G or oxazine-1) of multiple CsPbI3 
batches. Note that the lines have no additional meaning 

 

 
The yields (in mL, based on a concentration of 50 mg mL-1) varied between 1-3 mL and thus 
changed to a similar extent as the PLQY did. Still, the yield gathered with every batch was 
enough to produce at least one solar cell (which requires ~0.4 mL) and was thus not the 
primary concern.  
 
UV-vis-NIR (a) and PL (b) spectra of two samples (S1 and S2) of ligand-functionalised CsPbI3 
(in a hexane solution) which have been made on the same day sequentially with an identical 
synthesis method as outlined in §3.2 are shown in Figure 4.8. The PLQY of the particles (after 
concentrating the solutions) is ~29% for S1 and ~10% for S2 (oxazine-1 as reference dye). 
 
Based on a Tauc plot of the UV-vis-NIR spectra, the optical bandgap of S1 and S2 is both 
~1.79 eV. However, the PL shows a small redshift for S1 compared to S2 (688 versus 686 
nm). This suggests that S1 contains slightly larger particles, but with a FWHM of 34 nm and 
35 nm for S1 and S2, is S1 also slightly more monodisperse. The differences are, however, 
too small to explain the differences in the PLQY. 
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Figure 4.8 a) UV-vis-NIR spectra of two ligand-functionalised CsPbI3 samples (S1 and S2) in a 

hexane solution. b) the PL spectra of the two solutions excited at 605 nm. 

The yield varies between 1-3 mL (50 mg mL-1) and is thus based on this synthesis method, as 
mentioned earlier, not reproducible. The PLQY also showed a large discrepancy (between 15-
30%). Thus, while the synthesis method provides a yield large enough for the fabrication of a 
solar cell, it is not reproducible in yield and PLQY.  
 
4.1.5 Nanoparticle precursor concentration 
The concentration of CsPbI3 particles in the solution is about 1-2 mg mL-1 after the purification 
step. Compared to literature, the concentrations vary greatly; Concentrations of 25-75 mg mL-

1 have been reported [20], [48]. In this project, five layers of CsPbI3 with a concentration of 50 
mg mL-1 gave a thickness of ~200 nm, sufficient for a solar cell design, as will be discussed in 
more detail in §4.2 [20]. The concentration thus needs to increase by a factor of 25-50. The 
method that has been used for this is by applying a vacuum with a rotary evaporator. By 
removing nearly all the liquid, the nanoparticles can be re-dissolved to the desired 
concentration.  
 

 
Figure 4.9 Effect of purification of CsPbI3 on the PLQY in four steps, including the concentrating step 

(with method M1). Oxazine-1 has been used as a reference dye. 

In Figure 4.9, the PLQY after concentrating the solution is shown, next to the effect of the 
purification procedure. By purifying the crude solution, the PLQY improves significantly. In 
Figure 4.10, no significant change in the optical behaviour of these particles can be seen. This 
means that fewer emissive particles are removed from the crude solution. However, upon 
concentrating the solution, the PLQY drops almost by a factor of two.  
 
Three methods have been evaluated to concentrate the product (details can be found in §3.3).  

• M1: ‘Full’ evaporation of the solvent with a rotavapor until no liquid could be seen. 
• M2: The use of an antisolvent (MeOAc) to collect CsPbI3 particles after a 

centrifugation step.     
• M3: Partly evaporation of the solvent with a rotavapor up to the volume which is 

expected to be required to reach a concentration of 50 mg mL-1.  
 
In the second method (M2), MeOAc is used as an antisolvent to precipitate the nanoparticles. 
The nanoparticles can then be dissolved to the desired concentration. While this was 
successful in the first two steps of the purification procedure, using the antisolvent for the third 
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time did not work. The particles turned yellow and precipitated. In Figure 4.11a, an example 
of such a destabilised solution is shown. 
 

