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In the past few years, metal halide perovskite (MHP) semiconductors have received 
tremendous attention in the solar cell research community. This is mainly due to the 
rapid rise in power conversion efficiency of MHP-based solar cells, which, starting 
at 3.8% in 2009,1 already reached values exceeding 22% in 2017.2 Additionally, 
MHP-based devices can also be used as top cells in two-cell configurations with 
bottom cells based on silicon (Si), thereby having the potential to boost the 
efficiencies of commercial Si-based solar cells up to 30%.3 More recently, the 
application of MHPs was further extended to X-ray detectors and light-emitting 
diodes (LEDs).4–6 Considering their wide range of applications and the fact that these 
can be easily deposited from solution,7 MHPs are promising low-cost alternatives to 
established technologies such as (multi-)crystalline Si and gallium arsenide (GaAs).  
This chapter introduces MHPs in general and provides some background information 
on the fascinating optoelectronic properties of these materials. Additionally, this chapter 
describes the motivations and (past) challenges that have led to the research presented 
in this thesis. Finally, some recommendations for future research directions are given. 
In view of the excessive pace with which this research field has moved forward, this 
thesis can be considered as a timeline of MHP research from 2014 to early 2018. 

1.1 The promise of metal halide perovskites for photovoltaic applications	  
In general, perovskites represent a class of crystals that share the formula ABX3, in which 
A and B are cations (A larger than B) and X an anion.7 A schematic representation 
of the cubic perovskite crystal structure is show in Figure 1.1a. In the case of metal 
halide perovskites, a divalent metal such as lead (Pb2+) or tin (Sn2+) occupies the B-site 
and is surrounded by halides, e.g. iodide (I-), bromide (Br-) or chloride (Cl-), at the 
X-site. A small monovalent organic cation such as methylammonium (MA: CH3NH3

+), 
formamidinium (FA: CH2(NH2)2

+) or the inorganic cesium (Cs+) then fills up the 
voids in the three-dimensional inorganic framework built from corner-sharing metal 
halide octahedra. Methylammonium lead iodide (MAPbI3) and methylammonium 
lead bromide (MAPbBr3) were the first reported MHPs to be successfully used as light-
absorbing layers in photovoltaic devices.1,8 These materials are semiconductors with 

Figure 1.1: (a) Schematic representation of the cubic perovskite crystal structure, in which A and B 
are cations (A larger than B) and X an anion. (b-c) Perovskite-based solar cell in meso-structured (b) or 
planar (c) configuration. 



Introduction

3

1

bulk bandgaps of around 1.6 and 2.3 eV, respectively.9,10 This difference in bandgap 
can be understood considering that the energy levels at the band edges originate from 
the orbitals of the metal halide octahedra.11 Consequently, changing the halide and/
or the divalent metal can be used to manipulate the absorption onset and emission 
wavelength. Interestingly, on mixing for instance bromide and iodide in MAPbX3, any 
bandgap value intermediate to MAPbI3 and MAPbBr3 can be obtained. Furthermore, 
although the energy levels of the monovalent cation do not contribute to either the 
conduction band minimum or valence band maximum, the nature of the cation 
actually does affect the bandgap. That is, both the distances and angles between the 
metal halide octahedra depend on the size of the cation and hence, changing the cation 
can be used as another tool to tune the properties of MHPs.12,13 This tunability of the 
bandgap is one of the key properties of MHPs, since it enables design of materials with 
desired bandgaps, for instance close to 1.35 eV for a single junction solar cell, or any 
other value desired for their use in multiple-junction (tandem) configurations.	   
The first MHP-based solar cell architectures were so-called meso-structured solar cells, 
consisting of MHPs infiltrated into a mesoporous scaffold of either electron-accepting 
titania (TiO2) or insulating alumina (Al2O3) particles, see Figure 1.1b.8 Eventually, 
the best performing devices were obtained using planar heterojunction configurations 
in which a few hundred nanometer thick MHP film is sandwiched between electron- 
and hole-selective transport materials (see Figure 1.1c).14–16 Currently, a substantial 
number of research groups is able to reach power conversion efficiencies in between 
15 and 20%, using MHPs with bandgaps of 1.6 to 1.7 eV. Though less frequently 
reported, record efficiencies close to 23% have also been obtained.17 Although these 
numbers are exceptionally high in comparison with other non-commercialized solar 
cell technologies, the power conversion efficiencies are still not at their theoretical 
limits. That is, assuming that planar pin-junctions based on MHPs behave according 
to the Shockley-Queisser limit (defined for pn-junction solar cells),18 their maximum 
efficiency is around 30.5% in the case of a 1.6 eV bandgap, and should be able to reach 
33.7% if the bandgap is around 1.35 eV. 

1.2 Factors limiting performance of MHP-based solar cells	   
One of the questions that naturally arises is:

What are factors limiting the efficiency of MHP-based solar cells?

To answer this question, we should first consider some processes that in general, govern 
the efficiency of a solar cell:
	
	 - Generation of free charges in the perovskite layer on light absorption 
	 -  Transport of charges to the perovskite-transport material interface	  
	 -  Extraction of charges by charge-selective transport materials	  
	 -  Collection of these charges at the opposite electrodes
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The generation of free charges from light in any semiconductor is highly dependent 
on its wavelength-dependent absorption coefficient and exciton binding energy. If the 
latter is lower than the thermal energy, the absorption of light results in free negatively 
charged electrons in the conduction band, leaving positively charged holes in the 
valence band of the semiconductor. These electrons and holes need to be collected 
at the opposite electrodes. Note that charge generation mainly depends on intrinsic 
material properties of MHPs. On the other hand, as also indicated by the fact that 
device efficiencies vary from researcher to researcher, the transport of photo-generated 
charges through the perovskite and their extraction and collection are very sensitive to 
processing conditions. This can be partially understood considering that there might 
be unintentional defects inside MHP crystallites or at their surfaces, which act as 
traps to either electrons or holes and hence, prevent the charges from being extracted. 
Additionally, electrons and holes can recombine with each other instead of reaching the 
perovskite-transport material interface. The time between the generation and trapping 
or recombination of a charge is defined as the charge carrier lifetime. Obviously, charges 
with longer lifetimes are more likely to reach the interface and get extracted by the 
transport material than short-lived charges. Another crucial parameter for transport is 
the charge carrier mobility, which is a measure for the speed at which a charge moves. 
Together, the charge carrier lifetime and mobility determine the average distance over 
which charges diffuse. This distance is also known as the charge carrier diffusion length, 
which is closely related to the collection probability of charges.19 

1.3 Transport and extraction of photo-generated charges in MHPs	  
In order to find answers to the above question, we first of all investigate the relationship 
between the preparation route of MHPs and the diffusion of electrons and holes, which 
is shown in Chapter 3. Here, we use a unique approach to experimentally determine 
both mobilities and lifetimes of free charges, using a combination of Time-Resolved 
Microwave Conductivity (TRMC) measurements and modelling of experimental 
data. The working principle of the TRMC technique is similar to more widely 
known THz spectroscopy, but the measurement conditions in TRMC experiments 
are more suitable to access light intensity regimes that are relevant to solar cells. In 
addition, we have used complementary Time-Resolved Photoluminescence (TRPL) 
measurements, which probes the emission of photons on recombination of electrons 
and holes. Although the latter is frequently used to determine charge carrier lifetimes 
in MHPs, TRPL measurements alone actually give very limited insight in the dynamics 
of free charges. Given that TRMC directly probes free, mobile charge carriers, this is 
a more preferable technique to determine charge carrier lifetimes. In Chapter 2, we 
detail how the above techniques can be used to study the generation and diffusion 
of free charges. In addition, Chapter 2 provides some theory behind generation 
and transport of free charges in periodic solid semiconductors such as MHPs.	   
Importantly, recombination via trap states that originate from defects is a loss mechanism 
that could in principle be eliminated. Therefore, it is very important that the quality of 
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MHP crystals and their surfaces is optimized to contain minimum numbers of defects. 
On modelling the experimental TRMC and TRPL data, as shown in Chapter 3, we 
can directly get information on the trap density as function of the preparation route, 
sample morphology or composition. Hence, we observe that trap densities in MAPbI3 
perovskites typically range from 1014 to 1016 cm-3. Considering that these numbers are on 
the same order of magnitude as the charge carrier densities in a solar cell under operating 
conditions, trapping of photo-excited charges might be in competition with extraction at 
the electrodes. To further investigate whether this is indeed, a limiting factor for device 
performance, we deposit transport materials on top of MAPbI3 perovskites and study 
the extraction of charges. The results are shown in Chapter 4. From here, we find that 
holes can be efficiently extracted from MAPbI3, while electrons can instead get stuck into 
trap states. The latter potentially impedes the extraction of electrons and hence, lowers 
the device efficiency. However, we also find that the trap densities of 1014 cm-3 observed 
in high quality MHP layers are actually low enough not to hamper electron extraction, 
so that electron losses due to trapping are less substantial than expected.	   
In contrast to frequently used TRPL measurements, our TRMC experiments allow us to 
study the fate of the non-extracted charges, provided that these have sufficient mobility. 
Hence, we can get distinctive insights in the kinetics at the interface between the MHP 
layer and the transport material. Surprisingly, we find that a number of state-of-the-art 
transport materials, including the fullerene derivative [6,6]-phenyl-C61-butyric acid 
methyl ester (PCBM), suffer from substantial interfacial recombination. That is, not 
only the electrons are efficiently extracted by PCBM, but also the holes get immobilized 
at the MHP-PCBM interface instead of remaining in the MHP layer. Therefore, we 
conclude that most charge carrier losses actually occur on the perovskite-transport 
material interface, which we believe to be one of the main future challenges when it 
comes to boosting the efficiencies of MHP-based solar cells to their theoretical limits.

1.4 Fundamental properties of lead iodide perovskite semiconductors	  
As mentioned above, the first studies presented in this thesis were related to investigating 
factors limiting the efficiency of MHP-based solar cells, which we found to be losses 
due to interfacial recombination and in addition, to a lesser extent, trapping of free 
electrons in the MHP layer itself. In spite of the enormous research efforts on improving 
experimental procedures to optimize device performance, there is surprisingly little 
fundamental knowledge about these semiconductor materials. Although the trap 
densities are in a relevant order of magnitude for an operating solar cell, the densities 
are still exceptionally low. That is, if each unintentional defect led to one trap state, a 
trap density on the order of 1015 cm-3 would roughly correspond to only one defect 
for every ten million unit cells. From this point of view, it is thus quite fascinating that 
such high quality semiconductors can be made relatively easily using wet chemical 
processing routes. The exceptionality of MHPs is further reflected in the fact that highly 
luminescent perovskite quantum dots were synthesized with seemingly little effort,20,21 
again indicating that high quality MHPs can be obtained with relative ease compared to 
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other technologies. 
 
The relative ease with which high quality MHPs can be prepared illustrates that these 
semiconductors are very interesting materials not only for applications, but also from a 
more fundamental point of view.

Therefore, in Chapters 5 and 6 we aim at gaining more fundamental insights in charge 
carrier generation and recombination processes in bulk MHPs. Studying the charge 
dynamics in MAPbI3 as function of temperature in Chapter 5 leads us to reveal a striking 
feature of MHPs, namely that the recombination between free electrons and holes is 
thermally activated (at least for charge densities below 1017 cm-3). Because of its high 
absorption coefficient, MAPbI3 is conventionally seen as a direct bandgap semiconductor. 
However, since its enhanced electron-hole recombination with temperature is more 
typical for indirect semiconductors, we propose that the energy levels at the band edges 
in MAPbI3 are actually characterized by a combination of direct and indirect transitions. 
Importantly, the concept of a direct-indirect character of the bandgap enables a 
semiconductor to combine the favorable absorption properties of direct transitions 
with the slow recombination of an indirect transition. While some research groups 
have attributed the relatively slow recombination in MAPbI3 to the dipolar organic 
cation, we show in Chapter 6 that the transport of charges and their temperature-
dependent recombination in fully inorganic CsPbI3 perovskites are nearly identical to 
MAPbI3. Therefore, these results suggest that optoelectronic properties of MHPs are 
mainly dictated by the lead iodide framework rather than the monovalent cation.	   
Although not experimentally confirmed, it seems likely that the trap density in MHPs 
does not directly correspond to the density of crystallographic defects. It has been 
theoretically proposed that only a few types of defects result in intra-bandgap states, 
while other defect states are located in either the valence or conduction band and do 
therefore, not act as trap states.11 The precise influence of defects, and their competition 
or synergy with the direct–indirect bandgap character, could be the subject of important 
future work within the research community.

1.5 Toxicity concerns of lead-based solar cells	  
One of the major drawbacks that hampers commercialization of perovskite-based solar 
cells is the use of poisonous Pb2+, which has, in view of its relatively high water-solubility, 
a larger potential environmental impact than e.g. cadmium telluride (CdTe) or metallic 
lead.22 The question is:

Can lead be replaced with non-toxic alternatives while preserving the favorable transport 
properties of lead-based perovskites?

Here, favorable transport properties include sufficiently high charge carrier mobilities 
and long lifetimes due to low trap densities and relatively slow electron-hole 
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recombination. In the first attempts to replace lead, the most obvious alternatives from 
the same group, i.e. Sn2+ and Ge2+, were used. Unfortunately, these ions appeared to be 
sensitive to further oxidation into Sn4+ and Ge4+, respectively.23 This oxidation leads 
to defects in the crystal and electronic doping of the MHP,24 which drastically reduces 
the overall device performance and stability.25 An alternative approach is to replace 
Pb2+ with a mixture of monovalent and trivalent metal ions, for instance using one Ag+ 
and one Bi3+ ion for every two Pb2+ ions.27–29 Together with Cs+ at the A-site and Br- or 
Cl- at the X-site, these ions yield so-called halide double perovskites (HDPs). Double 
perovskites are also known as elpasolites, a class of materials sharing the general formula 
A2BB’X6 (see Figure 1.2)28, with a symmetry analogous to the ABX3 perovskite (Figure 
1.1a). The recently reported HDPs Cs2AgBiBr6 and Cs2AgBiCl6 absorb less sunlight 
than MAPbI3 due to their larger and indirect bandgaps of 2.2 and 2.8 eV, respectively.27 
However, the general observation that a mixture of mono- and trivalent metals can be 
used instead of divalent metals opens up a whole new platform for designing non-toxic 
materials with desirable bandgaps for single- or multiple-junction solar cells.	   
In Chapter 7, we investigate the optoelectronic properties of several HDPs. Starting 
from the previously reported Cs2AgBiBr6, we replace controlled amounts of Bi3+ with 
Sb3+, which interestingly gradually reduces the bandgap, reaching values close to 1.6 eV 
if 40% of the Bi3+ is replaced with Sb3+. Remarkably, although the absolute mobilities are 
lower, we find that the temperature dependence of the mobility in these HDPs follows 
the exact same trend as observed for their lead-based analogues (i.e. CsPbBr3).30 The 
tunability of the absorption onset in combination with band-like charge transport 
in antimony-bismuth alloyed HDPs makes these compounds promising candidates 
for future applications implementing lead-free perovskites. As a first step toward 
HDP-based solar cells with tunable bandgaps, we report a route to make thin films of 
Cs2AgBi1-xSbxBr6 with x-values ranging from 0 to 0.4. Thus far, the charge transport 
properties of these films are not as favorable as observed for e.g. MAPbI3. However, only 
the future will tell whether this is an intrinsic limitation of antimony-bismuth alloyed 
HDPs or if optimizing synthesis routes will improve the quality to levels competitive 

Figure 1.2: Schematic representation of the halide double perovskite (i.e. elpasolite) crystal structure. 
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with lead-based perovskites. 
 
1.6 Outline of this thesis	  
Chapter 2 provides a theoretical background of semiconductors and the spectroscopic 
techniques that are used throughout this thesis. Most importantly, the working 
principles of the TRMC technique are explained and how this is used to get 
information about free charges generated by light in semiconductor materials. 
Additionally, a kinetic model is introduced that we use in Chapters 3 to 6 to get 
quantitative information from our time-resolved spectroscopy measurements.	   
In Chapter 3, we start with configurations used in the first MHP-based solar cells, 
which are polycrystalline thin films of the perovskite MAPbI3. The techniques and 
analysis methods introduced in Chapter 2 are used to reveal the transport properties of 
light-generated free charges as function of the morphology of MAPbI3. We find that in 
planar thin films, charges can diffuse over distances on the order of a micrometer. From 
here, we conclude that the diffusion length of charges in MAPbI3 can be large enough to 
overcome the film thickness that is needed to absorb a substantial amount of sunlight. 
Finally, repeating these experiments with millimeter-sized MAPbI3 crystals, we find 
that the diffusion length can be at least one order of magnitude larger if the dimensions 
of charge transport are no longer affected by the size of the crystalline domains.	   
In an operating solar cell, the charges generated by light in the MAPbI3 layer eventually 
need to be collected at the electrodes. A crucial step here is the extraction of free charges 
by transport layers, that connect the perovskite to the electrodes. In Chapter 4, we use 
TRMC measurements to investigate how effectively organic transport materials can 
extract the light-generated charges from a thin MAPbI3 film. In order to study this, we 
deposit different materials on top of the MAPbI3 that extract either free electrons from 
its conduction band or free holes (i.e., missing electrons) from its valence band. The 
kinetic model used in Chapter 3 is extended to account for the additional processes 
occurring on the interface between MAPbI3 and the organic layer. Most importantly, 
we find that holes can be efficiently extracted from the MAPbI3, whereas electrons 
can be either extracted or immobilized into a trap state in the MAPbI3. Finally, 
conditions are proposed under which the extraction efficiency should reach unity.	 
The fact that diffusion of electrons and holes in MAPbI3 is sufficient to enable efficient 
extraction of both, is one of the main reasons behind the success of MHPs. Micrometer-
long diffusion lengths can be reached thanks to relatively slow recombination between 
free electrons and holes. In Chapter 5, we perform an in-depth study of the generation 
and recombination dynamics in MAPbI3. We observe that there is a barrier for 
recombination between electrons and holes, which can be overcome by thermal energy. 
In order to explain these findings, we propose that electron-hole recombination is 
momentum-forbidden, which drastically slows down recombination.	  
Many properties of MAPbI3, such as the mobilities and lifetimes of free charges, have 
been attributed to rotational freedom of the dipolar organic cation.31,32 In Chapter 6, 
we investigate whether the favorable optoelectronic properties of MAPbI3 are indeed, 
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unique to MA-based perovskites. Therefore, we start with developing a method to prepare 
high-quality thin films of CsPbI3 perovskites, in which the cation is inorganic and does 
not have a dipole moment. Importantly, we find that both the generation and transport 
of charges in CsPbI3 is definitely not inferior to MAPbI3. In fact, we find that replacing 
controlled amounts of the organic cation with inorganic cations actually improves charge 
transport properties. This not only explains why these mixed-cation MHPs have resulted 
in record-breaking solar cell efficiencies, but also illustrates how the optoelectronic 
properties of MHPs can be manipulated by changing their composition.	  
In order to commercialize MHPs, the poisonous lead should ideally be replaced by 
non-toxic alternatives. In Chapter 7, we prepare MHPs in which Pb2+ is replaced 
with a mixture of the less poisonous metals silver (Ag+), bismuth (Bi3+) and antimony 
(Sb3+), yielding crystals with the general formula Cs2AgBi1-xSbxBr6, and investigate 
their optoelectronic properties. Importantly, we find that the transport mechanism of 
charges in these compounds is not very different from lead-based perovskites, which 
makes them promising candidates for non-toxic MHP-based solar cells.  
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2.1 Band diagrams of semiconductors 	  
A bulk material can be considered as a huge molecule with an indefinite number of 
bonding and antibonding molecular orbitals.1 In contrast with molecules however, the 
orbitals that are close in energy in a bulk material form a quasi-continuum of energy 
levels: an energy band. In between these bands, there are energy regimes at which there 
are no molecular orbitals, which are called forbidden bands. In a three-dimensional 
crystal, the arrangement of atoms and their interatomic distances are not necessarily the 
same in each direction. Therefore, the energies of both the allowed and forbidden bands 
are directional, which is often depicted in an energy (E) versus k-space diagram. Here, 
k is an angular wavenumber related to momentum p:

 									        (2.1)
 
The following equation relates the energy to k:	  
	

 								        (2.2)     	 
 
with m the electron mass and ħ the reduced Planck constant. In general, semiconductor 
materials are characterized by forbidden bands of less than a few eV between a band 
completely filled with electrons (the valence band) and an empty band (the conduction 
band). The energy difference between the valence band maximum (VBM) and the 
conduction band minimum (CBM) is defined as the bandgap value (Eg). Figures 2.1a 
and 2.1b show schematic representations of the energy diagrams in k-space of direct 
and indirect semiconductors, respectively.2 For direct semiconductors, the VBM and 
CBM are at the same k-value and as a result, electrons can be thermally or optically 
excited from the VBM to the CBM with preservation of momentum (Figure 2.1a). 

Figure 2.1: (a-b) Schematic representation of the energy diagrams in k-space of direct (a) and indirect 
(b) semiconductors. 
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On the other hand, in indirect semiconductors, the CBM is shifted in k-space with 
respect to the VBM, which requires a change in momentum. Equation 2.2 shows that 
the curvature of the bands in the E versus k diagram is determined by k2 and 1/m. The 
effective mass m* of an electron in a crystal is often expressed as a fraction of the mass 
of a free electron m0. The importance of the effective mass will be further highlighted 
in Paragraph 2.3. 
 
2.2 Generation of charges from light	   
On illumination of semiconductors with photons of energies larger than the bandgap 
energy, electrons can be excited to the conduction band (CB), leaving a positive charge 
(hole) in the valence band (VB). Each absorbed photon initially forms one electron-hole 
pair, which is called an exciton. In an operating solar cell, electrons and holes need to 
be separately collected at opposite electrodes and therefore, it is desirable that excitons 
dissociate into free CB electrons and VB holes. The fraction of excitations resulting in 
free charges (x) is related to the exciton binding energy EB and the thermal energy kBT, 
and can be calculated using the Saha equation3: 

						      (2.3)	

Here, represents the density of states in the conduction band and n is the 
total excitation density. Figure 2.2 shows x as function of temperature for n values 
ranging from 1014 to 1018 cm-3. The exciton binding energies of 5 meV (a) and 16 
meV (b) correspond to the tetragonal and orthorhombic crystal phases, respectively, 
of methylammonium lead iodide (MAPbI3) perovskites.4 This shows that the yield of 
exciton dissociation into free charges at room temperature will be close to unity for EB 
values of a few meV, if the total charge density is below 1016 cm-3. 

Figure 2.2: (a-b) Fraction of the initial charge carrier population leading to free charges as function of 
temperature for exciton binding energies of 5 meV (a) and 16 meV (b) and charge carrier densities in 
between 1014 and 1018 cm-3.
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Throughout this thesis, time-resolved spectroscopy techniques are used to gain insight 
in the dynamics of excitons and free charges in MHPs, which are typically generated 
using short laser pulses with a single photon wavelength l. In general, the penetration 
of light through a material varies with the photon energy and as a consequence, the 
charge carrier generation profile is highly dependent on the excitation wavelength. For 
a sample with thickness L, the light intensity transmitted (IT) by the sample is related to 
the incident intensity (I0) by the absorption coefficient a:

								        (2.4)
 
Note that this equation neglects reflection. For highly reflective materials such as MHP 
thin films, I0 has to be corrected for the reflected light (IR) and the light intensity in the 
sample at distance L (IL) from the surface should be calculated from:

 							       (2.5)	  
 
Figure 2.3a shows the absorption coefficient, a (cm-1) of a MAPbI3, calculated from 
absorption and transmission spectra of thin (50 and 300 nm) films. These spectra 
are recorded with a spectrophotometer equipped with an integrating sphere: thin 
films are placed in front of the sphere to measure the fraction of transmitted light 
(FT) or inside the sphere to detect the total fraction of reflected and transmitted 
light (FR+T). The latter is used to calculate the fraction of absorbed light (FA): 

								       (2.6)	  

The fraction of reflected light (FR) is determined by:	  

					        			   (2.7)	  

Analogous to Equation 2.5, a is obtained from:	  

								        (2.8)	  

For thick (L > 300 nm) perovskite films, the FT at high excitation energies (l < 500 nm) 
is too small to accurately measure and therefore thinner (L > 50 nm) layers are used to 
determine a in this regime. On the other hand, thicker samples enable to resolve a close 
to the absorption onset (see also Figure 3.6b). Figure 2.3a shows that a is at least two 
orders of magnitude larger for l = 400 nm than l = 800 nm, which means that varying 
the excitation wavelength of the laser used in spectroscopy measurements changes the 
initial density profile of the charge carriers. This is plotted in Figure 2.3b, showing the 
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penetration of light through MAPbI3 for excitation wavelengths of 405, 600 and 780 nm, 
using Equation 2.5. This shows that, on illuminating MAPbI3 at 405 nm, the majority of 
photo-excited charges is initially located within 100 nm of the surface, independent of 
the total sample thickness. On the other hand, higher excitation wavelengths result in a 
lower density, but more homogeneous distribution of charge carriers. 

2.3 Charge carrier mobility and lifetime	  
In order to efficiently collect the light-generated electrons and holes, the average 
distance over which these diffuse has to be sufficient to overcome the thickness of the 
MHP. Therefore, their diffusion lengths LD should ideally be larger than the material 
thickness required to absorb a substantial fraction of the solar spectrum. As mentioned 
in Paragraph 1.2, LD is a function of both the mobility m and lifetime t of charge carriers:

 								        (2.9)

where kB is Boltzmann’s constant, T the absolute temperature and e the electronic 
charge. In periodic solid materials, such as bulk MHPs, the mobility is a measure for 
the speed at which a charge moves through the solid in the presence of an electric field: 

								        (2.10)
 
with vd the drift velocity and E the electric field strength. This net movement of charges 

Figure 2.3: (a) Semi-logarithmic plot of the absorption coefficient of MAPI3. (b) Initial charge carrier 
generation profile for different excitation wavelengths using the absorption coefficients from a: 
1.2×104 cm-1 for 780 nm, 6.8×104 cm-1 for 600 nm and 3×104 cm-1 for 405 nm. As detailed in Equations 
2.5 and 2.8, the incident light is corrected for reflection. 
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due to drift is possible if there are energy states available that are close in energy.2 
Note that this is different from a net displacement of charges due to random motion 
(diffusivity), which will only occur in the case of a concentration gradient. The mobility 
of an electron (me) in the conduction band depends on its effective mass (me*), and is 
therefore different for each semiconductor. Similarly, the hole mobility (mh) scales with 
the effective mass (mh*) in the valence band, and is therefore not necessarily equal to me. 
Another important factor is the scattering time ts,e (or ts,h), which is defined as the time 
that an electron (hole) can travel until a collision. Therefore, electron and hole mobility 
are defined as:2

								        (2.11)

								        (2.12)
 
Examples of scattering events that reduce me or mh include collisions with vibrating 
lattice atoms, also known as phonon scattering, and collisions with charged defects in 
the lattice, referred to as ionized impurity scattering. Information about the dominant 
scattering mechanism can be obtained from the temperature dependence of m. That 
is, enhanced thermal motion of atoms results in reduced phonon scattering times 
(ts,phonon), which decreases the mobility on increasing temperatures according to:2

					     (2.13)

On the other hand, the temperature dependence of mobility due to ionized impurity 
scattering scales with:2

		   			   (2.14)
			 
where N is the concentration of charged defects. The proportionality between 
temperature and the ionized impurity scattering time (ts,impurity) can be understood 
from the thermal velocity of charge carriers. Enhanced velocity of charges reduces their 
time spent in proximity of a charged defect and as a consequence, the ionized impurity 
scattering probability decreases with increasing temperatures. The total scattering time 
(ts) is a function of all scattering events:

						      (2.15)
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Hence, the absolute values of me and mh are highly dependent on intrinsic material 
properties such as the band structure, but may also vary per sample based on its defect 
chemistry.
Another crucial parameter for LD is the charge carrier lifetime t, which is defined as the 
average time between the generation of a charge carrier and its decay. Charge carrier 
decay can occur via recombination between a conduction band electron and a valence 
band hole, while energy is released in the form of light or heat. In general, electron-
hole recombination is faster in direct semiconductors than in indirect semiconductors, 
resulting in longer charge carrier lifetimes for the latter. In addition, photo-generated 
electrons and/or holes can get trapped into intra-bandgap states, which reduces their 
lifetime as a free charge and decreases their collection probability. Analogous to the 
mobility, the lifetimes of electrons (te) and hole (th) are thus a function of intrinsic 
properties such as the type of bandgap, but also highly sensitive to variable parameters 
like the nature and concentrations of defects in a material.   

