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Abstract 

In this thesis mesoporous zinc oxide (ZnO) films are prepared for being applied in solid-state 

dye-sensitized solar cells. Furthermore, ZnO/poly(3-hexylthiophene-2,5-diyl) (ZnO/P3HT) 

hybrid films are investigated for hybrid bulk heterojunction solar cells. The main focus is set 

to tailor the morphology of the mesoporous ZnO films and the ZnO/P3HT hybrid films to 

improve the corresponding photovoltaic performance. To achieve this, sol-gel synthesis is used 

in combination with a diblock copolymer assisted template to tune the morphology of the ZnO 

and ZnO/P3HT films. Various interconnected network morphologies including foam-, worm-, 

sphere- and sponge-like structures are obtained, which are favorable to increase the interface 

area between the n-type and p-type semiconductors. Moreover, characteristic parameters are 

investigated during synthesis, such as the composite ratio of the materials, the deposition 

method and the annealing temperature, to tune the morphology of the films. The ZnO based 

hybrid solar cells show an increased photovoltaic performance accordingly. A cost-effective 

low-temperature technique is employed to fabricate the mesoporous ZnO films and the 

ZnO/P3HT heterojunction. Furthermore, the ZnO film morphologies obtained with low-

temperature UV-irradiation and high-temperature sintering as well as the corresponding 

photovoltaic performance are compared and discussed accordingly. It is demonstrated that the 

morphology of the ZnO and the ZnO/P3HT films significantly plays an indispensable role in 

improving the photovoltaic performance.  
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Zusammenfassung 

In dieser Arbeit werden mesoporöse Zinkoxid (ZnO)-Filme für die Anwendung in hybriden 

Festkörper-Farbstoffsolarzellen hergestellt. Außerdem werden Gemische aus ZnO und poly(3-

hexylthiophen-2,5-diyl) (P3HT) im Hinblick auf die Anwendung in sogenannten hybriden 

“Bulk-Heterojunction”-Solarzellen untersucht. Das Hauptaugenmerk liegt auf der Variation 

der Sturktur in mesoporösen ZnO- und ZnO/P3HT-Hybridschichten zur Verbesserung der 

entsprechenden photovoltaischen Eigenschaffen. Es werden verschiedene Netzwerkstrukturen 

(beispielsweise schaum-, wurm- und schwammartig) hergestellt, welche durch ihre große 

Oberfläche die Grenzfläche zwischen n-Typ- und p-Typ-Halbleiter vergrößern können. 

Außerdem werden charakteristische Parameter, die für die Synthese relevant sind, untersucht. 

Zu diesen gehören beispielsweise das Verhältnis der Materialien, die gewählte Methode der 

Filmfabrikation und die Temperatur, welche die Morphologie des Films maßgeblich 

beeinflussen. Dementsprechend zeigen ZnO-basierte Hybridsolarzellen eine verbesserte 

photovoltaische Leistung. Eine Niedrigtemperaturroute wird als kosteneffektive Methode 

benutzt, um ZnO- und ZnO/P3HT-Hybridfilme herzustellen. Die über UV-Bestrahlung bei 

niedrigen Temperatur und Sintern bei hohen Temperaturen erhaltenen ZnO-Morphologien, wie 

auch die entsprechende photovoltaische Leistung der Filme zeigen, dass die Morphologie in 

ZnO- und ZnO/P3HT-Hybridfilmen eine maßgebliche Rolle in der Verbesserung der 

photovoltaischen Eigenschaften spielt. 
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1. Introduction 

With the development of a modern society, the global energy consumption has been increasing 

dramatically. Fossil fuels which can provide us the required energy for economical and 

industrial usage are becoming less and less, while on the contrary, the environmental pollution 

caused by the overexploitation of fossil fuels increases year by year. To solve these problems, 

it is required to use new approaches. Solar energy, which can be converted to electricity or 

chemical energy, is a kind of clean and sustainable energy and has gained great attention in 

recent years. Among the different technologies, solar cells, which can directly convert light 

into electricity via the photovoltaic effect, show great potential in the development of our 

society. 