 
Figure 4.10 Effect of purifying and concentrating the CsPbI3 samples in solution. In a) the UV-vis-NIR 
results, and in b) the photoluminescence results can be seen. The legend in a) holds for both figures. 

The antisolvent not only causes the nanoparticles to precipitate but also strips part of the 
ligands from the nanoparticles because the ligands are soluble in MeOAc [13], [79], [80]. If a 
significant proportion of the ligands is removed, the nanoparticles can agglomerate such that 
the system destabilises. While no crystallography data is available to confirm, the yellow 
orthorhombic δ-CsPbI3 might have been formed [81]. 
  
 
               
 
 
 
 
 
 
 
 
Figure 4.11 (a) a batch of a destabilised (M2) and stabilised (M3) CsPbI3 particles in hexane (50 mg 

mL-1). PL spectra (b) of a purified sample, low concentrated sample (Low) and after performing 
concentration method M2 and M3. The PLQY (%) is included in the legend.  

The third method (M3) still makes use of a rotavapor but in a controlled fashion. The solvent 
is removed up to a level that equals the average yield of all batches performed in this project 
(~1-3 mL, see also §4.1.4). A sample of 5 µL was taken from the solution and dried to 
determine the concentration.1 Afterwards, to reach the desired concentration of 50 mg mL-1, 
the solvent could be added. This resulted in the sample shown in Figure 4.11a (M3). While no 
significant changes are visible in terms of the PL spectrum, there is a small positive effect on 
the PLQY compared to M1 (Figure 4.11b). Minimisation of the liquid evaporation (M3) is thus 
preferred.  
 
4.2 Film formation 
In the previous paragraph (§4.1), the synthesis of the CsPbI3 particles in solution was 
discussed. For the design of the solar cell, these nanoparticles need to be transformed into a 
layer. Therefore, this section will be about film formation using the CsPbI3 nanoparticles.  
 

 
1 Here it is assumed all particles were dissolved 

a) 
M3 

M2 
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4.2.1 Layer thickness and roughness 
First, the number of layers required to reach the desired thickness of at least 200 nm for a 
solar cell design is determined [20]. A surface profilometry measurement has been performed 
to determine this. This measurement provides information regarding the thickness and 
roughness of each additional layer, so the development of these parameters can be examined.  
 
The individual perovskite film layers undergo a two-step washing procedure. The first step 
involved spin coating a saturated Pb(NO3)2 solution in MeOAc, and the second step with 
MeOAc only. These washing steps made the samples less waxy so the films could be 
measured. As mentioned in §4.1.5, the ligands can be dissolved in MeOAc, stripping away 
ligands [13], [79], [80]. The role of Pb(NO3)2 during the washing step is to replace the longer 
OA and OAm ligands [23].  
 
An overview of surface profilometry performed on washed perovskite films prepared on glass 
substrates using a nanocrystal precursor in hexane is given in the inset of Figure 4.12a. In this 
figure, the thickness (d) and root mean square surface roughness (Rq) of each layer is shown, 
except for the unwashed samples. The unwashed samples in Figure 4.12b were too waxy to 
be measured by a stylus profiler.  

 
Figure 4.12 UV-vis-NIR spectra of the a) washed and b) unwashed samples. The legend in a), which 

holds for both figures, # are the number of CsPbI3 layers, d the thickness, and Rq the root mean 
square surface roughness in nm. 

Upon exchanging the organic ligands with NO3
-, from Pb(NO3)2, the optical density increases 

when multiple layers of CsPbI3 are built on top of each other. In unwashed samples, the optical 
density almost does not increase upon applying numerous layers. If the ligands are not 
removed with Pb(NO3)2 and MeOAc, previously deposited nanoparticles will be washed away 
during the subsequent spin coating [13]. As a result, the build-up of additional layers of CsPbI3 
on top of each other is hindered; the total thickness of the CsPbI3 remains similar. 
  
