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Kurzfassung 

Farbstoffsensibilisierte Solarzellen (dye-sensitized solar cells, DSSCs) öffnen neue Räume für 

photovoltaische Anwendungen, welche bereits etablierten Solarzellkonzepten wie 

siliziumbasierten Solarzellen nicht zugänglich sind. Zinkoxid (ZnO) wird seit langem als 

vielversprechende Alternative zu den traditionell verwendeten Photoanoden auf der Basis von 

Titandioxid (TiO2) in DSSCs untersucht, da es bessere Elektronentransporteigenschaften 

besitzt. Allerdings bleiben die Photokonversionseffizienzen (photo-conversion efficiencies, 

PCEs) von ZnO-basierten DSSCs im Allgemeinen hinter denen zurück, die von Titandioxid-

basierten Zellen erreicht werden, insbesondere aufgrund einer niedrigeren Leerlaufspannung 

VOC. In dieser Arbeit wurde die Mg-Dotierung von ZnO als ein vielversprechender Weg 

untersucht, um die VOC in ZnO-basierten DSSCs durch eine Erhöhung der Energie des 

Leitungsbands deutlich zu erhöhen. Mesoporöse Schichten aus Mg-dotiertem ZnO (MZO) 

wurden sowohl in Form von homogen dotierten Nanopartikeln als auch von Core/Shell-

Partikeln mit einer MZO-Schale und einem reinen ZnO-Kern hergestellt. Die erhaltenen Proben 

wurde mittels optischer und struktureller Analyse untersucht, um die Integration von Mg in das 

ZnO-Kristallgitter zu bestätigen, welche zu einer Vergrößerung der optischen Bandlücke in 

Abhängigkeit von der Mg-Konzentration führte. DSSCs, die aus homogen dotierten MZO-

Nanopartikeln hergestellt wurden, wiesen eine deutlich erhöhte VOC auf, litten aber bei höheren 

Mg-Konzentrationen unter stark verminderten Kurzschlussströmen JSC. Eine detaillierte 

photoelektrochemische Analyse dieser Zellen zeigte eine fallenbedingte Erhöhung der 

Rekombinationsrate und des Transportwiderstands. Optimierte Core-Shell-Strukturen wurden 

durch Atomlagenabscheidung (ALD) von konformen MZO-Schichten kontrollierter 

Zusammensetzung und Dicke auf der inneren Oberfläche poröser ZnO-Schichten präpariert. 

DSSCs, die aus dieser gemischten Architektur hergestellt wurden, zeigten im Vergleich zu 

vollständig dotierten Nanopartikeln eine viel höhere Beibehaltung der JSC bei hohen Mg-

Konzentrationen, was auf die Vermeidung von erhöhten Transportwiderständen 

zurückzuführen ist. In Verbindung mit einer deutlich erhöhten VOC führte dies zu einer 

insgesamt höheren PCE für Zellen mit MZO.  



 

 

Abstract 

Dye-sensitized solar cells (DSSCs) open new possibilities for photovoltaic applications that 

are inaccessible to established solar cell concepts, such as silicon-based photovoltaics. Due to 

its superior electron transport characteristics, zinc oxide (ZnO) has long been studied as a 

promising alternative to the traditionally used titanium dioxide (TiO2)-based photoanodes in 

DSSCs. However, photo conversion efficiencies (PCEs) of ZnO-based DSSCs generally lack 

behind the ones reached by titania-based cells, specifically due to lower open-circuit voltages 

VOC. The present study investigated Mg doping of ZnO as a promising way to significantly 

increase the VOC in ZnO-based DSSCs through an upward shift of the conduction band energy. 

Mesoporous layers of Mg-doped ZnO (MZO) have been prepared in the form of homogenously 

doped nanoparticles and core-shell particles with an MZO shell and a pure ZnO core. Optical 

and structural analysis was performed to confirm the integration of Mg into the ZnO crystal 

lattice, which increased the optical band gap depending on the respective Mg concentration. 

DSSCs prepared from homogeneously doped MZO nanoparticles exhibited significantly 

increased VOC but suffered from strongly reduced short-circuit currents JSC at higher Mg 

concentrations. Detailed photoelectrochemical analysis of these cells revealed a trap-related 

increase in recombination rate and transport resistance. Optimized core-shell structures were 

fabricated by atomic layer deposition (ALD) of conformal MZO layers of controlled 

composition and thickness on the internal surface of porous ZnO layers. DSSCs built from this 

hybrid architecture showed much higher conservation of JSC at high Mg concentrations than 

homogenously doped nanoparticles due to the prevention of increased transport resistance. 

Coupled with significantly increased VOC, this resulted in an overall increased PCE for cells 

containing MZO.
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1. Introduction 

On November 15th
, 2022, the United Nations announced that Earth’s population has reached 

8 billion people after having quadrupled in the last century.1 This explosive growth was fueled 

by energy gained from fossil fuel sources such as gas, oil, and coal, whose consumption 

increased in step with the population.2 Awareness of the impact of continued fossil fuel 

consumption on the climate has spread over the last decade, putting these issues in the focus of 

society and politics worldwide and also in my home country Germany. Protest movements like 

Fridays For Future or the Last Generation use increasingly extreme methods to demand political 

changes, while political parties with environmentally-centered agendas increasingly succeed in 

our national and European Parliament elections.3,4 The war in Ukraine has further highlighted 

the dependence on fossil fuel sources and the importance of an independent energy supply. 

Increased cost of living and an economic downturn due to rising energy costs, climate change 

and extreme weather phenomena were the four most increased fears of German citizens in 2022, 

making the demand for clean energy higher than ever.5  

Together with hydropower and wind energy, solar energy is among the biggest natural 

sources of energy for power generation and presents the most potential.6 Applications to harvest 

solar energy are varied, but only photovoltaic cells, also called solar cells, enable the direct 

conversion of solar into electrical energy. Massive solar parks with thousands of solar panels 

based on highly crystalline silicon are used to produce the majority of the electricity currently 

generated from solar energy.7 However, they require a significant amount of land to be covered 

and are often rejected by the neighboring population due to their aesthetics.8 While increasing 

the efficiency of these cells presents a clear way to raise the amount of energy generated from 

sun light, unlocking new spaces for photovoltaic applications has the potential to expand solar 

cell coverage significantly, especially in urban areas. Dye-sensitized solar cells (DSSCs) may 

be the key to unlock these areas due to their semitransparency, their unique characteristics under 

low-intensity light and their aesthetic variability.9  

While DSSCs already existed before 1991, they were brought to scientific attention when 

Michael Grätzel and Brian O’Regan published the first DSSC with a revised cell architecture, 

raising the energy conversion yield from below 1% to 7%.10,11 With the declared goal of 

developing a low-cost alternative to the traditional solar cell concept, that publication marked 

the starting point for an entirely new branch of solar cell research. In contrast to previously 

established solar cell concepts, the semiconductor only serves as an electron transport material, 

while providing the structure for the dye to attach to. A liquid redox electrolyte regenerates the 
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dye, with the difference between the redox potential and the local Fermi energy in the 

semiconductor providing the voltage for the cell. The efficiency of DSSCs measured under 

laboratory conditions is rather low due to limitation of the current density under high-intensity 

light, such as the standard AM1.5G sunlight, with record efficiencies reaching only 14%.12 

However, measured under indoor light conditions, the efficiency of DSSCs rises above 30%, 

competing with that of silicon-based and other thin film solar cells.9 DSSC’s ability to harvest 

light under glazing and ambient light conditions makes them well suited to power consumer 

electronics such as head phones, portable speakers, sensors, remote controls or lights. This 

concept is already put into practice by the Swedish company Exeger, which integrates flexible 

DSSCs into their designs to fully cover their energy consumption.13 Pilot projects like the 

installation of semitransparent, colorful DSSC panels in the SwissTech Convention Center in 

Lausanne and the Science Tower in Graz show the possible integration of solar cells in urban 

spaces with a new aesthetic. DSSCs, therefore, do not represent a possible replacement for 

traditional solar cell concepts, but an extension into underdeveloped terrain.  

Recent advances in DSSC research were focused on the development of new dyes14–16, 

electrolytes14,17,18, and counter-electrodes19, while the underlying semiconductor remained 

remarkably unchanged. Despite extensive research into different materials, preparation 

methods, and morphologies, nanoparticulate TiO2 remains the standard semiconductor in high-

efficiency DSSCs, with ZnO emerging as the only alternative. Motivated by a much higher 

electron mobility, extensive research has led to the preparation of ZnO-based DSSCs with 

efficiencies of up to 8%, still falling considerably short of the efficiencies reached by TiO2-

based cells of 14%.12,20 While this difference in PCE can be partially attributed to the lack of 

optimized dyes and redox electrolytes for ZnO-based DSSCs, a comparative study by Grätzel 

et al. found fundamental differences in DSSC based on Al2O3 particles coated with thin layers 

of ZnO or TiO2 by atomic layer deposition (ALD).21–23 While the cells containing ZnO were 

able to reach higher photocurrents due to their faster electron transport, these gains are more 

than mitigated by faster recombination rates, leading to considerably reduced VOC and fill 

factors FF compared to TiO2-based cells.21,24 These losses in VOC can be observed across nearly 

all possible combinations of state-of-the-art dyes and electrolytes and prevent ZnO from 

becoming genuinely competitive as an electrode material in DSSCs.24 A new approach is clearly 

needed in order to increase VOC and close the gap to TiO2-based DSSCs. Modification of the 

bulk or surface composition of ZnO with metal or rare earth ions has shown the potential to 

increase the VOC, but often led to significant complications due to changes in crystal strucutre.25–

27 In contrast, the cationic substitution of Zn2+ (0.57 Å) with Mg2+ (0.60 Å) preserves the ZnO 
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wurtzite structure for Mg concentrations up to 33%, depending on the growth technique, due to 

the similar ionic radii.28 Mg-doped ZnO MgxZn1-xO (MZO) has been used in various solar cell 

concepts as electron transport layer due to its enhanced electron mobility at low Mg 

concentrations and its tunable band gap.29–31 In DSSCs, MZO has shown the potential to 

significantly increase VOC, due to an upward shift of the quasi-Fermi level compared to pure 

ZnO. Nevertheless, studies so far have only been able to prepare MZO for DSSCs in non-

standard morphologies, such as nanorods and nanosheets.32–34 The negative effect of MZO on 

the JSC of photovoltaic cells, especially at higher Mg concentration, has been discussed either 

in the context of electron transport or electron recombination.  

The aim of this work is to achieve an increase in the efficiency of ZnO-based DSSCs 

through the use of Mg-doping. The tunable band structure of MZO has shown the potential to 

allow the VOC of ZnO-based DSSCs to reach or even surpass the VOC exhibited by TiO2-based 

cells. Publication (I) of this cumulative dissertation contains a detailed study on the preparation 

of homogenously doped MZO nanoparticles, as well as their structural and optical properties. 

