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Introduction
The semiconductor and solar cell industry is constantly on the lookout for

new materials and methods that can lead to transistors and solar cells with
higher efficiency, lower cost, and easier fabrication. The insatiable hunger
of humanity for energy propels the research of new solar cell materials that
can fulfill the demands of society. The semiconductor industry continuously
requires devices in the fields of power electronics, thin film transistors, and
transparent electronics that are more reliable, easier to produce, and cheaper
than current devices.

Due to their cheap and easy fabrication and outstanding photovoltaic prop-
erties [1–3] metal halide perovskites are candidate materials for a wide range of
applications. The optical properties of perovskite thin films and single crystals
can be tuned by fine-tuning the halide ratio in mixed halide perovskites[4, 5].
These properties lead to their possible usage as light emitting[3, 5–7] and
harvesting [1, 8–11] applications, gas sensors[12], photodetectors[13, 14], X-
ray[15], gamma[16] and neutron[17] detectors. Solar cells based on metal
halide perovskites currently surpass 26% efficiency[18] and the materials are
proposed to be applicable in harsh environments such as outer space[19, 20].

Wide bandgap materials are in the focus of research due to their application
in devices where conventional semiconductors are not ideal, such as for high-
temperature conditions, transparent electronics, and power applications. While
the metal oxide semiconductors such as indium gallium zinc oxide[21, 22]
and gallium oxide[23, 24] are promising candidates for flat panel displays[25–
27], flexible displays [28–30], power electronics[31], and sensory applications
[32–39], they exhibit the persistent photoconductivity phenomena[40–48]. The
presence of persistent photoconductivity complicates the proper comparison of
samples manufactured with varying methods.

Objectives
While the growth of new materials and their study as a solar cell or transis-

tor components can be done by fabricating a proof of concept device the result
of the measurement of such a device only provides information about the use-
fulness of the material under given conditions. If the properties of the materials
of interest are studied under different conditions one can uncover the physical
processes that lead to the observed properties of the material. By conducting
temperature-dependent studies of the charge carrier recombination dynamics
the processes governing the recombination mechanism can be understood to
a higher degree. If such measurements uncover a way to create samples with
desired properties, the scientific and industrial community can focus research
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in a given direction, thus creating the solar cell and transistor materials that
propel future research and development of the devices humanity will use. The
development of devices based on wide bandgap semiconductors that exhibit
persistent photoconductivity can be problematic since the material properties
change significantly due to optical excitation with a long relaxation time. Mea-
surement methods that allow the reliable comparison of wide bandgap materi-
als are of utmost importance for the development of devices that incorporate
them.

In my research, I investigated the temperature-dependent recombination
dynamics of photoexcited charge carriers and photoconductivity in organic-
inorganic hybrid metal halide perovskites and inorganic metal halide per-
ovskites. For these measurements, I developed two instruments, a cavity-based
and a coplanar waveguide-based measurement system. The cavity-based sys-
tem is equipped with a high Q-factor cavity and automatic frequency control
for a high-sensitivity measurement of the recombination dynamics, which al-
lows quick cooling of the sample. The coplanar waveguide-based measurement
system can accommodate samples of any geometry since the samples can be
placed on the surface of the antenna. The frequency of the probing radiation
can be set in a wide range in the case of the coplanar waveguide-based sys-
tem. Both measurements are based on the change in the microwave signal
reflected by the sample as a result of the change in surface impedance con-
nected to charge carrier density. These measurements lead to the observation
of charge carrier recombination dynamics as a function of temperature. I in-
vestigated the effect of phase transitions, quenching, and preparation methods
in methylammonium lead halide perovskites to uncover the cause of the ul-
tralong charge-carrier lifetime at cryogenic conditions and the connection with
the emergence of domains in the material. I observed the power dependence to-
gether with a simulation of recombination dynamics in cesium lead bromide to
investigate the recombination processes responsible for the observed ultralong
recombination time.