Since the first observation of the photovoltaic effect by Alexandre-Edmond Becquerel in 1839, 

an enormous amount of research activities to convert sunlight into electricity has been 

developed.1 The first generation solar cells were produced based on silicon wafers. It is the 

most established technology and very popular due to regular high power conversion 

efficiencies. However, due to the poor absorption of light, a thick Si film on the order of 

hundreds of micrometers is required to absorb the light sufficiently, which leads to memorial 

inflexibility and high production costs.2 In contrast, second generation solar cells, which are 

based on good absorbers such as amorphous silicon (a-Si), cadmium telluride (CdTe) and 

copper indium (gallium) diselenide (CIS or CIGS), can be made as thin film solar cells, 

generally in the order of 1 μm thickness. However, the rare elements used in these materials 

and the mechanical inflexibility limit the wide spread usage of this kind of solar cells.  

To increase the efficiency with low costs, third generation solar cells were developed. 

Conducting polymers are used in this kind of solar cells since the discovery of conducting 

polymers in 1977.3 With the advantages of organic materials, such as a good mechanical 

flexibility and low weight, it is possible to make flexible solar cells with potential application 

in many fields, e.g. in building-integration. However, due to the instability of organic materials, 

hybrid solar cells have gained in interest. A combination of organic and inorganic 

semiconductors offers outstanding potential due to their minor investment as compared to 

inorganic solar cells and higher chemical stability as compared to organic solar cells. In the 

present thesis, solid-state dye-sensitized solar cells (ssDSSCs) and hybrid bulk heterojunction 

solar cells (HBSCs) are investigated, both, with organic materials to transport the positive 

charge carriers and inorganic materials to transport the negative charge carriers.  
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Since the pioneering work about DSSCs introduced by O’Regan and Grätzel in 1991,4 

extensive researches ranging from liquid electrolyte DSSCs to solid-state DSSCs, have been 

stimulated. More than 13% of efficiency can be achieved.5 HBSCs, which use p-type organic 

semiconductors instead of the dye molecules to absorb light, are a simplification of ssDSSCs. 

For both types of solar cells, inorganic materials such as titanium dioxide (TiO2), zinc oxide 

(ZnO), silicon (Si) and germanium (Ge) are necessary to transport the charge carriers. The 

interface between these inorganic materials and the organic semiconductors is of great 

significance as excitons are generated in the organic materials (dye molecules in ssDSSCs and 

p-type organic semiconductors in HBSCs) and can only be separated at the interface of donor 

and acceptor. Moreover, after the exciton dissociation, the charge carriers will be transported 

to their corresponding electrodes along the inorganic and organic materials and finally be 

extracted. Due to the fabrication technique, the interface is formed by backfilling of the organic 

materials into the pre-fabricated inorganic materials. Thus, the structure of the inorganic 

materials plays an important role in the performance of the final devices. To improve the 

photovoltaic performance, an interconnected mesoporous inorganic nanostructure is favorable, 

which can provide a high surface-to-volume ratio for exciton separation within their lifetime 

and a good pathway for charge carrier transport. To fabricate the mesoporous inorganic 

semiconductors, various methods can be employed, such as chemical vapor deposition, wet 

chemical method, hydrothermal synthesis, etc.6-9 Among these methods, sol-gel synthesis, as a 

solution-processed self-organization technique, shows great potential in large-scale production. 

To tune the morphology of the inorganic materials for application in solar cells, a diblock 

copolymer is used as a template in combination with an inorganic precursor for the sol-gel 

synthesis. Applying a diblock copolymer, more ordered mesoporous structures can be obtained 

and a diblock copolymer can be used as a compatibilizer to modify the interfaces between the 

n-type inorganic and the p-type organic semiconductors.10-14 

So far, great efforts have been made for the development of hybrid solar cells using high-

temperature fabricated inorganic semiconductors. In general, a calcination step with 

temperatures in the range of 350-500 °C is needed.15-18 Such high-temperature routes exclude 

the application in flexible solar cells on polymer substrates due to their heat-sensitivity. 