The photoelectrochemical analysis of the DSSCs fabricated from nanoparticulate MZO 

photoanodes focuses on the charge-transfer processes inside the cell in order to better 

understand losses of the JSC at high Mg concentrations. Publication (II) presents an alternative 

approach to combine ZnO and MZO in an optimized core-shell structure to prevent these losses 

and fully utilize the enhanced VOC.  
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2. Fundamentals 

2.1 Dye-sensitized solar cells 

2.1.1. Structure and basic operation principles 

Since the seminal publication of Grätzel and O’Regan in 1991, the basic structure of DSSCs 

has primarily remained the same despite extensive optimization efforts.10 As shown 

schematically in Figure 1, all of the components of a DSSC are sandwiched between two glass 

substrates coated with a transparent conducting oxide (TCO).35,36 A mesoporous layer of a wide 

band gap semiconductor is deposited on top of one of these substrates. A monolayer of a dye 

as sensitizer is attached to the surface of the semiconductor, completing the working electrode 

(WE) of the photovoltaic cell. The counter electrode is comprised of the second TCO-coated 

substrate and an additional catalytic layer, such as platinum, graphite, or a conductive 

polymer.37 A liquid redox electrolyte connects both electrodes. 

While the device’s function has proven to be based on the complex interaction of multiple 

components on a molecular level, its fundamental principle of operation can be broken down 

into just six steps.36,38 The green arrows in Figure 1 indicate desired processes for the current 

generation, whereas the red arrows highlight partially unavoidable loss mechanisms.  

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 1 Schematic structure and principle of operation of a DSSC. Shown are the energy 

level alignments of the working electrode, consisting of a TCO and a semiconductor (SC), the 

ground (E(S+/S)) and the excited state (E(S+/S*)) of the dye, with the quasi-Fermi Efn, and the 

redox energy level of the electrolyte shown as a dashed line.   
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Absorption of an incident photon generates an excited dye molecule (step 1), which injects an 

electron into the semiconductor’s conduction band (step 2).36 The injected electron is 

transported through the mesoporous semiconductor network and collected at the TCO (step 3). 

The redox electrolyte regenerates the oxidized dye and transports the charge to the counter 

electrode by diffusion (step 4), where it is reduced again (step 5). Several recombination 

pathways reduce the efficiency of this sequence. Radiative recombination of the excited dye 

(step 6a) is thermodynamically unavoidable and leads to a reduced number of electrons 

available for injection. However, recombination from the semiconductor to the oxidized dye 

molecule (step 6b) or the electrolyte (step 6c) often dominate the recombination reactions, but 

can be influenced by the design of the dye molecule and the semiconductor/electrolyte 

interface.39  

2.1.2 Role of the semiconductor in DSSCs 

For each of the described components of a DSSC, a huge variety of alternatives and 

combinations have been researched and published over the last 30 years. However, due to the 

focus of this work, a spotlight will be put on the role of the semiconductor in DSSCs.  

2.1.2.1 Structure 

Introducing a porous TiO2 layer with a high internal surface area was the defining factor 

that allowed Grätzel and O’Regan (1991) to strongly increase the efficiency of DSSCs.10,36 

Previous iterations of DSSCs operated only using smooth semiconductor surfaces.40,41 The 

mesoporous TiO2 layer allowed for a manifold increase in dye loading while being transparent 

to light in the visible range of the spectrum. Metal oxide semiconductors for DSSCs have been 

prepared from solution42, including hydrothermal synthesis43 and electrodeposition44, gas 

phase45, sputtering46, and many more, creating an extensive tool kit for the preparation of 

nanostructured layers.47,48 With the primary requirement of a high internal surface area, a vast 

variety of nanostructured semiconductors has been studied and reported, including but not 

limited to nanoparticles42,48, nanowires49,50, nanotubes51,52, nanosheets53,54, or core-shell 

structures55,56. The need for the electrolyte to fully infiltrate the layer and enable efficient dye 

regeneration calls for additional requirements on the structure of the semiconductor. 

Compromises must be made between internal surface area and porosity to avoid diffusion 

limitation of the JSC.57 The structure of the mesoporous layer also influences electron transport 

to the TCO, which is another core task of the semiconductor in DSSCs. Higher crystallinity, 

the avoidance of grain boundaries, and short diffusion pathways have all proven to be beneficial 

for electron transport (see 2.1.3.3).47 In addition, combining different nanostructures, such as 
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the layering of nanoparticles of varying sizes, has improved the power conversion efficiency 

by backscattering the incident light.36  

2.1.2.2 Energy levels and interactions 

Besides their physical structure, the energy levels of semiconductors are significant for the 

function and performance of DSSCs. To ensure the efficient injection of electrons from the dye 

into the semiconductor, the energetic overlap between the excited state of the dye E0(S+/S*) and 

the unoccupied acceptor states of the semiconductor conduction band is needed (see 2.1.3.2).38 

The equilibrium Fermi energy level Ef in a semiconductor is given by58  

 𝐸𝑓 = 𝐸𝑐 + 𝑘𝐵𝑇 𝑙𝑛 (
𝑛𝑐
𝑁𝑐
) (1) 

with the conduction band edge Ec, the thermal energy kBT, the density of conduction band 

electrons nc, and the effective density of conduction band states Nc. In the dark, Ef  equals the 

electrochemical potential of electrons in the electrolyte, often referred to as the redox potential 

Eredox (Figure 2 a).36,59 Upon illumination, electrons from the excited dye molecule are injected 

into the semiconductor. The increased electron density in the semiconductor gives rise to a non-

equilibrium quasi-Fermi energy Efn with the potential difference between Efn and Eredox defining 

the maximum theoretical photovoltage VOC under open-circuit conditions.39,60 Under these 

conditions, zero current flows and Efn is constant across the entire semiconductor layer (Figure 

2 b). However, under short-circuit conditions Efn decreases exponentially throughout the layer 

towards the TCO, reaching Eredox at the surface of the TCO and resulting in zero voltage overall 

(Figure 2 c).36,59 At the maximum power point, a current flows and Efn decreases at the TCO, 

resulting in a voltage smaller than VOC (Figure 2 d).  

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 2. Quasi-Fermi energy in a DSSC. Energy levels across the TCO, the semiconductor 

(SC) and the redox electrolyte (Redox) in the dark (a) and under illumination at open-circuit 

(b), short-circuit (c) and maximum power (d). Black arrows represent the achievable voltage 

under the respective conditions. 
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Interactions of the semiconductor with other components of the DSSC are complex and, 

although crucial to cell performance, mostly understood on a phenomenological level only. The 

idea to influence the position of the conduction band edge through additives in the liquid 

electrolyte emerged early as a possible avenue to increase VOC and overall cell efficiency.61 The 

commonly used additive 4-tert-butyl pydridine (TPB) has been shown to increase VOC and 

electron lifetimes, although possible explanations for this effect range from passivation of 

surface trap states62 or sterically hindering recombination through adsorption on the 

semiconductor surface63 to forming bulky complexes with the oxidized redox species.64,65 Other 

common additives, such as Li+ ions have even been shown to adsorb on the surface and cause 

a downward shift of Ec, thus decreasing the VOC, but having a positive effect on JSC.36,66 

Moreover, both additives are known to show varying interactions and levels of enhancement 

with different redox electrolytes and semiconductors, making them a highly complex way of 

influencing cell performance through interaction with the conduction band edge.67 The study at 

hand presents a more direct method to increase the maximum achievable VOC of a photoanode 

material through modification of the semiconductor.  

2.1.3 Charge transfer processes 

While the basic principle of operation is quickly described, a more detailed look at the 

relevant charge transfer processes is needed to provide a better understanding of the topic of 

the present work. As such, a focus will be put on the processes involving the semiconductor. 

2.1.3.1 Excitation 

Absorption of incident light in a DSSC occurs by excitation of an electron from the dye 

ground state E0(S+/S) to an excited state E0(S+/S*), thereby converting photon energy into 

chemical potential energy.59 The absorbed energy roughly equates to the difference between 

the highest occupied (HOMO) and lowest unoccupied molecular orbital (LUMO) of the dye. 

All processes following this step are dissipative and lead to a reduction in output energy.59 

Excited state lifetimes differ between the various dyes, but generally range between 1 and 10 ns, 

before decaying radiatively, although thermal, nonradiative relaxation to a lower vibrational 

state can occur in the femtosecond (fs) range.68,69 The efficiency of the excitation process is 

called light-harvesting efficiency ηlh  

 𝜂𝑙ℎ(𝜆) = 1 − 10
−𝐴(𝜆) (2) 

with the absorbance A, given by Beer-Lambert law70,71: 

 𝐴(𝜆) = 𝑙𝑜𝑔 (
𝐼0
𝐼𝑇
) = 휀𝜆𝑐𝑑 (3) 
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where I0 is the incident light intensity, IT the transmitted light intensity, ελ the wavelength-

depended molar absorption coefficient of the dye, c the concentration of the dye and d the 

thickness of the layer.  

2.1.3.2 Injection 

DSSCs introduced a novel feature compared to traditional solar cell concepts by separating 

the tasks of light absorption and charge transport.36 This concept has since lead to the 

development of other successful solar cells types, such as perovskite or organic solar cells.72 

Charge separation in DSSCs occurs through injection of the electron from the excited state into 

the conduction band of the semiconductor.73 While this process is often indicated in a simplified 

manner by a diagonal arrow as shown in Figure 1, it is actually isoenergetic in nature and occurs, 

according to Marcus-Gerischer theory74,75, between donor and acceptor states of the same 

energy. It is therefore highly beneficial for electron injection to ensure a significant energetic 

overlap between the density of the occupied excited states of the dye and the unoccupied states 

of the semiconductor through positioning of the excited state levels above Ec (see 

Figure 3 a).76,77  

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 3. Gerischer diagram of the semiconductor/dye interface in a DSSC. (a) Efficient 

electron injection can be achieved by having a large overlap between the states of the excited 

state of the dye S* (blue) and the acceptor states of the semiconductor conduction band. Red 

arrows show electron excitation in the dye and injection into the semiconductor. (b) An upward 

shift of Ec increases the VOC, but lowers the rate of injection, which can cause JSC to decrease. 