The addition of multiple CsPbI3 layers while washing each layer increases the layer thickness 
from 73 nm to 209 nm for five layers. As a result, the absolute optical density is increased to 
~2, which is large enough to build a working solar cell device [48]. However, with a Rq of 40-
80 nm, the roughness of the film is significant, which suggests the solvent evaporates too fast 
during spincoating [82]. No correlation between film thickness and Rq seems to exist.  
 
Figure 4.13a shows a layer of CsPbI3 on top of a glass/patterned-ITO substrate. While the 
layer appears visibly uniform (except for a few pinholes), it is hazy. Scanning electron 
microscopy (Figure 4.13b) shows a large surface roughness within features with a size of 
several hundred nanometres, explaining the hazy appearance.  
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 Figure 4.13 a) Photo of a layer of CsPbI3 on top of a 

glass/ patterned-ITO substrate and b) an SEM image of 
that film. 

 

 
4.2.2 Solvent for spin coating CsPbI3 nanocrystals  
The films cast from ligand-functionalised CsPbI3 dissolved in hexane are relatively rough (Rq 
of 42-81 with film thicknesses of 72-209 nm). The large Rq suggests issues regarding the 
evaporation of the solvent during the spin coating process of the film [82]. Solvent evaporation 
requires energy, which creates a temperature gradient over the film. In addition, evaporation 
of the solvent also introduces a concentration gradient. These phenomena result in a surface 
tension difference throughout the film, causing fluid motion (also known as Marangoni 
convection) and eventually a rough film [82]. The use of a solvent with a higher boiling point 
than hexane (heptane and octane) has been examined to minimise this effect. Hexane (C6H14) 
has a BP of 69 °C, heptane (C7H16) has a BP of 98 °C and octane (C8H18) of 125 °C. The 
higher BP of heptane and octane increases the evaporation time of the solvent as a trial to 
improve the film coverage. A similar procedure has been used, as has been explained in the 
experimental section, except that the solvent of hexane was exchanged for heptane and 
octane via a rotavapor.  
 
With a batch of CsPbI3 (having a PLQY of 25% in hexane), three films have been made based 
on a glass/ full ITO/SnO2/[60]PCBM bottom layer stack (see also Figure 4.14a). On top of 
[60]PCBM, one layer of CsPbI3 has been deposited using either hexane, heptane or octane 
as solvent.  
 
In Figure 4.14b, the UV-vis-NIR spectra of these films are given. Particular attention should 
be paid to the wavelengths above the bandgap (λ > ~700 nm), as the CsPbI3 perovskite 
material should not absorb these wavelengths. As mentioned in §2.3.4, not all light that has 
not reached the detector has been absorbed. Both scattering and reflection of the photons at 
the sample interface can take place, which reduces the total amount of light measured by the 
detector. In the figure, the nanoparticle film spin coated from a hexane solution has the highest 
optical density above ~700 nm, likely due to scattering [83]. The films cast from heptane or 
octane show a similar spectrum, but the optical density above ~700 nm is less. The films spin 
coated from either heptane or octane scatter less and appeared to be less hazy. The films 
must be smoother (e.g., fewer crystalline defects [84]) and are thus more likely to perform 
better in a solar cell device.  
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 Figure 4.14 The layered architecture is shown (a) of the UV-vis-NIR spectra of three films, 

where the perovskite layer was spin coated from either an octane, heptane or hexane 
solution (b). 

 

4.3 Solar cell devices 
A substrate CsPbI3 NIP solar cell device of which the fabrication procedure is based on the 
NIP layout procedure described in §3.4 is shown in Figure 2.3b. The device contains five 
perovskite layers, which were deposited on the substrate from a hexane solution. Figure 4.15a 
shows the current density versus voltage (JV) curves, and in Figure 4.15b, the dark current 
based on a reverse scan is shown. The JV curve deviates significantly from an ideal situation. 
With an open-circuit voltage (VOC) of 0.97 V, an FF of 0.31 and a short-circuit current density 
(JSC) of 2.3 mA cm-2 (based on EQE results with bias illumination, which is shown in Figure 
4.16), the power conversion efficiency (PCE) of the device is around 0.69%. A measurement 
without bias illumination means that only a minimal light intensity is used to determine the 
response of the device. A measurement with bias illumination is a measurement in which 
larger light intensity is used to create approximately one-sun conditions (as explained in 
§2.3.2). 
 