Moreover, the high energy input during fabrication is also a drawback for real world 

applications of solar cells. Instead, low-temperature fabricated solar cells have the advantages 

of significantly lower production costs, short payback time and low environmental impact. 

They can be an alternative for the successfully emerging organic solar cells. In the present 

thesis, ZnO, an inorganic semiconductor, is able to be used as electron transport material in 

hybrid solar cells due to the better electron mobility and the lower crystallization temperature 
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as compared to TiO2.
19-23 All processing temperatures used to prepare the ZnO films are well 

below 240 °C. Due to the important role of annealing temperature, the ZnO films and 

ZnO/P3HT hybrid films are prepared at different temperatures to compare the result ing 

structures. Moreover, the structures obtained from both high- and low-temperature processing 

are compared as well to investigate the influence of the post-treatment method on the 

morphology of the ZnO films. 

The main focus is set on improving the photovoltaic performance via tailoring the morphology 

of the ZnO films and the corresponding active layers. The morphology of the films is modified 

by tuning the parameters for synthesis, such as the ratio of the inorganic and organic materials, 

the annealing temperature, the film deposition technique and the post-treatment method. 

Accordingly, the correlation between the film morphology and the photovoltaic performance 

is investigated to gain a deep understanding of the photovoltaic effect. First, the theoretical 

background is introduced in chapter 2. The theory about polymer physics covers mainly 

diblock copolymers and conducting polymers, which are used in the present work. Moreover, 

the structure and synthesis of ZnO and ZnO-based ssDSSCs and HBSCs are described as well. 

The scattering theory which is necessary to understand the applied scattering methods is also 

introduced in chapter 2. Chapter 3 describes the used characterization methods, including the 

basic working principle and the parameters for measuring samples. In chapter 4, the 

experimental part is covered, where the sample preparation process is introduced in detail. Then 

the research results are discussed from chapter 5 to chapter 8. In Figure 1.1 an overview of the 

related four projects is schematically depicted. 

As mentioned before, the morphology of the ZnO films are of great importance for application 

in solar cells as the excitons can only dissociate at the interface between the n-type and p-type 

semiconductors and the charge carrier transport can only occur along the interconnected 

pathways. For ssDSSCs, both dye molecules and the p-type organic semiconductors are 

backfilled into the mesoporous ZnO films. Therefore, the morphology of ZnO films should be 

optimized. Since in most research work ZnO films are prepared at high temperature which is 

energy- and time-consuming and inapplicable to the polymer substrates to fabricate flexible 

solar cells as well, a low-temperature route is aimed to fabricate the ZnO films in the first 

project. Based on a method using sol–gel chemistry combined with PS-b-PEO as a template, 

in chapter 5 I mainly aim at tailoring the morphologies of the ZnO films and improving the 

corresponding photovoltaic performance for ssDSSCs.  

To realize an efficient backfilling of dye molecules and p-type organic semiconductors for 

application in ssDSSCs, the pore size plays a significant, indispensable role in improving the 

solar cell efficiency. On one hand, increased pore sizes have the tendency to enhance the 
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backfilling capability. On the other hand, large pores reversely reduce the surface-area-to-

volume-ratio, which is unfavorable for exciton separation at ZnO and dye molecule interface. 

The second project covers nanoporous ZnO films that are prepared using sol-gel synthesis in 

combination with PS-b-P4VP as a template. In chapter 6, the ZnO pore sizes prepared from 

two different template removal techniques, one with low-temperature UV irradiation and the 

other one with high-temperature sintering, are compared. Moreover, the influence of the 

template-to-ZnO precursor ratio on the pore size is investigated. Accordingly, the correlation 

between the pore sizes of sol-gel synthesized ZnO films and photovoltaic performance of 

fabricated ssDSSCs is discussed as well. 