The maxima of the distribution of occupied and unoccupied states of the dye in the ground and 

exited state is separated from E0(S+/S) and E0(S+/S*) by the reorganization energy λ, 

respectively. Adapted from 36 and 78 with modifications. 
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A decrease of the overlap between the donor and acceptor states through additives to the 

electrolyte or direct modification of the semiconductor has been shown to be able to slow down 

electron injection, depending on the dye used (see Figure 3 b).68,79 Electron injection is 

generally ultrafast and occurs in the range of 10-13 to 10-11 s. A decrease of the injection rate 

has a diminishing effect on the electron injection efficiency ηinj
36 

 𝜂𝑖𝑛𝑗 = 
𝑘𝑖𝑛𝑗

𝑘𝑖𝑛𝑗 + 𝑘𝑑𝑒𝑐𝑎𝑦
 (4) 

with the rate constant for electron injection kinj and the rate constant for radiative and 

nonradiative decay of the excited dye state kdecay. While a shift of Ec will increase the VOC, a 

decrease in in the electron injection rate can lead to a decrease in ηinj and JSC, making 

optimization of the electrical power output of the solar cell a compromise between the two.36  

 

2.1.3.3 Transport and Recombination 

Modelling of electron transport in DSSCs is frequently done only in the context of TiO2 as 

semiconductor material. Due to the small size of the TiO2 nanoparticles, low doping density as 

well as the large dielectric constant of the material, the Debye-length regularly surpasses the 

particle size, i.e. the electrode is considered free of any built-in fields.80,81 Electron transport 

occurs only by diffusion, driven by the electron concentration gradient in the photoanode.78 

This assumption has been shown to not always hold up for alternative semiconductors, such as 

ZnO, with lower dielectric constants, leading to partially field-driven transport and band 

bending.82,83 Cations84 and additives in the electrolyte64,84 as well as the oxidized dye59 screen 

the semiconductor surface and ensure local charge neutrality, but have also been shown to 

influence electron diffusion due to electrostatic interactions. (Figure 4).85 Furthermore, 

experiments indicate that transport is significantly influenced by an exponentially decreasing 

tail of localized trap states below the conduction band.86,87 The density of trapped electrons nt 

in these states is given by 

 𝑛𝑡 = 𝑁𝑡 ∙ 𝑒𝑥𝑝 (
𝛼𝑡(𝐸𝑓𝑛 − 𝐸𝑐)

𝑘𝑇
) (5) 

where Nt is the total trap density and αt is a trap distribution parameter below EC. The most 

widely used approach to explain diffusive transport in the context of these trap states is the 

multi trapping (MT) model.88 Electrons are assumed to be repeatedly trapped in shallow trap 

states below Ec, from where they can be thermally detrapped and excited back to the conduction 

band. This repeated trapping and detrapping process strongly increases the electron transport 
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times and leads to a reduction in electron mobility compared to single crystals.89 A direct 

relation between electron mobility and diffusion in semiconductors is given by the Einstein-

Smoluchowski equation.90 In a quasi-static approximation, an efficient diffusion coefficient Dn 

is determined  

 𝐷𝑛 = 𝐷0 (1 +
𝜕𝑛𝑡
𝜕𝑛𝑐
)
−1

≈ 𝐷0 (
𝜕𝑛𝑡
𝜕𝑛𝑐
)
−1

 (6) 

with the diffusion coefficient of conduction band electrons D0. Inserting (1) and (5) into (6) 

delivers an expression that highlights the dependence of electron diffusion on trap density and 

distribution as well as the relative position of the quasi-Fermi level78,91 

 𝐷𝑛 = 𝐷0
𝑁𝑐

𝛼𝑡 ∙ 𝑁𝑡
exp(

(1 − 𝛼𝑡) ∙ (𝐸𝑓𝑛 − 𝐸𝑐)

𝑘𝑇
) (7) 

Trap states involved in electron transport can be located at the surface, in the bulk or at the grain 

boundaries between nanoparticles. Avoidance of grain boundaries and increase of crystallinity 

has been shown to lower the trap density and decrease electron transport times.92 In addition to 

shallow traps directly below Ec, deep trap states of 0.5 eV and more below Ec have been 

attributed to surface defects at the semiconductor/electrolyte interface.93 These traps do not 

influence electron transport, but are possible recombination pathways. Recombination of 

photoinjected electrons from the semiconductor to the oxidized species of the redox electrolyte 

or the dye is a process that directly competes with electron transport and affects all cell 

parameters (VOC, JSC and FF) negatively. Due to the direct interaction of semiconductor, dye 

and electrolyte, recombination presents a widely complex topic that has often been discussed 

on a macroscopic (design of new dyes94–96 and electrolytes97–99) and microscopic scale (charge-

transfer mechanism and pathways100–102). A huge number of publications has been dedicated 

over the years to investigate the underlying mechanism of recombination of specific 

combinations of components and cell architectures as well as developing methods to suppress 

and control recombination. Analogous to electron transport, an expression for the effective 

electron lifetime τn, depending on the distribution of trap states in the band gap, can be 

determined in a quasi-static approximation78,91 

 𝜏𝑛 = 𝜏0 ∙  𝛼𝑡
𝑁𝑡
𝑁𝑐
𝑒𝑥𝑝 (

(𝛼𝑡 − 1) ∙ (𝐸𝑓𝑛 − 𝐸𝑐)

𝑘𝑇
) (8) 

with the constant lifetime of electrons in the conduction band τ0. Electron lifetimes present a 

central and measurable parameter to study recombination dynamics in DSSCs. However, τn 

determined from (8) will generally be higher than experimentally measured values, since the 

simple model assumes linear, first order recombination only from the conduction band. A more 
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realistic description, which includes recombination via surface trap states, can be gained by 

replacing τ0 with a characteristic lifetime τf that includes contributions from both recombination 

pathways as well as replacing (αt - 1) by (αt - β) with the recombination parameter β < 1, to 

accurately describe the often observed sub-linear recombination in DSSCs.78,103 Both of the 

equations for the competing transport and recombination process can be combined to describe 

the diffusion length Ln of electrons being transported through the semiconductor.104 

 𝐿𝑛 = √𝐷𝑛𝜏𝑛 (9) 

By comparing Ln to the respective layer thickness d an expression can be gained for charge-

collection efficiency ηcol at the back contact  

 𝜂𝑐𝑜𝑙 =
𝑘𝑡𝑟

𝑘𝑡𝑟 + 𝑘𝑟𝑒𝑐
=
𝐿𝑛
𝑑

 (10) 

with the rate constant for electron transport in the semiconductor ktr and the rate constant for 

the combined recombination from the conduction and band and surface states krec. 

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 4. Schematic summary of the transport and recombination processes in a DSSC. 

Diffusive transport to the back-contact is slowed down by repeated trapping and detrapping in 

traps located in the bulk, at grain boundaries and at the surface. Transport can also be affected 

by electrostatic interactions with cations. Electrons are lost due to recombination with the 

electrolyte from the conduction band or through surface trap states. Adapted and modified from 
36. 

2.1.3.4 Regeneration  

Similar to the injection of electrons from the dye to the semiconductor, regeneration of the 

oxidized dye by charge transfer from the redox electrolyte is described by Marcus-Gerischer 
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theory and requires overlap between the donor and acceptor states.36,38,105 Due to the necessary 

driving forces for regeneration, depending on the reorganization energy λ of the redox couple, 

dye regeneration is one of the primary loss processes of potential energy in DSSCs.106,107 The 

redox couple I-/I3
- had been the standard in DSSC devices for over 20 years, partially due to its 

high regeneration efficiency ηreg 

 𝜂𝑟𝑒𝑔 =
𝑘𝑟𝑒𝑔

𝑘𝑟𝑒𝑔 + 𝑘𝑟𝑒𝑐−𝑑
 (11) 

with the rate constants for dye regeneration kreg and recombination to the dye krec-d.
108 However, 

the formation of an I2
∙- radical during the regeneration process strongly increases the driving 

force of the reaction, leading to energy losses of about 600 mV and overall low VOC.109,110 While 

the formation of the radical also strongly slows down the recombination kinetics of iodide109, 

its poor thermodynamic performance led to the development of modern Co- and Cu-based 

redox couples such as [Co(bpy3)]
3+/2+ and [Cu(tmby)2]

2+/+. Although these provide their own 

challenges in terms of recombination and diffusion, their small driving force as low as 100 mV 

needed for a fast regeneration strongly decreases energy losses while regenerating the dye at 

close to unity yield. 9,14,17 

 

2.1.3.5 Charge transport and reduction at the counter electrode 

Charge transport to the counter electrode is determined mainly by diffusive mass transport 

of the oxidized redox species as a result of concentration gradients. While hole-hopping from 

one redox molecule to another has been shown to occur, the effects are limited to mostly Cu-

based redox couples58,107 and (quasi-)solid-state DSSCs111,112. Depending on the size of the 

redox mediator, diffusion inside the porous semiconductor network might be limited and vary 

from diffusion in the bulk.113 This has been shown to strongly affect charge transport by Co-

based electrolytes, such as the commonly used [Co(bpy3)]
3+/2+, where the bulky octahedral 

ligands lead to slower diffusion and limited photocurrents under high illumination.114,115 Recent 

advances in sealing techniques have also eliminated diffusion outside the porous network by 

directly placing the counter electrode on top of the photoanode, reducing transport times and 

increasing photocurrents.116 However, this cell structure up to now has only been realized by 

using the conductive polymer poly(3,4-ethylene dioxythiophene) (PEDOT) as a catalyst at the 

counter electrode to avoid shunts. PEDOT has also emerged as an alternative to the highly 

catalytic but expensive platinum due to its good conductivity and stability, high flexibility, and 

low cost.117  
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2.2 Magnesium-doped Zinc Oxide 

Zinc oxide has accompanied the development of human society for over 4000 years.118 

From its usage as skin treatments in ancient Egypt, through brass production in the middle ages, 

and as a pigment in watercolors in the 18th century, ZnO presently is mainly used in rubber, 

ceramic and concrete fabrication.119,120 Modern science has found a wide variety of potential 

applications in photovoltaics121–123, photocatalysis124–126, optoelectronics127–129, 

piezoelectronics130–132, sensors133–135 and more, based on its properties as a direct wide band 

gap semiconductor (Eg = 3.37 eV) with a large exciton binding energy (60 meV).136,137 Most of 

these modern applications use ZnO in the form of nanostructures.118 ZnO can be prepared with 

relative ease in a vast variety of nanostructures by a wide array of fabrication methods, 

including sputtering138, spray pyrolysis139, sol-gel processes140, pulsed laser deposition 

(PLD)141, atomic layer deposition (ALD)142 and metal-organic chemical vapor deposition 

(MOCVD)143. Furthermore, significant variation of the ZnO band gap is enabled through 

cationic substitution with various metals of which Al, Ga, and B are those most excessively 

used.144 Doping of ZnO with Mg results in the ternary alloy MgxZn1-xO (MZO), which has been 

shown to exhibit a strongly increased optical band gap depending on the Mg concentration.  

 

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 5. Schematic changes to structural and optical properties of ZnO. Crystal structure of 

a ZnO and b MZO with their respective conduction band (EC) and valence band (EV) edge. The 

lattice constant in the (100) direction increases and shrinks in the (001) direction after the 

substitution of Zn with Mg. The shift of EC is much more pronounced than the one of EV. 
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For Mg concentrations up to 5%, Mg2+ ions have been found to incorporate into Zn lattice sites, 

while higher concentrations can also lead to integration into interstitial sites.125 However, while 

very similar in size, slight differences in the ionic radii of Mg2+ (0.57 Å) and Zn2+ (0.60 Å) ions 

result in changes to the lattice constants of the crystal structure in a- and c-direction (see Figure 

5 a and b), leading to the desired increase of the band gap. This increase is primarily caused by 

a shift of the conduction band rather than the valance band.145,146 

MgxZn1-xO nanostructures have been prepared nearly identical to pure ZnO through wet-

chemical or sol-gel synthesis, PLD, ALD, and MOCVD, with varying levels of Mg-doping. 