2.4 The Time-Resolved Microwave Conductivity technique	   
The Time-Resolved Microwave Conductivity (TRMC) technique can be used to study 
both the mobilities and lifetimes of photo-generated charge carriers in semiconductor 
materials with low background conductivities.5–8 Additionally, extensive analysis of 
TRMC data provides insight in the recombination mechanisms and defect densities. 
The TRMC technique is based on the interaction between the electric field component 
of microwaves (GHz regime) and mobile charge carriers. Pulsed laser light is used to 
excite electrons from the VB to the CB of the semiconductor of interest. In the past 
decades, TRMC measurements have been extensively used to study charge carrier 
dynamics in organic systems, e.g. conjugated polymers,5,9 in which electrons are excited 
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied 
molecular orbital (LUMO). If photo-excitation of a material results in the generation of 
free, mobile charge carriers, the conductivity of the material is enhanced. By definition, 
electrical conductivity σ scales with the concentrations of free electrons ne, free holes nh 
and their mobilities according to:

							      (2.16)

With the TRMC technique, the change in conductivity between dark and after 
illumination, i.e. Dσ, is studied. From here, the photoconductance DG can be determined, 
which will be described in more detail later in this chapter. Although an inhomogeneous 
excitation profile can result in a gradient in the conductivity throughout the sample, the 
TRMC technique probes the integrated change in conductivity over the film thickness. 
Therefore, DG is proportional to the product of the total number of photo-induced 
free charges and their mobility (see also Equation 2.22). Absorption of microwaves 
by photo-induced charges reduces the microwave power P on the detector. This is 
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schematically depicted in Figure 2.4. The normalized reduction in microwave power P 
(DP/P) is related to DG by:

								         (2.17)
 
where K is a sensitivity factor. Note that DP is negative while DG is positive. DP is recorded 
as function of time after the laser pulse and thus, the TRMC technique can be used to 
determine both the mobility and time-dependent concentration (i.e. the lifetime) of 
photo-induced free charges. Considering that both electrons and holes contribute to 
the photoconductance, DG is proportional to the sum of both their concentrations and 
mobilities (see Figure 2.4). This is similar to photoconductivity measured using THz 
spectroscopy,10–12 but in contrast with frequently used time-resolved photoluminescence 
measurements, which specifically detects radiative recombination events. Therefore, 
the decays obtained with TRMC cannot be directly compared to PL transients, and 
careful data analysis is required. Additionally, PL does not necessarily originate from 
recombination between free mobile charges and therefore, the processes observed with 
TRMC can be different from those detected with PL. 
Figure 2.5 shows a representation of the TRMC set-up used in this thesis. Here, photo-
excitation is realized by laser pulses of 3-5 ns full width at half maximum (FWHM) with 
a tunable wavelength at a repetition rate of 10 Hz. The maximum light intensity is on the 

Figure 2.4: Representation of time-resolved photoluminescence (TRPL) and microwave conductance 
(TRMC) measurements on a thin semiconductor film. In both techniques, electrons (black spheres) are 
excited to the conduction band by a short laser pulse, leaving mobile holes (white spheres) in the 
valence band. TRMC is used to measure the photoconductance (DG), which scales with the time-
dependent concentration and mobility m, of free electrons (ne) and holes (nh). The sinusoidal line 
represents the magnitude of the microwave electric field as it passes through the sample. Radiative 
recombination of these mobile electrons and holes is probed by TRPL. The latter is, if it originates from 
recombination between free electrons and holes, a function of the concentrations of electrons (ne(t)) 
and holes (nh(t)).										        
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order of 1015 photons/cm2 per pulse. Metallic, neutral density filters with different optical 
densities are placed in between the laser and the sample to vary the photon fluence and 
thereby the concentration of photo-induced charges. In addition, the set-up is equipped 
with a cryostat, which enables us to measure at controlled temperatures in between 77 
K and 400 K. Monochromatic microwaves with a frequency in the range of 8.2 to 12.4 
GHz are generated using a voltage-controlled oscillator. The sample of interest is placed 
in a microwave cell that ends with a metal grating (see Figure 2.5b), which fully reflects 
the microwaves. This cell is made from a gold-plated X-band waveguide. The sample is 
placed at ¾ of the cell length L so that its position corresponds to the maximum electric 
field strength for microwaves with wavelength L. A quartz window is glued on top of 
the grating to seal the cell and avoid air exposure of the sample. The millimeter-sized 
openings of the grating transmit approximately 80% of the laser light. 
Most importantly, if the laser pulse induces free charges in the material, its conductivity 
increases and the total microwave reflection is reduced (DP). The cell is connected to a 

Figure 2.5: (a) Schematic representation of the TRMC set-up. Monochromatic microwaves are 
generated using a voltage-controlled oscillator (microwave source). The sample of interest is placed in 
a fully reflective microwave cell (b), at approximately ¾ of cell length L to maximize overlap with the 
electric field of the microwaves with wavelength L. A circulator separates incident from the reflected 
microwaves. 
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microwave source and detector via X-band waveguides, see Figure 2.5a. A microwave 
circulator is incorporated to separate the incident from the reflected microwaves. The 
diode detector converts the microwave power into a direct current (DC), generating a 
voltage of 0.5-1.0 V when dropped across a resistor. Typically, DP is several orders of 
magnitude smaller than P. Therefore, an offset regulator is used to subtract the DC part, 
which leaves the laser-induced alternating current (AC) signal undisturbed. This AC 
signal is then amplified (26 ×) and stored as function of time using a digital oscilloscope 
with a sampling rate of 4 GHz (every 0.25 ns). The trigger input of the oscilloscope is 
connected to a fast optical sensor that is illuminated by each laser pulse to start the 
acquisition of a microwave trace. Typically, the TRMC traces are averaged over 102 
pulses. 
As mentioned above, the DG is directly calculated from DP/P using the sensitivity factor 
K. The magnitude of K depends on the dimensions of the microwave cell, the dielectric 
properties of all the media in the cell and the microwave frequency. To determine K for a 
given sample, the following approach is used. First, the microwave reflection of a loaded 
microwave cell, P is calculated by numerically solving the Maxwell equations, using the 
characteristics of the cell itself and the dielectric properties of the media inside (sample, 
substrate and gas). Then, the reflected microwave power P’ of the sample in the same 
cell is calculated, but now the sample has a small specific conductivity, σ. By definition, 
a change in conductance is related to the change in conductivity according to: 

						      (2.18)

Here, A is the area of the sample perpendicular to the electric field vector of the 
microwaves Emic and b is the width of the sample in the direction of Emic. For a sample 
with thickness L, A is given by a × L, where a is the sample height. Replacing the 
ratio of a and b by b, the change in conductance can be calculated from the change in 
conductivity, the inner dimensions of the cell (b) and L. The sensitivity factor K can now 
be found by: 

							      (2.19)

Important to note here is that K is determined for a specific combination of sample, 
microwave cell and frequency. To illustrate the latter dependency of K, time-dependent 
DP/P traces are measured at different frequencies within the range of 8.2 to 12.2 GHz 
using a cell filled with nitrogen and a 1 mm thick quartz substrate covered with 250 nm 
MAPbI3. Note that for each frequency, the used laser intensity is the same and hence 
the DG is constant. The -DP/P values are plotted versus frequency in Figure 2.6. A clear 
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broad maximum can be discerned around 8.5 GHz, illustrating that K is maximum 
at this frequency. This can be understood from the maximum overlap of the sample 
with the electric field. At 11 GHz the opposite is true: the electric field strength of 
the microwaves has a node here so the size of the overlap between field strength and 
sample is minimal. The full line gives the calculated frequency-dependent K value for 
this sample. Note that K determined using this approach is only valid for thin samples 
(< 1 mm) with low background conductivities, as these barely perturb the microwave 
pattern. 
Once K is known, DG can be obtained from the measured DP/P using Equation 2.17. 
The TRMC signal can then be expressed in the product of the mobility and the charge 
carrier yield. Assuming that the concentrations of free electrons and holes created by 
light absorption are initially equal (ne = nh = n), Equation 2.16 simplifies to:

								        (2.20)

in which Sm = me + me. The charge carrier generation yield j is then defined as the 
fraction of absorbed photons (FAI0/L) yielding free charges (n).  

	
							       (2.21)

in which I0 is the incident intensity of the laser in photons/unit area per pulse and FA the 
fraction of light absorbed at the excitation wavelength. 

Figure 2.6: Dots: -DPmax/P as function of microwave frequency (8 to 12 GHz) for a 250 nm thin MAPbI3 
film. The solid line represents the frequency-dependent K factor, obtained from fitting the experimental 
data points. 
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Combining Equations 2.19, 2.20 and 2.21, the product of yield and mobility can be 
obtained from DGmax:

					     (2.22)

where the actual thickness of the sample falls out. Importantly, expressing the TRMC 
signal in the product of jSm enables direct comparison between TRMC measurements 
on various types of samples with different compositions, thicknesses and excitation 
profiles. 
The sensitivity of the TRMC set up can be further increased by partially closing the cell 
using an iris (see Figure 2.5). In this case, the cell acts as a resonant cavity for microwaves 
with wavelength L. The standing wave pattern in the cavity leads to more interaction with 
the sample, thereby enhancing K and enabling the use of lower photon fluences, however 
at the expense of the time resolution. For the cavity, the instrumental response time is 18 
ns, while this is only 2 ns when a measurement is performed with the so-called open cell. 
Figure 2.7 shows the effect of the instrumental response function (IRF) on the measured 
trace for a mathematically short (a) and long (b) photoconductance signal.13	   

2.5 Modelling of Kinetic Data	 
In order to extract quantitative data out of time-dependent PL and TRMC measurements, 
we use the following generic kinetic model throughout this thesis, as detailed in Figure 
2.8, to describe the charge carrier dynamics in MHPs.14,15 This model accounts for 
different recombination pathways of photo-excited electrons and holes as function of 
their densities. This model is based on a homogeneous generation of charges, which can 
be experimentally realized by using an excitation wavelength close to the absorption 

Figure 2.7: (a-b) Comparison of the instrumental response functions (IRF) for the open cell (2 ns) and 
the cavity (18 ns) for (a) a DG of 3 ns and (b) a DG of 50 ns. 
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onset (see Figure 2.3). Note that only free, mobile charges contribute to the real 
photoconductance. Considering that the exciton binding energy of MAPbI3 is only 
a few meV,4 the thermal energy at room temperature (i.e. ~ 26 meV) is sufficient to 
dissociate the majority of excitons into free charges (see also Figure 2.2). Therefore, it is 
assumed that at room temperature, every absorbed photon initially leads to one free CB 
electron and one free VB hole. Since this corresponds to a yield of one (Equation 2.21), 
the initial value of n is given by:

								        (2.23)

If the sample is much larger than the penetration depth of light, 1/a can be used instead 
of L. This represents the distance at which 63% of the photons is absorbed, i.e. where 
the light intensity is only 1/e of its original value. The time-dependent generation of 
charge carriers is denoted by GC (t), which takes into account the temporal profile and 
total light intensity of the laser pulse. The concentration of photo-excited CB electrons 
(ΔnCB = Δne) and VB holes (-ΔnVB = Δnh) are initially equal, but can be different as 
function of time depending on their recombination pathways. For instance, there could 
be intra-bandgap states acting as electron traps. In this kinetic model, see Figure 2.8, 
the total trap density is represented by NT. The concentration of trapped electrons 
is denoted as nt. In a perfectly intrinsic semiconductor, the initial concentrations of 
CB electrons and VB holes upon photo-excitation are the same. However, in general, 
impurities in the crystal lattice can result in CB electrons (n-type) or VB holes (p-type) 
already present before photo-excitation. In Figure 2.8, the concentration of thermal 
equilibrium charges (dark carriers) is represented by p0. Note that p0 does not contribute 
to the photoconductance. However, the recombination of photo-generated charges is 
affected by p0, because the total concentration of VB holes (nh + p0) is larger than the 
concentration of CB electrons (ne). 

Figure 2.8: Kinetic model of processes occurring upon photo-excitation of an MHP, adapted from 
Stranks et al.14 Here, GC (t) represents the photo-excitation of electrons (black spheres) from the valence 
band (VB) to the conduction band (CB). The electrons in the CB can recombine with holes (white 
spheres) in the VB via k2. In competition with k2, electrons can be immobilized in intra-bandgap trap 
states (total density NT) via kT. Finally, the trapped electrons can recombine with holes from the VB via 
kD. In the case of a non-intrinsic MHP, there will be additional holes (p0, p-type) on top of the photo-
generated holes. Note that this fully mathematical model also holds for the opposite situation, i.e. an 
MHP with trap states for holes and additional dark CB electrons (n0, n-type).  
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The following set of differential equations (Equations 2.24 to 2.26) implements Figure 
2.8 and describes ne (2.24), nh (2.25) and nt (2.26) as function of time. The rate constants 
for band-to-band electron-hole recombination, trap filling and trap depopulation are 
represented by k2, kT and kD respectively (Figure 2.8). These differential equations are 
coupled: each photo-excited electron eventually decays back to the ground state. 

			   (2.24)

 

		  (2.25)

 

					     (2.26)

As detailed in Equation 2.24, the decrease of ne over time depends on the recombination 
rate with VB holes k2 ne (nh + p0) and trapping rate kT ne (NT - nt), where NT - nt is the 
density of available traps. Simultaneously, nt increases due to trapping and decreases 
depending on the recombination rate with holes kD nt (nh + p0). Solving the equations using 
numerical methods yields the time-dependent concentrations of ne, nh, and nt. Using 
Equations 2.24 to 2.26, the change in photoconductance as function of time is calculated 
from the product of charge carrier concentrations and mobilities according to:	  

					     (2.27)	
	

					      
The trapped charge carriers nt are immobile and do not contribute to ΔG. The mobilities 
are assumed to be constant within the time window of the measurement and independent 
of the charge density. Finally, a convolution is applied to take into account the IRF of the 
set-up and model the experimental TRMC traces.7,9 Assuming that PL originates only 
from second-order band-to-band recombination of electrons and holes, the PL lifetime 
is proportional to the concentration of CB electrons, VB holes and k2. The TRPL can 
then be calculated according to:

  		                                   		  (2.28)
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Here, the same set of differential equations is solved, in which only the term GC is 
different due to the fact that another laser was used. This kinetic model can also be 
used to analyze time-resolved data obtained from different techniques, such as THz or 
transient absorption (TA) spectroscopy, or describe charge carrier dynamics in other 
semiconductor materials. 
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ABSTRACT

Although highly efficient solar cells have been obtained using thin films of solution-
processed MAPbI3, there remains limited knowledge about the relationship between 
preparation route and optoelectronic properties. In this chapter, we use complementary 
time-resolved microwave conductivity and photoluminescence to investigate the charge 
carrier dynamics in thin planar MAPbI3 films prepared via different routes. Mobilities close 
to 30 cm2/(Vs) and microsecond-long lifetimes are found in thin films of MAPbI3 prepared 
from a PbCl2 precursor, compared to lifetimes of only a few hundred nanoseconds in planar 
MAPbI3 synthesized from PbI2. We describe our TRMC and PL experiments with a global 
kinetic model, using one set of kinetic parameters characteristic for each sample. We find 
that the microsecond-long lifetimes found in the MAPbI3 prepared from PbCl2 are related 
to the trap density being as low as 5x1014 cm-3, which is at least one order of magnitude 
lower than for the other synthesis routes. We attribute the differences in trap density to the 
film morphology and crystal domain size. Finally, we use single crystals of MAPbI3 as model 
systems to study optical absorption, charge carrier generation and recombination lifetimes. 
Most importantly, we find that for homogeneous excitation throughout the crystal, the 
lifetime of free charges exceeds 15 μs. This means that the diffusion length in MAPbI3 can be 
as large as 50 μm if it is no longer limited by the dimensions of the crystallites.
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3.1 Introduction	  
As mentioned in Chapter 1, metal halide perovskites (MHPs) are intensively investigated 
since these materials can be used as photoactive layer in photovoltaic devices yielding 
highly efficient solar cells.1–11 Different parameters, e.g. the morphology, structure 
and composition, have been varied in these MHPs to optimize their photovoltaic 
performance.12–15 The first embodiments consisted of MAPbI3 perovskite crystals 
infiltrated into a meso-structured TiO2 or insulating alumina (Al2O3) scaffold.15 
However, the devices with the highest efficiencies to date either have a substantial 
fraction of MHP capping layer on top of the TiO2 or Al2O3 scaffold or form planar 
heterojunction configurations in which a thin perovskite film is sandwiched between n- 
and p-type contacts.16 In addition, it was found that using PbCl2 instead of PbI2 as the lead 
precursor for MAPbI3 significantly improved photovoltaic performance.2,15,17 Although 
the first is referred to as MAPbI3-xClx, the fraction of chloride typically appeared not to 
be more than a few hundred parts per million.18–21 Many studies have reported that this 
preparation route leads to enlargement of the crystalline domains as compared to films 
prepared from a stoichiometric reaction between MAI and PbI2.2,18,22–29 Furthermore, 
the longer photoluminescence (PL) lifetimes in MAPbI3-xClx with respect to MAPbI3 
suggest that there are fewer non-radiative pathways.14,30–33 However, there is still little 
understanding of the relationship between the structure and composition of the MHP 
absorber layer and its photo-physical properties. 
In this chapter, we study the kinetics of charge carriers in solution-processed thin films 
of MAPbI3 and MAPbI3-xClx and compare these to their meso-structured analogues 
(i.e., MHPs infiltrated into an insulating Al2O3 scaffold). The charge carrier dynamics are 
investigated using the time-resolved microwave conductivity (TRMC) technique.34,35 
Most importantly, with this technique we can measure the charge carrier dynamics at 
incident light intensities representative for solar radiation. We interpret our results with 
the kinetic model presented in Chapter 2. This enables us to extract the rate constants for 
second-order recombination and charge carrier trapping. In addition, we can determine 
for each preparation route the density of trap states36 and background charges, which 
most likely result from unintentional doping of the MHPs.37–40 Complementary time-
resolved photoluminescence (TRPL) measurements are then performed to specifically 
study the kinetics of radiative recombination and the results are included in our model. 
Based on the electron and hole lifetimes extracted from our kinetic model, we separately 
determine the electron and hole diffusion lengths. From here, we conclude that diffusion 
lengths are larger in MAPbI3-xClx than in MAPbI3, and in both cases at least 1 mm. 
Finally, we perform the same set of experiments and analysis on mm-sized crystals of 
MAPbI3.41–45 By varying the excitation wavelength, we manipulate the charge carrier 
generation profile, which allows us to investigate the decay of charges generated close 
to the surface and compare this to the decay of charges distributed homogeneously 
throughout the crystal. Importantly, we find that charges deep inside the crystal can 
have diffusion lengths close to 50 mm, which is one order of magnitude larger than for 
polycrystalline films.  
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3.2 Thin Film Perovskites	  
The kinetic model presented in Chapter 2 was used to describe TRMC and TRPL 
measurements on solution-processed thin films of MAPbI3 and MAPbI3-xClx. 
Planar thin films were compared to their meso-structured analogues, i.e. MHPs 
infiltrated into an insulating Al2O3 scaffold, which both have been used to produce 
state-of-the-art perovskite solar cells.19,24 We deduced the charge carrier mobilities 
and lifetimes from the measurements,10 whereas we obtained the global kinetic 
parameters from modelling both the TRMC and TRPL data for each sample.	   
Planar thin films (~ 300 nm) of MAPbI3 and MAPbI3-xClx were spin-coated directly 
on quartz substrates using PbI2 and PbCl2 as the lead source, respectively.47 Although 
the fraction of chloride (x) varies depending on processing conditions, it is not more 
than a few hundred parts per million.18–21 Scanning electron microscope (SEM) images 
showed that in the MAPbI3-xClx thin film, the crystals are micrometer-sized, whereas 
those in MAPbI3 are on the order of only a few hundred nanometers (see Figure A3.1 
in Appendices).46 In addition, mesoporous alumina (Al2O3) scaffolds were infiltrated 
with MHPs using the same precursor solutions, yielding meso-structured films (~ 400 
nm thick) of MAPbI3/Al2O3 and MAPbI3-xClx/Al2O3. The concentrations of precursors 
were such that there was negligible formation of perovskite capping layer on top of the 
Al2O3 scaffold, i.e. the perovskite is fully contained within the mesoporous layer. The 
X-Ray Diffraction (XRD) patterns confirmed that all MHP films are highly crystalline, 
showing strong reflections characteristic for the {110} planes of tetragonal MAPbI3 
perovskites (see Figure A3.2 in Appendices). Using the Scherrer equation,47 we 
estimate that the crystal domain sizes are approximately 50 nm for the meso-structured 
MHPs.46 This can be understood considering that the Al2O3 scaffold limits the growth 
of MHP crystals and hence, the crystalline domains are of similar size in MAPbI3/Al2O3 
and MAPbI3-xClx/Al2O3. 

Figure 3.1: Fraction of light absorbed (FA) by MHP films with structures as indicated (solid lines) and 
corresponding photoluminescence (PL) spectra normalized to 1 (dashed lines). 



Chapter 3

32

Figure 3.1 displays the fraction of absorbed light (FA, solid lines) and corresponding PL 
(dashed lines) spectra of the different samples. For all samples, the maximum emission 
wavelengths are located around l = 770 nm (1.6 eV). We used TRMC technique to 
measure DG as function of time after photo-excitation of the different samples at l = 
600 nm using incident light intensities ranging over four orders of magnitude: from 109 
to 1013 photons/cm2 (3×10-4 to 3 mJ/cm2/pulse). Additionally, TRPL was performed to 
specifically gain insight in radiative band-to-band recombination (k2 in Figure 2.8). 
We then used the kinetic model to globally fit the TRMC and TRPL results, using a 
single set of kinetic parameters for each sample. The traces obtained from fitting the 
experimental data with the kinetic model introduced in Paragraph 2.5 are shown in 
the right panels of Figure 3.2. The kinetic parameters that were used to describe the 
measured TRMC and TRPL data for this specific sample are listed in Table 3.1. The 
left panels in Figure 3.2 show ΔG normalized for the number of absorbed photons as 
function of time after photo-excitation of MAPbI3-xClx (a), MAPbI3 (b), MAPbI3-xClx/
Al2O3 (c) and MAPbI3/Al2O3 (d). The rise of the signal originates from the generation 
of mobile charges; the maximum signal height represents the product of the charge 
carrier yield and the sum of their mobilities.48,49 Assuming that the latter is constant 
in this time window, the decay of the TRMC signal as function of time after excitation 
results from a decreasing concentration of mobile carriers. We observe that the sum of 
the effective electron and hole mobilities (i.e., the maximum TRMC signal) in the planar 
films is close to 30 cm2/(Vs), which is comparable to reported mobilities resulting from 
THz spectroscopy50 and photoconductance studies37,48 on similar types of samples. 
Based on the effective masses of electrons and holes in MAPbI3 and the assumption 
that both have identical scattering times,51–53 the holes are considered to be twice as 
mobile as the electrons. This means that the electron and hole mobilities are 10 cm2/
(Vs) and 20 cm2/(Vs), respectively. In contrast, for the meso-structured films the sum of 
the mobilities is less than 6 cm2/(Vs). This lower photoconductance in meso-structured 

Table 3.1: Overview of kinetic fitting parameters used to fit all TRMC (Figure 3.2) and PL (Figure 3.3) 
measurements with the model described by Equations 2.24 to 2.26 and summarized in Figure 2.8. 

MAPbI3-xClx MAPbI3 MAPbI3-xClx/Al2O3 MAPbI3/Al2O3

Domain size(μm) > 5 ± 0.5 0.05 0.05

k2 (x 10-10 cm3s-1) 4.9 3.5 7 6

kT (x 10-10 cm3s-1) n.a. 1 3.5 2

kD (x 10-10 cm3s-1) n.a. 0.5 0.5 0.1

NT (x 1015 cm-3) < 0.5 60 7 8

p0
 (x 1015 cm-3) 1 10 30 35

μe (cm2/(Vs)) 9 10 2.5 3

μh (cm2/(Vs)) 18 20 5 6
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Figure 3.2: (a-d) Experimental TRMC traces for (a) MAPbI3-xClx, (b) MAPbI3 (c) MAPbI3-xClx/Al2O3 and (d) 
MAPbI3/Al2O3 recorded at incident light intensities ranging from 109 to 1013 photons/cm2 (l = 600 nm, 
10 Hz), corresponding to initial charge carrier densities of 1014 to 1017 cm-3. The right panels show the 
traces calculated by solving the differential equations (Equations 2.24 to 2.26) and converting the 
time-dependent concentration curves to ΔG normalized for the number of absorbed photons. 
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MHPs as compared to planar films has been observed by several groups.46,54,55 This 
observation is most likely related to the smaller size of the crystal domains in meso-
structured morphologies, which reduces the effective mobilities observed at microwave 
frequencies (see Figure A3.3 in Appendices).56–58 At intensities below 1011 photons/
cm2, the lifetimes of mobile carriers are obviously substantially longer in MAPbI3-xClx 
than in MAPbI3 and both meso-structured films. The extended charge carrier lifetimes 
in MAPbI3-xClx are particularly relevant at light intensities below 5×1010 photons/
cm2, since these conditions are representative for illumination by solar radiation.59 The 
shorter TRMC lifetimes in MAPbI3 and the meso-structured films could be attributed to 
immobilization of charge carriers by trapping or by recombination. For all samples, the 
maximum signal size lowers and the decay becomes faster with increasing laser intensity, 
which is indicative of the appearance of decay processes higher than first order.36,49,50,60 
That is, due to the instrumental response time of 18 ns, enhanced recombination results 
in a decreased intensity-normalized TRMC signal (see also Figure 2.7). The charge 
carrier mobility, on the other hand, is independent of the laser intensity.
Interestingly, we find that this higher order recombination is most pronounced in 
MAPbI3-xClx, whereas MAPbI3 and both meso-structured films display semi-first order 
kinetics at light intensities up to 1011 photons/cm2 (corresponding to ~ 1015 excitations/
cm3). This absence of higher order decay kinetics in MAPbI3 and both meso-structured 
films can be due to e.g. trapping of electrons or recombination with dark holes (p0, see 
Figure 2.8). That is, second-order electron-hole recombination will start to dominate if 
the concentration of photo-excited charges exceeds NT and p0. Figure 3.3 shows semi-
logarithmic time-dependent PL plots for MAPbI3-xClx (a), MAPbI3 (b), MAPbI3-xClx/
Al2O3 (c) and MAPbI3/Al2O3 (d), measured at an incident pulsed light intensity of 
4×1012 photons/cm2 (2 mJ/cm2) for each pulse at 405 nm and 1 MHz. The calculated 
traces (black lines) using the kinetic model from Figure 2.8 and fitting parameters 
listed in Table 3.1 are shown together with the experimental TRPL. The PL decay in 
MAPbI3-xClx (Figure 3.3a) exhibits a slower decay at longer times compared to the 
initial decay. In contrast, the PL transient of MAPbI3 (see Figure 3.3b, green dots) is 
almost linear in a semi-logarithmic plot, which corresponds to a mono-exponential or 
pseudo-mono-exponential decay. The PL lifetime is substantially shorter in the meso-
structured MHPs (Figures 3.3c and 3.3d) than in their planar analogous.61 In addition, 
similar to the TRMC measurements, we observe no obvious difference between the 
PL lifetime of MAPbI3-xClx/Al2O3 and MAPbI3/Al2O3. The nearly mono-exponential 
decay in MAPbI3 could for instance mean that the number of photo-generated electrons 
is very small compared to the total concentration of holes or vice versa. This could 
be due to background doping (p0 >> ne(t)) and/or photo-doping (nh(t) >> ne(t)), the 
latter arising from trapping of electrons into sub-gap states.13 In our kinetic model, we  
account for both background doping and photo-doping. In contrast to MAPbI3, the PL 
decay of the MAPbI3-xClx film in Figure 3.3a is initially second-order, which indicates a 
regime in which electron and hole concentrations are comparable. This means that the 
initial concentration of photo-excited charge carriers produced by the laser pulse largely 
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exceeds the concentration of doping levels arising from photo-doping or background 
charges, which is consistent with the TRMC results. However, at longer timescales the 
total charge density drops to reach a mono-exponential decay regime, meaning that 
there might be a small contribution of background charges. As mentioned before, we 
included both background carriers (p0) and trap states (NT) to model the experimental 
TRMC and TRPL results for the planar MAPbI3 film. This was also the case for the 
meso-structured films: the model describes the experimental results only if both NT 
and p0 are included. In contrast, we find that the trap density in the MAPbI3-xClx thin 
film is too low to significantly contribute to the kinetics in the TRMC experiments. 
Given that measurements were performed at intensities down to 5×109 photons/cm2, 
this means that the trap density in MAPbI3-xClx should be less than 5×1014 cm-3. In both 
thin films and meso-structured MHPs, we found similar rate constants for band-to-
band electron-hole recombination: on the order of 10-10 cm3s-1, which is comparable to 
earlier reports.36,62 Furthermore, the rate constants for trap filling are only slightly lower 
than for band-to-band recombination. This indicates that these are competing processes 
if the concentration of photo-induced charges is on the same order of magnitude as the 
trap density. On the other hand, the rate constant for trap depopulation is one order 

Figure 3.3: (a-d) PL lifetimes of photo-excited (l = 405 nm, 1 MHz, 4×1012 photons/cm2) thin films of 
MHPs recorded at the maximum emission wavelengths shown in (Figure 3.1). The black lines are the 
fits from the model. 
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of magnitude lower, meaning that recombination between a trapped carrier and its 
counter-charge is relatively slow. This behaviour results in long-lived TRMC signals 
originating from the mobile counter-charges of the trapped carriers. The trap densities 
are estimated to be on the order of 1015 cm-3 in MAPbI3-xClx/Al2O3 and MAPbI3/Al2O3 
and 6×1016 cm-3 in the MAPbI3 thin film. Furthermore, the model suggests a dark carrier 
concentration of 1015 cm-3 for MAPbI3-xClx and > 1016 cm-3 for the other MHPs.	  
Given that both mobile electrons and holes interact with the microwave field, TRMC 
measurements itself do not enable us to distinguish between the two. However, after 
applying the kinetic model to the measured data (assuming that electrons are the 
minority carriers), we can plot the time-dependent concentrations of free electrons, free 
holes and trapped electrons individually. Figure 3.4 shows the concentration of electrons 
in the CB (red), trap states (blue) and VB (black) as function of time after excitation of 
MAPbI3. Here, the initial concentration of photo-induced electrons and holes is 2.4×1015 
cm-3. As extracted from fitting the experimental photoconductance (Figure 3.2), the 
trap density for this sample is 6×1016 cm-3 and p0 is 1×1016 cm-3. Furthermore, the rate 
constants for electron trapping and second-order recombination are on the same order 
of magnitude. Therefore, the terms k2 ne (nh + p0) and kT ne (NT - nt) from Equations 
2.24 to 2.26 are initially comparable for these 2.4×1015 photo-induced charge carriers 
per cm3. This means that electron trapping successively competes with band-to-band 
recombination, which results in a shorter electron lifetime compared to the holes (as 
shown in Figure 3.4a). Considering that trapped electrons are immobile, the TRMC 
signal can be separated into the contribution from photo-induced free electrons and 
holes. Figure 3.4b shows a typical example of an experimental TRMC trace (green solid 
line) together with the calculated traces for electrons (red), holes (black) and the sum 
of the two (green dotted line) for the planar MAPbI3 (I0 = 2×109 photons/cm2). For 
this excitation density of 7×1013 cm-3, the electron concentration has decreased to half 

Figure 3.4: (a) Time-dependent concentration of ne (red), nh (black) and nt (blue) for 2.4×1015 photo-
induced charge carriers per cm3. (b) Photoconductance as function of time for a 300 nm MAPbI3 film 
(solid green line), after excitation at 600 nm for an incident fluence of 2×109 photons/cm2 (7×1013 
charge carriers per cm3), together with a theoretical trace (dotted green line) implementing the kinetic 
model from Figure 2.8. Based on this model, the contributions of electrons (red) and holes (black) to 
the photoconductance could be separated. 
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its initial value after ~ 80 ns. We further refer to this as the half lifetime t1/2. Using the 
electron mobility listed in Table 3.1, we calculate the electron diffusion length to be 1.4 
mm according to Equation 2.9. Similarly, the t1/2 of holes is ~ 600 ns, which results in a 
hole diffusion length of 5.5 mm. Note that the electron and hole lifetimes and thus their 
diffusion lengths are highly dependent on the initial charge carrier concentration. We 
used the electron and hole lifetimes that we obtained from applying the kinetic model to 
the experimental TRMC and TRPL data to calculate the charge-specific LD as function 
of the concentration of photo-induced charges. The results are summarized in Figure 
3.5. At 1015 charge carriers/cm3, which is a typical density for steady-state AM1.5 solar 
illumination conditions,59 the longest electron and hole diffusion distances are expected 
for planar MAPbI3-xClx. This mainly results from the longer lifetimes compared to the 
other sample types. Additionally, due to the relatively low NT and p0 in MAPbI3-xClx, 
the lifetimes of electrons and holes are almost the same. As a consequence, assuming 
that their mobilities differ not more than a factor two, the diffusion lengths of electrons 
and holes are very close. On the other hand, in planar MAPbI3, the diffusion length is 
substantially shorter for electrons than holes, especially at excitation densities below 
5×1016 charge carriers/cm3. This can be explained considering that NT and p0 are both 
on the order of 1016 cm-3, resulting in a shorter electron lifetime with respect to the holes. 
However, the electron diffusion length in excess of 1 mm is larger than the film thickness 
required to absorb most of the visible light and thus sufficient to enable efficient electron 
collection in a solar cell device.14 
For all samples, second-order electron-hole recombination is the dominant 
recombination pathway at charge carrier densities of 1017 cm-3, resulting in nearly equal 
lifetimes for electrons and holes. If their mobilities are also comparable, the electron 

Figure 3.5: (a-b) Diffusion length of minority carriers (closed circles) and majority carriers (open circles) 
as function of initial charge density for MAPbI3-xClx (a) and MAPbI3 (b), calculated by Equation 2.9. The 
mobilities and lifetimes were obtained from modelling the experimental data (see Figure 3.2). 
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and hole diffusion lengths will be similar. Both meso-structured films show comparable 
TRMC and TRPL decay kinetics. Thus, it seems that using either PbCl2 or PbI2 as the 
precursor does not affect the electronic properties of the resulting perovskite film when 
this is grown within a mesoporous alumina scaffold. In contrast, the charge carrier 
dynamics in the MAPbI3 thin film are obviously different from MAPbI3-xClx. Hence, 
for the planar thin films, we conclude that PbCl2 instead of PbI2 to solution-process 
MAPbI3 substantially improves the electronic properties of the resulting film. In the 
kinetic model shown in Figure 2.8, the MHPs are p-type semiconductors in which 
the trap states are electronic in nature.36,37,63 We note that this purely mathematical 
model also holds for the opposite situation, i.e. an n-type MHP in which the trap-states 
are hole-selective and the electrons twice as mobile as the holes. Given that TRMC 
measurements do not provide direct evidence for the type of background charges, we 
can not conclude whether the films are unintentionally n-type or p-type doped.	   
In summary, we used complementary TRMC and TRPL measurements to investigate 
the charge carrier dynamics in planar and mesoporous perovskite films prepared with 
different precursors. We then applied a kinetic model to describe the experimental data 
to estimate the concentrations of background charges and trap states. The observation 
that global fitting could be performed to both TRMC and TRPL measurements suggests 
that recombination of free mobile charges gives rise to PL in MAPbI3 thin films. 