The low FF (0.31) suggests resistance issues in the device [85]. In Figure 4.15a, a dotted line 
is shown to highlight the slope (α), which is approximately inversely correlated with the shunt 
resistance (Rsh) and series resistance (Rs). Based on these estimates, Rsh = 300 Ω cm2 and 
Rs = 200 Ω cm2. In an ideal situation, the Rsh should be as high as possible (Rsh → ∞) and Rs 
as low as possible (Rs → 0). In this device, both the shunt and series resistance deviate from 
the ideal situation, which has thus an adverse effect on the device performance. 
 

   

Figure 4.15 Characteristics of a CsPbI3 device. a) a typical J-V curve where α is the slope, Rs the 
series resistance and Rsh the shunt resistance. The forward scan is a with increasing voltage (-0.5 → 
1.5V) increasing voltage and a reverse scan with decreasing voltage (1.5 → -0.5V) and b) the dark 

current (based on a reverse scan).  

Glass 

ITO 

SnO2 & [60]PCBM 
 

CsPbI3 

a) 
 b) 
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The EQE results are plotted in Figure 4.16. The figure shows that the EQE remains constant, 
around 50% between 400-700 nm, when measured with low-intensity monochromatic light 
only. Within this wavelength range, 50% of all incident photons result in charge carriers that 
are collected successfully. Below 350 nm, parasitic absorption occurs; a part of the light is 
absorbed by the layers prior to CsPbI3, like glass substrate and SnO2 [86]. Above 700 nm, the 
energy of the photons is too low to be absorbed by the perovskite.  
 
The EQE in this sample is limited to a maximum of ~50%, while other papers reported an EQE 
up to 80% [20]. The CsPbI3 films fabricated during this project contain structural defects as 
SEM measurements showed a rough film (§4.2.1). These defects can result in trap states, 
which enhances recombination and limits the EQE [54]. 
 
EQE curves, as explained in §2.3.2, do not represent the true EQE. Quite a large discrepancy 
between the EQE without bias illumination (EQE ~50%, JSC = 10.2 mA cm-2) and with bias 
illumination (EQE ~ 10%, JSC = 2.3 mA cm-2) is noticeable. The fill factor, based on the 
measurement performed under one-sun conditions, is 0.31. This limits the maximum power 
output of the device. A possible explanation for this is bimolecular recombination effects, which 
come into play at relatively high light intensities (e.g. one-sun conditions) [65], [87].  
 

 
Figure 4.16 EQE of the device without and with a bias light source to reach close-to one-sun 

conditions. 

4.3.1 Reproducibility of solar cell design 
The films discussed in the reproducibility chapter (§4.1.4) were also used to fabricate solar 
cells. For the two samples, the same synthesis method (§3.2) and device fabrication method 
(§3.4) had been used. For the absorber layer, five layers of CsPbI3 were deposited on top of 
the ETL from a hexane solution. Even though the CsPbI3 particles were synthesised in both 
samples, their quality in terms of PLQY was quite different.  
 
Performance 
Figure 4.17 shows how both devices respond to an alternating sequence of light soaking and 
dark periods by performing a slow sweep. A slow sweep is a measurement in which the device 
is first exposed for 10 minutes to the light from a tungsten-halogen lamp (filtered by a Schott 
GG385 UV and a Hoya LB120 daylight filter) at VOC. After, based on the final VOC output, a 
reverse scan is performed from VOC + 0.02 V to -0.02V, with a step size of 0.02 V. Every 5 
seconds, the current density at each step is measured with the source meter. Between each 
measurement, the samples were stored in the dark in a nitrogen-filled glovebox. 
 