 

Figure1.1 A schematic illustration of a ZnO-based thin film solar cell (in the center) along with 

the different research projects included in the present thesis. The topics from (a) to (d) are 

presented in chapter 5 to chapter 8, respectively. 

 

For HBSCs, hybrid films of ZnO/P3HT show promising characteristics. Most researchers 

prepare this bulk heterojunction via two steps, namely first prepare ZnO films and then backfill 

P3HT into the mesoporous ZnO films. This technique results in a poor interface due to the 

limited backfilling of P3HT, thus, reducing the probability of exciton separation and 

consequently lowering solar cell efficiencies. Moreover, if one directly mixes ZnO and P3HT 

together, a poor interface will be obtained as well due to the incompatibility of ZnO and P3HT. 

Thus, in chapter 7, the diblock copolymer poly(3-hexylthiophene-2,5-diyl)-block-
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poly(ethylene oxide) (P3HT-b-PEO) is used to modify the morphology of the ZnO/P3HT 

hybrid films. The corresponding optoelectronic properties are discussed.  

Although it is reported that the deposition method plays a significant role in the film 

morphology, researches on the comparison of the morphologies using different deposition 

methods are seldom reported. In chapter 8, two deposition methods, namely spray and spin 

coating are compared with respect to the resulting film structure. Both, the surface and inner 

morphologies prepared from the two deposition methods are discussed. Moreover, the 

morphologies of the spray coated samples by changing the weight fraction of ZnO in the films 

are revealed using time-of-flight grazing-incidence small-angle neutron scattering (TOF-

GISANS).  

Finally, chapter 9 gives a conclusion of the thesis. The challenges mentioned in this chapter 

are solved and the obtained results based on various investigations are summarized. In addition, 

a brief outlook for further studies is given as well. 
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2. Theoretical aspects 

Theoretical background, on the materials, methods and processes used in dye-sensitized solar 

cells (DSSCs) and hybrid bulk heterojunction solar cells (HBSCs), is discussed in this chapter. 

Some basic concepts of polymer physics are given in section 2.1. Since block copolymers 

(mainly used as a template) and conducting polymers (as light absorbers and hole transport 

materials) are primarily used in this work, more details about these two parts are discussed 

individually. Afterwards, the electron transport material, ZnO, is introduced in section 2.2. The 

properties of ZnO and the mostly used sol-gel method, along with the diblock copolymer 

templating are discussed in this section. For the background of photovoltaic devices, an 

overview about DSSCs and HBSCs is given in section 2.3. Lastly, the basic principles of 

different scattering techniques (including different sources: X-rays and neutrons) to probe the 

structure of thin films are discussed in section 2.4. 

2.1 Polymer basics 

In this section, fundamental aspects of polymer physics are introduced. Basic principles 

including basic definitions and crystallization behavior of polymers are present in section 2.1.1. 

The descriptions about block copolymers, especially about diblock copolymers are given in 

detail in section 2.1.2, followed by the theoretical background of conducting polymers in 

section 2.1.3. 

2.1.1 Basic definitions 

Polymers are large molecules (macromolecules) composed of one or more types of repeating 

structuring units.  These subunits are called monomers, which are connected with each other 

by covalent chemical bonds. The process of polymerization means transition of low molecular 

weight constitutes (monomers) into high molecular weight constitutes (polymers) via a 

chemical reaction. The number of monomeric units in a polymer is defined as the degree of 

polymerization (N). Generally, polymers have a molecular weight larger than 10000 g mol-1.24 

It can only be referred as oligomers if the molecular mass is less than 10000 g mol-1.24 Typically, 

oligomers show different physical properties compared to polymers. 

At present, polymers obtained via a synthesis process usually have various chain lengths and 

thereby have various molar masses.25 Only some bio-polymers (e.g. enzymes) are 

monodisperse i.e., all molecules possess the same degree of polymerization and the same 
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molecular weight. Therefore, statistical mean values are used to describe the mass of the 

polymers.  