3.3 Macroscopic Perovskite Crystals	  
Millimeter-sized MHP crystals are an ideal model system to investigate intrinsic 
material properties, such as the charge carrier recombination pathways in the absence 
of grain boundaries.41–45 TRMC, TRPL and the kinetic model from Figure 2.8 were 
used to analyze macroscopic MAPbI3 crystals with dimensions of 10 mm by 8 mm by 3 
mm.64 These were grown in a supersaturated MAPbI3 precursor solution using the 
top-seeded-solution-growth method.33 Different excitation wavelengths were used to 
manipulate the location of charge carrier generation and study the effect on the 
recombination dynamics.	   
As shown in Figure 2.3b, the penetration depth (1/a) of visible light in MAPbI3 is 
typically a few hundred nanometers: at least three orders of magnitude smaller than the 
total depth of the crystal. Therefore, visible light can be used to study the dynamics of 
charge carriers relatively close to the surface. On the other hand, an initially homogeneous 
charge carrier concentration can only be realized if a is substantially lower, which is the 
case for excitation wavelengths close to the absorption onset. We used an integrating 
sphere to collect both specular and diffuse reflectance of the MAPbI3 crystal (Figure 
3.6a). By subtracting these from the incident light intensity, we obtained the absorption 
spectrum of the macroscopic crystal. This is displayed in Figure 3.6b, where a is plotted 
in the inset for excitation wavelengths between 820 and 890 nm. We used the wavelength-
dependent absorption coefficients from Figure 2.3a and Figure 3.6b to calculate the 
charge carrier generation profile as function of the excitation wavelength. The results 
are shown on a linear scale in Figure 3.6c for 500 nm (2.48 eV), 820 nm (1.51 eV) and 
845 nm (1.47 eV) and on a semi-logarithmic scale in Figure 3.6d. This visualizes the 
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extremely different distribution of charge carriers in a 3 mm thick crystal for these 
excitation wavelengths. With an excitation wavelength of 845 nm, which is close to the 
absorption, a homogeneous concentration profile can be realized since 1/a is 0.33 cm 
and thus close to the thickness of the crystal. The MAPbI3 crystal was glued on a quartz 
substrate and mounted in the microwave cell to perform the TRMC measurements. 
Given that the crystal is extremely large with respect to thin films, the sensitivity factor 
K of the microwave cell can no longer be calculated as described in Paragraph 2.4. 
Without accurate determination of K, DG and thus jΣm cannot be calculated from 
DP/P. Therefore, DP/P was only corrected for I0 to compare the different excitation 
wavelengths and photon fluences. Figures 3.7a and 3.7b show -DP/(PI0) of the MAPbI3 
crystal as function of time for excitation wavelengths of 845 nm and 500 nm, respectively. 
Figure 3.7c shows the maximum signal sizes as function of the photon fluence at 
different excitation wavelengths (500 nm, 600 nm, 800 nm and 845 nm), showing 

Figure 3.6: (a) Overview of absorption measurement on a MAPbI3 single crystal. (b) Light absorption 
(%) and absorption coefficient (m-1) close to the onset of the bandgap. The absorption coefficients at l 
= 820 nm (2×103 m-1) and l = 845 nm (3×102 m-1) were used to model the excitation profile, see (c-d) 
where the x-axis corresponds to the total thickness of the single crystal. The excitation profile at 500 nm 
was calculated using the absorption coefficient from Figure 2.3. 
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somewhat smaller values for the visible wavelengths (500 nm and 600 nm). In Figure 
3.7d, t1/2 values are plotted for incident intensities ranging from 1011 to 1015 photons/
cm2. On excitation at 845 nm, values of t1/2 over 15 μs are found at low intensities (<1012 
photons per cm2, ~1012 charges/cm3). However, if we increase the intensity the t1/2 
reduces to about 100 ns. For excitation at 500 nm and 600 nm, the t1/2 values decrease 
from a few hundred nanoseconds to about 15 ns on increasing intensities, which is 
indicative for higher order recombination pathways.46,49,65,66 The reduction of the 
maximum signal sizes on higher intensities in Figure 3.7c could thus be the result from 
increased recombination within the response time of the measurements. On close 
inspection of the TRMC traces recorded on excitation at 500 nm (Figure 3.7b), we 
notice that in particular at higher intensities, a small additional peak can be discerned 
within the first tens of nanoseconds, which is absent for excitation at 845 nm. This 
strong decay can be explained in two ways: (i) fast second-order recombination due to 

Figure 3.7: (a-d) TRMC results under different excitation wavelengths and intensities. TRMC traces nor-
malized to the incident intensity for the MAPbI3 crystal recorded at excitation wavelengths of (a) 845 
nm and (b) 500 nm using different excitation intensities (photons/cm2). (c) Maximum change in nor-
malized microwave power corrected for the amount of incident photons and (d) corresponding half 
lifetimes as function of the photon fluence at indicated wavelengths. 
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the high local photo-induced charge carrier concentration (1017 cm-3) and (ii) in 
addition, charge recombination might occur at the surface of the crystal. If the surface 
of the crystal acts as an efficient recombination site, we would expect a smaller signal 
size on optical excitation at 500 nm and 600 nm. This is in agreement with the 
observations shown in Figure 3.7c. For these wavelengths, the largest part of the charge 
carriers is generated within 100 nm of the surface. Assuming a modest charge carrier 
mobility of 10 cm2/(Vs) these carriers have definitely encountered the crystal surface 
within a few nanoseconds. The absence of this fast initial decay at 800 nm and 845 nm 
is consistent with the fact that, at these wavelengths, most photo-induced carriers are 
generated further away from the surface. We applied the kinetic model from Figure 2.8 
to further investigate the charge recombination channels in the macroscopic crystals. 
We calculated the initial charge carrier concentration using the penetration depth 
instead of the crystal thickness (see Equation 2.5) and the absorption coefficient shown 

Figure 3.8: (a) Fits (dashed lines) to the TRMC traces (full lines) using the model as described in the 
text for excitation at 845 nm, where charges are generated homogeneously throughout the crystal. 
(b) Semi-logarithmic plot of the diffusion length for majority carriers (holes, open circles) and minority 
carriers (electrons, closed circles) as function of the concentration of photo-excited charge carriers. 
(c-d) Modelled TRMC traces of electrons (c) and holes (d) for 4×1011 to 8×1014 photons/cm2 (l = 845 
nm). Note that the experimental TRMC traces are always the sum of (c) and (d), as shown in Figure 3.4b.
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in Figure 2.3. The results are shown in Figure 3.8a for the TRMC decay kinetics 
obtained at 845 nm and the parameters used to fit all the different intensities are listed 
in Table 3.2. Hence, we find an NT of 1.5×1013 cm-3, which is at least one order of 
magnitude lower than values found in the thin MAPbI3 films (see also Table 3.1).36,46,50,62 
This discrepancy could be attributed to the lack of grain boundaries within the crystal. 
Furthermore, the k2 is 5.5×10-9 cm3s-1, which is about one order of magnitude higher 
than reported in several other studies.36,46,50,62 The higher charge carrier mobility caused 
by the superior crystallinity in the crystal could result in an enhancement of k2. Similar 
to the analysis performed on the thin films, after fitting the TRMC traces with the 
kinetic model, we separated the contributions of electrons and holes to the 
photoconductance. The results are shown in Figures 3.8c and 3.8d, assuming electron 
and hole mobilities of 25 cm2/(Vs) and 105 cm2/(Vs), respectively, as reported for this 
type of crystals.42 Figures 3.8c and 3.8d show that at light intensities below 4×1012 
photons/cm2, the hole lifetime (microseconds) is much longer than the electron lifetime 
(< 50 ns). On the other hand, when the concentration of photo-excited electrons exceeds 
the number of trap states (e.g. at 3×1013 photons/cm2), the electron lifetime is also in the 
order of microseconds. Figure 3.8b shows the electron and hole diffusion lengths as 
function of the initial concentration (calculated from Equation 2.9) of photo-generated 
electron-hole pairs. These results show that below the trap concentration (<1.5×1013 
cm-3), the electron diffusion length is 0.8 mm, which increases to 8 mm just above the 
trap concentration. For the holes, the diffusion length reaches a maximum value close 
to 50 mm, which is attributed to the slow recombination with a trapped electron.36,46 At 
higher concentrations, the diffusion lengths of both electrons and holes reduce due to 
increasing second-order electron-hole recombination. These results suggest that the 
diffusion lengths will be optimal at an electron-hole concentration just above the trap 

Table 3.2: Kinetic parameters used to model the TRMC measurements (see Figure 3.8a). Here, k2, kT and kD 
are the rate constants for band-to-band electron-hole recombination, trap filling and trap depopulation, 
respectively. NT denotes the concentration of trap states, p0 is the background hole concentration at 
thermal equilibrium. Finally, μe and μh are the mobilities of electrons and holes, respectively, obtained from 
Ref. 42.										           

MAPbI3 crystal

k2 (x 10-10 cm3s-1) 55

kT (x 10-10 cm3s-1) 90000

kD (x 10-10 cm3s-1) 20

NT (x 1015 cm-3) 0.015

p0
 (x 1015 cm-3) 0.04

μe (cm2/(Vs)) 25

μh (cm2/(Vs)) 105
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density. Note that this model applies to a homogeneous, pulsed excitation profile: 
additional diffusion resulting from a concentration gradient is not taken into account. 
The kinetic parameters obtained from fitting the TRMC decay kinetics at l = 845 nm 
were used to calculate the TRMC traces for excitation at l = 500 nm, using an initial 
concentration based on a charge carrier generation depth of 85 nm. The fitted traces are 
plotted together with the experimental TRMC data in Figure 3.9a. Considering that 
initially, the local concentration of electrons and holes is extremely high for excitation 
at l = 500 nm, the calculated lifetimes are substantially shorter than for l = 845 nm. 
However, as shown in Figure 3.9a, the calculated traces decay much faster than those 
observed experimentally at l = 500 nm. This means that recombination is slower than 
we would expect based on the locally high concentration. This suggests that the electron 
and hole concentrations are lower than calculated based on a generation depth of 85 
nm. Most likely, due to the initially large charge carrier concentration gradient, carriers 
rapidly diffuse towards the bulk of the crystal leading to lowered concentrations and 
hence longer lifetimes. Therefore, an accurate description of the charge carrier dynamics 
in macroscopic crystals for l < 800 nm requires an extension of the kinetic model, 
accounting for diffusion. Finally, PL measurements were performed on the same crystal 
(l = 405 nm, 4×1012 photons/cm2). Figure 3.9b shows the TRPL with the emission 
spectrum in the inset. Comparable to previously published values,65 the PL lifetime is a 
few ns and hence, much shorter than observed in thin films (see also Figure 3.3). 
Additionally, the PL decay is substantially faster than the TRMC decays: under similar 
excitation conditions (i.e. l = 500 nm, 2.6×1012 photons/cm2) the lifetime of free mobile 

Figure 3.9: (a) Modelled TRMC traces (dashed lines) using the kinetic parameters obtained from fitting the 
data shown in Figure 3.7a, see Table 3.2, together with the experimental TRMC traces (full lines) recorded 
at an excitation wavelength of 500 nm (see also Figure 3.7b). (b) Time-resolved photoluminescence trace 
of a mm-sized perovskite crystal on pulsed excitation at 405 nm with an intensity 4×1012 photons/cm2, 
detected at 760 nm (red line) and PL trace calculated with the model described in the text (dashed line). 
The inset shows the emission spectrum of the MAPbI3 crystal using an excitation wavelength of 405 nm. 
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charges is many microseconds as shown in Figure 3.9. Using the parameters listed in 
Table 3.2, found for fitting the TRMC traces at 845 nm, and a generation depth of 12.5 
nm (i.e. 1/2a) at 405 nm, a TRPL trace is calculated as described above and added in 
Figure 3.9b. The measured PL decay is close to the calculated trace. Considering that 
the charge carrier concentration was estimated using 1/2a, the model only accounts for 
the emission of the surface layer with a thickness of half the penetration depth. This 
corresponds to a very high concentration of charge carriers relatively close to the 
surface, which undergo rapid band-to-band recombination leading to the fast decay 
kinetics. PL emitted more in the interior of the crystal is likely to be reabsorbed and will 
therefore not be probed.65 Our results show that the short PL lifetimes, as typically 
observed for mm-sized crystals can be explained by the relatively high recombination 
rate k2 in combination with the high local concentration of charge carriers close to the 
surface of the crystal that recombine radiatively. Another part of the charge carriers 
diffuses into the crystal, resulting in microsecond lifetimes of free, mobile charges as 
detected with the TRMC. Hence, the differences observed in the decay kinetics for the 
macroscopic crystal using PL and TRMC highlight the dissimilarities in measuring 
techniques. While PL only detects radiative recombination close to the surface, TRMC 
probes all mobile carriers formed within the crystal. Therefore, we can deduce that for 
mm-sized crystals, the PL lifetimes are not representative of the lifetime of free mobile 
charges within the crystal and, therefore, TRPL measurements are not suitable to 
determine the charge carrier diffusion lengths. That is, instead of t1/2 values of several ns 
as found by TRPL, TRMC reveals that under low excitation energies (<1012 photons per 
cm2), t1/2 can be as large as 15 ms. 
In summary, we performed TRMC measurements on a mm-sized MAPbI3 crystal, using 
different excitation wavelengths to manipulate the initial location of photo-generated 
charge carriers. For excitation at 845 nm, a homogeneous distribution of charges was 
realized. From here, using the same approach as for the thin films, we determined the 
bulk trap density in the MAPbI3 crystal to be on the order of 1013 cm-3. Additionally, 
our results indicate that the majority and minority carrier diffusion lengths in MAPbI3 
can be as large as 50 and 10 mm, respectively, if it is no longer limited by the dimensions 
of the crystallites.
      

3.4 Experimental Methods	  
Thin film preparation	  
Quartz substrates were cleaned with acetone, propan-2-ol and oxygen plasma-treated im-
mediately prior to film fabrication. Mesoporous alumina layers of ~400 nm were formed by 
spin-coating a solution of ~20 nm alumina nanoparticles in propan-2-ol and drying at 150 
⁰C. Fabrication of the organic-inorganic metal halide perovskite layers was carried out in a ni-
trogen-filled glovebox. Perovskite precursors were spin-coated either directly onto the quartz 
substrates, for the planar MHPs, or on top of the alumina scaffold, for the meso-structured 
MHPs. MAPbI3-xClx was deposited by spin-coating a 3:1 molar ratio methylammonium io-
dide (MAI): lead chloride solution in N,N-dimethylformamide. Concentrations of the chlo-
ride-based precursor used were 1.98M MAI/0.66M PbCl2 for the planar MHPs and 1.32M 
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MAI /0.44M PbCl2 for the meso-structured MHPs. Directly after spin-coating, the samples 
were annealed at 100 ⁰C for 2 hours. The MAPbI3 perovskite was deposited by spin-coating 
a 1:1 molar ratio MAI:PbI2 solution in N,N-dimethylformamide. The concentration used was 
0.5M MAI/0.5MPbI2 for both samples. Directly after spin-coating, the samples were annealed 
at 100 ⁰C for 5 minutes. To protect the samples, an inert layer of 30 mg/mL polymethylmeth-
acrylate (PMMA) in chlorobenzene was spin-coated on top after annealing the perovskite. 
Preparation of mm-sized crystals	  
A mixture of 29.3 g lead (II) acetate trihydrate, 120 mL hydriodic acid (HI) (57% w/w aq. 
soln.) and 5.97 g methylamine (CH3NH2) (40% w/w aq. soln.) was heated to 100 oC until the 
precursors were fully dissolved. Then, it was cooled down to 75 oC for pacification of small 
MAPbI3 crystals. The clear blend solution was transferred to a closed container with a silicon 
substrate, inserted onto top of solution. The small crystals were introduced at the bottom of 
the container as raw materials for crystal growth. The container was putted in an oil bath of 
75 oC, where the bottom was immersed in the oil and the top exposed to air.  The MAPbI3 
crystals nucleated on the silicon substrate were used as seeds for further growth to large size 
crystal. Finally, the as-grown crystals were washed with diethylether and dried in vacuum.  
Photoconductivity measurements	  
The TRMC measurements were performed as detailed in Chapter 2, using excitation wave-
lengths of 600 nm. To prevent degradation, the samples were not exposed to moisture and air 
before and during these experiments.	  
Optical Characterization	  
Absorption spectra were recorded with a Perkin-Elmer Lambda 900 spectrophotometer 
equipped with an integrated sphere. The fraction of absorbed light (FA) was then determined as 
described in Chapter 2. Photoluminescence (PL) emission spectra and PL lifetimes were record-
ed using an Edinburgh LifeSpec spectrometer equipped with a single photon counter. The MHP 
films were excited at 405 nm with a picosecond pulsed diode laser (Hamamatsu, M8903-01, I0 = 
4×1012 photons/cm2).  
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Appendices

Figure A3.1: Top view Scanning Electron Microscopy (SEM) images of thin films of MAPbI3-xClx (a) and 
MAPbI3 (b). 

Figure A3.2 shows X-ray diffraction (XRD) patterns for the different MHP films. 
The crystal sizes (τ) of the meso-structured MHPs were estimated using the Scherrer 
equation:

								        (A3.1)

In which λ is the X-ray wavelength (1.79 Å), θ the Bragg angle, β the full width at half 
the maximum and K a shape factor close to unity (we used the approximation K = 0.9, 
see Ref. 47 from main text). Note that this represents the crystal size perpendicular to 
the reflected lattice plane, in this case the (110) direction. 
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Figure A3.2: XRD patterns (Co Ka radiation, l = 1.79 Å) for MAPbI3-xClx, MAPbI3-xClx/Al2O3, MAPbI3 and 

MAPbI3/Al2O3.  

Figure A3.3: Relationship between the measured mobility and probing length (nm) of a TRMC 
experiment. Here, the probing length represents the distance over which charges diffuse in an 
alternating current (AC) conductivity measurement, using probing frequencies of 8.5 GHz (microwave 
conductivity) or 1 THz. 
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ABSTRACT

In order to rationally design efficient and stable perovskite solar cells, it is important to 
understand not only charge trapping and recombination events in the perovskite layer itself, 
but also processes occurring at the perovskite/transport material (TM) interface, such as 
charge transfer and interfacial recombination. In this chapter, we use time-resolved microwave 
conductivity measurements to investigate these interfacial processes for methylammonium 
lead iodide and various state-of-the-art organic TMs. The global kinetic model introduced in 
Chapter 2 is further extended to accurately describe both the dynamics of excess charges in 
the perovskite layer and transfer to charge-specific TMs. From the obtained charge transfer 
rates, we are able to deduce the extraction efficiencies. We conclude that for state-of-the-
art materials, such as Spiro-OMeTAD and PCBM, the charge extraction efficiency is not 
significantly affected by intra-band gap traps. That is, for trap densities under 1015 cm-3, the 
trapping rates of less than 107 s-1 are substantially lower than the transfer rates (typically 
~ 108 s-1). Finally, our results show that transfer rates to C60, PCBM, EDOT-OMeTPA and 
Spiro-OMeTAD are sufficient to outcompete second-order recombination under excitation 
densities representative for illumination by AM1.5. These results pave the way for rational 
design of perovskite-based solar cells with balanced extraction of charges, which essential 
for avoiding accumulation of charges at one of the electrodes.
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4.1 Introduction
The impressive progress in device efficiency of MHP-bases solar cells is mainly due to 
(i) optimizing experimental procedures to obtain perovskite materials with improved 
crystallinity, (ii) adjusting the perovskite composition and (iii) investigating different 
transport materials. However, it remains a major challenge to eliminate the hysteresis in 
the photovoltaic current-voltage scans, thereby stabilizing perovskite-based solar cells. 
Recently, it was shown that hysteresis in perovskite-based solar cells is highly dependent 
on the choice of transport materials (TM), suggesting that device performance is 
limited by charge accumulation at the interfaces.1,2 Hence, better understanding of the 
perovskite/TM interfaces is critical for rational design of stable perovskite-based solar 
cells with minimum hysteresis and improved device lifetimes. 
Interestingly, in contrast to the substantial progress that has been made in understanding 
the dynamics of photo-generated charges in the photo-active metal halide perovskite,3,4 
there are only a handful of reports investigating the kinetics of charge transfer from 
perovskite to charge-specific TMs.5–9 We have previously proposed that injection of 
charges can be in competition with recombination pathways in the perovskite layer, 
in particular if the perovskite is unintentionally doped.6 Other groups have extracted 
transfer rates5 or yields10 from global analysis of spectroscopic data. However, a 
quantitative description accounting both for the dynamics of charges in the perovskite 
itself and the transfer to charge-specific electrodes is still lacking. 
In this chapter, we use time-resolved microwave conductivity (TRMC) measurements to 
reveal the charge carrier transfer and recombination pathways in bilayer systems of thin 
MAPbI3 films and charge-selective transport materials (TM). First, we prepared smooth, 
homogeneous MAPbI3 layers using sequential physical vapour deposition (PVD).11–13 
Via this route, multiple MAPbI3 films with identical optoelectronic properties can be 
made, which enables for direct comparison between different samples. Then, various 
organic electrodes were spin-coated on top of the MAPbI3 films, so that we could 
compare the photo-physical processes in a bilayer to those in a neat perovskite.6 Both 
the frequently used hole transporting material (HTM) Spiro-OMeTAD and the recently 
reported low-cost alternatives H10114 and EDOT-OMeTPA15 were investigated. 
Similarly, state-of-the-art PCBM and C60 were compared to less commonly used 
electron transport materials (ETM’s) such as ICBA16 and bis-PCBM.  
Interestingly, we find that on the timescale of our TRMC experiment, charge transfer of 
electrons or holes occurs independently of excitation wavelength and illumination side, 
indicating that this process is not limited by charge diffusion in perovskite films with 
thicknesses of a few hundred nanometers. We introduce a global kinetic model that 
implements charge carrier generation, various recombination pathways in the perovskite 
layers and in addition, the transfer rates to charge-selective TMs. First, the kinetic 
parameters, including mobilities and rate constants for band-to-band recombination 
and trapping, are revealed for the neat perovskite layer, using the same approach as 
in Chapter 3.17 After depositing the TM layer, the same set of kinetic parameters plus 
an additional rate constant is used to describe the transfer of charges. Hence, we find 
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the rates of charge transfer and interfacial recombination for a number of different 
organic TMs. Additionally, this model now enables us to separate the electron and hole 
mobilities and to deduce the charge collection efficiency as function of charge carrier 
density (i.e., illumination intensity). We find that at low concentrations, charge transfer 
can be in competition with charge immobilization due to the presence of traps, whereas 
second-order recombination in the perovskite dominates over extraction at higher 
concentrations. Most importantly, these results demonstrate that transfer of charges is 
optimized when the transfer rates exceed the trapping rates, which is the case for e.g. 
Spiro-OMeTAD and PCBM.  