The upper limit for forming MZO without phase separation has been shown to vary greatly 

between different synthesis methods and can reach as high as x = 0.33 for PLD or x = 0.49 for 

MOCVD.147,148 However, MZO layers prepared solely with these techniques are too thin and 

dense for the application in DSSCs, as they cannot provide the surface area required to reach 

high efficiencies. For the preparation of MZO nanoparticles through wet-chemical synthesis, a 

thermodynamic solubility limit of x = 0.05 was found.149 Precipitation of wurtzite MZO 

nanoparticles outside this range will include nonequilibrium, compensated defects that affect 

the material’s structural, electrical, and optical properties. Identical to the preparation of ZnO, 

the vast majority of publications for the preparation of MZO nanoparticles through wet-

chemical synthesis propose a reaction pathway through the hydrolyzation of Zn2+ and Mg2+ 

ions.150  

 
𝑥 𝑀𝑔2+ + 1 − 𝑥 𝑍𝑛2+ + 2 𝑂𝐻− →𝑀𝑔𝑥𝑍𝑛1−𝑥(𝑂𝐻)2 

𝑀𝑔𝑥𝑍𝑛1−𝑥(𝑂𝐻)2
Δ𝑇
→ 𝑀𝑔𝑥𝑍𝑛1−𝑥𝑂 + 𝐻2𝑂  

(12) 

Commonly used precursors for this co-precipitation include Mg- and Zn-acetate, nitrate or 

chloride, KOH and NaOH. One of the most significant advantages of this reaction pathway for 

pure ZnO is its low energy cost due to Zn(OH)2 transforming into ZnO at only 70 °C. However, 

the transformation of Mg(OH)2 to MgO is known to require over 350 °C, leading most 

publications to calcinate the MgZn(OH)2 intermediate at temperatures around 500 °C, forgoing 

the aspect of energy conservation.151 The reported range of successful Mg integration into 

wurtzite ZnO varies widely, from below 1%152 through 5%153, 7.5%154, 10%155, 15%156 up to 

17%157. Preparation of MZO through the sol-gel method has shown a similar variance in Mg-

concentration, but reaching as high as x = 0.3 for the preparation of thin films through spin-

coating158 and x = 0.2 for direct calcination of the gel at 600 °C.159 Kumar et al. proposed an 

alternative pathway for wet-chemical synthesis through an oxalate intermediate160, similar to 

earlier reports on the preparation of mixed metal oxides.161–163 
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𝑥 𝑀𝑔2+ + 1 − 𝑥 𝑍𝑛2+ + (𝐶2𝑂4)
2− ∙  2 𝐻2𝑂

→ 𝑀𝑔𝑥𝑍𝑛1−𝑥(𝐶2𝑂4) ∙  2 𝐻2𝑂 

𝑀𝑔𝑥𝑍𝑛1−𝑥(𝐶2𝑂4) ∙  2 𝐻2𝑂
Δ𝑇
→  𝑀𝑔𝑥𝑍𝑛1−𝑥𝑂 + 2 𝐶𝑂2 + 2 𝐻2𝑂 

(13) 

Following calcination of the oxalate intermediate, homogenously doped nanoparticles of Mg-

concentrations up x = 0.2 could be obtained.  

As a special version of MOCVD, ALD enables the preparation of MZO with very high control 

over film properties such as composition and layer thickness through layer-by-layer 

growth.164,165 Liquid precursors, such as Diethylzinc (DEZ) and Bis(ethyl 

cyclopentadienyl)magnesium (Mg(EtCp2)), are alternatively and sequentially vaporized and 

react in a self-limiting surface reaction with the functional groups on the substrate surface to 

form ZnO and MgO layers.166 Every deposition cycle follows a [metal precursor – purge – H2O 

– purge] timing sequence, with the duration of each step being a matter of optimization. Two 

deposition cycles with varying precursor materials can be combined to form a supercycle to 

prepare ternary materials such as MZO.167 The composition of the deposited film can be tuned 

through the ratio and sequence of the individual deposition cycles. ALD can be used to prepare 

core-shell structures through the deposition of MZO inside porous thin films and 

nanoparticulate structures as shown in Publication (II) of this work.168 The deposited films form 

conformal layers around the original structure, preserving the morphology of the sample.169  

2.3 Characterization methods 

Sample characterization in this work is divided into characterization of either MZO or full 

DSSCs. For the characterization of MZO nanoparticles and thin films, the focus lies in 

analyzing their structural and optical properties. As shown in chapter 2.2, changes to the crystal 

structure due to Mg-integration result in the desired changes in the band structure. X-ray 

diffraction (XRD) is, therefore, the perfect method to confirm successful integration of Mg2+ 

into the ZnO crystal lattice and analyze these changes in detail. Optical absorption spectroscopy 

allows for a quantified study of the changes to the optical band gap due to Mg doping, making 

it highly relevant for this work. Characterization of DSSCs with MZO-based photoanodes 

focuses on determining the photovoltaic characteristics and analyzing charge-transfer processes 

inside the cells. An established toolbox including current-voltage (I-V) and external quantum 

efficiency (EQE) measurements, electrochemical impedance spectroscopy (EIS), and intensity-

modulated photovoltage (IMVS) and photocurrent spectroscopy (IMPS) were used for this 

purpose.170 
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2.3.2.1 Characterization of MZO nanoparticles and thin films 

Periodically arranged atoms with long-range order can coherently scatter incoming x-ray 

photons, resulting in constructive or destructive interference. The resulting characteristic x-ray 

diffraction (XRD) pattern can be predicted for each crystallographic unit cell, depending on the 

structure and atom, by the structure factor Fhkl 

 𝐹ℎ𝑘𝑙 = ∑𝑓𝑛

𝑁

𝑛=1

exp[2𝜋𝑖(ℎ𝑥𝑛 + 𝑘𝑦𝑛 + 𝑙𝑧𝑛)] (14) 

with the respective atomic form factors fi, the fractional coordinates in the unit cell xn, yn, zn, 

and the Miller indices hkl of the reflection under consideration.171 For MZO in a wurtzite crystal 

lattice, this results in    

 𝐹ℎ𝑘𝑙 = {

4(𝑓𝑀𝑔/𝑍𝑛 + 𝑓𝑂),   ℎ + 𝑘 + 𝑙 = 4𝑁        

4(𝑓𝑀𝑔/𝑍𝑛 ±  𝑖𝑓𝑂), ℎ + 𝑘 + 𝑙 = 2𝑁 + 1

4(𝑓𝑀𝑔/𝑍𝑛 − 𝑓𝑂),   ℎ + 𝑘 + 𝑙 = 4𝑁 + 2

 (15) 

with an integer N. Consequently, only reflections with h, k, and l all even or all odd show 

constructive interference, while others will appear with diminished intensity.172 Constructive 

interference will only occur at characteristic angles 2θ at which incoming X-rays are scattered 

at parallel planes of atoms. For samples measured in the Bragg-Brentano geometry, θ can be 

determined from Bragg´s-law: 

 𝜆 = 2𝑑ℎ𝑘𝑙 ∙ 𝑠𝑖𝑛𝜃 (16) 

with the wavelength λ of the incoming x-rays and the interatomic distance between parallel 

planes dhkl.
171,173 This interplanar spacing further depends on the lattice constants of the unit 

cell, which for hexagonal structures is given by 

 
1

𝑑ℎ𝑘𝑙
2 =

4

3

ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
+
𝑙2

𝑐2
 (17) 

with the lattice constants a and c.171 Thus, changes to the lattice constants will also result in 

shifts of the 2θ position of the respective hkl reflex. The information gained from XRD patterns 

can be used to determine the phase composition of a given sample, unit lattice cell parameters, 

and, if the peak shape is considered, the crystallite size and defect density. 

UV-vis spectroscopy is used to study the interaction of light from the ultraviolet (UV) and 

visible (vis) parts of the electromagnetic spectrum with matter.174 It is based on the Bohr-

Einstein frequency relationship to connect discrete energy states E of a probed material with 

the frequency ν or wavelength λ of electromagnetic radiation: 
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 ∆𝐸 = 𝐸2 − 𝐸1 = ℎ𝜐 =
ℎ𝑐

𝜆
 (18) 

with Planck’s constant h and the speed of light c.175 Incoming photons can excite an electron in 

the probed material to a higher electronic energy level if their energy matches the energy 

difference of an available transition.176 In semiconductors, this transition usually describes the 

excitation of an electron from the valance to the conduction band. The wavelength-dependent 

absorbance A of a material is determined by the ratio of transmitted to absorbed and scattered 

light and described by Beer-Lambert law (see Eq. 3). However, the empirical linear dependence 

of the absorbance on the concentration of the absorber only applies to very low concentrations 

(below 10-2 mol l-1) making Beer-Lambert law only applicable for diluted solutions, gases or 

thin layers.175,177 Additionally, the customary form of Beer-Lambert law in Eq. 3 is defined to 

exclude surface effects such as reflection losses and neglectable scattering and luminescence in 

the sample.178 If surface effects cannot be excluded, for example by use of a cuvette, the 

absorptance α has to be used to describe the ratio of absorbed incident light178: 

 

𝜏 + 𝛼 + 𝜌 = 1 

𝛼 =
𝐼𝑎𝑏𝑠
𝐼0

 
(19) 

with the transmission τ, the reflectance ρ and the intensity of the absorbed incident light Iabs.  

Diffuse reflection spectroscopy presents an alternative way to study materials that fall 

outside the parameters of Beer-Lambert law, such as nanoparticles. Diffuse reflection is a 

blanket term that is influenced by the reflection, refraction, diffraction, and absorption of light 

by randomly oriented particles.179 Sufficiently thick powder samples are placed on a sample 

holder and the reflected light is collected inside an integrating sphere.180 The resulting spectra 

are analyzed according to the Kubelka-Munk function F(𝑅∞): 

 𝐹(𝑅∞) =
(1 − 𝑅∞)

2

2𝑅∞
=
𝐾

𝑆
 (20) 

with the absolute reflectance 𝑅∞, the absorption coefficient K, and the scattering coefficient S. 