Where sample 1 (S1) shows an S-shaped JV curve, the JV characteristics of sample 2 (S2) 
do not. The S-shape in S1 remains also pronounced after multiple days of performing 
measurements. The pronounced S-shape has been seen before in perovskite solar cells and 
is often due to contact problems at the perovskite contact interface [88], [89].  



 29 

 
The shape of the curve for S2, on all three days, remains similar. At the same time is the 
current of the device S2 is almost two times as large for S1. Based on the experiments on day 
3, S1 has an FF of 0.33 and VOC of 1.1 V, S2 has a slightly lower VOC of 1.0 V but a higher FF 
of 0.47. S2 performs thus better. 

 
Figure 4.17 Slow sweep (JV-curve) of sample 1 (S1 in figure a) and sample 2 (S2 in figure b) over 

three days. 

In terms of the external quantum efficiencies (Figure 4.18), which represent the ratio collected 
charges versus the incident photons to the solar cell, S2 also performs better than S1. The 
average EQE (between 350 and 700 nm) for S1 is ~7%, it is ~16% for S2 (without bias). These 
values are significantly lower than the sample discussed before (see Figure 4.16). 
Recombination effects do thus play a more significant role in S1 and S2.  
 
In Figure 4.18, the same EQE trend between the measurements with and without bias is 
present as earlier discussed. The EQE measurements without bias (red line) are generally 
higher than with bias (green line). At conditions close to one-sun, recombination effects 
become more significant, which has an adverse effect on the power-out of both devices 
(resulting in FF’s of 0.33 and 0.47 for S1 and S2).  
 
An additional EQE measurement has been performed to examine the effect of light soaking 
for a longer time. In Figure 4.18b, the EQE measurement (with and without bias) before and 
after a light soaking period of 30 min is shown. This showed a small increase in the EQE at 
higher wavelengths. A performance increase after light soaking is a behaviour that is seen 
before in perovskite solar cells [90].  
 
One possible explanation for this phenomenon is that the charge carriers fill certain traps 
within the device during light soaking. Upon performing the EQE measurement, some of these 
traps might still be filled, making additional charge carriers unable to get stuck inside these 
traps, increasing the EQE. Nevertheless, while this could indeed be a possible explanation, it 
remains unclear what the exact (combination of) reasons for this behaviour are [28]. 
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Figure 4.18 EQE of sample 1 (S1, panel a) and 2 (S2, panel b) without (no) bias and with bias to 
reach close-to one-sun conditions. For sample 2, the measurement has been repeated after the 

samples were light-soaked for 30 min with a tungsten-halogen lamp (filtered by a Schott GG385 UV 
and a Hoya LB120 daylight filter). The legend holds for both figures. 

 
Current tracking and stability 
Current tracking and voltage stability measurements have been performed to gain more 
information regarding the stability of solar cell devices. Here, two measurements have been 
performed on two different days. In Figure 4.19a, the current density at short circuit (V=0) has 
been measured over time, and in Figure 4.19b, the open-circuit voltage (V=VOC) versus time 
is shown.  
 
Figure 4.19b shows that in both samples 1 (S1) and 2 (S2), the VOC is not stable. In S1, the 
VOC seemed to increase slightly. S2 showed a VOC which first rise and then decreases again 
after a longer time scale. While it is unclear why these opposite behaviours occur, these results 
show that the VOC in both S1 and S2 are not stable.  
Additionally, in Figure 4.19a, there is a slight decrease of JSC over time. While this is true for 
both devices, the effect is the largest for S1. The drop in current density could be explained 
by an accumulation of charges at one of the interfaces in the device [91]. Over time a larger 
part of the charge carriers thus cannot be collected and recombine, resulting in a drop in the 
current density. 
 