4.2 Results and Discussion
To study the transfer of charges from MAPbI3 to various organic TMs, the charge 
carrier dynamics in neat perovskite films were directly compared to bilayer systems. The 
different types of sample configurations are schematically shown in Figure 4.1. A 3.5 
ns FWHM laser pulse (see also Paragraph 2.4) is used to excite the samples though the 
quartz substrate, thereby generating free charges in the MAPbI3 layer. As also shown in 
Chapter 3, these charges decay over time by trap-assisted and/or second-order electron-
hole recombination.17-19  When an ETM (or HTM) is deposited on top of the MAPbI3, 
electrons (holes) are extracted and consequently, these can recombine via the interface 
with holes (electrons) that remained in the MAPbI3. Using MAPbI3 layers with identical 
optoelectronic properties, we can quantitatively investigate the charge carrier dynamics 
and transfer to the TMs. The initial location of charges was manipulated by varying 
the excitation wavelength. Figure 4.2a shows the charge carrier generation profile in 
MAPbI3 for excitation wavelengths of 300 nm (4.14 eV), 600 nm (2.07 eV) and 780 nm 
(1.59 eV), calculated using the experimentally determined absorption coefficients (see 
Figure A4.1 in Appendices). At l = 300 nm, the penetration depth (1/a) of light is only 
30 nm and hence, photo-excitation is concentrated close to the illuminated surface. On 

Figure 4.1: Schematic overview of the sample configurations investigated. Samples are illuminated with 
a laser pulse through the quartz, generating free electrons (black spheres) and holes (white spheres). 
In the neat perovskite (left), their concentration will decrease over time due to second-order (k2) or 
trap-assisted recombination. In the presence of an electron transport material (ETM, middle), electrons 
can be extracted (ke) and recombine with holes via the interface (kh). Similarly, a hole transport material 
(HTM, right) extracts the holes (kh) which can recombine via the interface (ke) with electrons. 
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the other hand, at l = 780 nm, the lower absorption coefficient results in a diluted, more 
homogeneous excitation profile. Figure 4.2b shows the normalized photoconductance 
DG in a thin (~200 nm) vapour-deposited MAPbI3 film (see Figures A4.2 to A4.4 
in Appendices)11–13,20 as function of time after pulsed illumination (~1010 absorbed 
photons/cm2 per pulse), recorded using the TRMC technique.21 Given that DG provides 
a measure for the concentration of free mobile charges, its initial rise is due to charge 
generation by the laser pulse, whereas its reduction over time can be directly related 
to immobilization of charges by e.g. trapping or recombination. As shown in Figure 

Figure 4.2: (a) Charge carrier generation profile as function of excitation wavelength, calculated using 
the experimentally determined absorption coefficients (see also Figure A4.1 in Appendices). (b-c) 
Normalized time-resolved photoconductance in a thin (~200 nm) MAPbI3 film (b) and in a bilayer of 
MAPbI3 and Spiro-OMeTAD (c) for a fluence of 1010 cm-2 absorbed photons (I0FA) per pulse at excitation 
wavelengths of 300 nm, 600 nm and 780 nm. Since the fraction of absorbed photons (FA) is wavelength-
dependent, the laser intensity I0 was adjusted in order to obtain the same product of I0FA. Hence, the 
total number of photo-excited charges is similar, however their initial distribution differs (see Figure 
4.2a). Whereas for l = 780 nm, excitation occurs nearly homogeneous throughout the MAPbI3 layer, 
for l = 300 nm charges are generated predominantly ~ 150 nm away from the MAPbI3/Spiro-OMeTAD 
interface.  
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4.2b, the signal has reduced to half its initial value within 200 ns for an initial charge 
carrier concentration of 5×1014 cm-3. Interestingly, this is independent of the excitation 
wavelength l. Similar TRMC results were obtained for excitation from the front side 
(i.e. through the organic layer) and from the back side (see Figure A4.5 in Appendices). 
Thus, the results in Figures 4.2b,c and A4.5 in Appendices show that the timescale for 
recombination does not depend on the initial distribution of charges, which indicates 
that transport occurs on a much faster timescale than recombination. 
To gain more insight in the charge carrier dynamics in MAPbI3 and the charge collection 
by TM layers, we deposited Spiro-OMeTAD on top of the perovskite and repeated the 
TRMC measurements. The samples were excited through the quartz substrate and 
thus, in this case, varying the excitation wavelength changes the distance of charge 
carriers to the MAPbI3/Spiro-OMeTAD interface. The change in conductance DG was 
determined as explained in Chapter 2 and the product of the yield of free charges j 
and their mobility Sm was calculated from the maximum DG using Equation 2.22. 
Recall that Sm is the sum of the electron and hole mobilities (me + mh), meaning that 
all light-induced mobile charges contribute to the TRMC signal, however scaled by 
their mobility. Since the electron and hole mobilities in organic compounds are much 
smaller than in MAPbI3, we can assume that the charges injected into the TM layers do 
not contribute significantly to DG. Thus, the traces in Figure 4.2c originate from free 
charges remaining in the perovskite. On comparison of Figures 4.2b and 4.2c, we find 
that the lifetime of mobile charges is substantially extended in the bilayer configuration 
with respect to the neat perovskite. We attribute this to injection of holes into the 
Spiro-OMeTAD, which reduces the probability of electrons remaining in MAPbI3 to 
recombine with holes and consequently, enhances their lifetime. Interestingly, similar 
to the neat perovskite, we find that the decay in the bilayer hardly changes with the 
excitation wavelength. In other words, photo-generated holes can diffuse effectively 
through the perovskite layer over a distance of at least 150 nm and reach Spiro-
OMeTAD. Furthermore, the observation that the electron lifetime in MAPbI3 is shorter 
in the presence of holes (Figure 4.2b) confirms our previous conclusion that higher 
order electron-hole recombination dominates the decay in the neat perovskite.18 In an 
effort to investigate whether the observed results can be generalized to MAPbI3 films 
prepared via different preparation routes, we repeated the experiments with samples 
spin-coated from a stoichiometric precursor solution. We find that, although the 
absolute charge carrier mobilities and lifetimes are different for the latter, the effect 
of spin-coating the transport layer on top of the spin-coated MAPbI3 is the same as 
observed for the vapour-deposited films (see Figure A4.6 in Appendices).	  
To study the electron-hole recombination pathways in more detail, we performed 
TRMC measurements as function of the initial charge carrier concentration. Figures 
4.3a and 4.3b show DG normalized for the number of absorbed photons in MAPbI3 
(Figure 4.3a) and MAPbI3/Spiro-OMeTAD (Figure 4.3b) for charge concentrations 
ranging from 7×1013 to 1016 cm-3. In the neat perovskite, the charge carrier decay 
becomes faster at higher concentrations, which is due to higher order electron-hole 
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recombination, as discussed in Chapter 3.17 Importantly, the opposite trend is observed 
when holes are transferred to Spiro-OMeTAD: the electron lifetime is shorter at low 
concentrations and vice versa. In fact, these results suggest the presence of a limited 
concentration of electron traps. That is, if the concentration of electron traps exceeds 
the concentration of free electrons, the latter are likely to be immobilized into trap states 
resulting in a faster decay. On the other hand, if the electron concentration exceeds 
the trap density, their lifetime will be enhanced, provided that there are no holes to 
recombine with (Figure 4.3b). Hence, TRMC measurements using extraction layers 
enables us to identify the nature of trap states (i.e. electron or hole traps), which is not 
possible with e.g. photoluminescence (PL) measurements. Finally, considering that the 
signal in Figure 4.3b originates primarily from electrons remaining in MAPbI3, we 
can conclude that the contribution of the electrons (me) to the sum of the mobilities Sm 
(Figure 4.3a) is larger than the contribution of mh.
Analogous to the previous chapter,17 we use a kinetic model to obtain quantitative 
information from the intensity-dependent TRMC traces; see Figure 4.4. This model not 
only includes processes occurring in MAPbI3 (black, recall Figure 2.8 and Equations 
2.24 to 2.26), but is extended to account for the additional pathways introduced by the 
electron or hole transport material (red).6 Similar to the previous chapter, the electrons 
in the MAPbI3 layer can recombine with holes via second-order recombination (k2) or 
traps (kT and kD). However, in the presence of an ETM, electrons can also be extracted 
(ke) and recombine via the interface with holes (kh). Vice versa, if the TM is hole-
selective, kh >> ke and thus kh represents hole extraction. The time-dependent change in 

Figure 4.3: (a-b) Time-Resolved Microwave Conductivity (TRMC) traces recorded at initial charge 
carrier densities ranging from 7×1013 to 3×1016 cm-3 (l = 600) for neat MAPbI3 (a) and MAPbI3/Spiro-
OMeTAD illuminated through the perovskite (b). 
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the electron concentrations in the CB, VB, trap states (NT) and TM are described by the 
coupled differential Equations 4.1 to 4.4, respectively.

		  (4.1)

	 (4.2)

					    (4.3)

							       (4.4)

We used the kinetic model shown in Figure 4.4 to globally fit the experimental TRMC 
data,17 which are added as dotted lines in Figures 4.3a and 4.3b. As shown in Figure 
4.3, excellent agreement could be obtained between the modelled and the experimental 
traces. Remarkably, except for hole injection (kh), the same kinetic parameters could 
be used to describe both the neat perovskite and the MAPbI3/Spiro-OMeTAD 
bilayer (see Table 4.1). Most importantly, the concentration-dependent lifetime of 

Figure 4.4: Kinetic model of processes occurring in a bilayer of MAPbI3 perovskite and an organic 
electron transport material (ETM) or hole transport material (HTM). Electrons (black spheres) and 
holes (white spheres) are selectively generated in the perovskite film upon absorption of light with l 
= 600 nm. In the neat perovskite, electrons can recombine with holes via second-order band-to-band 
recombination (k2), or get trapped (trap density NT, trapping rate kT) and recombine with holes via 
kD.17,19 Both k2 and kD are enhanced by the presence of a limited number of dark holes p0.22,23 In the 
presence of an organic transport layer, electrons and holes can be injected via ke and kh, respectively, 
which provides a pathway competitive to recombination in the perovskite.6 Note that for an ETM, ke >> 
kh and vice versa. 
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electrons in the absence of holes (MAPbI3/Spiro-OMeTAD, Figure 4.3b) enables us to 
accurately determine the trapping parameters NT and kT. Consequently, we find that 
k2 = 2.8×10-9 cm3s-1, kT = 6×10-9 cm3s-1 and that the trap density is exceptionally low 
(3×1014 cm-3), similar to spin-coated MAPbI3 prepared from PbCl2 (see Table 3.1).17 
The concentration of dark holes (p0) is 4×1014 cm-3, which is in line with experimental 
findings.23 Additionally, the only difference between the traces in Figures 4.3a and 
4.3b is the injection of holes, from which we deduce that holes are transferred from 
MAPbI3 to Spiro-OMeTAD with kh = 8×108 s-1. As there is no signature of interfacial 
recombination within the timeframe studied, we conclude that ke < 2×104 s-1. In contrast 
to the present results, we have previously observed little difference between MAPbI3 
and MAPbI3/Spiro-OMeTAD (see Figure A4.7 in Appendices).6 We proposed this was 
due to the presence of dark holes (with a concentration on the order of 1016 cm-3), 
which completely dominated the decay kinetics in both MAPbI3 and MAPbI3/Spiro-
OMeTAD. Considering that the concentration of dark holes is about two orders of 
magnitude lower in the current study, we can use these data for an extensive quantitative 
analysis and accurate extraction of the hole transfer rates. 
Whereas in Chapter 3, we had to assume the relative contributions of electrons and 
holes to the sum of mobilities on basis of the effective mass, these can now be separately 
determined. Hence, in contrast to previous assumptions,17 we find that the electron 
mobility is 30.5 cm2/(Vs), while the hole mobility is only 6.5 cm2/(Vs). In addition, we 
can now distinguish the electron and hole lifetimes more accurately, which we use to 
get a better estimate of their diffusion lengths. We find that at a charge density of 9×1015 
cm-3, the electron diffusion length is 1.8 mm, and 0.8 mm for the holes. Although the 
electrons are more mobile than the holes, both diffusion lengths are larger than the ~0.4 
mm MAPbI3 thickness required for sufficient light absorption and thus, both charges are 
mobile enough to be efficiently collected in a device. Finally, these mobilities explain the 
independence of excitation wavelength as presented in Figures 4.2b and 4.2c. That is, it 

Table 4.1: Kinetic parameters for recombination processes in MAPbI3: the exact same parameters were 
used to describe both the neat perovskite (Figure 4.3a) and the bilayer systems (Figure 4.3b and 
Figure 4.5).  

MAPbI3

k2 (x 10-10 cm3s-1) 28

kT (x 10-10 cm3s-1) 60

kD (x 10-10 cm3s-1) 0.5

NT (x 1015 cm-3) 0.3

p0
 (x 1015 cm-3) 0.4

μe (cm2/(Vs)) 30.5

μh (cm2/(Vs) 6.5
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takes ~3 ns for the holes to diffuse over the 200 nm thickness of the film, which is below 
the time response of our measurement. 
The above approach enabled us to accurately determine the mobilities and recombination 
pathways of electrons and holes in MAPbI3, which we used to obtain transfer rates for 
the other TMs investigated. Figure 4.5 shows TRMC traces recorded for bilayers of 
MAPbI3 and the HTMs: H101 (a) and EDOT-OMeTPA (b), together with the ETMs: 
PCBM (c), C60 (d), ICBA (e) and bis-PCBM (f). The fits to the experimental data as 
detailed above are added as dotted lines. We note that the perovskite-related mobilities 
and recombination rates were fixed for all the bilayer systems, leaving ke and kh as the 
only variables. The results are listed in Table 4.2. 
Looking at the experimental data for the HTMs investigated, we observe that lifetimes 
are extended when H101 is spin-coated on top of MAPbI3. In contrast to Spiro-OMeTAD 

Figure 4.5: (a-f ) Time-Resolved Microwave Conductivity (TRMC) traces for MAPbI3/H101 (a) and 
MAPbI3/EDOT-OMeTPA (b) MAPbI3/PCBM (c), MAPbI3/C60 (d), MAPbI3/ICBA (e) and MAPbI3/bis-PCBM 
(f ) recorded at initial charge carrier densities ranging from 1014 to 3×1016 cm-3 (at l = 600). The dotted 
lines are fits to the experimental data (solid lines), using the model shown in Figure 4.4 and the kinetic 
parameters listed in Tables 4.1 and 4.2.
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however, the decay in MAPbI3/H101 shows higher order recombination effects within 
the first 100 ns. This suggests that injection into H101 is slower than for Spiro-OMeTAD 
and therefore, initially in competition with second-order recombination in MAPbI3. At 
longer timescales however, the holes have transferred to H101 and the lifetime of the 
remaining electrons follows the same trend as for Spiro-OMeTAD. As shown in Figure 
4.5a, this behaviour can indeed be modelled using a lower kh: both the experimental and 
fitted traces cross over between 100 and 200 ns (see also Figure A4.8 in Appendices). 
Additionally, the shorter electron lifetime in MAPbI3/H101 suggests a higher value 
for interfacial recombination ke (see Figure 4.5a and Table 4.1). For MAPbI3/EDOT-
OMeTPA, as shown in Figure 4.5b, the decay is substantially faster than in the neat 
perovskite, i.e. in this bilayer configuration both electrons and holes have recombined 
within a few nanoseconds. Consequently, we find that holes are transferred with a rate 
constant of 8×108 s-1, followed by electron immobilization with ke = 1.5×108 s-1. This 
rapid quenching of mobile electrons at the MAPbI3/EDOT-OMeTPA interface could be 
due to recombination with injected holes and/or trapping of electrons at the interface. 
Similarly, we find that for all the ETMs shown in Figures 4.5c to 4.5f, electron injection 
is followed by rapid immobilization of holes, as already reported for MAPbI3/PCBM 
before.6,24 This is characteristic of the interface between MAPbI3 and all the fullerene-
related ETMs studied, since we observed this independently of the MAPbI3 preparation 
method and the thickness of the ETM (Figure A4.9a in Appendices). Using the 
kinetic model from Figure 4.4, we find interfacial recombination rates in the order 
of 106 – 107 s-1. However, we cannot exclude that this represents trapping of holes at 
the MAPbI3/ETM interface rather than recombination with injected electrons (Figure 

Table 4.2: Rate constants for electron (ke) and hole (kh) transfer from MAPbI3 to different HTMs and 
ETMs. Note that for the HTMs, kh describes extraction and ke represents interfacial recombination, while 
the opposite is valid for the ETMs. 

hole transfer rate kh (x107 s-1) electron transfer rate ke (x107 s-1)

MAPbI3 0 0

HTMs extraction interfacial recombination

MAPbI3/EDOT-OMeTPA 80 15

MAPbI3/Spiro-OMeTAD 40 < 0.002

MAPbI3/H101 10 0.18

ETMs interfacial recombination extraction

MAPbI3/C60 1.2 30

MAPbI3/PCBM 1.5 30

MAPbI3/bis-PCBM 0.18 1.5

MAPbI3/ICBA 0.2 1.2
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A4.9b in Appendices). We note that interfacial recombination at the ETM interface is 
not necessarily a limiting factor for photovoltaic performance, as long as the holes are 
efficiently collected at the other TM. However, in the case of comparable rate constants 
for injection and interfacial recombination, as for e.g. EDOT-OMeTPA, we expect this 
to be detrimental for device performance. 
Interestingly, comparing the injection rates listed in Table 4.2, we find that electron 
transfer from MAPbI3 to ICBA or bis-PCBM is one order of magnitude slower than 
injection into the other ETMs investigated. This can be understood considering that 
the lowest unoccupied molecular orbitals of ICBA and bis-PCBM are probably located 
at higher energies than the CB of MAPbI3, since their electron affinities are 0.2 eV 
lower than that for PCBM.25 Although this could result in a higher open-circuit voltage 
(VOC),16 its band alignment might not favor electron extraction, which explains the 
relatively low transfer rate in MAPbI3/ICBA. These results suggest that other electron 
recombination pathways such as trapping or recombination with holes could be 
competing with injection into ICBA. That is, if the trapping rate (~ kTNT) and/or the 
higher order recombination rate (~ k2nenh) is in excess of the injection rate of (1.2×107 
s-1), this will dominate over injection. However, in high quality films the trapping rate 
(~ kTNT) is on the order of 106 s-1 and hence, too small to impede injection. 
Using the rate constants for injection as well as the additional recombination pathways 
in the perovskite, we can now quantify the yield of electron extraction je as function 
of ne:

					     (4.5)

which is defined as the ratio between the electron injection rate and the total 
recombination rate for electrons. Similarly, the hole extraction yield jh is given by:

					     (4.6)

Figures 4.6a and 4.6b show je and jh, respectively, as function of the excitation density, 
using the kinetic parameters listed in Tables 4.1 and 4.2. Note that AM1.5 illumination 
under open circuit conditions leads to charge carrier densities on the order of 1015 
cm-3.26 Figure 4.6a shows that at low charge carrier concentrations, je is close to unity 
for PCBM and C60, which can be understood considering that the injection is fast 
enough to overcome trapping (i.e., ke >> kTNT). On the other hand, in view of the lower 
injection rates, electron injection into ICBA and bis-PCBM is in competition both with 
trapping and second-order recombination. Therefore, the transfer yield will always be 
less than 0.8 even if all trap-assisted recombination is eliminated (i.e. for ke ~ 107 s-1 and 
k2 ~ 10-9 cm3s-1). Finally, for all ETMs, je drops down when the concentration increases. 
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This decrease in je is due to second-order recombination effects (~ k2nenh), which start 
to dominate over injection at high charge carrier concentrations. The same trends are 
observed for the HTMs (Figure 4.6b): jh is close to unity at low concentrations and 
decreases at increasing concentrations. Furthermore, jh remains higher for Spiro-
OMeTAD than for H101, which can be understood considering that kh is lower for the 
latter.  
Obviously, electron injection into PCBM could also be impeded by the presence of 

Figure 4.6: (a-b) Injection yield as function of charge carrier density for different ETMs (a) and HTMs 
(b), using Equations 4.5 (a) and 4.6 (b) and the kinetic parameters from Tables 4.1 and 4.2. As we 
extracted from the TRMC measurements, trapping of electrons (~kTNT) is in competition with extraction 
(ke), which can lower the extraction yield. This is especially relevant for ETMs with relatively low injection 
rates such as ICBA. In general, both je and jh decrease when the charge carrier concentration increases 
(> 1016 cm-3), since higher order recombination starts to dominate over injection. (c) Electron transfer 
yield from MAPbI3 to PCBM as function of the concentration of electron traps (NT). 



Interfacial Kinetics of Charge Transfer from MAPbI3 Perovskites to Organic Transport Materials

65

4

traps, but only if the trap densities are much higher, e.g. less than 50% of the electrons 
are injected if NT would be 5×1016 cm-3 (see Figure 4.6c).17 Similarly, in samples 
prepared via different routes, the traps could be hole-selective and jh could be lower 
since trapping of holes competes with transfer to the HTM. Finally, considering that 
illumination with AM1.5 results in charge concentrations in the order of 1015 – 1016 
cm-3, these results show that transfer rates to C60, PCBM, EDOT-OMeTPA and Spiro-
OMeTAD are high enough to outcompete second-order recombination. 

4.3 Conclusion	s 
In this chapter, we investigated the transfer of optically excited charge carriers from 
MAPbI3 to different organic TMs. The TRMC technique was used to study the charge 
carrier dynamics both in neat MAPbI3 and bilayers of MAPbI3 with an ETM or HTM on 
top. We proposed a global kinetic model, which we used to quantify the recombination 
dynamics in the MAPbI3 as well as the additional pathways introduced by the presence 
of an ETM or HTM. Hence, we were able to deduce rate constants for extraction and 
interfacial recombination for several organic TMs. Interestingly, we find that both for 
the state-of-the-art HTM Spiro-OMeTAD and the low-cost alternatives H101 and 
EDOT-OMeTPA, holes are efficiently collected. However, for the latter this is followed 
by rapid recombination at the MAPbI3/EDOT-OMeTPA interface, which is expected 
to limit device performance. For the ETMs, we find that injection into PCBM and C60 
is substantially more efficient than into ICBA and bis-PCBM, which might be due to 
the lower electron affinity of the latter two. Finally, we find that intra-bandgap traps do 
barely affect injection, as long as the trapping rate (~kTNT) is substantially lower than 
the transfer rates (typically ~ 108 s-1), which is the case for trap densities less than 1015 
cm-3. 

4.4 Experimental Methods
Sample preparation	  
Thin films (200 nm) of MAPbI3 on quartz substrates were prepared by sequential physical 
vapour deposition of the precursors PbI2 and MAI in a stoichiometric ratio. Therefore, an 
adapted evaporation machine (ATC Orion 4 – AJA International, Inc.) with Deposition 
Controller (SQC-310 Inficon) and Thermal Evaporation Controller (TEC-15A) was used. MAI 
synthesized using standard procedures and commercially available lead iodide (PbI2 ≥ 99%, 
Sigma Aldrich) were put into quartz crucibles, which were positioned in the vacuum chamber 
after which the pressure was reduced to 10-5-10-6 mbar. For each deposition, eight plasma-
cleaned quartz substrates were introduced in the vacuum chamber. Consequently, the crucible 
containing the PbI2 precursor was heated to 220 - 240 °C until the desired deposition rate of 
0.5 Å/s was reached, as indicated by a quartz microbalance. The MAI was heated to 60 - 80 °C 
to reach a rate of 1.3 Å/s. Then, MAPbI3 was obtained by alternating deposition of 1 nm PbI2 
and 2 nm MAI (with 16 seconds in between), which was repeated until a total thickness of 200 
nm was reached. Finally, the films were annealed at 100 °C for 1 hour. Spin-coated MAPbI3 
films were prepared from a solution consisting of PbI2 (1.25 M, TCI chemicals) and MAI (1.25 
M, Dyesol) in DMF, which was spin-coated dynamically (at 5000 rpm, total 15 sec) onto the 
quartz substrate. After 5 seconds 75 µL of chlorobenzene was added on top of the spinning 
substrate and afterwards the substrates were placed on a hotplate (100 °C for 10 minutes). The 
bilayers were prepared by spin-coating the HTMs and ETMs on top of the vapour-deposited 
MAPbI3 films. EDOT-OMeTPA was synthesized according to previously reported procedures,15 
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while H101 and Spiro-OMeTAD were obtained from commercial sources. EDOT-OMeTPA was 
spin coated from a 15 mg/mL chlorobenzene solution. A 75 mg/mL chlorobenzene solution 
was prepared for H101 and Spiro-OMeTAD. Dopants were added to all HTM solutions: 4-tert-
butylpyridine (t-BP) (10 µL/mL) and of a lithium bistrifluoromethylsulfonylamine (Li-TFSI) 
(30 µL/mL) solution (173 mg/mL Li-TFSI in acetonitrile solution). While rotating the sample 
at a speed of 150 rpm, an EDOT-OMeTPA solution (100 µL) was deposited on top of the thin 
film MAPbI3, after which the rotational speed was increased to 1200 rpm (45 s). H101 and 
Spiro-OMeTAD were spincoated by depositing the solution (60 µL) while rotating the sample 
at 1500 rpm (45 s). This resulted in HTM thicknesses of 40 nm for EDOT-OMeTPA and 250 
nm for Spiro and H101.15 MAPbI3/HTM bilayers were stored overnight with 30% relative 
humidity in order to let the HTM oxidize. For the ETMs, PCBM, bis-PCBM and ICBA, ETM/
chlorobenzene (35 mg/mL) solutions were prepared. From these solutions, 60 µL was deposited 
on the sample while rotating at 3000 rpm (45 s). The thickness of the PCBM layer was found 
to be around 70 nm. Layers of the other ETMs were estimated to have similar thickness. 
Optical Characterization	  
Absorption and transmission spectra were recorded with a Perkin-Elmer Lambda 1050 
spectrophotometer equipped with an integrated sphere. The thin films were placed in front of 
the sphere to measure the fraction of transmitted light (FT) and under an angle of 10° inside 
the sphere to detect the total fraction of reflected and transmitted photons (FR+T). The fraction 
of absorbed light (FA) and charge carrier generation profiles were calculated as described in 
Chapter 2. The TRMC and PL measurements were performed using the same set-ups as in 
Chapter 3. 
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Appendices

Figure A4.1: Semi-logarithmic plot of the absorption coefficient of MAPbI3. 

 

 

Figure A4.2: (a) Schematic representation of sequential physical vapour deposition from MAI and PbI2 
powders (see experimental methods). The MAI powder is heated to 60-90 °C, while the PbI2 is heated 
to 220-240 °C. Then, MAPbI3 is obtained by alternating deposition of 1 nm PbI2 and 2 nm MAI until 
the desired thickness is obtained. (b-c) Fraction of light absorbed (b) and reflected (c) as function of 
thickness.  
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Figure A4.3: X-Ray Diffraction (XRD) pattern using Co-Ka radiation (l = 1.79 Å) for a 200 nm thick 
vapour-deposited MAPbI3 film. The primary reflections are the <110> and <220>, showing that the 
films are highly oriented. A slight excess of PbI2 was found to be present, as indicated by the reflection 
at 14.2°.  

Figure A4.4: Scanning Electron Microscopy (a) and Atomic Force Microscopy (b) image of a vapour-
deposited MAPbI3 film, showing that the size of crystalline domains is on the order of several hundred 
nanometers.  

Figure A4.5: Photoconductance as function of time after excitation from the back side (through the 
quartz) (a) and the front side (through the Spiro-OMeTAD) (b) for 109 to 8×1010 photons/cm2 (l = 600 
nm). 
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Figure A4.6: Normalized photoconductance as function of time after excitation for neat MAPbI3 (red), 
MAPbI3/EDOT-OMeTPA (black) and MAPbI3/Spiro-OMeTAD (blue) for spin-coated (a) and vapour-
deposited (b) MAPbI3 films. Although the spin-coated MAPbI3 shows a different lifetime than the 
vapour-deposited perovskite, the same trends are observed. That is, the lifetime of the electrons 
remaining in MAPbI3 is extended when the holes are transferred to Spiro-OMeTAD, whereas this is 
substantially reduced in the case of EDOT-OMeTPA. Note that the traces in (b) correspond to the results 
shown in the main text. 

Figure A4.7: (a) TRMC traces for spin-coated MAPbI3, MAPbI3/PCBM and MAPbI3/Spiro-OMeTAD 
recorded at an excitation intensity of 1.0×1011 photons/cm2 per pulse (l = 600 nm) and normalized to 
unity.6 (b) Direct comparison of DG(t) for MAPbI3 (full lines) and MAPbI3/Spiro-OMeTAD bilayer (dashed 
lines) recorded at indicated intensities expressed in photons/cm2 per pulse (l = 600 nm).
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Figure A4.8: Magnification of the experimental (a) and modelled (b) TRMC traces for MAPbI3/H101 as 
shown in Figure 4.5a of the main text.

Figure A4.9: Normalized TRMC traces for neat MAPbI3 and bilayers of MAPbI3/PCBM with different 
PCBM thickness (a) and trilayers of MAPbI3/PCBM/C60, where C60 has a higher electron affinity than 
PCBM (l = 600 nm, front side illuminated).	
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Figure A4.10: Photoluminescence emission scans (a) and lifetimes (b) for the neat MAPbI3 and bilayer 
samples shown in the main text. 
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ABSTRACT

Currently, there is debate over what drives the second-order electron–hole recombination 
in methylammonium lead iodide perovskites. Here, we propose that the bandgap in MAPbI3 
has a direct–indirect character. Time-resolved photoconductivity measurements show 
that generation of free mobile charges is maximized for excitation energies just above the 
indirect bandgap. Furthermore, we find that second-order electron–hole recombination of 
photo-excited charges is retarded at lower temperature. These observations are consistent 
with a slow phonon-assisted recombination pathway via the indirect bandgap. Interestingly, 
in the low-temperature orthorhombic phase, fast quenching of mobile charges occurs 
independent of the temperature and photon excitation energy. This chapter provides a new 
framework to understand the optoelectronic properties of metal halide perovskites and 
analyse spectroscopic data.

Partially based on

Eline M. Hutter, María Gélvez-Rueda, Anna Osherov, Vladimir Bulović, Ferdinand C. Grozema, Samuel D. 
Stranks, Tom J. Savenije, Direct-Indirect Character of the Band Gap in Methylammonium Lead Iodide 
Perovskite, Nature Materials, 2017, 16, 115-120.

Anna Osherov, Eline M. Hutter, Krzysztof Galkowski, Roberto Brenes, Duncan K. Maude, Robin J. Nicholas, 
Paulina Plochocka, Vladimir Bulović, Tom J. Savenije, Samuel D. Stranks, The Impact of Phase Retention 
on the Structural and Optoelectronic Properties of Metal Halide Perovskites, Advanced Materials, 2016, 
28, 10757-10763.
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5.1 Introduction	  
Currently, the conventional idea is that MAPbI3 behaves as a direct bandgap 
semiconductor, where the absorption and emission of photons occur via allowed 
transitions. This is fundamentally different from indirect bandgap semiconductors such 
as silicon in which both absorption and recombination involve not only photons, but also 
phonons. This results in lower absorption coefficients than in direct semiconductors,1 
but at the same time recombination is much slower.2 Recent theoretical calculations 
of the band structure of MAPbI3 suggest that preferential orientation of the organic 
cations in the [011] crystallographic direction induces an indirect bandgap in MAPbI3 
perovskites.3,4 Other theoretical work has predicted that the Rashba effect results in 
splitting of the conduction band, making the fundamental bandgap indirect.5,6 In 
both cases, relaxation of excited electrons (direct excitation) into the conduction band 
minimum (CBM) corresponding to an indirect bandgap would result in relatively slow 
recombination. Nevertheless, to date, there are no reports of experimental evidence for 
the presence of an indirect bandgap in MAPbI3 or in any other metal halide perovskite. 
Furthermore, it remains controversial to what extent the crystal phase affects the photo-
physics in MAPbI3.7–9 Some groups have suggested that in the orthorhombic phase (T < 
160 K), excitons dominate over free charges.9 However, others have reported an exciton 
binding energy of only 16 meV in the orthorhombic phase,10,11 which would yield only 
a small population of excitons. Finally, most temperature-dependent spectroscopic 
studies monitor the charge carrier dynamics at relatively high excitation fluences 
(i.e., in excess of 1 mJ/cm2),8 whereas most processes relevant to solar cell operation 
happen at much lower illumination intensities. In this chapter, we use temperature-
dependent TRPL and complementary TRMC techniques to study the dynamics of 
optically-excited charge carriers in MAPbI3 at charge densities comparable to AM 1.5 
excitation. At 300 K, the generation yield of free charges is maximized for excitation 
energies close to 1.7 eV (l = 730 nm). In addition, temperature-dependent TRPL and 
TRMC measurements both show that second-order electron-hole recombination is a 
thermally-activated process for T > 160 K.12,13 These results are explained by proposing 
that photo-excited carriers undergo slow phonon-assisted recombination from the 
CBM, which is shifted in k-space with respect to the valence band maximum (VBM). 
In the orthorhombic phase (T < 160 K), fast quenching of mobile charges is observed 
independent of the temperature and excitation energy.8 Finally, we find that this 
behaviour is general for solution-processed perovskite films with a planar or meso-
structured morphology and independent of the lead precursor used in the fabrication.  
 