The band gap energy Eg of semiconductors can be determined from optical spectroscopy 

measurements through a Tauc plot:181,182  

 (𝛼𝑖 ∙ ℎ𝜈)
1
𝛾 = 𝐶 (ℎ𝜈 − 𝐸𝑔) (21) 

with the absorption coefficient αi, a constant C, and the factor 𝛾, which is ½ for direct and 2 for 

indirect transitions. If UV-vis spectroscopy was used, the absorption coefficient αi can be 

determined from the Absorbance A and the film thickness d. If only samples with the same film 
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thickness are compared, αi can be replaced by A. If diffuse reflection spectroscopy was used to 

measure the optical spectrum, α has to be replaced by the Kubelka-Munk function:178,183 

 

𝛼𝑖 = 휀𝜆 ∙ 𝑐 = 2.303 ∙
𝐴

𝑑
 

(𝐴 ∙ ℎ𝜈)
1
𝛾 = 𝐶 (ℎ𝜈 − 𝐸𝑔) 

(𝐹(𝑅∞) ∙ ℎ𝜈)
1
𝛾 = 𝐶 (ℎ𝜈 − 𝐸𝑔) 

(22) 

 

2.3.2.2 Characterization of DSSCs with MZO-based photoanodes 

Current-voltage (I-V) curves are the most fundamental part of a toolbox containing 

complementary experimental methods used to gain detailed understanding of the internal 

processes of a DSSC.184 Under standard solar illumination (AM1.5G), a linear voltage sweep 

is performed while recording the current response. The important solar cell performance 

parameters short-circuit current JSC and open-circuit voltage VOC are obtained at the 

intersections of the measured curve with the current-axis (V = 0) and the voltage-axis (J = 0), 

respectively. The fill factor FF is used to describe the ideality of the measured curve. In addition 

to losses across the semiconductor/electrolyte interface, it includes losses due to series 

resistances of the TCO substrate as well as ohmic and diffusion resistances of the electrolyte 

and semiconductor.185  

 𝐹𝐹 = 
𝑃𝑚𝑎𝑥
𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶

= 
𝐽𝑀𝑃𝑃 ∙ 𝑉𝑀𝑃𝑃
𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶

 (23) 

with the maximum power Pmax determined from the current JMPP and voltage VMPP at the 

maximum power point. Together with JSC and VOC, the fill factor can be used to determine the 

power conversion efficiency η of a solar cell: 

 𝜂 =  
𝑃𝑚𝑎𝑥
𝑃0

=
𝐽𝑆𝐶 ∙ 𝑉𝑂𝐶 ∙ 𝐹𝐹

𝑃0
 (24) 

with the power of the incoming light P0 (100 W/m2 for AM1.5G).184  

Measurements of the external quantum efficiency EQE can be used to further probe the 

current response of the cell. EQE reflects the combined efficiency of the charge-transfer 

processes described in chapter 2.1.3 and includes the wavelength-dependent light-harvesting 

efficiency ηlh (Eq. 2), the injection efficiency ηinj (Eq. 4), the charge-collection efficiency ηcol 

(Eq. 10), and the regeneration efficiency ηreg (Eq. 11):184 

 𝐸𝑄𝐸 = 𝜂𝑙ℎ𝜂𝑖𝑛𝑗𝜂𝑐𝑜𝑙𝜂𝑟𝑒𝑔 (25) 
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EQE is measured under short-circuit conditions and monochromatic illumination. In the case 

that all absorptions bands of the dye equally contribute to the light-harvesting efficiency, EQE 

will largely match the absorptions spectrum. If measured across the entire solar spectrum, a 

theoretical JSC can be determined and compared to the one gained from I-V curves: 

 𝐽𝑆𝐶 = 𝑞 ∙ ∫ 𝐸𝑄𝐸(𝜆)

𝜆𝑚𝑎𝑥

𝜆𝑚𝑖𝑛

∙ Φ(𝜆)𝑑𝜆 (26) 

with the spectral photon flux density 𝛷(λ).103 Furthermore, a fit of the measured EQE curve 

with respective optical absorption data can be used to determine the diffusion length Ln of 

electrons in the semiconductor layer with a thickness d 

 𝐸𝑄𝐸 =
𝐿𝛼

1 + 𝐿𝛼
 (27) 

under the assumption that Ln < d.186 

Electrochemical impedance spectroscopy (EIS) is a cornerstone of the DSSC toolbox, 

giving access to the fundamental charge-transfer processes described in chapter 2.1.3. Under 

constant illumination, a small amplitude, harmonic voltage perturbation is superimposed on a 

constant bias over a wide frequency range (MHz to mHz), resulting in a slight variation of 

Efn.
185 Amplitude and phase shift of the resulting current is recorded as a function of frequency 

and the corresponding impedance Z is displayed in the form of a Nyquist plot78,187  

 𝑍(𝜔) =
𝑉(𝜔)

𝐼(𝜔)
= |𝑍|𝑒𝑖Φ = 𝑍′ + 𝑖𝑍′′ (28) 

with the phase angle Φ, the real part Z’ and the imaginary part Z’’ of the impedance. Charge-

transfer processes across interfaces, such as recombination across the 

semiconductor/electrolyte, charge-transfer across the electrolyte/counter-electrode interface 

and electron diffusion in the electrolyte and semiconductor, result in semicircles in the 

Nyquist plot. Simple parallel combinations of a resistor R and a capacitor C can be used to 

model each semicircle, with all components combined forming the equivalent electrical circuit 

to fit the measured EIS spectrum. All semicircles are shifted on the Z´-axis by the value of the 

series resistance RS, which depends on the resistance of the conductively coated glass 

substrate.185 
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_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 6. EIS analysis of ZnO- and TiO2-based DSSCs. a EIS spectrum in form of a Nyquist 

plot of a ZnO-based DSSC with a [Co(bpy)3]
2/3+ and the respective equivalent electrical circuit. 

Three semicircles representing charge-transfer processes can be seen. b EIS spectrum and 

equivalent electrical circuit of a TiO2-based DSSC. At low Z’, a slope of 1 is indicative of a 

transport resistance. Together with Rrec and Cµ, Rtr forms the transmission line TL. Rrec and RD 

overlap and RCE cannot be seen due to very small values. 

 

The first semicircle at high frequencies (low Z’) can be attributed to the counter-electrode and 

is described by the charge-transfer resistance RCE and the capacitance CCE. Since the basic 

notion of a parallel plate capacitor does not hold for DSSC photoanodes at low potentials, the 

electrochemical capacitance of the second semicircle representing the charge transfer between 

the semiconductor and the electrolyte is described by a chemical capacitance Cµ.188 In DSSCs, 

Cµ is dominated by electrons in localized trap states in the band gap for Efn < EC 188,189: 

 𝐶𝜇 = 𝐶𝜇
𝑡𝑟𝑎𝑝 = 𝑞2 ∙ 𝑔(𝐸𝑓𝑛) = 𝑞

2
𝛼 ∙ 𝑛𝑡
𝑘𝐵𝑇

 (29) 

with the electron charge q, the exponential density of states distribution at the Fermi-level 

g(Efn), the Boltzmann constant kB and the temperature T.188 The recombination resistance Rrec 

describes the charge-transfer from the semiconductor to the electrolyte189:  

 𝑅𝑟𝑒𝑐 = 
1

𝑞2
∙ (
𝛿𝑈𝑛
𝛿𝐸𝑓𝑛

)

−1

 (30) 

with the rate of recombination Un. The product of Cµ and Rrec describes the effective electron 

lifetime τn.
185  
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 𝜏𝑛 = 𝑅𝑟𝑒𝑐 ∙ 𝐶𝜇 (31) 

In the case that τn is much higher than the electron transport time τtr to the substrate, as is often 

the case for ZnO, electron transport can be neglected in the equivalent electrical circuit. If τn ≫ 

τtr is not fulfilled, an increase at a 45° angle (slope of 1) can be observed in the semicircle 

describing the semiconductor/electrolyte interface, which can be described by a transport 

resistance Rtr.
185  

 𝜏𝑡𝑟 = 𝑅𝑡𝑟 ∙ 𝐶𝜇 (32) 

The third semicircle is at low frequencies (high Z’) and is attributed to charge transport through 

diffusion of the redox species. It is described by a so-called Warburg-short element ZW, which 

includes the diffusion coefficient and the concentration of the oxidized redox species.190 

Depending on the electrolyte used, this semicircle might be very small (i.e. I-/I3
- ) or clearly 

visible (i.e. [Co(bpy3]
2/3+). 

Intensity-modulated photocurrent and photovoltage spectroscopy (IMPS and IMVS) 

present additional ways to gain valuable insight into the charge-transfer processes in DSSCs. 

Analogous to EIS, IMPS and IMVS measurements are performed by applying a sinusoidal, 

small-amplitude signal to the incident light intensity while recording the dynamic response as 

a function of the frequency.191 For IMPS, the amplitude of the phase-shifted AC current 

response Ĵ is measured under potentiostatic control and linked to the amplitude of the modulated 

light intensity �̂� by the transfer function φIMPS. The same applies to IMVS with the AC voltage 

response V̂ measured under galvanostatic control:192,193 

 

𝜙𝐼𝑀𝑃𝑆 =
𝐽

𝑞�̂�
 

𝜙𝐼𝑀𝑉𝑆 =
−�̂�

𝑞�̂�
 

(33) 

A Nyquist plot of the respective transfer functions will result in a single semicircle in the fourth 

quadrant. The frequency ωmax at which the imaginary part -iφIMPS/IMVS reaches its maximum has 

been shown to correspond to the electron transport time τtr or the effective electron lifetime τn, 

respectively. 194,195 

 
𝜏𝑡𝑟 = 𝜛𝑚𝑎𝑥,𝐼𝑀𝑃𝑆

−1    

𝜏𝑛 = 𝜛𝑚𝑎𝑥,𝐼𝑀𝑉𝑆
−1    

(34) 

IMPS and IMVS measurements are performed at varying light intensities, resulting in different 

values for τtr and τn due to changes in the rate of electron injection.194 If measured under 
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comparable conditions, the time constants determined from IMVS and IMPS can be compared 

to those obtained from EIS (see Eq. 31 and Eq. 32). 

2.4 Experimental Section 

This chapter summarizes experimental details for studies performed leading up to 

Publication 1 and 2 as well as efforts to establish screen-printed photoanodes and improve 

sample geometry and solar cell preparation. All the actions described below were performed by 

me, if not indicated otherwise. Experimental details directly related to Publication (I) and (II) 

are mentioned in the respective publications.  

2.4.1 Preparation of Screen-printed Photoanodes 

Prior to this work, photoanodes in the laboratories of the Schlettwein group were primarily 

prepared by electrodeposition of ZnO, sometimes compared to doctor-bladed films. The 

infrastructure and expertise to prepare photoanodes by screen-printing was acquired entirely 

throughout this project. ZnO and MZO nanoparticles were prepared by coprecipitation 

(Publication (I)) or acquired commercially (Publication (II)). Screen-printing pastes were 

prepared with an optimized composition of 7 wt. % nanoparticles, 5 wt. % deionized water, 

3 wt. % ethyl cellulose (Aldrich), 25 wt. % terpinol (Roth) and 60 wt. % ethanol (Roth). After 

combining all of the components, the mixture was stirred vigorously on a magnetic stirrer for 5 

min. Afterwards, the container holding the paste was suspended in a water bath for cooling and 

sonicated with an ultrasonic horn for 5 min. The combined magnetic stirring and ultrasonication 

treatment was repeated 3 times each, before the open container was transferred onto a platform 

shaker (Rotamax 120) for 2 days to reduce the ethanol content and increase viscosity. Attempts 

to shorten this time by reducing the ethanol content in a rotary evaporator remained 

unsuccessful due to the viscosity and the overall low amount (< 2g) of the paste after 

evaporation. Direct heat treatment of the container at 70 °C resulted in clumping of the mixture. 