The ETL used in this project (SnO2 and [60]PCBM, with a combined Fermi energy level of -
3.9 eV [29]) have been used in other perovskite solar cells already [26], [29], [92]. For CsPbI3 
perovskite solar cells (which has a Fermi energy level of -3.9 eV [62]), the use of TiO2 as ETL 
with a Fermi energy level of -4.1 eV, is more common [27], [44], [93]. Based on energetic 
reasons (see also Figure 2.3a), the ETL is indeed not yet optimised. Nevertheless, at this 
point, the transport layers cannot be seen as a limiting factor. Both the precursor (in terms of 
PLQY) and the layer quality (e.g. roughness and thickness) of the CsPbI3 solar cells should 
still firstly be improved. 
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Figure 4.19 Current tracking for 10 minutes at short circuit (V=0) for sample 1 (S1) and sample 2 (S2) 

in a). In b) the change of the VOC over time is shown (J=0). 
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5 Conclusion 
CsPbI3 nanoparticles have the potential to be used as a photoactive layer in perovskite tandem 
solar cells, without the need of a protective barrier layer against the polar solvents commonly 
used for layer deposition such as transparent metal oxides or photo-cross-linked polymers. 
The latter is possible because CsPbI3 nanoparticles can be processed from apolar solvents, 
like hexane or heptane, that do not affect previously deposited layers. As a result, parasitic 
absorption by the barrier layer may be prevented, and the processing of the tandem cells could 
be simplified. As a first step, in this project, the viability of the CsPbI3 in a single-junction solar 
cell has been examined. More specifically, the project contained three elements: synthesis of 
CsPbI3 nanoparticles, film formation and device fabrication. 
 
Regarding the synthesis, there were three focus points: CsPbI3 must be obtained in its cubic 
form, have a high as possible PLQY of at least 20%, and the synthesis method must be 
reproducible. This report showed that black CsPbI3 with a bandgap of around 1.79 eV could 
be formed with a yield of 1-3 mL (50 mg mL-1). While a PLQY of 20% could be achieved, both 
the quantum yield and yield were not reproducible between different batches. Purification of 
the crude product was found necessary to remove non-emitting particles. This could increase 
the PLQY to 56%. Because the concentration of the solution is after the purification too low, it 
needs to be concentrated. As a result, the PLQY dropped by almost 50%. At this point, the 
two parameters (PLQY and concentration) could not be disentangled.  
 
Multiple depositions of CsPbI3 dissolved in hexane (50 mg mL-1) were required to get to a 
thickness of ~200 nm, which is about the minimum at which a workable solar cell could be 
fabricated. The layers were rough as can be in SEM images and as inferred from the 
measured surface roughness (Rq of 42-81 nm) ah. Other solvents (octane and heptane) have 
been examined to improve film quality. Samples made from these solutions (also 50 mg mL-

1) had a lower scattering than films made from CsPbI3 dissolved in hexane. Samples prepared 
from either heptane or octane solution provided thus films with better quality.  
 
While improved, the films resulted in solar cells that did not reach the potential as was 
published in the literature. Based on a NIP layout, a working solar cell could be fabricated. 
EQE results up to 50% (without light bias) were obtained. Nevertheless, recombination effects 
decreased the EQE significantly at high light intensities. Unfortunately, none of the solar cell 
devices was reproducible. Another approach is required then is used here to find the most 
important factors playing a role in the synthesis of a stable CsPbI3 solution, film and solar cell,. 
Based on reasoning, possible arguments for any result which was not expected was 
researched. But, due to the non-reproducibility of the outcome of the experiments, conclusions 
were hard to make. A statistical approach that focuses on finding the variables responsible for 
providing a reproducible outcome is thus advised.  
 
Overall, as a first step towards the fabrication of a tandem perovskite-based solar cell, a 
synthesis route to form CsPbI3 nanoparticle solutions, films and single-junction solar cells has 
been developed. While progress has been made in all these three areas, improvements 
regarding reproducibility, PLQY, and film quality are still required before a proper CsPbI3 
based tandem solar cell can become a reality.  
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