5.2 Results	  
Thin (~250 nm) MAPbI3 films were solution-processed on quartz substrates using an 
acetate-based precursor solution.14 Figures 5.1a and 5.1c show the photoconductance 
DG, as function of time after excitation at 1.7 and 2.0 eV at T = 300 K and T = 120 K, 
respectively.15 X-ray diffraction (XRD) patterns indicate a tetragonal MAPbI3 phase at 
300 K, while at 120 K the material is in the orthorhombic phase (see Figure A5.1 in 
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Appendices). Interestingly, in the tetragonal phase at T = 300 K, the signal observed on 
excitation at 1.65 eV is significantly higher than at 2.00 eV, while the opposite is true 
in the orthorhombic phase at T = 120 K. Furthermore, the signal sizes at 120 K, which 
are normalized for the number of absorbed photons, are almost an order of magnitude 
smaller than at 300 K. The incident yield, h, defines the ratio between the number of 
light-induced carriers over the number of incident photons. The product of h and the 
summation of the electron and hole mobilities, Sμ, can be calculated from the maximum 
value of the photoconductance ΔGmax according to:

								        (5.1)

Note that this equation is similar to Equation 2.22: the only difference is that the 
photoconductance is not corrected for the absorbed photon fraction FA. If h and Sμ are 
independent of the excitation wavelength, a wavelength-dependent spectrum of hSμ 
(action spectrum) should thus exactly match the absorptance (FA) spectrum.16,17 Figures 

Figure 5.1: (a) Photoconductance as function of time after excitation at 1.65 eV (l = 753 nm) and 2.00 
eV (l = 621 nm) for the tetragonal phase at 300 K for an absorbed photon fluence of 8×108 cm-2 per 
pulse. (c) Photoconductance as function of time after excitation at 1.70 eV (l = 730 nm) and 2.00 eV (l 
= 621 nm) for the orthorhombic phase at 120 K for an incident photon fluence of 2×1010 cm-2 per pulse. 
Comparison of maximum photoconductance (ηSμ, circles) to fraction of absorbed photons at 300 K 
(b) and 120 K (d), where the absorbed photon fluences are 8×108 cm-2 per pulse for T = 300 K and on 
the order of 109 cm-2 per pulse for 120 K. For each excitation wavelength, the photoconductance was 
averaged over at least 200 laser pulses and error bars were calculated based on the inaccuracy in the 
laser intensity I0.
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5.1b and 1d (dashed lines) show the action spectra for a MAPbI3 thin film at 300 K 
(Figure 5.1b) and at 120 K (Figure 5.1d), together with the temperature-dependent FA 
spectra (solid lines). Strikingly, for both temperatures the action spectra do not match 
the FA spectra. For tetragonal MAPbI3 (Figure 5.1b), the product ηSμ reaches a local 
maximum value at excitation energies close to 1.7 eV (l = 730 nm). By normalizing ηSμ 
to FA, we obtain the product of the charge carrier generation yield φ and the mobility 
Sμ, (i.e. φSμ). Considering that the thermal energy at 300 K (kBT = 25.9 meV) is much 
higher than the exciton binding energy of a few millielectronvolts,10 most of the excitons 
will dissociate into free charges and φ is close to unity (recall Figure 2.2).7 Therefore, 
Sμ amounts to at least 100 cm2/(Vs) for charges excited at 1.7 eV, which is comparable 
to mobilities reported for single MAPbI3 crystals and thus indicative of the high quality 
of the polycrystalline films fabricated from the acetate-based precursors.18 Exciting 
above 1.8 eV results in φSμ values of 80 cm2/(Vs), indicating that φ is approximately 
20% lower. Here, we assume that Sμ is independent of excitation wavelength, which is 
reasonable in view of the similar decay kinetics (Figure A5.2 in Appendices). This local 
maximum in the action spectrum around 1.7 eV is also observed at higher excitation 
densities, and becomes even more pronounced at lower excitation densities (see Figures 
A5.3 and A5.4 in Appendices).19 
For orthorhombic MAPbI3, the action spectrum only matches the FA spectrum for 
excitation energies above 1.7 eV (see Figure 5.1d). In contrast with the tetragonal 
phase, the φSμ values in the orthorhombic phase using excitation energies close to 
1.7 eV are relatively low (see Figures 5.1b and 5.1d). To understand this, we note that 
at 120 K, the FA spectrum is comprised of the band-to-band continuum and a sharp 
transition peaking at 1.7 eV that has been attributed to an excitonic feature.7,20,21 Hence 
we conclude that, for excitation wavelengths that coincide with the excitonic transition 
(1.7 eV), the generation yield of free charges is much lower than for the band-to-band 
continuum (≥ 1.8 eV). This implies that in the orthorhombic phase, excitons are less 
likely to dissociate into free charges than in the tetragonal phase. This observation can 
be understood from the exciton binding energy being at least 16 meV in orthorhombic 
MAPbI3,10 which is higher than the thermal energy of 10 meV at 120 K.	   
To further investigate the generation and recombination pathways of free charges in the 
different crystal phases, we measured φSμ for temperatures ranging from 80 to 340 K 
using an excitation energy of 2.0 eV, which corresponds to band-to-band excitations in 
both phases. In the tetragonal (b) phase down to 150 K, φSμ is enhanced upon cooling 
(Figure 5.2a). In contrast, if the temperature is further reduced to 90 K and the crystal 
structure changes from tetragonal to orthorhombic (g), φSμ decreases substantially. 
These changes in φSμ could be due to a variation of φ and/or Sμ with temperature. 
To unravel this, we performed complementary temperature-dependent pulse-radiolysis 
TRMC (PR-TRMC) experiments, where free electrons and holes are generated by a high-
energy electron pulse instead of a laser. The samples were prepared in the same way as 
for the photoconductivity experiments.22 Similar to the photoconductivity experiments, 
the initial pulse-induced change in conductivity in PR-TRMC is determined by the 
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concentration and mobility of the charge carriers. However, the concentration is now tuned 
by the duration of the accelerator pulse and free charges are generated instead of excitons. 
Therefore, PR-TRMC can be used to determine the temperature-dependent mobility.23 
Similar to previous studies,8,12,23 these measurements confirm that in our MAPbI3 thin 
films, the mobility increases when the temperature is lowered (see Figure 5.2b).	   
For these samples Sμ is proportional to T-1.5 down to the phase transition and,8,12,23 
apart from small deviations, no abrupt decrease in the mobility is observed below 
the phase transition. In other words, the increasing φSμ values upon cooling the 
MAPbI3 thin film down to 150 K are due to an analogous rise in Sμ, whereas the 
reduced φSμ values found for temperatures below 150 K can thus only be attributed 
to a substantial reduction in φ. Interestingly, different trends in φSμ are found for 
cooling and heating over the orthorhombic-tetragonal phase transition (see also inset 
in Figure 5.2a). We note that this observation is not an effect of the cooling and/or 
heating rate, since we made sure that the samples are in thermal equilibrium before 
we start the photoconductivity measurements. Similar to the different φSμ values, 
we observe differences in the photoluminescence between cooling and heating at 
temperatures near the phase transition (120 - 150 K).24,25 For instance, at 130 K, we 
find lower emission intensities peaking at larger energies in the photoluminescence 
spectra recorded on heating, see Figure 5.3a. Therefore, it seems likely that the 
tetragonal and orthorhombic phases co-exist in the above mentioned regime, where 
the ratio between the two phases differs between cooling and heating. Since φSμ is 
substantially lower in the orthorhombic phase (T < 120 K) than in the tetragonal phase, 
the lower photoconductance at 130 and 140 K upon heating may be associated with a 

Figure 5.2: (a) Product of generation yield φ (≤1) and mobility Sμ as a function of temperature in 
a MAPbI3 thin film. The film is photo-excited at 2.0 eV (1010 absorbed photons/cm2) and the results 
are shown for cooling (green) and heating (orange) the film. The time-dependent photoconductance 
at 140 K is shown in the inset. (b) Temperature-dependent mobility measured with pulse-radiolysis 
TRMC (PR-TRMC) measurements. Note that the absolute values obtained with the PR-TRMC technique 
(b) are lower than those obtained with the photoconductivity measurements, which could stem from 
an overestimation of the number of charge carriers (see also experimental section). Nevertheless, this 
does not affect the temperature-dependent mobility trend.
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larger concentration of orthorhombic MAPbI3 domains than upon cooling. Comparing 
the XRD patterns recorded at T = 140 K upon both cooling and heating, we find that 
this is indeed the case. In Figures 5.3b and 5.3c, the reflections centered at 2q values 
of 14.38° and 28.95° represent the (110) and (220) reflections of the orthorhombic 
(g) phase, respectively. These are present both on heating and cooling the sample. In 
addition, we find at slightly lower angles the (110) (Figure 5.3b) and (220) (Figure 5.3c) 
reflections of the tetragonal (b) phase, however only upon cooling. Altogether, these 
results thus show that the phase transition itself is different for cooling and heating, and 
further confirm that the low φ is characteristic of the orthorhombic phase.	  
In order to understand the drastic reduction in φ, it is important to consider that the 
exciton binding energy in the orthorhombic phase is about 16 meV.10,11 According 
to the Saha equation (Equation 2.3), this binding energy would result in an exciton 
population of less than 10% of the photo-excited species for an excitation density of 
1015 cm-3 (as used in Figure 5.2a).26 Although higher values for the exciton binding 
energy in the orthorhombic phase have been reported,27 temperature-dependent THz 
spectroscopy studies have confirmed that the majority of excitations results in Drude-
like free charges down to 77 K.8,28 Therefore, given that φ is at least an order of magnitude 
lower in the orthorhombic phase than in the tetragonal phase, this can only to a small 
extent be attributed to the presence of excitons. Instead, the low value of φ might be 
due to the occurrence of (sub)-nanosecond decay of mobile electrons and holes, which 
is below the temporal resolution of our photon-induced TRMC measurements (see 
also Figure 2.7). To further investigate the phase-specific recombination pathways, we 
carried out temperature-dependent TRPL measurements at the maximum emission 
wavelength (Figure A5.5 in Appendices), which depends both on temperature and the 
crystal structure.13,25,29 Figures 5.4a and 5.4b show TRPL intensities and TRMC traces 

Figure 5.3: (a) Photoluminescence emission spectra recorded at 130 K and (b) (110) and (c) (220) 
reflections from the XRD patterns obtained at 140 K for cooling (green) and heating (orange) MAPbI3, 
confirming the co-existence of the orthorhombic and tetragonal phases.
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for tetragonal MAPbI3 recorded between 260 K and 180 K. 
Most interestingly, both TRPL and TRMC show the same trends; the lifetime is 
extended on lowering the temperature.12,13 Furthermore, at 180 K, both φ and the PL 
quantum efficiency (PLQE) are close to unity.13 This means that at this temperature, 
the radiative recombination (PL) originates primarily from recombination between 
free mobile electrons and holes. In Chapter 3, we have shown that TRPL and TRMC 
lifetimes in MAPbI3 can be modelled using the same set of kinetic parameters.30,31 In 
other words, even at room temperature where the PLQE is typically less than 0.1,13 
second-order band-to-band recombination of mobile charges partially leads to PL. 

Figure 5.4: (a) PL lifetimes recorded at 180 < T < 260 K and 120 K (orthorhombic phase, at 1.67 eV, 
inset) for l = 405 nm (3.1 eV), I0 = 4×1012 photons/cm2 per pulse: excitation density of 1017 cm-3. (b) 
Temperature-dependent photoconductance in the tetragonal phase for 180 < T < 260 K and the 
orthorhombic phase (inset) for an excitation energy of 2.0 eV, I0 = 9×1010 photons/cm2 per pulse: 
excitation density of 3×1015 cm-3. c) Mobility (circles, left axis) and rate constant k2 (squares, right axis) 
for second-order electron-hole recombination, obtained from fitting the temperature-dependent 
TRMC traces.
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The kinetic model introduced in Chapter 2 was used to describe the temperature-
dependent measurements displayed in Figure 5.4b. The modelled traces are added 
as solid lines to Figure 5.4b and fitting parameters are listed in Table 5.1 (see also 
Figure A5.6 in Appendices). We find that the initial decay is characterized by second-
order recombination, while recombination between trapped charges and their mobile 
counter-charge dominates at longer timescales (i.e. lower concentrations).30 Figure 5.4c 
shows the temperature-dependent mobility and the rate constant k2, for second-order 
band-to-band electron-hole recombination. Interestingly, the temperature dependence 
of k2 indicates that electron-hole recombination is retarded when the temperature 
is lowered. This was observed to be general for solution-processed perovskite thin 
films, although we note that the absolute values of k2 differ for each processing route 
(see Figures A5.7 and A5.8 in Appendices). Thus, the second-order band-to-band 
recombination in tetragonal MAPbI3 is a thermally-activated process under illumination 
intensities equivalent to 1 sun AM 1.5, implying that there is an energetic barrier 
for decay.12,13 This is in contrast with typical direct bandgap bulk semiconductors 
such as GaAs,32 where recombination becomes faster at lower temperature.	   
The inset in Figure 5.4a shows the PL decay for MAPbI3 at 120 K, for the emission peak 
centered at 740 nm (see Figure A5.9 in Appendices). The PL decay of the tetragonal 
phase (T = 150 K) is plotted in the same graph to enable direct comparison, which 
allows us to visualize that the PL lifetime at 120 K is much shorter than at 150 K. The 
same trend was observed with the PR-TRMC experiments, where at least half of the free 
charges is immobilized within 6 ns (Figure A5.10 in Appendices). Clearly, the majority 
of photo-physical products in the orthorhombic phase decay much faster than those 
in the tetragonal phase. Furthermore, the emission spectra recorded at 90 K and 120 K 
comprise multiple peaks with different lifetimes (Figure A5.9 in Appendices), indicating 
the presence of additional recombination pathways specific for the orthorhombic phase. 
Finally, the total integrated intensity of emitted photons at 90 K is lower than at 150 
K (Figure A5.9 in Appendices), which suggests that non-radiative recombination is 

180 K 220 K 260 K 300 K

k2 (x 10-10 cm3s-1) 12 15 18 21

kT (x 10-10 cm3s-1) 0.6 0.75 0.9 1

kD (x 10-10 cm3s-1) 0.5 0.5 0.5 0.5

NT (x 1015 cm-3) 1.5 2 5 7

μe (cm2/(Vs)) 66 50 44 32

μh (cm2/(Vs)) 33 25 22 16

Table 5.1: Kinetic parameters used to fit the experimental temperature-dependent TRMC 
data.
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in competition with radiative events. Altogether, the above TRPL results show that in 
the orthorhombic phase, electron-hole recombination occurs on the (sub-)nanosecond 
timescale, explaining the extremely low yields of mobile charges detected with TRMC.

5.3 Discussion	 
To briefly summarize our results: at 300 K, the generation yield of free charge 
carriers in MAPbI3 is 20% higher for excitation just above the band-gap (at 1.7 
eV) than further above the bandgap (> 1.8 eV). Furthermore, in the tetragonal 
phase, an energetic barrier exists for second-order band-to-band recombination 
between mobile CB electrons and VB holes. In the orthorhombic phase on the other 
hand, both excitons and free charges decay via fast non-radiative recombination 
pathways, which competes effectively with charge carrier generation.	  
In order to explain all of these findings, we propose that in the tetragonal phase, additional 
dark states are present, which are located below the optically-accessible conduction 
band edge. These states are different from shallow traps. That is, if for instance electrons 
were immobilized in shallow traps, the generation yield of free mobile CB electrons 
should be enhanced with (i) increasing temperature and (ii) increasing charge carrier 
concentration. This should lead to a higher φSμ with enhanced temperatures (i) and 
with increasing photon flux (ii). However, as shown in Figures 5.3a and in Figures 
A5.4b and A5.8 in Appendices, the opposite trends are observed. Finally, as also 
shown in Chapter 4,33,34 both  electrons and holes are separately mobile under similar 
excitation conditions. Hence, although we do not rule out the presence of shallow trap 
states, these alone cannot explain the observations reported here. Instead, we propose 
that these dark states form band-like structures. Excited electrons thermally relax 
into these bands, yielding highly mobile carriers. Recombination of these electrons 
back to the ground-state is forbidden, resulting in long charge carrier lifetimes. This 
model is reminiscent of a semiconductor with an indirect bandgap, where the CBM 
is shifted in k-space with respect to the VBM so that recombination is momentum-
forbidden (see also Paragraph 2.1). This explanation is corroborated by theoretical 
work claiming that the fundamental bandgap in MAPbI3 is indirect.4–6,35,36 This has 
been attributed to collective orientations of the organic cations, which is possible in 
the tetragonal and cubic crystal phases due to the rotational freedom of the organic 
cations.4 However, recent calculations of the band structure of MAPbI3 have shown 
that Pb spin-orbit coupling results in an indirect bandgap, which is therefore also 
present in systems with random orientations of the organic cation.35	   
To further investigate these indirect transitions and to elucidate whether their origin is 
related to the Pb spin-orbit coupling35 or the dipole moment of the organic cation,4 it 
will be important both theoretically and experimentally to replace methylammonium 
with, for example, Cs+, which does not have a dipole moment. In any case, in both 
theoretical scenarios, the band diagrams suggest that the CBM is only slightly shifted in 
k-space, resulting in a manifold of momentum-allowed (direct) transitions for excitation 
energies close to the absorption onset. Due to the limited density of states at the CBM,35 
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direct transitions might dominate over indirect transitions at excitation densities higher 
than used in this chapter (> 1017 cm-3).8 To investigate whether direct or momentum-
forbidden transitions dominate the absorption onset, rigorous analysis of absorption 
spectra, accounting for reflections and excitonic contributions,21 should be performed.  
The direct-indirect nature of the bandgap is schematically depicted in Figure 5.5a. 
Here, the local minimum in the CB corresponding to a direct transition is denoted 
by CBD. We recall here that φSμ is larger at 1.7 eV than at 2.0 eV (Figure 5.1b). 
We propose that, at an excitation energy of 1.7 eV, thermal relaxation of electrons 
(direct excitation) into the CBM, which forms an indirect bandgap with the VBM, 
is optimized with respect to relaxation in CBD. We expect that a fraction of the 
electrons in CBD (>1.8 eV) recombines rapidly with VBM holes via direct (radiative) 
or trap-assisted recombination, resulting in a smaller φ than at 1.7 eV.  However, a 
substantial fraction of electrons excited at >1.8 eV still relaxes into the CBM.	   
The direct-indirect nature of the bandgap in tetragonal MAPbI3 explains why the 
recombination is enhanced with increasing temperature. This is in contrast with 
e.g. GaAs with a direct bandgap,32 where the second-order recombination rate is 
proportional to T-1.7. Recombination via an indirect transition however, is assisted by 
phonons. As a consequence, given that there are more phonons when the temperature 
is raised, indirect recombination is enhanced by increasing the temperature. For 
direct bandgap semiconductors, the second-order recombination rate constant B(T) is 
proportional to Eg

2/(kBT3/2).37 Thus, if MAPbI3 were a direct semiconductor, its room 
temperature second-order recombination rate constant of 2.1×10-9 cm3s-1 should 
actually increase to 4.3×10-9 cm3s-1 at 180 K instead of decreasing by almost a factor 
two. To further investigate the barrier for second-order recombination in MAPbI3, we 
used the Arrhenius formula: 

					      		  (5.2)		
						    

to calculate the thermal activation energy Eact. from the rate constant k and a reaction 
constant A. In this case, we use k2(T) and Eg

2/(kBT3/2) for k and A, respectively. We then 
define the ratio between k2(T) and Eg

2/(kBT3/2) as z(T), which is plotted against 1/T in 
Figure 5.5b. From the linear slope of ln(z(T)) versus reciprocal temperature, we obtained 
an activation energy of 47.0 ± 1.2 meV for second-order electron-hole recombination. 
Interestingly, this is on the same order of magnitude as the 20 meV4 to 75 meV35 difference 
between the direct and indirect bandgaps predicted from theoretical calculations of the 
band structure. Therefore, thermal energy might assist the release of electrons back into 
the CBD where these undergo rapid recombination with holes in the VBM.	   
Finally, considering the fast decay of mobile charges in the orthorhombic phase, it 
is clear that the dominant recombination pathways are different from the tetragonal 
phase. A possible scenario for explaining the rapid immobilization of charges in the 
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orthorhombic phase is the presence of domains that remain in the tetragonal phase 
even at low temperature, which could act as efficient recombination centers due to the 
smaller bandgap.38 Finally, it is also possible that the orthorhombic lattice does not 
allow for the formation of an indirect bandgap, if the latter is related to orientational 
freedom of the organic cations.4  

5.4 Conclusions	  
In this chapter, we used TRMC and PL to investigate the charge carrier dynamics 
in tetragonal and orthorhombic MAPbI3. Most importantly, we find that in the 
tetragonal phase, second-order recombination of mobile electrons and holes occurs 
via a non-allowed transition, reminiscent of a semiconductor with an indirect 
bandgap. An activation energy of 47.0 ± 1.2 meV was found, which is on the same 
order of magnitude as the difference between the direct and indirect bandgaps 
predicted from theoretical calculations of the band structure. Additionally, we 
find that the photoconductance, reaches maximum values upon excitation at 1.7 
eV. This is attributed to direct excitation from the VB into the CBM, which forms 
an indirect bandgap with the VBM. This model also explains why second-order 
recombination is enhanced with temperature, which is in contrast with other bulk 
semiconductors such as GaAs.32 These effects are not observed in the orthorhombic 
phase of MAPbI3, in which the majority of the carriers decays rapidly.	   

Figure 5.5. (a) Proposed band diagram and for the tetragonal phase. Here, the conduction band 
minimum (CBM) is slightly shifted in k-space with respect to the valence band maximum (VBM), 
making the fundamental band gap indirect. The local minimum in the CB corresponding to a direct 
transition is denoted by CBD. (b) Arrhenius plot of the pre-factor z (T)39 defined as the ratio between 
the k2 (T), obtained from fitting the experimental TRMC traces for 160 K < T < 300 K (see Figure A5.12  
in Appendices), and the theoretical second-order recombination rate B (T).37 The slope of the linear 
fit (dotted line) indicates that the activation energy for second-order recombination is 47 ± 1.2 meV. 
Therefore, thermal energy (kBT) might assist in the release of electrons from CBM to CBD, which is 
schematically depicted in (a). 



Chapter 5

86

5.5 Experimental Methods	  
Film preparation	 	  
Glass substrates were washed sequentially with soap, de-ionized water, isopropanol, acetone 
and finally treated under oxygen plasma for 10 minutes. Thin films of MAPbI3 were solution-
processed by employing a methylammonium iodide (MAI) and lead acetate Pb(Ac)2·3H2O 
precursor mixture. MAI (Dyesol) and Pb(Ac)2·3H2O (Sigma-Aldrich) were dissolved in 
anhydrous N,N-dimethylformamide at a 3:1 molar ratio with final concentration of 37 wt%. The 
precursor solution was spin-coated at 2000 rpm for 45 seconds in a nitrogen-filled glovebox, and 
the substrates were then dried at room temperature for 10 minutes before annealing at 100°C 
for 5 minutes. For the meso-structured samples, mesoporous alumina layers of ∼400 nm were 
formed by spin-coating a solution of ∼20 nm alumina nanoparticles in propan-2-ol on glass and 
drying at 150 °C. A diluted version (30 wt%) of the same acetate precursor solution was then 
spin-coated onto the mesoporous film at 2000 rpm for 45 seconds in a nitrogen-filled glovebox 
and the film dried at room temperature for 10 minutes before annealing at 100°C for 5 minutes. 
For the PbI2-based samples, the ‘dripping’ technique was employed. Here, an equimolar (0.75 M, 
total 45 wt%) solution of MAI (Dyesol) and PbI2 (Alfa Aesar) was prepared in DMF and spin-
cast at 5000 rpm for 35 s. After 6 s, 150 μL chlorobenzene was deposited on the spinning sample 
in order to induce rapid crystallization. After spinning, the samples were immediately heated 
at 100 °C for 10 minutes. All samples were then stored in a nitrogen-filled glovebox until used. 
X-Ray Diffraction	   
X-Ray Diffractograms were collected from MAPbI3 thin films on boron-doped Si(100) 
substrates using PANalytical X’Pert Pro Multi-Purpose Diffractometer operated at 40 
kV and 40 mA (Cu K-alpha radiation- 1.5418 A ̊) in Bragg-Brentano geometry. An 
Oxford Cryosystems PheniX Cryostat was employed for low temperature measurements.  
Optical Characterization	  
Absorption and transmission spectra were recorded according to the methods described 
in Chapter 3. To obtain the low-temperature absorption spectrum, the MAPbI3 film 
was placed in a cryostat and the transmission was measured using an Ocean Optics 
USB2000+ spectrometer. FA was calculated from Equation 2.6, thereby neglecting possible 
temperature dependence of FR. For the temperature-dependent TRPL measurements 
the samples were placed in a nitrogen-filled cryostat, and PL emission spectra and PL 
lifetimes at the maximum emission wavelength were recorded as described in Chapter 3.  
Photoconductivity measurements	  
The TRMC technique was used to the photoconductance as function of temperature for 
excitation wavelengths from 518 nm (2.4 eV) to 828 nm (1.5 eV), as described in Chapters 
2 and 3. The laser intensity, I0, was determined using a Coherent power meter with an 
adjustable detection range. The inaccuracy of determination of I0 due to fluctuations of the 
laser is approximately ± 0.1 mJ, which is taken into account in the error analysis of the data.  
Pulse-radiolysis TRMC measurements	  
Four substrates each covered with ~75 cm2 MAPbI3 (thickness ~ 250 nm) were used to scratch 
off 35 mg of material, which was placed in a polyether ether ketone (PEEK) holder. To protect 
the MAPbI3 from moisture and air, it was covered with poly-methyl-methacrylate (PMMA), 
drop-casted from a 10 mg/mL PMMA/chlorobenzene solution. Pulse-radiolysis TRMC (PR-
TRMC) measurements involve the generation of charge carriers through irradiation by a short 
pulse of high-energy electrons (3 MeV) and the monitoring of the changes in conductivity due 
to mobile charge carriers using high frequency microwaves (28-38 GHz).22,40 The conductivity 
transients shown were obtained at 32 GHz. Similar to the photon-induced TRMC, the change of 
conductivity is proportional to the absorbed microwave power: 
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                                                                       				    (5.3)

The experimental frequency dependence of ΔP/P can be fitted with an analytical expression 
to determine the dielectric constant, ε, and change in conductivity, Δσ.40 The mobility is then 
calculated by:

                                                               			   (5.4)

Where Np(0) is the initial concentration of charge carriers at the end of the pulse and μ the sum 
of the mobilities for electrons and holes. Np(0) is a function of the mass of material (m), volume 
of the sample holder (Vsh), irradiation energy deposited in the sample (D) and of the radiation-
ionization energy required for the generation of an electron-hole pair (Ep):

                                                          			   (5.5)  

D is proportional to the electron density of the material and for perovskites has 
been determined to be ~1 J/Kg/nC.23 The latter is derived from previous radiation 
dosimetry experiments. Ep has been determined according to Klein’s theoretical 
model41 and Alig’s equation42 for semiconductor materials, which relates it to 
the bandgap of the material, phonon losses and the residual kinetic energy:	  
	   

           				                       	 (5.6)

 
In the PR-TRMC set up, the cell is contained in a cryostat in which the temperature can be 
varied between -150°C and 200°C. The temperature was maintained for ~15 min before 
doing the actual measurement in order to assure the equilibrium of the system. The 
overall time response of the set-up is limited by the rise time of the detector diode and the 
length of the excitation pulse (~1 ns). The frequency scans (28-38 GHz) were measured at a 
pulse length of 200 ps, corresponding to an initial charge carrier concentration of 4.7×1014  
cm-3. 
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Appendices

Figure A5.1: X-ray diffraction (XRD) patterns of a MAPbI3 thin film deposited on boron-doped Si(100) 
substrates, recorded at 300 K (left) and 120 K (right). The (110) reflections are magnified in the inset.

  

Figure A5.2: Normalized photoconductance as function of time after excitation at 2.0 eV (red) and 1.7 
eV (black) at T = 300 K for an absorbed photon fluence of 1.1×1010 cm-2 (a) and 1.6×1012 cm-2 (b) per 
pulse. Note that this photon fluences are respectively one and three orders of magnitude higher than 
for the traces shown in Figure 5.1 in the main text. 

ba
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Figure A5.3: Excitation-dependent photoconductance for 2×1010 absorbed photons/cm2 per pulse, 
which corresponds to a charge carrier density of 8×1014 cm-3. This is higher than the fluence of 8×108 

absorbed photons/cm2 per pulse shown in Figure 5.1b in the main text. 

 

Figure A5.4: Photoconductance as function of time after excitation at 753 nm (1.65 eV) for different 
fluences of absorbed photons, where 8×108 absorbed photons/cm2 per pulse corresponds to the data 
presented in Figure 5.1. The maximum height of the signals represents φSμ, the product of generation 
yield and mobility (sum of electrons and holes). These results show that the peaking φSμ for exciting at 
1.65 eV is even more pronounced at a fluence of 2×108 absorbed photons/cm2 (8×1012 charge carriers 
cm-3) per pulse. At this density, the effective mobility is in excess of 150 cm2/(Vs).