I investigated samples that present persistent photoconductivity. Persistent
photoconductivity is present in wide bandgap materials and may lead to the
problematic comparison of samples due to the long-lasting change caused by
optical excitation. I developed a measurement sequence that allows for the
comparison of the charge carrier density, charge carrier mobility, and resis-
tivity of samples despite the change in these parameters as a result of optical
excitation before the measurement without the need for a prolonged relaxation
process between the contacting of the sample and the measurement. With the
developed method I studied Indium Gallium Zinc Oxide thin films created with
various oxygen concentrations during deposition, thicknesses, and passivation,
and compared the result to the tendencies found in the literature regarding these
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manufacturing changes.

New scientific results
1. I developed a cavity-based microwave photoconductivity decay mea-

surement setup capable of measurements in the 4− 300 K temperature
range. With the assembled instrument, I investigated the temperature-
dependent recombination dynamics of photoexcited charge carriers in
methylammonium lead halide perovskites. I carried out the temperature-
dependent measurements in a range where structural phase transitions
were previously reported in the materials. I conducted multiple measure-
ments during which I found substantial changes in charge-carrier recom-
bination dynamics and photo response at the orthorhombic to tetragonal
phase transition while the tetragonal to cubic phase transition shows no
such change. The changes could be identified due to the structural trans-
formation. I presented ultralong charge-carrier recombination times in
the orthorhombic phase for all three perovskites with the longest being
over 68 µs in the MAPbBr3 single crystal.[T1]

2. I observed the effect of charge-carrier scattering on grain boundaries
in CH3NH3PbBr3 perovskite crystals with varying morphology and
quenching state. To do this, I observed the difference in temperature-
dependent charge-carrier dynamics of a slowly cooled and quickly
cooled sample allowed by the realized measurement system, thus cre-
ating quenched and normal phases in the same sample. To further inves-
tigate this effect I compared the temperature-dependent charge carrier
dynamics of three CH3NH3PbBr3 crystals created with different sample
preparation methods leading to differences in the sample morphology.
The observations demonstrate that grain boundaries caused by either
morphology or quenching lead to a decrease in charge-carrier lifetime
due to the increase in carrier scattering events and the possible increase
in recombination centers.[T1]

3. I developed a temperature-dependent microwave photoconductivity de-
cay measurement system based on a coplanar waveguide capable of fast
detection with high sensitivity. The measurement system is developed to
be able to measure the fast and slow recombination processes during a
single measurement covering a time domain range of 3 orders of magni-
tude. I investigated the temperature-dependent recombination dynamics
of photoexcited charge carriers in cesium lead bromide single crystals
with the developed measurement system. I carried out photoconduc-
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tivity decay measurements in a wide temperature range and observed
recombination times over 1 ms at cryogenic conditions. [T2] [T3]

4. I investigated the power dependence of the charge-carrier recombination
dynamics and made simulations of charge-carrier recombination pro-
cesses to prove the effect of charge-carrier trapping and the microwave
reflection of the measurement system to rule out heating effects. I pre-
sented results that suggest that the long charge-carrier recombination
time is caused by the trapping of one kind of charge carrier in shallow
traps leading to ultralong recombination times. A simulation was devel-
oped to recreate the measured charge carrier recombination dynamics in
a system with a shallow and deep-level trap in the bandgap. [T2]

5. I developed a measurement sequence for the characterization and com-
parison of thin films that possess the persistent photoconductance phe-
nomena. With the measurement sequence, I compared the change of
charge carrier density, mobility, and sheet resistance during and after
excitation with the help of a sample series consisting of five samples.
The samples provided a pool of manufacturing changes that allowed for
the observation of effects related to sample thickness, oxygen concentra-
tion during fabrication, and the passivation of the sample surface. With
the help of this measurement, I reliably reproduced the tendencies re-
ported in the literature and showed a method that can compare samples
with properties that vary substantially between measurements without
the proper precautions. I conducted these measurements with the help
of the PDL-1000 system made by Semilab. During my PhD studies,
I contributed to the development of the hardware and software of the
PDL-1000 system. [T4]
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