After 2 days on the platform shaker, highly viscous and homogenous pastes could be obtained. 

Very small amounts of paste were deposited on the screen-printer (Zhuhai Kaivo) close to the 

template and printed onto FTO-coated glass substrates (Zhuhai Kaivo). The respective 

templates were custom designed with the shape and size of the photoanodes and transferred 

onto empty screens (Siebdruckversand) in cooperation with Silvia Schmandt. A muffle furnace 

(CWF 1100, Carbolite Gero) was acquired to anneal the screen-printed samples at 420 °C with 

a heating rate of 10 °C/min. The furnace enabled slower heating and cooling of the samples, as 

well as a lower temperature gradient resulting in fewer cracks in the samples in comparison to 

a heating plate that was used in first attempts. Calibration measurements were performed to 
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study the temperature gradient in the oven and a custom sample holder was designed and 

commissioned from the precision mechanics workshop of the physics department of JLU 

Gießen, on which the samples were held during the annealing process.   

2.4.2 Optimization of cell geometry and solar cell preparation 

Due to limitations of the sample holder during electrodeposition, the established cell 

geometry prior to this work was based on FTO-coated glass substrates with dimensions of 3 x 

2.5 cm for both working and counter electrodes (Figure 7 a). A 2.7 x 2.5 cm thermoplastic 

sealing film made of Surlyn® (Solaronix) separated the electrodes. The contact area between 

both electrodes was covered to avoid short-circuits. An additional 1 x 1 cm piece of melting 

foil was used to cover the holes through which the electrolyte was filled into the cell. A new 

cell geometry was designed for DSSCs using screen-printed photoanodes (Figure 7 b). The area 

of both electrodes could be reduced to only 1.5 x 1 cm. Only a small circle of Surlyn® with a 

diameter of 9 mm was prepared using a pritchel. A smaller circle with a diameter of 7 mm was 

punched out from the middle, leaving only a thin ring to connect both electrodes. Instead of 

closing the holes in the counter-electrode with another slip of melting foil, a UV curing glue 

(ThreeBond 3035B) was introduced to cover the holes and subsequently cured under UV light 

for 30 min.  

 

 

 
_____________________________________________________________________________________________________________________________________________________________________________________ 

Figure 7. Proportional schematic highlighting the differences between the old (a) and the 

updated cell geometry (b). Blue rectangles represent the area of the FTO-coated glass 

substrates, red areas represent the thermoplastic sealing foil between the two electrodes and 

green the area of the sealing foil used to close the cell on top. 
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An analysis of the costs to fabricate a single DSSC based on the old and the newly designed 

cell geometry (Table 1) revealed a reduction in cost of 90%, dropping costs per sample from 

13.27 € to 1.29 € (disregarding energy costs).  

Table 1. Analysis of the difference in costs to fabricate a single DSSC prior to this work and 

using the newly designed cell geometry. The area of Surlyn® includes waste which could not 

be used further. Cost of material per cm2 calculated from invoices of the materials.  
_____________________________________________________________________________________________________________________________________________________________________________________ 

 Old cell geometry New cell geometry 

Area FTO 15 cm2 3 cm2 

Area Surlyn® 7.75 cm2 0.64 cm2 

Cost FTO at 0.11€/cm2 1.65 € 0.33 € 

Cost Surlyn® at 1.5€/cm2 11.62 € 0.96 € 

Cost per sample 13.27 € 1.29 € 

 

Costs per cm2 were calculated from the actual invoices of the respective materials including 

shipping fees, import tax, and bulk discount. The majority of the cost reduction could be 

achieved through the significant decrease in sealing foil used in the cells. Despite some of the 

area between both electrodes remaining uncovered, no increase in short-circuited samples was 

detected. The UV curing glue was acquired as a sample at no cost, courtesy of ThreeBond. Due 

to the meager amount of glue needed for each DSSC, the sample contained enough glue for 

hundreds of cells. In addition to the UV sealing glue, a heat press (Graveda) was acquired to 

optimize solar cell preparation. In contrast to the previously used soldering iron, the heat press 

can apply pressure and temperature significantly more homogenously across the whole sample 

while melting the sealing foil. This resulted in fewer cases of leakage of the electrolyte and 

higher reproducibility of samples. 

2.4.3 Experimental details for work leading up to Publication (I) 

This section describes the experimental details for the studies performed leading up to 

Publication (I) in chapter 3.1.2. All of the chemicals mentioned were purchased from Sigma-

Aldrich and used without further purification, if not indicated otherwise. For the preparation of 

nanoparticles through a hydroxide intermediate, ZnO and MZO nanoparticles were prepared 

from Zn- and Mg-nitrate and -acetate precursors. Metal precursors were dissolved in water and 

an aqueous solution of KOH was dropwise added under constant stirring until 0.45 M was 

reached. The concentration of metal ions was set to 0.3 M after adding KOH. The combined 

solution was put into pressure-withstanding reaction tubes and treated in a microwave reactor 
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(StartD, Milestone S.r.L) for 30 min at 150 °C. The resulting precipitate was washed with water 

and ethanol three times and dried at 100 °C overnight. Nanoparticles prepared through the 

alternative oxalate intermediate were synthesized as described in Publication (I). XRD 

measurements of the nanoparticles were performed (Ultima III XRD, Rigaku) before and after 

calcination at 500 °C for 2h. Diffuse reflection spectroscopy (Solid-Spec 3700, Shimadzu) was 

performed on all nanoparticles after calcination. Combined thermogravimetric and mass 

spectroscopy (TGA MS) measurements (STA 409 CD, Netzsch) were performed by Alexander 

Sedykh in the group of Prof. Müller-Buschbaum of the JLU Gießen.  
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3. Results and Discussion 

The scientific developments observed during this work have resulted in the publication of 

two peer-reviews papers in scientific journals. However, some achievements leading up to these 

publications were omitted due to length constraints and will be discussed below to provide 

further context. The main results of both papers will be summarized and discussed in the larger 

context of this thesis. 

3.1 Publication (I): Influence of Mg-Doping on the characteristics 

of ZnO photoanodes in dye-sensitized solar cells 

3.1.1 Work leading to Publication (I) 

Preceding the results on the preparation of MZO presented in Publication (I) were a number 

of attempts to prepare MZO through the hydroxide intermediate (see chapter 2.2) since this was 

the primary reaction pathway described in the literature. Despite following the instructions 

given in the literature and the overall simplicity of the reaction, the reported results of successful 

MZO preparation with Mg concentrations above the known solubility limit of 5% could not be 

reproduced. After calcination of the MgZn(OH)2 intermediate at 500 °C, an increase of the 

optical band gap could be observed in the Tauc plot of the optical absorption spectra (see 

Figure 8 a), that does not increase for Mg-concentrations above 5%.  
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Figure 8. Analysis of MZO prepared through hydroxide intermediate. a Tauc-Plot of the 

optical absorption spectra and fits to the linear part of MZO nanoparticles prepared through 

a hydroxide intermediate with different Mg-concentrations. b XRD of MZO nanoparticles 

prepared through a hydroxide intermediate with varying Mg-concentrations. The typical ZnO 

wurtzite reflexes are indexed in black color, while the (200) reflex of cubic MgO is indexed in 

red. 
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Similarly, an identical shift of the (100) and (002) reflexes (not shown in detail) for the samples 

containing 5% and 10% indicates that similar amounts of Mg2+ were integrated into the ZnO 

wurtzite lattice. However, the emergence of a new reflex for the samples containing Mg 

strongly indicates the presence of an undesired cubic MgO phase (see Figure 8 b). Furthermore, 

no discernable difference could be found between MZO nanoparticles prepared from different 

precursors, showing that the counter ion does not influence on Mg integration (see Figure 9). 

Following reports of Mg diffusion into ZnO at higher temperatures196–199, MZO nanoparticles 

containing 20% Mg were characterized after drying at 100 °C and calcination at 1000 °C. 

Despite the presence of Mg in the precursor solution, UV-vis measurements (Figure 9 a) 

revealed that the optical band gap was identical to that of pure ZnO (Figure 8 a) after drying at 

100 °C. XRD measurements further showed the presence of ZnO, already transformed from 

Zn(OH)2, as well as reflexes characteristic for Mg(OH)2, dispelling the theory of a MgZn(OH)2 

intermediate for Mg concentrations above 5% (Figure 9 b).150 After calcination at 1000 °C, the 

MZO nanoparticles exhibited an increased optical band gap comparable to that shown for MZO 

containing 5% or 10% Mg (Figure 9 a). Furthermore, Mg(OH)2 transformed into cubic MgO 

instead of diffusing into the MZO.  

Additional attempts to prepare MZO included the dissolution and recrystallization of a 

MgAc2/ZnAc2 mixture in water and ZnO/MgO mixture in acetic acid as well as mixing of 

MgAc2/ZnAc2 in a mortar, and were all followed by calcination at 1000 °C and resulted in 

surprisingly similar outcomes as those shown in Figure 9.  
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Figure 9. Effects of high temperature on Mg integration. a Tauc-plot of the optical absorption 

spectra of MZO nanoparticles containing 20% Mg prepared from different precursors after 

drying at 100 °C and after calcination at 1000 °C. b Respective XRD of the same MZO 

nanoparticles. ZnO wurtzite reflexes are indexed in black, cubic MgO reflexes in red, and 

Mg(OH)2 reflexes in blue. 
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Compared to the reaction pathway through a hydroxide or acetate intermediate, the 

alternative pathway through the oxalate intermediate MgZn(C2O4) ∙ 2H2O proved immediately 

successful.160 The XRD of the intermediate after drying at 100 °C is shown in Figure 10 a. 

While the intensity of some of the reflexes changed upon the addition of Mg, no new reflexes 

could be found. This indicates that, in contrast to the hydroxide approach, Mg was truly 

integrated into the Zn oxalate network instead of appearing as a separate phase, resulting in the 

successful integration of Mg into the ZnO wurtzite structure after calcination at 500 °C. Up to 

20% of Mg was successfully integrated into the ZnO lattice without the appearance of additional 

phases (see Figure 10 b), making this approach the method of choice for Publication (I). 

Surprisingly, some of the results shown in Figure 10 a heavily diverge from the results 

presented by Kumar et al.160, who originally proposed this reaction pathway. In contrast to the 

XRD of Zn(C2O4) ∙ 2H2O shown in Figure 10 a (black line), their intermediate exclusively 

exhibited the characteristic reflexes of the ZnO wurtzite structure. This led them to identify the 

additional peaks, which appeared with the addition of Mg, as a separate Mg(C2O4) ∙ 2H2O phase 

instead of a homogenously doped intermediate, as shown here. 
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Figure 10. Structural analysis of MZO prepared through oxalate intermediate. a XRD of the 

MgZn(C2O4) ∙ 2H2O intermediate with varying Mg-concentration after drying at 100 °C. No 

additional reflexes can be found after addition of Mg to the precursor solution. b XRD of the 

same samples after calcination at 500 °C. Oxalate intermediate was fully converted to MZO. 