The number average molar mass Mn is the average of the molecular masses of the individual 

polymers, which is defined as the first central moment of the statistical distribution of the molar 

masses as seen in Equation 2.1 

      𝑀𝑛 =
∑ 𝑛𝑖𝑀𝑖𝑖

∑ 𝑛𝑖𝑖
,                                                                                                                    (2.1) 

where Mi and ni are the molar mass and chain number of component i, respectively. Thus, the 

total mass of macromolecules of the ith component is 𝑤𝑖 = 𝑛𝑖𝑀𝑖. With this, another molar 

mass can be defined as the weight average molar mass Mw, which is defined as the ratio of the 

second central moment to the first central moment, as seen in Equation 2.2 

      𝑀𝑤 =
∑ 𝑤𝑖𝑀𝑖𝑖

∑ 𝑤𝑖𝑖
=

∑ 𝑛𝑖𝑀𝑖
2

𝑖

∑ 𝑛𝑖𝑀𝑖𝑖
.                                                                                                    (2.2) 

The ratio of Mw to Mn is called polydispersity index (PDI, Equation 2.3), which is used to 

describe the width of the distribution of the molar masses as follows   

     𝑃𝐷𝐼 =
𝑀𝑤

𝑀𝑛
= 𝑈 + 1,                                                                                                         (2.3) 

where U is the inconsistency. As Mw is larger than Mn, the value of PDI is always equal to or 

larger than 1. For the case of U = 0, a polymer shows lowest inconsistency value, which is 

called monodisperse (P = 1). However, as mentioned above, all synthesized polymers present 

a certain distribution of the chain lengths. Thus, these polymers are polydisperse, with PDI > 

1. Different molar mass distributions can be obtained via different synthesis methods. The most 

commonly used methods in polymerization synthesis are step polymerization and chain 

polymerization. For step polymerization, which is also called poly-condensation, monomers or 

polymer fragments react with each other randomly. Thus, the molar mass distribution is very 

broad, yielding a Schulz-Zimm-distribution. Generally, the high polydispersity index makes it 

only applicable for industry. However, concerning chain polymerization, the molar mass 

distribution is very narrow, with a small polydispersity index close to 1. Each time a new 

monomer is linked to reactive centers, which contributes to the Poisson-distribution. Therefore, 

this synthesis method is typically used for scientific applications. 

Due to variable ordering possibilities and multiple monomers, a large amount of polymer 

structures can be obtained, such as chain-like structure, the simplest one as well as ring-like, 

brush-like and star-like structures which grow by substituting the hydrogen atoms initially on 

side groups,25 as seen in Figure 2.1. If the polymer consists of only one type of monomer, a 
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homopolymer is formed. Instead, more commonly used, more than one type of monomers 

connect with each other, yielding a copolymer. In the case of two kinds of monomers, if a 

homopolymer subunit PA is linked with the other homopolymer subunit PB, a diblock 

copolymer PA-b-PB is formed. If a polymer consists of alternating monomers A and B, 

alternating copolymers appear. Additionally, the so-called graft copolymer illustrates that some 

hydrogen atoms of homopolymer PA are replaced by long side chains with monomer B, 

forming a special branched copolymer. More complicated, random copolymers can be obtained 

if monomers A and B connect with each other without a specific order.    

 

Figure 2.1 Commonly observed constitutions of polymers with two different components A and 

B: (a) homopolymers, (b) diblock copolymer, (c) alternating copolymer, (d) graft copolymer 

and (e) random copolymer. 

 

Crystallization 

Unlike small organic molecules or oligomers which can form complete crystals, polymers can 

only form crystals in a semi-crystalline state. The crystallization of polymers is mainly 

hindered by two factors. One is the high entropic activation barrier which hampers the complete 

disentanglement of the coiled polymer chains before crystallization. The second factor which 

hinders the full crystallization of polymers is the polydispersity of the synthesized polymers, 

which show different length of polymer chains. Thus, polymers always crystallize in a semi-

crystalline state which consists of polymer crystals separated by amorphous regions of the same 

polymer. This state is kinetically determined, instead of a thermally equilibrated state.  