Figure A5.5: Maximum emission wavelength as function of temperature for tetragonal (red) and 
orthorhombic (blue) MAPbI3.
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160 K 180 K 260 K 300 K

k2 (x 10-10 cm3s-1) 2.1 2.5 3.8 8.0

kT (x 10-10 cm3s-1) 0.9 0.9 1 2

kD (x 10-10 cm3s-1) 0.5 0.5 0.5 0.5

NT (x 1015 cm-3) 40 65 80 90

Figure A5.6: (a) Temperature-dependent TRPL for a MAPbI3 film prepared from PbI2. (b) k2 obtained 
from fitting the data from (a). (c) Kinetic parameters obtained from fitting the data shown in (a). 

Figure A5.7: Temperature-dependent photoconductance in meso-structured MAPbI3 prepared from 
PbAc2 for the orthorhombic (a) and tetragonal (b) phase. 

a b
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Figure A5.8: Photoconductance at 300 K, 220 K and 180 K in a MAPbI3 film prepared from PbI2 for 
various incident photon fluences.  
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Figure A5.9: Emission spectra at 180, 220 and 300 K (a) and 150, 120 and 90 K (b). TRPL decays recorded 
at the wavelengths corresponding to the emission peaks centered at 742 and 780 nm (90 K, c) and 740 
nm (120 K, d).

Figure A5.10: Pulse-radiolysis TRMC lifetimes for tetragonal (160 to 293 K) and orthorhombic (120 and 
130 K) MAPbI3.
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Figure A5.11: Experimental temperature-dependent photoconductance, together with the fits (solid 
lines) obtained by using the kinetic model detailed in Chapter 2, using the parameters listed in Table 
5.1 and k2 = 1x10-9 cm3s-1, kT = 3x10-10 cm3s-1, kD = 5x10-11 cm3s-1, NT = 1.5x1015 cm-3 for T = 160 K. 

Figure A5.12: (a) Absorption coefficient (cm-1) as function of excitation energy.  (b) Light absorption 
profile as function of excitation energy, showing that the homogeneity of the initial charge distribution 
is not the origin of the peak at 1.7 eV since the penetration depth is similar to 1.8 and 1.65 eV.
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ABSTRACT

The relationship between the organic nature of the cation and the optoelectronic quality of 
MAPbI3 has remained debated. In this chapter, we investigate the optoelectronic properties 
of fully inorganic vapour-deposited and spin-coated black phase CsPbI3 thin films. Using 
the TRMC technique, we measure charge carrier mobilities up to 25 cm2/(Vs) and charge 
carrier lifetimes exceeding 10 µs for vapour-deposited CsPbI3, while the carrier lifetime 
reaches less than 0.2 µs in the spin-coated samples. Additionally, for the high quality vapour-
deposited CsPbI3 films, we find that the second-order recombination is retarded on lowering 
the temperature, similar as we observed for MAPbI3. Altogether, these results suggest that 
charge carrier mobility and recombination lifetime are mainly dictated by the inorganic 
framework rather than the organic nature of the cation. Finally, on studying a number of 
mixed-cation perovskites, we find that in fact, the charge carrier mobilities and lifetimes are 
favorably tuned by adding controlled amounts of inorganic cations, such as Cs and Rb, to 
metal halide perovskites with organic cations.

Partially based on
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6.1 Introduction	  
The rotational freedom of the dipolar organic cation in MAPbI3 has been a topic of 
interest,1,2 and was proposed to play a key role in properties of MHPs.2–5 For instance, 
it was suggested that electron mobility is driven by dynamic disorder of the MA,3 
and that MHPs owe their unique band structure to collective orientations of MA.2,4,5 
Although optoelectronic properties have been correlated to the orientation of the 
organic cation,6 there has still been a lack of experimental work truly revealing the 
interplay between the organic cation and the fundamental properties of MHPs.7,8 To 
this end, replacement of MA with inorganic cesium (Cs) ions is crucial to separate the 
role of the cation’s dipole moment from that of the lead iodide framework.9 Although 
mixed-cation perovskites comprising multiple cations can be easily made,10,11 fully 
replacing the organic cation with Cs+ has been experimentally challenging because 
Cs-based precursors are only poorly soluble in solvents typically used for solution-
processing. Additionally, a yellow non-perovskite structure is the stable phase of CsPbI3 
at room temperature.12–14 However, it was shown that the black perovskite phase 
of CsPbI3 can be obtained as a metastable phase at room temperature,12,13 and that 
solar cells with efficiencies close to 10% can be obtained using CsPbI3 produced by 
co-evaporation of its precursors under vacuum.15 This improved quality of bulk CsPbI3 
perovskites has opened up the possibility to study their optoelectronic properties 
and finally enables a rational comparison to their MA-containing analogues.	   
In this chapter, we use TRMC measurements to investigate the charge carrier dynamics 
in polycrystalline CsPbI3 thin films prepared using vapour deposition and different 
solution-based routes. As shown in Chapter 4, vapour deposition is an ideal method 
to prepare model systems of lead halide perovskites,16–18 since the film thickness can 
be precisely tuned and the resulting samples show reproducible quality. We find that 
the charge carrier mobilities in vapour-deposited polycrystalline CsPbI3 films reach 
values around 25 cm2/(Vs), which is very similar to values of lead iodide perovskites 
containing an organic cation such as MA or formamidinium (FA).16,19 Furthermore, 
we observe charge carrier lifetimes of several ms in the vapour-deposited CsPbI3 
films, while both electrons and holes are immobilized within tens of ns for their spin-
coated analogues. We attribute this difference to a significantly higher defect density 
of the latter, acting as traps to mobile charge carriers. The extended charge carrier 
lifetime of vapour-deposited CsPbI3 is further reflected in enhanced photovoltaic 
performance with respect to their spin-coated analogues. Importantly, the improved 
quality of these CsPbI3 perovskites prepared by physical vapour deposition enabled 
us to study the second-order recombination as function of temperature. Interestingly, 
we find that also in fully inorganic CsPbI3, second-order recombination is thermally 
activated, which suggests that the direct-indirect character of the bandgap is not 
unique to MA-based perovskites, but rather related to the lead iodide framework.	   
In spite of its promising optoelectronic properties and enhanced thermal stability, 
fully inorganic CsPbI3 perovskites suffer from inferior crystal-phase stability and 
thus, the presence of organic cations might still be required for production of stable, 
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high-efficiency solar cells. A possible route towards thermally and crystal-structure 
stable perovskites are MHPs comprising a mixture of different organic and inorganic 
cations, taking advantage of each of the cations. Starting from the mixed-organic-
cation FA0.83MA0.17Pb(I0.83Br0.17)3 perovskite, we find that the addition of Cs+ and 
rubidium (Rb+) actually improves both the charge carrier mobility and lifetime. From 
here, we conclude that although the presence of organic cations in MHPs improves 
its phase-stability, it might not necessarily be beneficial for charge carrier transport.  
 
6.2 Fully inorganic CsPbI3 perovskites	  
Thin CsPbI3 films of varying thicknesses were prepared using vapour deposition of 
its precursors. Specifically, CsI and PbI2 powders were heated to their sublimation 
temperatures under vacuum (see experimental section for more details). Although our 
approach is similar to previously reported co-evaporation methods,15,17,18 we build up 
the CsPbI3 film in a very controlled fashion by alternating the deposition of thin CsI (~ 2 
nm) and PbI2 (~ 2.5 nm) layers until the desired thickness is obtained.16 The absorption 
spectrum of an as-deposited film on quartz is shown in Figure 6.1a. A relatively weak 
onset is found below 750 nm (1.66 eV), with a steep rise in absorption at 520 nm 
(2.39 eV). These results suggest that a mixture of yellow (non-perovskite) and black 
(perovskite) CsPbI3 has formed during the deposition. That is, while its yellow phase is 
most stable up to 310 °C,12 the black perovskite phase of CsPbI3 is only metastable at room 
temperature.13 In order to induce the yellow-to-black phase transition, the as-deposited 
films were annealed to 310 °C in a nitrogen-filled glovebox until these turned black. 
Then, the CsPbI3 films were rapidly cooled to room temperature on a metal surface 
to ‘freeze’ the crystals in the black phase. We note that while this black phase is highly 
unstable under ambient conditions, it can be maintained for at least a few days under 
nitrogen. Therefore, to prevent conversion back to the yellow non-perovskite phase, 
the samples were not exposed to air at any time before and during the optoelectronic 
characterization. 
The red line in Figure 6.1a shows the absorption spectrum of the CsPbI3 film after 
annealing, which shows a sharp onset around 730 nm (1.70 eV), consistent with 
conversion to the black phase. The annealed films are show an emission peak centered 
at 727 nm (1.71 eV), see dotted lines in Figure 6.1a. Initially, the as-deposited layers 
are composed of relatively small grains (< 50 nm), which increase in size up to a few 
microns upon annealing (Figure A6.1). We used the absorption and transmission 
spectra, recorded using an integrating sphere, of the 260-nm thick CsPbI3 film to 
determine its wavelength-dependent absorption coefficient a (see also Chapter 2). The 
results are shown in Figure 6.1b, in which the a of MAPbI3 is added for comparison. 
This shows that the a of CsPbI3 steeply rises below 730 nm until a value of 4×104 cm-1 
is reached, after which it increases gradually to 2×105 cm-1 at 400 nm (3.11 eV). Similar 
to MAPbI3, these values are relatively high,20 so that thin (~ 300 nm) layers of CsPbI3 
are already sufficient to absorb most of the visible light at wavelengths shorter than the 
excitonic absorption peak. 
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The small absorption feature around 500 nm (2.48 eV) hints toward the presence of 
either PbI2 or yellow-phase CsPbI3 being left in the film after annealing. To further 
investigate the crystal structure and phase purity of the films, we measured X-Ray 
Diffraction (XRD) patterns of the films as deposited (Figure 6.1c) and after annealing 
(Figure 6.1e), using an airtight sample holder. The reference patterns of the yellow 
non-perovskite (Figure 6.1d)21 and black perovskite (Figure 6.1f)12 phases are added 
for comparison. We observe that the as-deposited film (Figure 6.1c) shows reflections 
corresponding to the black phase (denoted by squares) as well as reflections characteristic 
of the yellow non-perovskite phase (denoted by closed yellow circles), confirming that 
the absorption spectrum (Figure 6.1a) represents a mixture of yellow and black CsPbI3. 
After annealing, the reflections corresponding to the yellow non-perovskite phase 

Figure 6.1: (a) Fraction of absorbed photons (FA) as function of excitation wavelength for a thin (260 
nm) vapour-deposited CsPbI3 film before (yellow) annealing and absorption (red, solid line) and 
emission spectra (red, dotted line) after annealing. (b) Wavelength-dependent absorption coefficient 
(red) of CsPbI3, calculated using the transmission and absorption spectra for a vapour-deposited (solid 
line) and spin-coated (dotted line) film. The absorption coefficient of vapour-deposited MAPbI3 (black 
line, data from Ref. 16) is added for comparison. (c-f ) Background-subtracted X-ray (Co-Ka radiation, l 
= 1.79 Å) diffraction (XRD) patterns of vapour-deposited CsPbI3 films before (c) and after (e) annealing, 
taken at room temperature using an air-tight sample holder. XRD patterns of the yellow non-perovskite 
phase at 298 K taken from Ref. 21, (d) and black perovskite phase taken from Ref. 12 (f ), both simulated 
for a 1.79 Å Co X-ray source. The closed yellow circles denote the yellow phase, the black squares denote 
the black phase, the open yellow circles denote PbI2, the open black circles denote SnO2. 
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are no longer present and the XRD pattern matches those reported in the literature 
(Figure 6.1e).12,22 Additionally, we observe that in general, the reflections are much 
broader in the as-deposited film (Figure 6.1c) than after annealing (Figure 6.1e). This 
is consistent with the enlargement of the crystalline domains as observed with Atomic 
Force Microscopy (see Figure A6.1 in Appendices). Both before and after annealing, we 
observe reflections indicative of PbI2 (diamonds) (see also Figure A6.2 in Appendices), 
which is most likely the origin of the absorption feature around 500 nm in the black 
CsPbI3 (Figure 6.1b). 
The TRMC technique23 was used to investigate the mobilities and recombination 
dynamics of photo-excited charge carriers in CsPbI3 thin films frozen in the black 
phase. Figure 6.2a shows the intensity-normalized photoconductance (DG) of a 260 

Figure 6.2: (a-b) Time-Resolved Microwave Conductivity (TRMC) traces for (a) a vapour-deposited 
CsPbI3 thin film with thickness of 260 nm and (b) a 350 nm CsPbI3 film spin-coated from a DMF:DMSO 
solution. Note that the horizontal timescales of (a) and (b) are different. An excitation wavelength of 
600 nm was used, and the laser intensity was varied to generate initial charge carrier densities ranging 
from 1015 to 1017 cm-3. The dotted lines are fits to the experimental data (solid lines). (c) Half lifetime as 
function of the initial charge carrier density, corresponding to the CsPbI3 thin films shown in (a) and (b).       
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nm thick CsPbI3 film, as function of time after pulsed excitation at 600 nm. The initial 
rise of DG is attributed to the generation of mobile charges, while the decay represents 
their immobilization due to trapping or recombination. The product of charge carrier 
generation yield and the sum of their mobilities jSm is obtained from the maximum 
signal height. In view of the low exciton binding energy of ~ 15 meV compared to the 
thermal energy at room temperature,24 we assume that j is close to unity (recall Figure 
2.2). Thus, as clearly shown in Figure 6.2a, the sum of electron and hole mobilities 
in the vapour-deposited CsPbI3 film is ~25 cm2/(Vs). Interestingly, this jSm is very 
comparable to what we and others have measured in planar MAPbI3 and FAPbI3 films 
using similar techniques.16,19,25 Therefore, this observation suggests that the mobility 
in metal halide perovskites is mainly dictated by the inorganic framework rather than 
the nature of the monovalent cation. As clearly visible from Figure 6.2a, the charge 
carrier lifetimes in the annealed vapour-deposited CsPbI3 film reach values in the order 
of tens of microseconds at a charge carrier density of 1015 cm-3. This is exceptionally 
long, and only comparable to high quality MAPbI3, see Figure 3.7.26 On increasing 
the initial charge carrier density to 1017 cm-3, the lifetime gradually decreases. This 
trend is characteristic for higher order recombination between electrons and holes, for 
instance second-order band-to-band recombination.25 On increasing the thickness of 
the vapour-deposited films, both the mobility and lifetime remain constant, see Figure 
A6.3 in Appendices. This suggests that the optoelectronic quality of vapour-deposited 
polycrystalline CsPbI3 films is not dependent on their thickness, which enables us to 
prepare electronically homogeneous layers with various thicknesses. To investigate 
whether the mobilities and lifetimes observed in the vapour-deposited samples could 
be generalized to polycrystalline CsPbI3 films, we repeated the TRMC measurements 
on spin-coated layers (see XRD patterns in Figure A6.2 in Appendices).
Figure 6.2b shows the result for a (~350 nm) film, spin-coated using a stoichiometric 
precursor solution in a mixture of N,N-dimethylformamide (DMF) and dimethyl 
sulfoxide (DMSO), and annealed to 310 °C to convert to the black phase, see experimental 
methods for further details. We find that the mobilities in these spin-coated CsPbI3 
layers are close to 20 cm2/(Vs), which is very similar to the vapour-deposited CsPbI3 
(Figure 6.2a). The charge carrier lifetimes on the other hand, are significantly shorter in 
the spin-coated samples for equivalent excitation densities, reaching maximum values 
of 0.2 ms. These observations suggest that all mobile charges are rapidly immobilized in 
trap states, indicating a relatively high trap density for these type of solution-processed 
CsPbI3 films. Most importantly, an increasing lifetime with increasing charge carrier 
densities is observed up to 4×1016 cm-3 (Figure 6.2b), while the lifetime decreases again 
when the number of charge carriers is further increased. We interpret this as filling of 
trap states until these are saturated, resulting in an enhancement of the lifetime with 
increasing charge carrier densities.16 
To further visualize these observations, we have plotted the time at which the signal has 
reduced to half its initial value (i.e., the half lifetime t1/2) against excitation density in 
Figure 6.2c. This clearly shows the decrease in lifetime with increasing charge densities 
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for the vapour-deposited films (squares), which is typically observed in regimes 
where higher order recombination dominates. In contrast, in the spin-coated CsPbI3 
(open circles) the lifetime of free charges initially increases (< 4×1016 cm-3), which we 
attribute to gradual saturation of trap states on increasing the charge carrier density. 
Then, only when the latter starts exceeding the trap density (> 4×1016 cm-3), higher 
order recombination will dominate. Considering that for the spin-coated samples, free 
charges are rapidly immobilized into trap states, the electron and hole diffusion lengths 
are expected to be significantly shorter than in the vapour-deposited films, for which 
long-lived free charges are generated. 
In order to quantify processes such as charge carrier trapping and second-order band-
to-band recombination, we use the global kinetic model introduced in Chapter 2 to 
fit the experimental TRMC data.25,27 Since these measurements do not enable us to 
separate the contributions of electrons and holes, we initially assumed that the traps are 
electron-selective and that free electrons and holes have balanced mobilities based on 
their similar effective masses.28 The fits are added as dotted lines in Figure 6.2, using the 
kinetic parameters listed in Table 6.1. As shown in Figures 6.2a and 6.2b, this relatively 
simple kinetic model gives an excellent description of the basic features observed in the 
experimental decays over a wide range of excitation densities. By using a single set of 
kinetic parameters characteristic for each sample, we can accurately determine the rate 
constants for second-order recombination and trap-assisted recombination. From here, 
we extract that the trap densities (NT) in the spin-coated films are on the order of 1016 cm-3, 
while these are only 9×1014 cm-3 for the vapour-deposited CsPbI3 layers. Furthermore, 
the trapping rate (kT = 10-9 cm3s-1) is much higher than the trap depopulation rate (kD 
= 2.5×10-11 cm3s-1), so that at low charge carrier densities electrons get relatively rapidly 
trapped and subsequently slowly recombine with the free holes (see also Figure A6.4 
in Appendices). At charge carrier densities above ~ 1015 cm-3, their decay is dominated 

Table 6.1: Kinetic parameters used to fit the experimental TRMC data shown in Figure 6.2, listing rate 
constants for second-order recombination (k2), trap filling (kT), trap depopulation (kD), the trap density 
(NT) and mobilities for electrons (μe) and holes (μh) for CsPbI3 thin films prepared via different routes. 

vapour-deposited spin-coated

k2 (x 10-10 cm3s-1) 1.3 12

kT (x 10-10 cm3s-1) 10 600

kD (x 10-10 cm3s-1) 0.25 0.9

NT (x 1015 cm-3) 0.9 11

μe (cm2/(Vs)) 13 22

μh (cm2/(Vs)) 13 1
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by band-to-band recombination, for which we find a second-order recombination rate 
constant (k2) as low as 1.3×10-10 cm3s-1. From here, we conclude that the relatively long 
lifetimes are a combination of slow recombination of free holes with trapped electrons 
(at charge densities < 1015 cm-3, see also Figure A6.4 in Appendices) and slow second-
order recombination between free electrons and holes (charge densities < 1017 cm-3). 
Interestingly, the rate constants for both second-order recombination and trapping are 
on the same order of magnitude as for MAPbI3,25,29 once again suggesting that the cation 
actually plays a minor role in the charge carrier dynamics at room temperature.	   
In contrast with the vapour-deposited layers, the experimental data for the spin-coated 
sample could only be fitted with the current model assuming one of the charge carriers 
(for instance the hole) is already immobilized within the instrumental response time 
of 3 ns. Then, its counter-charge (i.e. electron) gets trapped within the timeframe 
shown in Figure 6.2b (~ 200 ns). To further investigate the relationship between the 
preparation route of CsPbI3 and their optoelectronic quality, we constructed planar 
solar cell devices in the configuration of FTO/SnO2/CsPbI3/HTM/Ag. This results in 

Figure 6.3:  (a-c) Photoconductance as function of time for vapour-deposited CsPbI3, recorded at 293 K 
(a), 260 K (b) and 220 K (c) for initial charge carrier densities of 5×1014 to 1017 cm-3. The modelled traces 
are added as black dotted lines.
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power conversion efficiencies (PCE) close to 9% with a highest stabilized power output 
of 7.8% (see Figure A6.5c in Appendices) for the vapour-deposited CsPbI3, while 
spin-coated CsPbI3 devices gave PCEs of less than 6.4%, which stabilized at 4.3%. In 
view of its lower PCE, it seems likely that indeed, both electrons and holes are rapidly 
trapped in the spin-coated samples, which makes it challenging to collect both charges 
efficiently when used in a device configuration. In line with these higher trap densities, 
we find a substantial reduction in the PL emission intensity as compared to the vapour-
deposited samples (see Figure A6.6 in Appendices). Interestingly, the presence of 
PbI2 in the vapour-deposited CsPbI3 does not seem to harm its overall performance, 
and might even turn out to be beneficial as previously observed for MAPbI3.30 
Since the decay in the spin-coated CsPbI3 films is fully dominated by trap-assisted 
recombination up to 1017 charges/cm3, these samples are not suitable to gain insight 
in the temperature dependence of the band-to-band recombination. For the vapour-
deposited CsPbI3 on the other hand, the regime between 1015 and 1017 charges/cm3 is 
characterized by second-order recombination. As mentioned in Chapter 5, the indirect 
character of the bandgap has previously been attributed to the presence of an electric 
field caused by collective orientations of the dipolar MA cations. If this is indeed the 
case, there should be no indirect bandgap for CsPbI3. To further investigate this, we 
performed TRMC measurements at different temperatures for vapour-deposited CsPbI3 
films (thickness 260 nm). Figure 6.3 shows the photoconductance at 293 K (a), 260 K 
(b) and 220 K (c), recorded at a timescale of 1 ms. Consistent with the sample shown 
in Figure 6.2a, the room temperature mobility is around 25 cm2/(Vs). Interestingly, 
on decreasing the temperature, the mobility in CsPbI3 gradually increases, following 
a similar temperature-dependent trend as observed for MAPbI3, see Figure 6.4a and 
Figures A6.7 and A6.8 in Appendices. Therefore, these observations suggest that the 
charge carrier mobility in lead iodide perovskites is mainly limited by phonon scattering, 
see Equation 2.13, independent of the monovalent cation. Interestingly, not only the 
mobility but also the lifetime follows the same temperature dependence as for MAPbI3. 

Figure 6.4: (a-b) Effective mobility jSm (a) and k2 (b) as function of temperature for CsPbI3 (open circles, 
left axis) and MAPbI3 (closed circles, right axis). The dotted lines between the open circles are added to 
guide the eye. 
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That is, on lowering the temperature the lifetime increases, which is most pronounced for 
excitation densities in between 5×1015 and 1017 cm-3. Since this corresponds to a regime 
in which the lifetime is highly dependent on the initial charge carrier concentration, we 
can conclude from here that higher order recombination is retarded with decreasing 
temperatures. For temperatures between 293 K and 220 K, we could fit the experimental 
data to our kinetic model and extract the temperature-dependent k2 for CsPbI3, which 
we compare directly to k2(T) for MAPbI3 samples in Figure 6.4b (see also Figure 
A6.8 in Appendices). Importantly, although the absolute values are different, in both 
cases the k2 at 220 K is less than half its room temperature value. At and below 180 
K, we could not obtain satisfactorily fits for CsPbI3 (see Figure A6.7 in Appendices), 
which might be due to processes unaccounted for in our model, such as third-order 
(Auger) recombination. Still, our results confirm that for both MAPbI3 and CsPbI3, 
second-order recombination is a thermally activated process for 220 K < T < 300 K. 
This suggests that the indirect recombination pathway of free charges is not unique to 
MA-based perovskites and hence, not related to collective orientations of MA cations.  
We should note that in general, the extracted k2 depends on the timeframe 
studied. For instance, for the vapour-deposited CsPbI3, a time window of 1 ms 
(Figure 6.3) yields a k2 of 6×10-10 cm3/s, while a k2 of 1.3×10-10 cm3/s leads to 
better fits if timeframes up to 50 ms are considered. This mismatch at different 
timescales further illustrates the complexity of the second-order recombination 
rate in metal halide perovskites and requires further investigation.	   
 
6.3 Mixed-cation mixed-halide perovskites
In view of its promising optoelectronic properties, it seems likely that optimizing the 
device configuration and fabrication together with the quality of vapour-deposited 
CsPbI3 itself could result in devices with much higher efficiencies. However, without 
post-synthetic treatments, bulk CsPbI3 perovskites still suffer from poor phase stability. 
In addition, their bandgap is slightly increased with respect to MAPbI3, which is 
undesirable for a single-junction solar cell. On the other hand, while fully replacing 
the MA with the organic cation formamidinium (FA: CH(NH2)2

+) is favorable for 
light absorption in view of its smaller bandgap (1.48 eV),31 also FAPbI3 undergoes a 
phase transition to a yellow non-perovskite phase at room temperature. Interestingly, 
mixing MA and FA was found to be a successful strategy to resolve these issues.10,11 
For instance, the perovskite FA0.83MA0.17Pb(I0.83Br0.17)3 takes advantage of both the 
bandgap of FAPbI3 and the phase-stability of MAPbI3.32 A small amount of bromide is 
then added to improve the crystal-phase stability, and increases the open-circuit voltage 
(Voc) in photovoltaic devices. These compounds have been used as absorber layers in 
devices, yielding devices with efficiencies higher than 20%.11 Interestingly, further 
improvements in device performance were found on adding small amounts of inorganic 
cations to the FA0.83MA0.17Pb(I0.83Br0.17)3 perovskite (FAMA).11,33,34 In this section, we 
investigate the role of the addition of Cs and/or Rb to the charge carrier mobilities 
and recombination kinetics in FAMA. These samples were prepared according to a 
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previously reported protocol for the FAMA perovskite and approximately 5  mol% 
of RbI, CsI or a combination of both were added to the precursor solution.34 From 
previous XRD results,33 we know that the Cs is fully incorporated into the perovskite 
lattice, while the Rb is partially present in the form of the RbPb(I1-xBrx)3 side phase. In 
Figure 6.5, the intensity-normalized TRMC data are plotted for FAMA (Figure 6.5a) 
and FAMA with 5% Cs (Cs5, Figure 6.5b), 5% Rb (Rb5, Figure 6.5c) and both of these 
(Rb5Cs5, Figure 6.5d). The modelled traces are added as dotted lines, showing excellent 
agreement with the experimental TRMC traces. The extracted mobilities, trap densities 
and rate constants for trap-assisted and second-order recombination are summarized 
in Table 6.2. For both the FAMA and Cs5 perovskite films, the sum of electron and hole 
mobilities exceeds 40 cm2/(Vs), which increases to 60 cm2/(Vs) on the addition of Cs in 
combination with Rb (Figure 6.5d). Furthermore, our results indicate a trap density of 
2.5 × 1015 cm-3 in the FAMA sample, which is substantially reduced to 8.0 × 1014 cm-3 on 
the addition of Cs. This could be one of the explanations for the observed enhancement 
in the device performance reported for Cs5.33 When only Rb is added to the perovskite 
precursor solution, the resulting Rb5 film also reveals a lower trap density as compared 
to FAMA (NT = 1.0 × 1015 cm-3), but the effect is smaller than if Cs is added. For each 

Figure 6.5: (a-d) Time-resolved microwave conductivity (TRMC) traces recorded for (a) FAMA, (b) 
Cs5, (c) Rb5 and (d) Rb5Cs5. The dotted black lines indicate the corresponding fits to the TRMC traces 
according to our kinetic model.
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sample, we find a trap filling rate constant of kT = 1×10-9 cm3s-1 and a depopulation rate 
constant of kD = 9×10-10 cm3s-1, suggesting that the chemical origin of the trap states is 
the same for each sample. 
Importantly, we find that the presence of the inorganic cations Rb and Cs also reduces 
the second-order recombination rate. Similar to the improvement of charge carrier 
mobility, the reduction of the second-order recombination rate constant is most 
pronounced in Rb5Cs5 and thus significantly extends the charge carrier lifetimes 
throughout the full range of excitation densities shown in Figure 6.5. Both the changes 
in k2 and in jSm might be linked to alterations in the band structure of the perovskite 
compound. That is, since changing the cations locally affects the distances between the 
lead halide octahedra and their tilting angles, the retarded second-order recombination 
in the presence of Rb and/or Cs could be due to changes in the band structure.	  
 
6.4 Conclusions
To summarize, we have investigated the optoelectronic properties of fully inorganic 
CsPbI3 perovskite thin films, prepared using vapour-deposited and solution-based 
methods. To obtain the CsPbI3 crystals in their black perovskite phase, the films were 
heated to 310 °C followed by rapid cooling. Then, the charge carrier mobilities and 
recombination lifetimes were analyzed using the TRMC technique. We find that the 
mobilities are around 25 cm2/(Vs), both in vapour-deposited and spin-coated CsPbI3 
films. Furthermore, in vapour-deposited CsPbI3, we observe lifetimes in the order of 
tens of microseconds, which is exceptionally long for an MHP thin film. For the spin-
coated CsPbI3, we find that all free charges are immobilized within 200 ns after pulsed 
illumination, which we interpret as rapid trapping of electrons and holes. On fitting the 
experimental TRMC data to a previously reported kinetic model,25,27 we extract a trap 
density of 1.1×1016 cm-3 for spin-coated films and 9×1014 cm-3 for vapour-deposited 
CsPbI3. Additionally, for the latter we find that the rate constant for second-order 
recombination is 1.3×10-10 cm3s-1 and hence, comparable to both MA- and FAPbI3.19,29 
Finally, we find that the temperature dependence of both the mobility and second-order 

Table 6.2: Kinetic parameters for the samples shown in Figure 6.5.