No additional phases can be detected even for high Mg concentrations.  

Furthermore, combined thermogravimetric analysis and mass spectrometry (TGA MS) were 

performed on the samples shown in Figure 10. A sample containing only pure Zn(C2O4) ∙ 2H2O 

(Figure 11 a) as well as the sample containing 20% Mg (Figure 11 b) showed nearly identical 

results. MS helped to identify the decomposition steps at 280 – 300 °C as H2O (m/z = 18) and 

380 – 420 °C as CO2 (m/z = 44), respectively, in agreement with prior reports on the thermal 

decomposition of zinc oxalate.200,201 This further proves that an intermediate only containing a 
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single, homogeneously doped phase was formed and later converted into homogeneously doped 

MZO. 
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Figure 11. TGA MS analysis of oxalate intermediates. Combined thermogravimetric 

analysis and mass spectrometry (TGA MS) for the calcination of a Zn(C2O4) ∙ 2H2O and 

Mg0.2Zn0.8(C2O4) ∙ 2H2O. Two distinct decomposition steps related to the removal of H2O (m/z 

=18) and CO2 (m/z = 44) can be observed.  

These results are in stark contrast to the results of thermogravimetric analysis (TGA) by Kumar 

et al.160, since their intermediate showed no weight loss at all for the pure ZnO sample, followed 

by strongly increasing weight loss with increasing Mg-concentration, identified as the 

decomposition of Mg(C2O4) ∙ 2H2O to MgO. Overall, this leads to the impression that their 

samples might have been exposed to significant heat before XRD and TGA measurements were 

performed. Further, perfect diffusion of MgO into ZnO is assumed in their publication at 

temperatures around 500 °C, which, as shown in Figure 9, could not be confirmed in my study. 

The results in Figures 10 and 11 show the far more likely pathway of a homogenously doped 

intermediate which consists of only a single phase and is completely converted into MZO 

through calcination.  

Earlier experiments in cooperation with Raffael Ruess highlighted the diverging reaction of 

modern Co-based electrolytes and the established I3
-/I- redox electrolyte22 on ZnO surfaces as 

well as mass transport problems related to the much bigger size of Co-complexes.113 High 

recombination rates and diffusion limited currents prevented the Co-based electrolytes from 

improving the cells to the same degree as shown for TiO2 compared to iodide-based 

electrolytes. In addition, diffusion-related features in the EIS spectra, which are only visible in 

cells containing Co-based electrolytes, overlap with the features related to recombination, 

significantly increasing the difficulty of a detailed analysis. Since the study of recombination-
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related electron transfer kinetics and pathways was of great interest to this study, the established 

I3
-/I- redox electrolyte was chosen. 

3.1.2 Context of Publication (I) 

Publication (I) contains the combined findings on the preparation of Mg-doped ZnO 

photoanodes and their influence on the performance of DSSCs.202 Sample preparation and 

characterization for the wet-chemical synthesis of MZO nanoparticles was performed solely by 

me, mainly in the laboratories of Prof. Tsukasa Yoshida at the campus of Yamagata University 

in Yonezawa, Japan. A prior report about the use of MZO in DSSCs relied on a drop-casted 

sol-gel approach for the preparation of photoanodes32, making Publication (I) the first to present 

MZO-based photoanodes in the traditional, nanoparticulate structure. Fabrication of 

photoanodes and DSSCs, as well as any related steps, were performed by me. 

Photoelectrochemical measurements on DSSCs were performed by me to study the effects of 

the Mg-doping on solar cell characteristics and the charge transfer processes inside the cell in 

particular, while Nico Hofeditz performed the time-resolved photoluminescence (TRPL) 

measurements in the group of Prof. Heimbrodt at Philipps-University of Marburg. While 

previous reports of MZO in photovoltaic applications mainly focused on its influence on 

electron transport203,204 or recombination32, Publication (I) considered both of these aspects.  
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3.1.3 Publication (I) 

 

 

 



 

32 

 

 



 

33 

 

 

 



 

34 

 

 

 



 

35 

 

 

 



 

36 

 

 

 



 

37 

 

 

 



 

38 

 

 

 



 

39 

 

 

 



 

40 

 

 

 



 

41 

 

 

 

 



 

42 

 

 

 



 

43 

 

 

 



 

44 

 

 

 



 

45 

 

 

 



 

46 

 

 

 



 

47 

 

 

 

 



 

48 

 

 

 



 

49 

 



Results and Discussion 

 

50 

 

3.1.4 Main Results of Publication (I) in the Context of This Thesis  

Publication (I) is divided into two different but intrinsically connected segments. The first 

part focuses on the fabrication of photoanodes based on MZO. Following the results shown in 

3.1.1, MZO nanoparticles with Mg content between 0 and 20% were synthesized through an 

oxalate intermediate. XRD showed no additional phases appearing after adding Mg2+, 

highlighting the successful integration into the ZnO wurtzite lattice. As previously shown in 

the literature, the integration of Mg2+ resulted in subtle shifts of the (100) reflex towards lower 

angles, while the (002) reflex shifted towards higher angles.157,160 This correlates with changes 

in the lattice constants in a- and c-direction, directly resulting from the partial replacement of 

Zn2+ by Mg2+. Similar results could be obtained after spin-coating a solution containing the Zn- 

and Mg-precursor and ethanol amine as a stabilizer and calcinating it at 300 °C. As determined 

by UV-vis measurements, the resulting MZO thin films exhibited a linear increase in the optical 

band gap, for Mg concentrations up to 20%. Near identical results could be obtained from the 

MZO nanoparticles after determining their optical absorbance through diffuse reflectance 

spectroscopy. Figure 12 showcases the direct connection between the optical band gap 

determined from Tauc plots and the shifting peak positions of the (100) and (002) reflexes, 

highlighting the correlation between the structural and optical properties of MZO. Lines 

between the measurement points in Figure 12 and all following figures are only meant to guide 

the reader’s eye and do not relate to any fits of the data. 
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Figure 12. Correlation between structural and optical changes. Direct comparison between 

the optical band gap and the positions of the (002) and (100) reflexes of MZO depending on the 

Mg content, highlighting the correlation between the structural and optical properties of MZO. 
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Photoanodes were prepared from pastes, containing the nanoparticles (NP) prepared by wet-

chemical synthesis and as thin films (TF) through the drop-casted sol-gel approach. A third type 

of photoanode was prepared in the form of core-shell particles (CS) with a pure ZnO core and 

an MZO shell by drop-casting the same precursor solution used to prepare the TF photoanodes 

on top of already sintered NP-type photoanodes, combining both of the previous approaches. 

SEM images showed that this approach did not result in a conformal MZO layer, as desired, 

but rather in a coating of MZO nanoparticles with a size of 1 – 5 nm. While the resulting MZO 

could not fully cover the surface and prevent contact between the underlying ZnO and the redox 

electrolyte, it increased the surface area of the photoanode and resulted in higher dye loading 

after sensitization.  

The second part of Publication (I) focused on the photoelectrochemical analysis of the 

DSSCs, which were prepared from the three types of photoanodes. I-V measurements were used 

to determine the photovoltaic characteristics of DSSCs, including MZO (summarized in Table 1 

of Publication (I)). A comparison between the increase in the optical band gap determined from 

Tauc plots and the increase in VOC of the DSSCs based on the various types of photoanodes is 

shown in Figure S8 of the electronic supplementary information of Publication (I). For 

Mg concentrations up to 10%, both values increased nearly identically for the NP and TF 

architectures, while Mg-concentrations of 20% led to a lower ΔVOC than the respective ΔEg. 

Analysis of the results received from EIS measurements indicates that this is caused by a 

decrease in recombination resistance and subsequent increase in recombination rate with 

increasing Mg concentration, leading to a deviation from the maximum possible VOC. This result 

is well in line with previous reports on increased recombination rates in MZO due to increased 

trap densities and interstitial Mg2+ functioning as recombination centers.32,125 For the DSSCs 

containing a CS-photoanode, an overall lower increase in VOC was detected. This is primarily 

the result of the observed inhomogeneous and incomplete coverage of the ZnO surface with 

MZO.  

While the VOC, as expected, increased for all three types of photoanodes, JSC decreased 

significantly for Mg concentrations above 5%, particularly for the NP- and TF-type cells. 

Determination of the electron transport resistance Rtr through the fitting of the EIS spectra 

revealed that electron transport was enhanced for cells containing 5% Mg, leading to an overall 

increased PCE through the addition of Mg to the ZnO-photoanode. Including an element 

representing Rtr in the equivalent electrical circuit is standard for TiO2-based DSSCs, but 

typically not needed for ZnO-based DSSCs, due to the much faster electron transport. However, 

cells with higher Mg content showed significantly increased Rtr, slowing electron diffusion 
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through the porous semiconductor network. This becomes especially visible in the asymmetric 

shapes of the semicircle attributed to recombination for Mg concentrations above 5% (Figure 7, 

Publication (I)). In combination with the increased recombination rates, this led to significantly 

decreased electron diffusion lengths L and effective electron lifetimes τn inside the 

semiconductor and strongly suppressed JSC. This also highlighted the need to observe both 

charge transfer processes, electron transport, and recombination, instead of attributing the 

observed effects to either one or the other, as was done in literature preceding Publication (I). 

A possible solution to the significant losses in JSC observed for NP- and TF-type DSSCs was 

presented in form of the CS-type cells. Since most of the electron transport occurred in the pure 

ZnO core, Rtr was affected to a much lesser degree by the addition of MZO. This resulted in a 

higher retention of current even at Mg-concentrations above 5% and allowed the cells of the 

CS-type, in combination with the increased VOC, to increase their PCE considerably (in case of 

5% and 10% Mg) or retain it (in case of 20%). While both Rtr and Rrec were still clearly affected 

by the addition of MZO to the photoanode, the effect was much diminished compared to the 

NP-type cells. This is further showcased by the electron diffusion lengths, which increased 

nearly six-fold for the CS-type cells compared to the NP-type cells.   