In Equation 2.4, the crystallinity ϕc of polymers is defined as the volume fraction of the 

crystalline part in the polymer matrix, i.e. the volume of the crystalline part divided by the total 

volume: 

𝜙𝑐 =
𝑉𝑐

𝑉𝑎+𝑉𝑐
,                                                                                                                             (2.4) 
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where Vc and Va are the volume of crystalline phase and amorphous phase, respectively. The 

amorphous part mainly includes chain ends, entangled chains, impurities and other defects. 

Polymer crystals show a layered structure with a layer thickness of dc. The crystals can extend 

along the direction perpendicular to the polymer chains to several micrometers. Independent 

of the molecular weight Mw, the crystal thickness dc mainly depends on the crystallization 

temperature Tc of the polymers.26 Generally, Tc lies between the glass transition temperature Tg 

and the melting temperature Tm. Below the temperature of Tg, polymers are in the glass state, 

where the chains lose their large scale mobility completely. The polymer chains are frozen until 

reaching Tg, where the polymers switch from a solid, glassy state to a more soft, rubber-like 

state. The chains can rearrange themselves if the polymers are heated up above Tg. When the 

temperature reaches Tm, polymers are in the liquid phase, where the polymer chains lose their 

molecular ordering and become mobile. For semi-crystalline polymers, decreasing the 

temperature below Tm, the crystallization process starts at the temperature of Tc. The polymer 

crystallinity increases with further decrease of the temperature. Once the temperature reaches 

Tg, no more crystalline regions can form, which means the crystallinity does not increase any 

more due to the motionless polymer chains.  

The crystallinity of polymers plays a critical role for conducting polymers, as higher ordering 

due to crystallization contributes to higher mobility of charge carriers in these polymers,27, 28 

which is beneficial for improving the photovoltaic performance. More details of conductivity 

in polymers are discussed in section 2.1.3. Regarding the growth mechanism of polymer 

crystals, a multi-stage growth model proposed by Strobl is described here as this model is 

widely accepted nowadays.29 However, it has to be mentioned that the validity is still debated. 

With the multi-stage growth model, the first step of polymer crystallization is nucleation, which 

can be initiated by dust particles, impurities, or defects. This way, starting from the pre-existing 

nuclei, is called heterogenous nucleation. In another case, the thermal fluctuations of the system 

can lead to an ordered arrangement of polymer chains, which serve as nuclei.29 This type of 

nucleation is known as homogenous nucleation. Along the process of increasing the amount of 

nuclei, a transient mesomorphic layer establishes where the structure shows an intermediate 

between crystal and melt. In this aligned state, the epitaxial forces make not only single 

polymer chains but also several neighboring chains fold back and forth to form the 

mesomorphic layer.30 Afterwards, this preliminary lamellar stacks formed in the mesomorphic 

state solidify via the core crystallization which leads to the observation of a block, as shown in 

the stage II in Figure 2.2. Finally, the crystal structures are stabilized via increasing the order 

of the polymer chains on the surface. The crystallization starts at a nucleation point, and the 

growth is always perpendicular to the chain direction. Generally, a spherulite structure resulting 
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from branching and splaying during the crystal growth is observed if no temperature gradient 

is employed. As shown in Figure 2.2b, amorphous regions are located in between the highly 

ordered lamellar stacks in this semi-crystalline structure.  