FAMA Cs5 Rb5 Rb5Cs5

k2 (x 10-10 cm3s-1) 6 4.2 3.5 3.0

kT (x 10-10 cm3s-1) 10 10 10 10

kD (x 10-10 cm3s-1) 9 9 9 9

NT (x 1015 cm-3) 2.5 0.8 1 0.8

μe (cm2/(Vs)) 21 20 25 31

μh (cm2/(Vs)) 21 20 25 31
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recombination rates in CsPbI3 follow the exact same trends as in MAPbI3. Importantly, 
these observations suggest that the organic or dipolar nature of the cation actually plays 
a minor role in both the mobility and band-to-band recombination of free charges 
in metal halide perovskites. Although substantially lower trap densities and superior 
phase-stability are obtained using a combination of organic and inorganic cations (such 
as Cs) and a mixture of halides, it seems likely that post-synthetic treatments could 
improve the optoelectronic quality and phase-stability of CsPbI3. We suspect that the 
relatively low PCE’s of CsPbI3-based photovoltaic devices compared to MAPbI3 and 
mixed-cation lead mixed-halide perovskites are related to poor structural stability of 
black CsPbI3 in combination with the limited effort on optimizing the quality of the 
inorganic perovskite absorber layer and devices, rather than an intrinsic limitation of 
fully inorganic metal halide perovskites. 

6.5 Experimental Methods
Vapour deposition of CsPbI3
Thin films of CsPbI3 on quartz substrates were prepared by sequential physical vapour 
deposition of the precursors PbI2 (≥ 99%, Sigma Aldrich) and CsI (≥ 99.999%, Sigma Aldrich) 
in a stoichiometric ratio. Therefore, an adapted evaporation machine (ATC Orion 4 - AJA 
International, Inc.) with Deposition Controller (SQC-310 Inficon) and Thermal Evaporation 
Controller (TEC-15A) was used. The PbI2 and CsI powders were put into quartz crucibles 
and positioned in the vacuum chamber. After the pressure was reduced to 10-5-10-6 mbar, the 
substrates (plasma-cleaned quartz for the optical and structural characterization and SnO2 on 
ITO glass for the device fabrication) were introduced in the vacuum chamber. Then, the crucible 
containing the PbI2 precursor was heated to 240 – 260 °C until a deposition rate of ~ 0.8 Å/s 
was reached, as indicated by a quartz microbalance. The CsI was heated to 390 – 400 °C to reach 
a rate of ~ 0.9 Å/s. CsPbI3 was then obtained by alternating deposition of 2.5 nm PbI2 and 2 
nm CsI (with 5 seconds in between), which was repeated until the desired total thickness was 
reached. Finally, the films were annealed at 300 °C until these turned black. This was followed by 
rapid cooling on a cold metal surface. 
Spin-coating of CsPbI3
Substrates were cleaned by sequential sonication in Hellmanex, deionised water, acetone, and 
isopropanol, and dried with nitrogen. Immediately before spincoating the substrates were 
treated with oxygen plasma for 10 minutes. Solution preparation, film formation and annealing 
were carried out in a nitrogen-filled glovebox.  The solutions were stirred until dissolved and 
filtered with a 2.7 µm GF filter before spincoating. The precursors were dissolved in a mixture 
of 0.65:0.35 DMF:DMSO at 0.8 M (1:1 CsI (Alfa Aesar) + PbI2 (TCI)).  Films were formed by 
spincoating the precursor solution dynamically using a two-step program: 1000 rpm followed 
by 2000 rpm, with anisole solvent quenching after 30 s. The films were then dried at 45 °C 
for 10 minutes. The films were heated at 310-320 °C until black and cooled rapidly on a cold 
metal surface. The precursors were dissolved in DMF at 0.5 M (1:1 CsI (Alfa Aesar) + PbI2 
(TCI)). Hydriodic acid was added at 35 µL per mL solution prior to spincoating. Films were 
formed by spincoating the precursor solution dynamically using a two-step program: 1000 
rpm followed by 2000 rpm. The films were then annealed at 100 °C for 10 minutes.	   
Mixed-cation mixed-halide perovskites	  
FAI and MABr were purchased from Dyesol. PbI2 and PbBr2 (99%) were purchased from TCI. 
CsI (99.9%) and all anhydrous solvents (DMSO, DMF, chlorobenzene) were purchased from 
Sigma-Aldrich and RbI from abcr GmbH. All chemicals were used without further purification. 
Perovskite precursor solutions for FAMA, Cs5, Rb5 and Rb5Cs5 were fabricated according 
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to a previous report.33,34 75 µL of the perovskite precursor solution was spin-coated inside a 
nitrogen-filled glovebox at 1000 rpm and 4000 rpm for 10 s and 30 s, respectively. Approximately 
20 s before the end of spinning, 500 µL of chlorobenzene was added to the film. The 
perovskite film formation was completed by annealing at 100 °C for 60 min on a hotplate.	  
Solar cell device fabrication	   
Fluorine doped tin oxide (FTO)-coated glass substrates (Pilkington, 7 Ω □-1) were patterned 
using etching by 2M HCl and Zn powder. The etched substrates were cleaned by sequential 
sonication in Hellmanex, deionised water, acetone, and isopropanol, and dried with nitrogen.  
The clean substrates were then treated with oxygen plasma for 5 minutes before depositing 
the electron transport layer (ETL).  The ETL was prepared by spincoating at 3000 rpm (200 
rpm/s acceleration) a solution of SnCl4.5H2O (0.05 M in IPA) that had been stirred for 30 
minutes.  The SnCl4.5H2O layer was then dried at 100 °C for 10 minutes and annealed at 180 
°C for 60 minutes to form a compact layer of SnO2. Perovskite layers were then deposited 
and annealed as for optical measurements. The hole transport layers (HTL) were prepared 
by spincoating 200 µL of a solution of polymer-wrapped single-walled carbon nanotubes 
dropwise at 3000 rpm.35  Once dry, this was infiltrated with undoped Spiro-OMeTAD by 
spincoating a solution of Spiro-OMeTAD (LumTec, 85 mg/mL in chlorobenzene, with 33 µL/
mL tert-Butylpyridine additive) at 2000 rpm. The HTL and the active layer at the bottom of 
the device were removed before deposition of the bottom and top electrodes. Silver electrodes 
(80 nm) were deposited by thermal evaporation in an evaporator which opens to air.	  
Solar cell device characterization	   
The performance of the solar cell devices was measured under simulated AM 1.5 sunlight 
generated with a class AAB ABET solar simulator calibrated to give simulated AM 1.5 
of 100.0 mW cm−2 equivalent irradiance, using an NREL-calibrated KG5 filtered silicon 
reference cell. The mismatch factor was calculated to be 1.02 between 300 to 900 nm for 
MAPbI3. The current–voltage curves were recorded with a sourcemeter (Keithley 2400, 
USA). The devices were masked with a metal aperture defining the active area (0.092 cm2) of 
the device and measured in a light-tight sample holder to minimize any edge effects and to 
ensure that the reference cell and test cell are located during measurement in the same spot 
under the solar simulator. To avoid cross-talk between devices on the same substrate, the 
active material was removed between devices before measurement. The devices were not 
encapsulated and therefore exposed to ambient conditions during the measurement.	  
Optical Characterization	  
The absorption and TRMC measurements were performed as described in Chapters 
2 and 3. For the photoluminescence quantum efficiency (PLQE) measurements, the 
films were placed in an integrating sphere and were photo-excited using a 532 nm 
continuous-wave laser. The laser and the emission signals were measured and quantified 
using a calibrated Andor iDus DU490A InGaAs detector for the determination of 
PL quantum efficiency. The PLQE was calculated as described  in Ref. 36.	  
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Appendices

Figure A6.1: Atomic Force Microscopy (AFM) images of (a-b) vapour-deposited CsPbI3 before (a) and 
after (b) annealing and (c-d) spin-coated CsPbI3, using HI (c) or DMSO (d) additives in the precursor 
solution.
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Figure A6.2: (a) Background-subtracted X-ray (Co Ka radiation, l = 1.79 Å) diffraction (XRD) patterns 
of vapour-deposited CsPbI3 films (left) before and after annealing and solution-processed CsPbI3 (right) 
in the yellow and the black phase. The XRD pattern of vapour-deposited PbI2 is added for comparison: 
the dotted lines are added to guide the eye. This clearly indicates the presence of PbI2 in the vapour-
deposited samples, while this is not observed for the spin-coated samples. (b) Background-subtracted 
X-ray (Cu Ka radiation, l = 1.54 Å) diffraction (XRD) patterns of CsPbI3 prepared through several 
different routes and annealed under nitrogen to gain the black phase. We observe reflections from 
the presence of PbI2 in the stoichiometric (1:1) vapour-deposited samples, which are reduced with 
an excess of CsI (1.1:1). These PbI2 reflections are not observed for the spin-coated samples. * denotes 
peaks from the SnO2 substrate.

b

c
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Figure A6.3: Time-Resolved Microwave Conductivity (TRMC) traces for (a-b) vapour-deposited CsPbI3 
thin films with thickness of 260 nm (a) and 340 nm (b) and (c-d) CsPbI3 films spin-coated from solutions 
in DMF containing HI (c) and DMSO (d). An excitation wavelength of 600 nm was used, and the laser 
intensity was varied to generate initial charge carrier densities ranging from 1015 to 1017 cm-3.      

 

Figure A6.4: TRMC traces for a 260 nm vapour-deposited (a) and spin-coated (b) CsPbI3 thin film, 
recorded at initial charge carrier densities ranging from 1013 to 1015 cm-3. For these measurements, 
the samples were put in a resonant cavity which increases the sensitivity and enables us to measure at 
lower charge carrier densities, however at the cost of the experimental response time (18 ns for these 
measurements as compared to a few nanoseconds for the data shown in Figure A6.3 and the main 
text). 

ba
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The HTM used to prepare the devices is a composite of polymer-wrapped single-walled 
carbon nanotubes and Spiro-OMeTAD (see experimental details),35 which enables good 
hole extraction without oxidation steps that require air exposure of the solar cell,37 and 
temporarily helps to inhibit moisture and air ingress during cell characterization in air. 
The results for the best performing devices with vapour-deposited and with spin-coated 
CsPbI3 are shown in Figure A6.5, and the statistics of 20 devices for each preparation 
route are summarized in Table A6.1. Consistent with their superior charge carrier life-
times, the devices based on vapour-deposited CsPbI3 (260 nm) show significantly en-
hanced photovoltaic performance with respect to the spin-coated layers. Additionally, 
we note that the devices were exposed to air during deposition of the electrodes and the 
J-V scans, so these may have suffered from a slight loss of black phase CsPbI3. However, 
as these devices are already comparable in efficiency to CsPbI3 devices in the litera-
ture,15 our results emphasize conclusively that vapour-deposition yields a higher quality 
inorganic perovskite material than solution-based processing methods.

Figure A6.5: a) Current-voltage (J-V) scans for the highest efficiency spin-coated (in red) and vapour-
deposited (in black) devices. Reverse scans (VOC to JSC) are shown with solid lines and forward scans 
(JSC to VOC) with dotted lines. Dark J-V scans are added as dotted lines.  b) Stabilized power output 
(SPO) of power conversion efficiency (PCE) measurements for the same devices, measured at constant 
voltage.	

Table A6.1: Statistics from J-V data from reverse scans of 20 devices from each preparation method (8 
devices for SPO); ‘s.d.’ is the standard deviation; ‘SPO Ratio’ is the ratio of the SPO with the reverse J-V 
scan for the same device.

parameter

Va
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ed

best cell mean ± s.d. 

Sp
in
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te
d

best cell mean ± s.d.

JSC (mA cm-2) 13.0 12.6 ± 1.2 14.4 11.6 ± 2.6

VOC (V) 1.00 0.95 ± 0.06 0.80 0.74 ± 0.13

FF 0.68 0.61 ± 0.05 0.56 0.51 ± 0.07 

PCE (%) 8.80 7.27 ± 0.96 6.40 4.4 ± 1.5

SPO (%) 7.8 6.0 ± 1.3 4.3 2.5 ± 1.1

SPO Ratio 0.89 0.82 ± 0.09 0.67 0.56 ± 0.14
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Figure A6.6: (a) Photoluminescence (PL) emission spectra for vapour-deposited (black) and spin-
coated (red) CsPbI3, recorded in an integrating sphere using a 532 nm continuous-wave laser. b) Time-
resolved PL intensity (normalized) of a vapour-deposited CsPbI3 (260 nm) using pulsed excitation at 
405 nm (1 MHz, 4×1012 ph./cm2 per pulse). Note that, in both cases, even at charge densities above the 
trap density, the external photoluminescence quantum efficiencies (PLQE) are very low (<< 1%) and 
the PL lifetime (b) is relatively short compared to the TRMC lifetimes. 

Table A6.2: Kinetic parameters used to fit the experimental TRMC data shown in Figure A6.3, listing 
rate constants for second-order recombination (k2), trapping (kT), detrapping (kD), the trap density (NT) 
and mobilities for electrons (μe) and holes (μh) for CsPbI3 thin films prepared via different routes. 

vapour-deposited 
260 nm

vapour-deposited 
340 nm

spin-coated DMF/
DMSO

spin-coated DMF/
HI

k2 (x 10-10 cm3s-1) 1.3 1.3 12 12

kT (x 10-10 cm3s-1) 10 10 600 200

kD (x 10-10 cm3s-1) 0.25 0.25 0.9 0.8

NT (x 1015 cm-3) 0.9 0.85 11 13

μe (cm2/(Vs)) 13 12 22 8

μh (cm2/(Vs)) 13 12 1 0.5

ba
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Figure A6.7: Experimental and modelled TRMC data for CsPbI3 at 180 K.

Figure A6.8: Temperature-dependent TRMC results for spin-coated MAPbI3, prepared from PbAc2 
precursor (see also Chapter 5), together with fitted data (dotted lines). 
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ABSTRACT

The toxicity of lead is one of the major drawbacks that hampers commercialization of 
perovskite-based solar cells. Recently, halide double perovskites, such as Cs2AgBiBr6, have 
been reported as promising lead-free alternatives. However, it remains unclear whether 
the charge transport properties of these materials are as favorable as for lead-based 
perovskites. In this chapter, we study the charge transport properties of Cs2AgBiBr6 and 
antimony-bismuth alloyed Cs2AgBi1-xSbxBr6, with bandgaps tunable from 2.0 to 1.6 eV. 
Using temperature-dependent PR-TRMC, we find that the mobility is proportional to T-p 
(with p ~ 1.5). This indicates that phonon scattering is the dominant scattering mechanism 
determining charge carrier mobility in these HDPs, similar to state-of-the-art lead-based 
perovskites. In addition, we show that wet chemical processing of Cs2AgBi1-xSbxBr6 powders 
is a successful route to prepare thin films of these materials, which paves the way toward 
photovoltaic devices based on non-toxic HDPs with tunable bandgaps.

Based on

Eline M. Hutter, María Gélvez-Rueda, Davide Bartesaghi, Ferdinand C. Grozema, Tom J. Savenije, Band-
Like Charge Transport in Antimony-Bismuth Alloyed Cs2AgBi1-xSbxBr6 Halide Double Perovskites 
(submitted)
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Karunadasa at Stanford University.
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7.1 Introduction	  
Metal halide perovskites have not only yielded highly efficient single junction 
photovoltaic devices,1–3 but were also successfully used as top cells in two-cell 
configurations with Si-based bottom cells, having the potential to further boost the 
efficiencies of commercial Si solar cells.4 As mentioned in Chapter 1, the highest 
performances so far have been obtained using lead-based perovskites, as these show 
excellent light absorption and charge transport properties (as elaborated in Chapters 2 
to 6).5 However, one of the major drawbacks that hampers commercialization of metal 
halide perovskite-based solar cells is the toxicity of lead, which is specifically harmful 
in view of its relatively higher water-solubility in its 2+ oxidation state.6 Therefore, 
lead should ideally be replaced with a less toxic alternative, while preserving the 
favorable properties found in lead-based perovskites. One of the approaches towards 
lead-free perovskites are halide double perovskites (HDPs), which adapt the elpasolite 
crystal structure.7 Here, the Pb2+ is replaced with a 1-to-1 mixture of monovalent and 
trivalent metal ions, such as Ag+ and Bi3+, which are incorporated in the lattice in an 
alternating fashion.8–10 The recently reported HDPs Cs2AgBiBr6 and Cs2AgBiCl6 are 
indirect semiconductors with bandgaps of 2.19 and 2.77 eV, respectively,8 and have 
reduced light absorption compared to lead iodide perovskites. However, it was also 
shown that alloying Tl3+ or Sb3+ can be used as a strategy to decrease the bandgap 
of Cs2AgBiBr6 toward values more relevant for single-junction solar cells.11,12 Here, 
the Tl3+ or Sb3+ is thought to substitute for Bi3+.11,12 Although HDPs of various 
compositions have been designed,11–15 it remains unclear whether the transport 
properties of these HDPs are as favorable as for their lead-based analogues. Additionally, 
there have been no reports presenting the synthesis and characterization of thin 
films of alloyed HDPs, which is a crucial step toward devices of these materials.	  
In this chapter, we study the optoelectronic properties of Cs2AgBiBr6 and investigate 
the effect of partially replacing Bi3+ with the non-toxic Sb3+, yielding HDPs with the 
general formula Cs2AgBi1-xSbxBr6. As reported previously, powders of these materials 
show an absorption red-shift with increasing x, reaching ~1.6 eV upon replacing 40% 
of the Bi3+ with Sb3+ (i.e. x = 0.4).12 Then, we use Pulse-Radiolysis Time-Resolved 
Microwave Conductivity (PR-TRMC) measurements to gain insight in the mobility of 
free charges generated by an electron pulse as a function of x and temperature.16–18 
Interestingly, we find that the charge carrier mobility decreases only marginally on 
increasing the fraction of Sb. Furthermore, we observe that, independent of the Sb 
content, the mobility decreases with increasing temperature in between 140 and 420 
K. Importantly, these results indicate band-like transport of charges in Cs2AgBiBr6 
and antimony-bismuth alloyed analogues, in which the mobility is limited by phonon 
scattering. The observation that the charge transport mechanism is very similar to lead-
based perovskites19–21 highlights the great potential of these materials as non-toxic 
alternatives. Finally, we find that dissolving the Cs2AgBi1-xSbxBr6 powders in DMSO 
is a successful route to spin-coat thin films of HDPs with mixed trivalent metals. Also 
in these thin films, the bandgap gradually reduces on increasing the Sb content, which 
paves the way toward photovoltaic devices based on HDPs with tunable bandgaps. 



Band-Like Charge Transport in Antimony-Bismuth Alloyed Cs2AgBi1-xSbxBr6 Halide Double Perovskites

123

7

7.2 Powders of Cs2AgBi1-xSbxBr6	  
Powders of Cs2AgBi1-xSbxBr6, with x values ranging from 0 to 0.4, were prepared from 
stoichiometric mixtures of the precursors CsBr, AgBr, BiBr3 and SbBr3 following 
previously reported procedures.12 The powders were ground, sealed in tubes under 
vacuum and then heated to 320 °C for 3 days.12 We used X-ray photoelectron 
spectroscopy (XPS) to investigate the content of Sb in each sample (see Table A7.1 in 
Appendices), and find that the Sb-to-Bi ratio follows the expected trend based on the 
stoichiometry of the precursor mixtures. Figure 7.1a shows the absorption spectra, 
measured using an integrating sphere, of Cs2AgBi1-xSbxBr6 powders with x = 0, 0.05, 0.1 
and 0.4, attached to quartz substrates using optically clear adhesive. These spectra show 
that increasing the Sb content gradually reduces the bandgap, resulting in absorption 
onset values as low as 1.6 eV (~ 775 nm) for x = 0.4. Although these absolute values are 
different from those derived using reflection measurements,12 the bandgap reduction 
on alloying Bi with Sb is consistent with previous reports.12,13 Furthermore, all of the 
samples show X-ray reflections characteristic of the double perovskite structure, see 
Figure 7.1b, which monotonically shift to larger angles on increasing x (see also Figure 
A7.1 in Appendices). These results indicate that the lattice is contracted while the 
overall crystal structure is preserved, supporting the replacement of Bi3+ with the 
smaller Sb3+.	   
To investigate the suitability of Cs2AgBiBr6 and mixed antimony-bismuth HDPs for 
photovoltaic applications, we studied the transport of free charges in powders of these 
materials using the PR-TRMC technique.16,17 With this technique, free charges are 
homogeneously generated throughout the sample by irradiation with a high-energy 
electron pulse. The primary electrons from the pulse are not injected but lose part of 
their energy by ionizing the sample, resulting in a uniform distribution of electrons and 
holes. The density of charges initially generated by each high energy electron from the 

Figure 7.1: (a) Absorption spectra and (b) powder X-ray diffraction (XRD) patterns (Cu Ka radiation, 
l = 1.54 Å) of mixed antimony-bismuth halide double perovskites with the general formula  
Cs2AgBi1-xSbxBr6. 
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pulse can be calculated using previously reported procedures (see experimental section). 
The total density of free charges n0 created by the electron pulse can be varied by 
changing its duration. Similar to the laser-induced TRMC measurements (see Paragraph 
2.4), a microwave probe is then used to measure the change in conductivity on the 
generation of free charges, which scales with the number and mobility of charge 
carriers.16,18 Importantly, since the initial density of free charges can be tuned 
independently of the exciton binding energy, the PR-TRMC technique is very suitable 
to determine the temperature-dependent mobility. Similar to the more widely used 
laser-induced TRMC,22,23 the end-of-pulse charge density n can however still be affected 
by fast trapping or recombination of mobile charges within the instrumental response 
time of 1 ns (see also Figure 2.7). Therefore, we choose a pulse length at which losses are 
minimized so that n/n0 is closest to unity. Figure 7.2a shows the sum of electron and 
hole mobility Sm for Cs2AgBi1-xSbxBr6 with x = 0, 0.05, 0.1 and 0.4 at temperatures 
ranging from 140 to 420 K. From here, we find that at room temperature, Sm is at least 
0.3 cm2/(Vs) for Cs2AgBiBr6 (x = 0) powders, which is only about four times lower than 
the mobility observed in CsPbBr3 crystals using the same technique.17,22 Considering 
that the effective mass of holes in Cs2AgBiBr6 is calculated to be smaller than for its 
lead-based analogue (i.e. CsPbBr3) and the effective electron masses are calculated to be 
nearly the same,8 the mobilities are actually expected to be somewhat higher in 
Cs2AgBiBr6. Therefore, this lower mobility observed in Cs2AgBiBr6 could result from 
shorter scattering times, due to enhanced scattering with phonons or defects. On 
partially replacing the Bi3+ with Sb3+, slightly reduced mobilities are observed, although 
at each temperature the absolute values stay within the same order of magnitude. 
Furthermore, independent of x, the mobility decreases with rising temperatures in 
between 140 and 420 K. On further analysis of the data, we find that Sm scales with T-1.15 
for x = 0, T-1.62 (x = 0.05), T-1.19 (x = 0.1) and T-1.34 (x = 0.4). Importantly, these negative 
powers indicate that phonon scattering (i.e. m ∝ T-1.5) is the dominant scattering 
mechanism determining charge carrier mobility in these HDPs (Equation 2.13). These 
powers are within the same range as state-of-the-art lead-based perovskites, for which 
values in between -1.2 and -1.6 have been reported.19,21,24,25 Additionally, the observation 
that these negative powers are very similar for the different x values suggests that the 
charge transport mechanism is not substantially disturbed on alloying bismuth with 
antimony. This means that independent of the Sb3+ content in the Cs2AgBiBr6 lattice, 
there is band-like transport of charges with no indication of major defect scattering.	
As mentioned above, charge carrier losses within the instrumental response time leads 
to a reduction of n/n0. Therefore, to get insight into sub-ns recombination processes, we 
can plot (n/n0)Sm as a function of n0 (cm-3). This is shown in Figure 7.2b for Cs2AgBiBr6 
(upper panel) and Cs2AgBi0.9Sb0.1Br6 (lower panel) for temperatures ranging from 140 
to 420 K. At each temperature, (n/n0)Sm initially rises on increasing charge carrier 
densities. We attribute this to sub-ns charge carrier trapping, leading to low yields if the 
trap density is higher than the charge carrier density.26,27 Gradual saturation of these 
traps then results in increased n values for higher n0 and thus, an enhancement of n/n0 
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(similar to the data shown in Figure 6.2b). On further increasing n0, n/n0 decreases 
again, which is typically observed if higher order recombination starts to dominate.28,29 
Therefore, the charge carrier concentration at which (n/n0)Sm reaches maximum values 
represents the regime in which band-to-band recombination is in competition with 
trap-assisted recombination, and can thus be used as an indication of the trap saturation 
density (cm-3). Figure 7.2c displays the densities at which the traps are saturated as 

Figure 7.2: (a) Dots: mobility Sm as function of temperature for x = 0 (squares), x = 0.05 (spheres), x 
= 0.1 (triangles) and x = 0.4 (diamonds), determined using the PR-TRMC technique. On fitting these 
mobilities to µ(T) ∝ T-p, added as solid lines, we obtained p-values of -1.15 (x = 0), -1.62 (x = 0.05), -1.19 
(x = 0.1) and -1.34 (x = 0.4). (b) (n/n0)Sm as function of n0 and temperature for x = 0 (top) and x = 0.1 
(bottom). (c) Trap saturation density as function of temperature for x = 0 (squares), x = 0.05 (spheres), x 
= 0.1 (triangles) and x = 0.4 (diamonds), obtained from the maximum n/n0.
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function of temperature for the sample with (x > 0) and without (x = 0) antimony. For 
Cs2AgBiBr6, this shows a clear increase from 3×1015 cm-3 at 140 K to more than 3×1016 
cm-3 for T > 340 K. The room-temperature value of 1.2×1016 cm-3 is close to the 
previously suggested upper limit of 1016 cm-3 for a Cs2AgBiBr6 single crystal.30 
Interestingly, the temperature dependence of (n/n0)max. suggests that the trap density is 
enhanced with increasing temperatures, which could be due to the origin of the traps 
being related to vacancies or interstitials resulting from thermal displacement of ions. 
Alternatively, it might be that trap states originate from thermal ionization of defects, 
which also results in increased trap densities at higher temperatures. For the 
Sb-containing HDPs, the trap saturation densities at 140 K are 2 to 4×1015 cm-3 and 
thus, close to the antimony-free Cs2AgBiBr6. Also here, an enhancement is observed as 
the temperature rises, with (n/n0) reaching a maximum just below 1016 cm-3 at 380 K for 
Cs2AgBi0.9Sb0.1Br6 (see bottom panel in Figure 7.2b) and the other antimony-bismuth 
alloyed HDP powders (see also Figure A7.2 in Appendices). Most importantly, at and 
above room temperature, the trap saturation densities for x > 0 are about a factor three 
lower than for x = 0, see Figure 7.2c. If indeed the trap states in Cs2AgBiBr6 are related 
to thermal ionic motion, these results would mean that this can be partially suppressed 
by replacing some of the Bi3+ with Sb3+.	   
We note that in general, the charge carrier lifetimes in these HDP powders are a few 
hundred nanoseconds and thus, relatively short compared to fully optimized state-of-
the-art lead-based MHPs (see Figure A7.3 in Appendices), which might be due to the 
trap densities being two orders of magnitude lower for the latter.17,28 However, the above 
results at least suggest that the combination of decent charge carrier mobilities and 
tunable bandgaps is feasible in HDPs, which highlights their potential as non-toxic 
alternatives to lead-based perovskites.	     
 