Time-resolved photoluminescence (TRPL) spectroscopy was performed in the ps time 

range in collaboration with Marburg University to study the influence of an upward shift of the 

quasi-Fermi energy Efn on electron injection from the dye to accessible acceptor states in the 

semiconductor (see Figure 3). Similar to results observed on simulated shifts of Efn
67,68, all three 

types of photoanodes showed increased efficient lifetimes of relaxed excited dye states as a 

result of Mg-doping. However, while electron transfer from these relaxed excited states is most 

susceptible to shifts of Efn and represents the slowest component of electron injection, it was 

still completed within 200 ps. Since the majority of electrons are injected faster, in the sub-ps 

range, it was judged that the influence of Mg-doping on electron injection, and therefore the 

JSC, was neglectable in comparison to the effects on transport and recombination.205–207 
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3.2 Publication (II): Harnessing the Potential of Porous ZnO 

Photoanodes in Dye-Sensitized Solar Cells by Atomic Layer 

Deposition of Mg-doped ZnO  

3.2.1 Conclusions from Publication (I) and context for Publication (II) 

Publication (I) highlighted the advantages and limitations of the approach to increase the 

efficiency of ZnO-based DSSCs through doping of the photoanode with Mg. Doping with low 

concentrations of Mg led to a moderate increase in VOC while retaining or even slightly 

improving the JSC, resulting in an increased PCE overall. Further increasing the doping 

concentration led to a significant increase in VOC, thus reaching the original goal of this work, 

but suppressed JSC by up to 75% due to decreased recombination and increased transport 

resistance. Publication (I) also included a possible solution to this limitation of MZO in the 

form of a core-shell structure of a pure ZnO core and a doped MZO shell. However, the core-

shell structure prepared through sol-gel synthesis did not fully cover the ZnO surface, leading 

to contact with the redox electrolyte and reduced VOC gains. Publication (II) directly follows 

the findings of Publication (I) and presents a promising advanced approach to prepare 

conformal MZO layers inside the porous ZnO structure by the use of atomic layer deposition 

(ALD).168 After determination of the growth parameters, ALD enabled precise control over the 

thickness and composition of the MZO layer through layer-by-layer growth. For the same 

reasons as described earlier and to highlight the improvements that can be achieved through 

this approach, the identical dye and redox electrolyte as in Publication (I) were chosen. 

ALD of MZO layers was primarily performed by Philipp Klement in the group of Prof. S. 

Chatterjee. Philipp Klement also performed the determination of ALD growth parameters 

through XRR, while I characterized the structural and optical properties through XRD, EDS 

and UV-vis. I prepared DSSCs from the modified photoanodes and performed their 

photoelectrochemical analysis. 
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3.2.2 Publication (II) 
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3.2.3 Main Results of Publication (II) in the Context of This Thesis 

Extended studies were performed in order to confirm the validity of the super cycle ALD 

approach and to determine growth parameters for the Zn- and Mg-precursors. SEM pictures 

and EDS mapping confirmed that conformal MZO layers were grown inside mesoporous ZnO 

layers by alternating exposure to vapor-phase Mg- and Zn-precursors inside the ALD reactor. 

Mg was found to be evenly distributed throughout the entire nanoparticulate layer. MZO, in 

contrast to the earlier sol-gel approach, formed a conformal shell around the ZnO nanoparticles, 

increasing their size while preserving their shape. UV-vis measurements of as-deposited MZO 

layers of various Mg-concentrations revealed homogeneous compositions with an increased 

optical band gap after deposition at 200 °C. Diffusion between the alternating ZnO and MgO 

layers within the layers of a supercycle was sufficiently fast to establish the desired average 

composition and yield the optical properties of each given material. Long-range order, however, 

can only be achieved after an additional heat treatment at 420 °C. Variations in relative peak 

intensity were observed, depending on the Mg concentration, as was previously reported in 

respective literature.164 Shifts of the (100) and (002) reflexes were observed with increasing 

Mg concentration, similar to the ones observed for fully doped nanoparticles in Publication (I).  

While the increased optical band gap is a good indicator for the desired shift of the 

conduction band edge, a comparison between DSSCs, including ALD-deposited MZO layers 

with and without heat treatment, revealed that the influence on the VOC was strongly increased 

after the heat treatment. Furthermore, it could be shown that the VOC increased with increasing 

MZO film thickness up to 5 nm, but no further increase could be observed for thicker layers. 

Results from impedance spectroscopy indicate a decrease in recombination after annealing, 

likely caused by the higher order in the material and a lower concentration of trap states, leading 

to higher VOC overall. All subsequent DSSCs were therefore prepared by depositing 5 nm of 

MZO, followed by a heat treatment at 420 °C, to maximize VOC. I-V measurements of DSSCs 

prepared in this manner showed that CS-type photoanodes containing an ALD-deposited MZO 

layer could reach significantly higher VOC than the ones prepared by sol-gel synthesis (see 

Figure 13 a), which were shown in Publication (I). While not quite reaching the VOC shown by 

NP- and TF-type cells, across all studied photoanodes, DSSCs containing an ALD-deposited 

MZO layer were able to retain the highest portion of their JSC for Mg concentrations above 5% 

(Figure 13 b). This was further confirmed by the integrated current determined from EQE 

measurements. Previously, cells containing 5% Mg were able to reach the highest PCEs due to 

a combination of moderately increased VOC and stable JSC. However, cells containing ALD-

deposited MZO reach their highest PCE at a Mg concentration of 10%, very closely followed 
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by 20%, due to the much higher JSC at these Mg concentrations. A conformal layer deposited 

by ALD, therefore, enabled the DSSC to fully capitalize on the VOC increase, which was the 

goal of this work. 
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Figure 13. Effects of Mg-concentration on VOC and JSC for all types of photoanodes. a 

Increase in VOC for DSSCs prepared with ALD-deposited MZO (red square) in comparison to 

results shown in Publication (I). Core-shell structures prepared by ALD showed significantly 

higher ΔVOC compared to structures prepared by sol-gel synthesis. b Normalized JSC for all 

types of photoanodes from Publication (I) and (II). Photoanodes containing ALD-deposited 

MZO exhibit the highest retention of JSC at higher Mg-concentrations.   

In contrast to the NP-type cells studied in Publication (I), no element representing Rtr had to be 

included in the equivalent electrical circuit in order to fit the EIS spectra of the DSSCs prepared 

with ALD-deposited MZO. The equivalent electrical circuit typically used for DSSCs based on 

pure ZnO proved sufficient to fit the measured spectra very closely. Attempts to forcefully 

include an element representing Rtr returned insignificantly small values for Rtr and did not 

influence the overall quality of the fit. Additionally, electron transport times τtr determined from 

IMPS measurements showed only minor variations within the same order of magnitude. For 

cells containing MZO layers with 5% and 10% Mg, τtr was found to be slightly decreased, while 

it was slightly increased for cells containing 20% Mg. This is perfectly in line with previous 

measurements of electron mobility in MZO layers in the nm-range but could now be shown for 

the first time in a structure in the µm-range.203,204 Overall, electron transport was dominated by 

the core of pure ZnO, leading to significantly reduced losses in current compared to fully doped 

nanoparticles and highlighting the success of the strategy to use core-shell particles prepared 

by ALD.  

Furthermore, EIS also showed a reduction in Rrec with increasing Mg concentration. This is 

related to the material characteristics of MZO, as shown in Publication (I), and presents a 



Results and Discussion 

 

75 

 

tradeoff for the shift of ECB. However, the reduction in Rrec was less pronounced in cells 

containing ALD-deposited MZO compared to NP- and CS-type cells prepared from sol-gel 

synthesis. This can hint at fewer trap states related to defects in the crystal lattice due to the 

optimized preparation and indicates an additional advantage of this method. 
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4. Conclusions and Outlook 

The research shown in this work was directed to develop a new approach to increase VOC in 

ZnO-based DSSCs to bridge the commonly found gap to otherwise identical TiO2-based 

DSSCs, which presents the major drawback of ZnO photoanodes. Magnesium doping was used 

to raise the conduction band edge of ZnO depending on the Mg concentration and increase the 

potential difference to the redox electrolyte.  

MZO nanoparticles were prepared from wet-chemical synthesis through varying reaction 

pathways. Optical and structural analysis confirmed the integration of up to 20% Mg into the 

ZnO wurtzite crystal structure when prepared through an oxalate intermediate. This resulted in 

a significantly increased optical band gap, which could be tuned through the Mg concentration. 

The popular alternative reaction pathway through hydroxide intermediate showed to limit the 

Mg concentration to only 5%, with additional Mg appearing as a separate phase. MZO 

nanoparticles of varying Mg concentrations were used to prepare mesoporous photoanodes for 

DSSCs. In great agreement with the stated aim of this work, these DSSCs showed significant 

increases in VOC of up to 40%, depending on the Mg concentration. Simultaneously, JSC was 

found to significantly decrease for Mg concentrations above 5%, limiting the overall PCE. 

Photoelectrochemical analysis of these cells provided insight into the charge-transfer processes 

in MZO-based photoanodes. The combined results of EQE and EIS showed the need to consider 

both electron transport and recombination as potential loss mechanisms. An increased trap 

density below the conduction band, likely caused by defects as a consequence of changes to the 

lattice constants for high Mg concentrations, resulted in strongly decreased diffusion lengths 

for electrons in the MZO photoanode.  

In order to limit losses due to increased electron transport times, pure ZnO nanoparticles were 

coated with an MZO shell in a sol-gel approach. While DSSCs prepared from these core-shell 

nanoparticles showed increased retention of JSC for higher Mg concentrations, the solution-

based approach resulted in a non-conformal covering of the ZnO surface with smaller MZO 

nanoparticles. Contact between the ZnO core and the redox electrolyte resulted in smaller VOC 

gains than the ones observed for fully doped nanoparticles. Nevertheless, analysis of EQE and 

EIS results showed a strongly reduced transport resistance, proving the validity of the ore-shell 

approach. In order to improve on this initial success, ALD was used to prepare conformal MZO 

coatings inside mesoporous ZnO layers through a supercycle approach. MZO deposited by 

ALD exhibited optical and structural properties similar to the ones prepared from solution, but 
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the nonequilibrium growth enabled even higher doping concentrations. DSSCs including core-

shell particles with ALD-deposited MZO showed greatly increased VOC gains compared to 

those prepared from solution. While losses due to an increased recombination rate continue to 

be unavoidable even when using ALD-MZO, losses due to increased transport resistance could 

be nearly eliminated, resulting in high retention of JSC for Mg concentrations of 10% and even 

20%. This enables the preparation of DSSCs based on ZnO photoanodes with VOC comparable 

to or even surpassing TiO2-based cells without giving up the naturally faster electron transport 

of ZnO. 

The results shown in this work present a first successful step for using MZO in DSSC research 

and lay the groundwork for future studies. While a broad overview could be provided from the 

chemical synthesis of MZO to the detailed analysis of its application in solar cells, many options 

were left unexplored to follow the scope of the project. The materials in this work, in particular 

the dye and electrolyte, were chosen due to their well-known properties, which allowed 

focusing on the influence of MZO on solar cell characteristics. However, they do not present 

the state-of-the-art in DSSC research, limiting the overall efficiencies reached in this work. In 

first experiments that I performed with modern metal-based electrolytes14, I noticed similar 

increase in VOC. This might open the possibility for ZnO-based DSSCs with VOC of up to 1.2 V. 

However, as previous studies showed, the interactions of these electrolytes with ZnO are far 

from trivial and require further study. The same holds for the introduction of additives to the 

electrolyte, which have previously shown differing interactions with ZnO or TiO2. 

Additionally, while TRPL showed the injection of relaxed electrons to be only slightly affected 

in the ps range, further investigation of the injection kinetics in the fs range will show a direct 

comparison of relevant injection rates into MZO with different Mg content. While the original 

goals of this study were reached, the application of MZO in DSSCs clearly offers exciting 

opportunities for research and application in the future. 
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