 

Figure 2.2 (a) Polymer crystallization described by a multi-stage model with three different 

phases: (I) formation of a mesomorphic layer, (II) solidification of the core, and (III) 

stabilization via surface ordering. dc represents the thickness of the crystal. (b) Schematic 

model of a spherulite. Lines indicate direction of crystal alignment. The image is based on 

Ref.31 

 

2.1.2 Diblock copolymers 

As introduced in section 2.1.1, diblock copolymers are macromolecules which contains two 

chemically different subunits which are covalently bound together. PolyA-block-polyB, 

shortened as PA-b-PB is generally used in the case of Figure 2.1b. The volume fractions fA and 

fB can be obtained from Equation (2.5) and (2.6) 

𝑓𝐴 =
𝑉𝐴

𝑉𝐴+𝑉𝐵
 ,                                                                                                                            (2.5) 

 𝑓𝐵 =
𝑉𝐵

𝑉𝐴+𝑉𝐵
= 1 − 𝑓𝐴 .                                                                                                            (2.6) 

When the two blocks in the diblock copolymer are chemically fixed together, there is generally 

some degree of incompatibility between them. In order to decrease the incompatibility, the 

diblock copolymers self-assemble into various structures as shown in Figure 2.3. Competing 

forces arise from the enthalpic contribution of mixing (or de-mixing) and the entropic penalty 

associated with elongating the polymer chains. Therefore, depending on the balance between 

these two factors the structures show very well-defined spacing and size on the nanometer 

length scale. This local reorganization is called microphase separation. The morphology of the 

diblock copolymer depends on many parameters, such as the Flory-Huggins interaction 
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parameter χ, the overall degree of polymerization N, the relative fraction of the component 

blocks f, and the particular polymer architecture. The Flory-Huggins interaction parameter χ 

determined by Equation 2.7, is found as an important parameter for diblock copolymers,32, 33 

which describes the interaction between two homopolymers PA and PB. 

𝜒 =
𝜒𝐻

𝑇
+ 𝜒𝑆,                                                                                                                            (2.7) 

with χS and χH being the entropic and enthalpic contribution, respectively. 

Normally, the degree of microphase separation in a diblock copolymer greatly depends on the 

factor χN. Generally, for a symmetric diblock copolymer, the critical value of χN is about 10.5, 

below which an intermixed phase is obtained. For χN ≈10.5, a weak segregation limit (WSL) is 

observed in case of symmetric blocks (f = 0.5). When increasing χN, the incompatibility 

between the two blocks increases and a strong segregation limit (SSL) is observed for χN 

>>10.5.34 

A large collection of diblock copolymers is called a polymer melt, and above the transition 

temperature the amount of A and B is equally distributed throughout the material. This is the 

disordered state of the material and exhibits no spatial variance, and thus, possesses the same 

type of translational symmetry found in liquids. Below a certain transition temperature the 

polymer melt gets ordered. The ordering results in the formation of a periodic distribution of 

A and B, and many different geometries have been observed in experiment. This temperature 

is called order-disorder transition temperature (TODT), below which the monomer segments will 

segregate and form regular, periodic structures. The block fraction plays an important role in 

the structure tuning. As shown in the theoretical phase diagram of a diblock copolymer PA-b-

PB, with increasing the fraction of fA, the morphology changes from spheres via hexagonal 

cylinders to gyroids with A domains in the matrix of B. When increasing the fraction of the B 

block further, the structures change in the opposite way, namely from gyroids, hexagonal 

cylinders to spheres with B block in the matrix of A.  
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Figure 2.3 Theoretical phase diagram and corresponding morphologies for diblock 

copolymers. The phases are indicated as follows: body centered cubic (BCC), hexagonal 

cylinders (HEX), gyroid (GYR) and lamellar (LAM). fA is the volume fraction of polymer block 

A, χ the Flory-Huggins interaction parameter, and N the total degree of polymerization. The 

image is based on Ref.35  

 

In general, due to the possibility of the conformationally different polymer blocks and different 

behaviors shown by the blocks, such as crystallization, an asymmetric phase diagram is more 

frequently observed. Moreover, the structure of a diblock copolymer in a thin film may be quite 

different to the phase diagram shown above because of the interfacial interactions.36-38  