7.3 Thin films of Cs2AgBi1-xSbxBr6
The preparation of thin films is a crucial step toward devices employing HDPs with 
tunable bandgaps, and also important to further investigate their optoelectronic 
properties using spectroscopic techniques. Although it was recently shown that 
Cs2AgBiBr6 films can be spin-coated from a solution of its precursors in DMSO,31 
there have been no reports on mixed trivalent metal HDP films. Here, we used the 
products of the solid-state synthesis to prepare thin films of Cs2AgBi1-xSbxBr6, see also 
experimental methods. These powders were dissolved in DMSO at 0.5 M, yielding clear 
solutions with yellow to orange colour (depending on x). The solutions, preheated to 75 
°C, were then spin-coated on quartz substrates, followed by annealing at 200 °C (x = 
0)31 or 90 °C (for x > 0, to prevent the formation of undesired side phases).	  
Figure 7.3a shows the XRD pattern of the resulting films with x = 0, 0.05, 0.1, and 0.4, 
showing all of the reflections characteristic of the HDP crystal structure. The shift to 
higher angles (see also Figure A7.4 in Appendices) shows that the lattice parameters are 
reduced on addition of Sb, consistent with Sb3+ replacing the larger Bi3+ in these HDP 
thin films. Note that the different relative intensities of the reflections compared to the 
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corresponding powders (Figure 7.1c) most likely result from preferential orientations of 
the crystalline domains with respect to the substrate. In addition, XPS analysis (Figure 
A7.5 and Table A2 in Appendices) of the thin films indicates higher Sb fractions for 
increasing x, which we find to be homogeneously distributed according to SEM-EDS 
analysis (Figure A7.6 in Appendices). Altogether, the above results suggest that the 
overall stoichiometries of the powders are well preserved in the thin films. 
Figure 7.3b shows the absorption spectra of the films. In general, the observed 
absorption onsets are different for the films than for the corresponding powders. This 
can be understood from the low absorption coefficients around the onset due to the 
indirect bandgap so that the absorption is very sensitive for the sample thickness 
(see Figure A7.7 in Appendices).9,12 However, consistent with the Cs2AgBi1-xSbxBr6 
powders, the absorption onset of the films is red-shifted on increasing x, indicating that 
alloying Bi3+ and Sb3+ is an effective strategy to manipulate the bandgap in thin HDP 
films. To investigate to what extent the PR-TRMC results of the antimony-bismuth 
alloyed HDP powders (Figure 7.2) are representative for light-generated charges in the 
thin Cs2AgBi1-xSbxBr6  films, we recorded the photo-conductance using laser-induced 
TRMC measurements.22,23 Figure 7.4 shows the photo-conductance as function of 
time for the Cs2AgBiBr6 (Figure 7.4a) and Cs2AgBi0.6Sb0.4Br6 (Figure 7.4b) films, using 
an excitation energy of 2.8 eV (445 nm). Here, the maximum signal height represents 
the yield-mobility product jSm, in which the yield j represents the ratio between free 
charges and absorbed photons.23 For Cs2AgBiBr6 (Figure 7.4a), consistent with the 
PR-TRMC measurements, we initially observe an enhancement of the maximum signal 
height (i.e. jSm), followed by a decrease on further increasing the excitation density 
in Cs2AgBiBr6 (Figure 7.4a). Interestingly, the maximum jSm is found at a charge 

Figure 7.3: (a) X-Ray Diffraction patterns and (b) absorption spectra of thin Cs2AgBi1-xSbxBr6 films, spin-
coated from solutions of the powders (0.5 M) in DMSO.  
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density 1×1016 cm-3, meaning that the density at which higher order recombination 
starts to compete with trap filling in these thin films is nearly identical to that of the 
corresponding powders (i.e. 1.2×1016 cm-3 at room temperature, recall Figure 7.2c). 
We can further conclude from the maximum jSm that the sum of electron and hole 
mobilities amounts to at least 0.8 cm2/(Vs) for the non-alloyed HDP (Figure 7.4a, x 
= 0), similar to previously reported values for a Cs2AgBiBr6 thin film.30 The photo-
conductance signals decay at timescales on the order of a microsecond. This observation 
is in contrast with previous work, which showed that all mobile charges recombine 
within several nanoseconds after exciting a Cs2AgBiBr6 film synthesized under ambient 
conditions at 2.5 eV.30 We suspect that the longer recombination lifetimes in the films 
in this chapter are due to the fact that all of these samples were synthesized under inert 
conditions and not exposed to air at any time before or during the measurements. The 
microsecond lifetimes in Cs2AgBiBr6 films synthesized under inert conditions (Figure 
7.4a) suggest that at least one of the charges remains free, and that the decay represents 
the recombination between a free charge and its trapped counter-charge.	  
For the Cs2AgBi0.6Sb0.4Br6 (Figure 7.4b) thin film, the jSm decreases on increasing the 
charge density from 6×1016 to 6×1018 cm-3, indicating that higher order recombination 
processes dominate in this regime.29 Additionally, the maximum jSm is two orders of 
magnitude smaller than for the antimony-free HDP film (Figure 7.4a). On measuring 
the corresponding powders with laser-induced TRMC, we also obtained lower photo-
conductance signals for the Sb-containing HDPs (Figure A7.8 in Appendices). 
Considering that the charge carrier mobilities are only slightly lowered on replacing 
Bi with Sb (Figure 7.2a), the reduced jSm in the photo-conductance measurements 
probably results from a low yield due to sub-ns recombination. However, it seems likely 
that further optimizing the synthesis procedure and annealing conditions will improve 

Figure 7.4: (a-b) Photo-conductance as function of time after excitation at 2.8 eV (l = 445 nm) for 
Cs2AgBiBr6 (a) and Cs2AgBi0.6Sb0.4Br6 (b).
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the sample quality and hence, increase both mobilities and lifetimes in thin films of 
Sb-containing HDPs.
	   
7.4 Conclusions	  
In this chapter, we have investigated the optoelectronic properties of the double 
perovskite Cs2AgBiBr6, in which controlled amounts of Bi3+ have been replaced with 
Sb3+ to yield perovskites with the general formula Cs2AgBi1-xSbxBr6, showing a bandgap 
red-shift with increasing Sb content down to 1.6 eV for x = 0.4. With pulse-radiolysis 
TRMC measurements on Cs2AgBi1-xSbxBr6 powders, we observe that for all x-values, 
the charge carrier mobility increases on decreasing temperature. Importantly, the above 
observations suggest that replacing bismuth with antimony is a successful strategy to 
manipulate the absorption onset of Cs2AgBiBr6, while preserving band-like transport of 
free charges. Finally, we demonstrate a route to prepare thin films of Cs2AgBi1-xSbxBr6, 
showing that incorporation of Sb can red-shift the absorption onset up to a few hundred 
meV in thin Cs2AgBiBr6 films. Altogether, these results represent a crucial step toward 
lead-free perovskite devices implementing antimony-bismuth alloyed HDPs.	   
 
7.5 Experimental Methods	  
Cs2AgBi1-xSbxBr6 powders	  
1 mmol CsBr, 0.5 mmol AgBr, (1-x)0.5 mmol BiBr3 and 0.5x mmol SbBr3 were ground until 
fine powders were obtained. The mixtures were sealed in glass tubes under vacuum and 
heated in a box furnace to 320 °C (heating rate of 3 °C/min) and kept at this temperature 
for three hours.12 After cooling down to room temperature (cooling rate of 3 °C/min), the 
closed tubes containing the products were transferred to a nitrogen-filled glovebox.	   
Cs2AgBi1-xSbxBr6 thin films	  
0.5 mmol of Cs2AgBi1-xSbxBr6 was dissolved in 1 mL of DMSO at 75 °C under magnetic stirring 
in a nitrogen-filled glovebox.31 Quartz substrates were cleaned with isopropanol and treated with 
an ozone plasma for 30 minutes. The Cs2AgBi1-xSbxBr6/DMSO solutions were filtered and kept at 
75 °C. Then, 100 mL of the filtered solution was spin-coated on a quartz substrate using a two-step 
procedure starting at 500 rpm for 30 seconds (ramping speed of 100 rpm/s) followed by 60 seconds 
at 5000 rpm (ramping speed of 5000 rpm/s). The Cs2AgBiBr6 (x = 0) films were annealed at 200 °C 
for three minutes, and the Sb-containing films were annealed at 90 °C for three minutes.	   
X-Ray Diffraction	  
X-Ray Diffraction patterns were obtained with a Brucker D8 diffractometer in a 
Bragg-Brentano configuration, using Cu-Ka (l = 1.54 Å) radiation.	   
X-Ray Photo-electron Spectroscopy	  
XPS measurements were performed with a Thermo Scientific K-alpha instrument equipped 
with an Al K-alpha X-ray Source and a Flood Gun to avoid charging of the sample. For the 
high-resolution scans of C1s, O1s, Ag3d, Bi4f, Br3d, Sb3d and Cs3d signals the following 
parameters were used: spot size 400 μm, pass energy 50 eV, energy step size 0.1 eV, dwell time 
50 ms, 10 scans. XPS spectra were corrected using the atmospheric carbon C peak position 
(284.8 eV). Elemental quantification was performed using the Avantage software. High-
resolution scans of each element were fit with a mixture of Gaussian and Lorentzian functions; 
the area under each peak was used to determine the concentration of each element.	  
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Optical characterization	 
For the PR-TRMC measurements, about 30 mg of each Cs2AgBi1-xSbxBr6 powder was used. 
For the absorption and photoconductance measurements, the Cs2AgBi1-xSbxBr6 powders 
were attached to quartz substrates using optically clear adhesive tape (Thorlabs). Absorption, 
photoluminescence and (PR-)TRMC measurements were performed as described in Chapters 
2, 3 and 5. 
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Appendices

Table A7.1: XPS elemental analysis of Cs2AgBi1-xSbxBr6 powders. 

x % Cs % Ag % Bi % Sb % Br Sb/(Sb+Bi)

0 spot 1 34.26 8.67 8.79 0.09 48.20 0.010

spot 2 26.09 6.06 8.30 0.03 59.52 0.004

average 30.18 7.37 8.55 0.06 53.86 0.007

0.05 spot 1 24.60 9.14 7.62 0.66 57.97 0.080

spot 2 25.28 10.21 7.10 0.42 57.00 0.056

average 24.94 9.68 7.36 0.54 57.49 0.068

0.1 spot 1 25.57 8.91 7.06 1.66 56.80 0.190

spot 2 26.00 8.85 6.56 1.51 57.09 0.187

average 25.79 8.88 6.81 1.59 56.95 0.189

0.4 spot 1 24.41 9.32 5.00 3.73 57.54 0.427

spot 2 25.09 9.11 4.85 3.80 57.15 0.439

average 24.75 9.22 4.93 3.77 57.35 0.433

 

Figure A7.1: (a) Zoom-in of the X-Ray Diffraction patterns of Cs2AgBi1-xSbxBr6 from Figure 7.1b. The 
yellow dotted lines indicate the positions of the (022), (222) and (004) reflections, respectively, for 
Cs2AgBiBr6, showing that these shift to larger 2q values for increasing x. This confirms that the lattice 
contracts on replacing Bi with the smaller Sb. (b) 2q value of (222) reflection as function of Sb-content 
(using the x values from Table A7.1).  
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Figure A7.2: (n/n0)Sm as function of n0 and temperature for Cs2AgBi1-xSbxBr6 with x = 0.05 (a) and x = 
0.4 (b). Similar to the data shown in Figure 7.2b in the main text, we used the maximum (n/n0)Sm at 
each temperature to estimate the trap saturation density, which is shown in Figure 7.2c. Note that for 
Cs2AgBi0.6Sb0.4Br6 (b), at 220 K and higher, the (n/n0)Sm (T) is nearly flat up to ~4×1015 cm-3, suggesting 
that trap saturation occurs at or below the lowest densities used for the measurements.  

Figure A7.3: PR-TRMC lifetimes for the different Cs2AgBi1-xSbxBr6 powders at room temperature (293 K). 
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Figure A7.4: (a) Zoom-in of the X-Ray Diffraction patterns of Cs2AgBi1-xSbxBr6 from Figure 7.3a. The 
yellow and dark red dotted line indicate the positions of the (002) reflections for Cs2AgBiBr6 and 
Cs2AgBi0.6Sb0.4Br6, respectively, showing that these shift to larger 2q values for increasing x. This 
confirms that the lattice contracts on replacing Bi with the smaller Sb. (b) 2q value of (002) reflection as 
function of x, using the values from Table A7.2.

Figure A7.5: Zoom-in of X-ray photoelectron spectra of Cs2AgBi1-xSbxBr6 thin films, with x = 0, 0.05, 0.1, 
0.2, 0.4. The peaks at 540 eV and 531 eV are characteristic for Sb; the (small) additional peak observed 
at 531 eV for x = 0 originates from oxygen.
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Table A7.2: XPS elemental analysis of Cs2AgBi1-xSbxBr6 thin films.

x % Cs % Ag % Bi % Sb % Br Sb/(Sb+Bi)

0 spot 1 21.93 6.84 6.81 0.03 64.39 0.004

spot 2 23.18 7.15 8.39 0.05 61.22 0.006

average 22.56 7.00 7.60 0.04 62.81 0.005

0.05 spot 1 21.48 9.11 8.69 0.21 60.50 0.024

spot 2 19.05 12.03 13.73 1.31 53.87 0.087

average 20.27 10.57 11.21 0.76 57.19 0.055

0.1 spot 1 20.29 9.89 7.27 1.21 61.34 0.143

spot 2 28.01 10.39 9.20 1.65 50.76 0.152

average 24.15 10.14 8.24 1.43 56.05 0.147

0.2 spot 1 21.33 7.76 7.24 2.08 61.59 0.223

spot 2 22.86 9.79 7.88 2.27 57.20 0.224

average 22.10 8.78 7.56 2.18 59.40 0.223

0.4 spot 1 21.97 8.47 5.51 4.00 60.05 0.421

spot 2 23.28 15.38 11.37 5.73 44.24 0.335

average 22.63 11.93 8.44 4.87 52.15 0.378
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Figure A7.6: Scanning Electron Microscopy image of the Cs2AgBi0.6Sb0.4Br6 thin film and correspond-
ing EDS elemental analysis maps for Sb, Bi and Ag.

 

Figure A7.7: Energy-dependent absorption coefficient for Cs2AgBi1-xSbxBr6 with x = 0 and 0.4, 
determined from the absorption and transmission spectra of the thin films, recorded using an 
integrating sphere. The absorption coefficient of methylammonium lead iodide (MAPbI3), see also 
Figure A5.11, is shown for comparison. 
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Figure A7.8: Intensity-normalized photo-conductance as function of time at an excitation energy of 
2.8 eV for the Cs2AgBi1-xSbxBr6 powders x = 0 (a) and x = 0.4 (b) and at 2.1 eV for x = 0 (c) and 1.7 eV for 
x = 0.4 (d). 
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In this thesis, we have investigated the optoelectronic properties of metal halide 
perovskites with a special focus on their application in solar cells. In less than a decade 
of development, metal halide perovskites have yielded solar cells with efficiencies 
comparable to commercialized technologies. However, there has been limited knowledge 
about the fundamental properties of these materials. As mentioned in the introduction, 
the efficiency of perovskite-based solar cells is still not at its theoretical limit. In order 
to rationally design solar cells with maximized efficiencies, we need to understand 
which factors are currently limiting the performance of perovskite-based solar cells. In 
general, one of the first important processes in a solar cell is the absorption of light. For 
metal halide perovskites based on lead iodide, a thickness of 0.3 micrometer is already 
sufficient to absorb a substantial amount of visible (sun-)light, which makes these 
materials very suitable for solar cells. Furthermore, it is crucial that this absorbed light 
is converted into a current of moving charges, also known as electricity. Semiconductor 
materials such as silicon or metal halide perovskites have the ideal properties to generate 
a current of charges from light. In order to use this current however, the charges need 
to be collected. The efficiency with which charges are collected in a solar cell is closely 
related to its power conversion efficiency. 

In this research, we have used a number of spectroscopy techniques to investigate the 
above-mentioned properties. With these techniques, which are described in detail in 
Chapter 2, we use short laser pulses to illuminate the perovskites, thereby mimicking 
the processes occurring in a solar cell. Our main analysis method throughout this 
thesis is referred to as the time-resolved microwave conductivity (TRMC) technique, 
which we use to study the moving charges that have been generated in the perovskite 
after absorption of the laser light. From the interaction between these charges and a 
microwave field, we can get insight in the mobility of charges, which is a measure for 
the speed at which these move. Additionally, we can detect the lifetime of charges, i.e. 
how long these charges can move freely through the perovskite material. Both a high 
mobility and a long lifetime increase the probability of a charge to be collected, and 
therefore these are two crucial parameters governing the efficiency of a solar cell. 
In Chapter 3, we investigate the mobility and lifetime of charges in lead iodide 
perovskites prepared via different routes. We observe that charges can get trapped in the 
perovskite layer, which decreases their lifetime and as a consequence, might unfavorably 
affect their collection probability. We find that trapping of moving charges especially 
occurs at low light intensities. Importantly however, we also find that the quality of the 
perovskite layer is highly dependent on both the preparation route and the precursors 
used. For instance, using a chloride-based lead precursor minimizes the number of trap 
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states and thus, changing the precursors can be used to optimize the properties of the 
resulting perovskite layer. On extensive analysis of our TRMC data, we further estimate 
that charges could move over a distance of about 10 micrometers. This is sufficient to 
overcome the 0.3 micrometer that is needed to absorb the sunlight. Therefore, these 
results mean that in principle, it should be feasible to collect the majority of charges 
from the perovskite layer. 
However, we find in Chapter 4 that this is not necessarily the case. Although the 
charges move relatively easily throughout the perovskite layer, these are in many cases 
immobilized at the interface between the perovskite and the material that is supposed 
to extract these charges in an operating solar cell. From here, we conclude that this is 
most likely the main obstacle for the collection of moving charges. In other words, to 
obtain more efficient perovskite-based solar cells, the quality of the interfaces should be 
substantially improved. 
If a negative charge, an electron, is brought into motion by sunlight, a positively charged 
hole remains behind. When a moving electron passes a hole, it can decay back into the 
hole after which the electron is no longer moving. This process is called recombination. If 
the chance of recombination increases, the chance of collection decreases. In Chapter 5, 
we investigate the mechanism of electron-hole recombination in lead iodide perovskites. 
Importantly, we find that electrons encounter a barrier for recombination, which makes 
it less likely for electrons to decay into holes. Therefore, the chance of recombination is 
smaller than initially assumed. Hereby, we have found a unique property of lead iodide 
perovskites.    
The perovskites described in Chapters 3 to 5 all have the same composition: next to 
lead and iodide these contain organic molecules. The organic molecules have a dipole 
moment, meaning these are negatively charged at one side and positively charged at 
the other side. Considering that moving charges such as electrons are also negatively 
charged, it has been proposed that the dipole moment affects the movement of charges 
(Chapter 3) and might be responsible for the recombination barrier (Chapter 5). 
In Chapter 6, we test these hypotheses by replacing the organic molecule with cesium, 
which is an inorganic component without a dipole moment. Interestingly, we find that 
the movement of charges and their recombination mechanism in these cesium-based 
perovskites is not very different from the perovskites with the organic cation. From here, 
we conclude that the properties that we have found in Chapters 3 and 5 originate from 
the lead and/or iodide, instead of the dipole moment of the organic cation. Therefore, 
the exact mechanism behind the recombination barrier has to be further investigated. 
As mentioned before, one of the components of perovskite-based solar cells is lead, 
which is present in a toxic and water-soluble state. From an environmental point of 
view, it would therefore be favorable if lead could be replaced with less toxic metals, 
while the properties that make perovskites suitable for high efficiency solar cells are 
preserved. In Chapter 7, we prepare perovskites based on a mixture of silver, bismuth 
and antimony instead of lead. We observe that the amount of absorbed light depends 
on the amount of antimony with respect to bismuth. This means that varying the ratio 
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between antimony and bismuth can be used to manipulate the absorption properties of 
these perovskites. Additionally, we measure that charges can move freely throughout 
these materials, which makes them promising candidates for lead-free perovskite solar 
cells.   

Will perovskite-based solar cells ever dominate the market? And which perovskite 
composition will eventually find a commercial application? Only time will tell. Anyway, 
with this research we have at least contributed to revealing some of the properties of 
these fascinating class of semiconductor materials.   
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In dit proefschrift zijn de opto-elektronische eigenschappen onderzocht van 
metaalhalideperovskieten, met een speciale focus op de toepassing van deze materialen 
in zonnecellen. Hoewel metaalhalideperovskieten in relatief korte tijd zeer efficiënte 
zonnecellen hebben opgeleverd, was er bij aanvang van dit onderzoek nog weinig 
bekend over de fundamentele eigenschappen. Zoals beschreven in de introductie 
kan in theorie de efficiëntie van dit type zonnecellen nog verbeterd worden. Om dit 
te kunnen realiseren is het belangrijk om te begrijpen hoe metaalhalideperovskieten 
stroom opwekken uit zonlicht en wat er vervolgens met deze stroom gebeurt. 
Oftewel, wat zijn de knelpunten die maken dat de efficiëntie van dit type zonnecellen 
nog niet optimaal is? Voor het beantwoorden van deze vraag is het belangrijk om te 
bedenken wat voor eigenschappen een materiaal idealiter zou moeten hebben om er 
een goede zonnecel van te kunnen maken. Om zo veel mogelijk zonlicht om te zetten 
in elektriciteit is het ten eerste belangrijk dat er zo veel mogelijk licht geabsorbeerd 
wordt. De metaalhalideperovskieten die we hebben bestudeerd zijn gebaseerd op 
loodjodide. Als deze materialen een dikte van slechts een dertigduizendste van een 
centimeter (~0.3 micrometer) hebben, dan zijn deze al bijna zwart van kleur. Dit komt 
omdat een substantieel deel van het zichtbare zonlicht geabsorbeerd wordt en hierdoor 
zijn het gunstige materialen voor zonnecellen. Nu is de volgende cruciale stap dat 
dit geabsorbeerde zonlicht wordt omgezet in een andere vorm van energie, namelijk 
een stroom van bewegende elektrische ladingen, ook wel bekend als elektriciteit. 
Halfgeleidermaterialen zoals silicium, maar ook metaalhalideperovskieten, hebben de 
juiste eigenschappen om licht om te zetten in bewegende ladingen. Om deze stroom 
vervolgens te kunnen gebruiken moeten de ladingen die in de zonnecel ontstaan worden 
gecollecteerd. Hoe meer ladingen er worden gecollecteerd, hoe hoger de efficiëntie van 
de zonnecel. En hiermee komen we bij een van de grootste uitdagingen als het gaat 
om het verbeteren van de efficiëntie van perovskiet-zonnecellen: zorgen dat er zo veel 
mogelijk ladingen gecollecteerd worden.

Om dit te bestuderen hebben wij in dit onderzoek een aantal verschillende 
spectroscopische technieken gebruikt. Hierbij gebruiken we laserstralen om de 
perovskieten kort te belichten, waarmee we de processen nabootsen die plaatsvinden in 
een werkende zonnecel. Een veelvoorkomende term in dit proefschrift is ‘time-resolved 
microwave conductivity’ (tijdsopgeloste microgolfgeleidingsmetingen, afgekort als 
TRMC): een techniek waarmee we onderzoeken wat er gebeurt met de bewegende 
ladingen die zijn ontstaan na het absorberen van het laserlicht. Door middel van de 
interactie tussen de bewegende ladingen en een microgolf-veld kunnen we met de 
TRMC-techniek vaststellen hoe snel ladingen bewegen: de mobiliteit. Ook meten we 
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hoe lang de ladingen in beweging blijven: de levensduur. Zowel een hoge mobiliteit als 
een lange levensduur vergroten de kans dat een lading gecollecteerd wordt. 
In hoofdstuk 3 bestuderen we de mobiliteit en levensduur van ladingen in loodjodide 
perovskieten die op verschillende manieren gemaakt zijn. We observeren dat een deel 
van de ladingen vast kan komen te zitten in de perovskiet-laag, waardoor collectie van 
deze ladingen wordt verhinderd. Dit is met name een probleem bij lage lichtintensiteiten, 
wat het geval is op een dag met weinig zonlicht. Een belangrijke bevinding in hoofdstuk 
3 is echter dat het bepalend is welke grondstoffen gebruikt worden voor het maken 
van de perovskieten. Zo zorgt de aanwezigheid van chloride tijdens de reactie er 
bijvoorbeeld voor dat de perovskiet van betere kwaliteit is en dat er minder ladingen 
vast komen te zitten. Uiteindelijk schatten we af dat ladingen in loodjodide perovskieten 
een afstand van een duizendste van een centimeter (~10 micrometer) kunnen afleggen. 
Dit is meer dan genoeg om een dertigduizendste centimeter te overbruggen: de dikte 
van de perovskiet-laag die nodig is om het zonlicht te absorberen. Dit betekent dat in 
principe het merendeel van de ladingen gecollecteerd moet kunnen worden. 
In hoofdstuk 4 vinden we dat dit echter niet het geval is. Hoewel de ladingen relatief 
makkelijk door de perovskiet zelf bewegen, komen deze in veel gevallen tot stilstand op 
het grensvlak tussen de perovskiet en de materialen die in een zonnecel de bewegende 
ladingen af moeten vangen. Hieruit concluderen we dat dit waarschijnlijk een van 
de belangrijkste belemmeringen is voor de collectie van de bewegende ladingen. Om 
perovskiet-zonnecellen efficiënter te maken, zal dus onder andere de kwaliteit van de 
grensvlakken verbeterd moeten worden. 
Als een negatieve lading, een elektron, in beweging wordt gebracht blijft er een 
positief geladen gat over. Wanneer een bewegend elektron een gat passeert, kan het 
elektron terugvallen in het gat waarna deze niet langer in beweging is. Dit proces heet 
recombinatie. Hoe groter de kans op recombinatie, hoe kleiner de kans op collectie. 
In hoofdstuk 5 bestuderen we het mechanisme achter recombinatie in lood jodide 
perovskieten. Een van de belangrijkste bevindingen is dat elektronen over een barrière 
heen moeten om terug te vallen in een gat. Dit zorgt ervoor dat de kans op recombinatie 
kleiner is dan aanvankelijk werd gedacht, waarmee we op een bijzondere eigenschap 
van perovskieten zijn gestuit. 
De perovskieten die beschreven staan in hoofdstuk 3 t/m 5 hebben allemaal dezelfde 
compositie en bevatten naast lood en jodide nog organische moleculen. Deze organische 
moleculen hebben een dipoolmoment, wat betekent dat ze aan de ene kant een beetje 
positief en aan de andere kant een beetje negatief geladen zijn. Omdat elektronen ook 
negatief geladen zijn, hebben sommige onderzoekers gesuggereerd dat dit dipoolmoment 
invloed heeft op de bewegingssnelheid van elektronen (hoofdstuk 3) en de oorzaak is 
van de barrière voor recombinatie (hoofdstuk 5). Om deze hypotheses te testen hebben 
we in hoofdstuk 6 het organische molecuul vervangen door cesium, een anorganisch 
component zonder dipoolmoment. Interessant genoeg vinden we dat de kenmerken 
van deze cesium-houdende perovskieten nagenoeg hetzelfde zijn. Hieruit concluderen 
we dat de eigenschappen die we in hoofdstuk 3 en 5 hebben gevonden dus voortkomen 
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uit de lood en/of jodide, en niet veroorzaakt worden door het dipoolmoment van het 
organische molecuul. Nader onderzoek zal moeten uitwijzen wat dan wel het precieze 
mechanisme achter de recombinatie-barrière is. 
Zoals hierboven genoemd is lood één van de componenten van perovskiet-zonnecellen. 
Dit lood is aanwezig in een vorm die zowel giftig als wateroplosbaar is. Daarom zou het 
vanuit milieuoverwegingen gunstig zijn als het lood in metaal halide perovskieten kon 
worden vervangen door minder giftige metalen, terwijl alle eigenschappen voordelig 
voor een efficiënte zonnecel behouden blijven. In hoofdstuk 7 maken we perovskieten 
met een mengeling van zilver, bismut en antimoon in plaats van lood. We observeren 
dat de hoeveelheid geabsorbeerd licht afhankelijk is van de hoeveelheid antimoon ten 
opzichte van bismut. Dit betekent dat het variëren van de compositie gebruikt kan 
worden om de absorptie-eigenschappen te manipuleren. Verder meten we dat ladingen 
vrij kunnen bewegen in deze materialen, een hoopgevende bevinding voor loodvrije 
perovskiet-zonnecellen. 

Overheersen perovskiet-zonnecellen straks de markt? En welke perovskiet-compositie 
zal uiteindelijk een commercieel doeleinde vinden? De tijd zal het leren. In ieder geval 
hebben we met dit onderzoek een klein steentje bijgedragen aan het ontrafelen van de 
eigenschappen van deze bijzondere halfgeleidermaterialen.  
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“Als je weet waar je heen gaat, zul je er zeker komen. Als je niet weet waar je heen gaat, 
zul je zeker ergens anders komen”, 

schreef mijn moeder op een kaart aan mij toen ik in 2008 op het punt stond om een 
jaar naar de Verenigde Staten te gaan. Door de jaren heen heeft deze spreuk steeds meer 
betekenis voor mij gekregen. Toen ik een jaar bezig was met mijn promotieonderzoek 
werd mij gevraagd wat ik aan het einde van mijn promotie zou hebben bijgedragen 
aan de wetenschap. Ik had hier geen antwoord op. Dat vond ik destijds erg vervelend. 
Nu, drie jaar later, kan ik vol trots zeggen dat ik meer heb bereikt dan ik me ooit had 
kunnen voorstellen. En misschien is dat juist wel te danken aan het feit dat ik niet van 
tevoren wist wat er uit mijn onderzoek zou komen, maar dat ik mij in plaats daarvan 
heb laten leiden door wat het onderzoek mij bracht. En mij niet te vergeten heb laten 
inspireren door de talloze discussies met verscheidene wetenschappers, waaronder 
alle mede-auteurs met wie ik de afgelopen jaren in wetenschappelijke tijdschriften 
heb gepubliceerd en mijn collega’s uit de OM sectie. Een aantal mensen heeft in het 
bijzonder bijgedragen aan mijn persoonlijke ontwikkeling en de totstandkoming van 
dit proefschrift, wie ik bij dezen expliciet hiervoor wil bedanken. 

Allereerst, Tom. Ik ben me ervan bewust dat ik soms heel erg eigenwijs ben en dat 
dit voor een begeleider lastig kan zijn. Ik ben je heel erg dankbaar voor hoe je de 
afgelopen jaren met mij om bent gegaan. Aan de ene kant gaf je mij ongekend veel 
ruimte en vrijheid, maar tegelijkertijd was je er altijd als ik je nodig had. Daarnaast kijk 
ik ook met veel plezier terug op alle uren waarin wij samen hebben gefilosofeerd over 
perovskietjes en van alles en nog wat. Zo zal ik nooit vergeten dat wij na een conferentie 
in Barcelona bijna het vliegtuig misten omdat we, onder het genot van een karaf Sangria, 
bandenplaatjes zaten te tekenen op een terras. Ik heb veel bewondering voor jou als 
begeleider, omdat je voor iedereen een passende manier zoekt om het maximale uit 
diegene te halen. Bedankt voor je ondersteuning tijdens mijn PhD traject en ik hoop dat 
we in de toekomst nog vaak samen zullen werken. 

Mijn voormalige studenten Eva, Jan-Jaap, Sanjana en collega’s Davide, Dengyang, 
Ferdinand, María, ook jullie hebben mij allemaal op jullie eigen manier geïnspireerd 
en gestimuleerd en hiermee een belangrijke bijdrage geleverd aan mijn proefschrift. 
Bedankt hiervoor. 

Ik wil ook graag degenen bedanken die dag in dag uit, weliswaar iets meer vanaf de 
achtergrond, de faculteit draaiende houden en zodoende, hebben bijgedragen aan de 
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efficiëntie waarmee ik de afgelopen jaren onderzoek heb kunnen doen. Waaronder: 
de technici Martien, Wybe, Jos en Ruben, de secretaresses Wil en Heleen, iedereen 
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