2.1.3 Conducting polymers 

Traditionally, polymers are considered to be insulators, which are used in many fields, e.g. as 

housing for electrical appliances. However, in 1977, conducting behavior of doped 

polyacetylene was found by Shirakawa, MacDiarmid and Heeger, who were jointly awarded 

with the Nobel Prize in chemistry in the year 2000 for this discovery.3 Since polymers are 

typically insulators, they gain more attention for using as electronic materials. With doping, 

the electrical conductivity of polymers can potentially be tuned over a range of electrical 

conductivities from insulating to metallic behavior. For all conducting polymers, conjugated 
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double bonds, which consist of alternating single and double bonds in the polymer chains, are 

required. The presence of alternating double bonds refers to the presence of π-orbitals. In these 

conjugated polymers, the electrons resulting from the unsaturated sp2 hybridization are 

delocalized in π-orbitals along the polymer chain, therefore, having an enhanced mobility along 

the chain. With the conjugated bonds, as shown in Figure 2.4 in the case of polyacetylene, the 

π-orbitals overlap with each, leading to the energy shift of bonding π- and antibonding π*-

bands, which are referred as the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO), respectively, and therefore, a decreased band gap 

forms. 

 

Figure 2.4 Schematic illustration of bonding π- and antibonding π*-bands along with the band 

gap of the ethylene, butadiene, octatetraene and polyacetylene, based on photonicswiki.org. 

 

Band structure and charge carriers 

To explain the band structure of conjugated polymers, Peierl’s instability theorem is typically 

used. As shown in Figure 2.5, for a one-dimensional metallic lattice of N atoms, each atom 

possesses one electron and the periodic distance a is constant, due to which a half-filled energy 

band up to Fermi level EF is obtained. Whereas for the conducting polymers, the conjugation 

or dimerization leads to a new periodic distance of 2a. To decrease the total energy of the 

system, the Brillouin zone is bisected at the position of 𝑘 = ±𝜋/2𝑎 as shown in Figure 2.5b. 

Therefore, a new band gap ∆Egap appears. For polymers, the band gap strongly depends on the 

structure, degree of polymerization and doping. Such as P3HT shows a band gap about 2 eV, 

PTB7 about 1.8 eV and PTB7-th about 1.6 eV.39, 40 
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Figure 2.5 Schematic illustration of the band structure with Peierl’s theorem of (a) an 

undistorted one-dimensional metal chain with lattice spacing a, and (b) a distorted one-

dimensional lattice with distortion of δ and periodicity of 2a. This picture is based on Ref.41 

 

In conducting polymers, quasiparticles which combine charges and lattice distortions are 

considered as charge carriers. Generally, in systems with an energetically degenerated ground 

state, the most commonly found charge carriers are solitons, polarons and bipolarons. In 

systems without an energetically degenerated ground state, solitons are not observed. 

Polyacetylene is used as an example to see these three quasiparticles in Figure 2.6. Here it is 

important to note that the quasiparticles are not fixed at one position, but are delocalized, and 

thus, can extend over several atoms. In case of polyacetylene, it is possible for a soliton to 

extend over 14 carbon atoms. For polyacetylene, neutral solitons (S0) are always present due 

to its two degenerated ground states. When doped or excited by light, charged solitons (S+ or 

S-) are created. Unlike electrons and holes in inorganic materials, solitons with a charge are 

spin-less, while solitons without charge show spin ½. A polaron can be considered as a 

combination of a neutral soliton and a charged soliton as shown in Figure 2.6b, exhibiting 

charge and a spin of ½. In contrast, bipolarons (Figure 2.6c) can be thought as a bond of two 

polarons, showing charged and spin-less properties.   
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Figure 2.6 Energetic states of the three quasiparticles for the example of polyacetylene. (a) 

Solitons are shown in their neutral state S0, positively charged S+, and negatively charged S-. 

(b) Polarons are only observed with either a positive P+ or negative charge P-. (c) Bipolarons 

are observed with either two positive B+ or two negative charges B-. The horizontal lines 

represent the energetic band states of all quasiparticles which stay within the band gap Eg. The 

black dots depict electrons which are part of a π-bond, and the + and – signs indicate the 

charge of the quasiparticle. This picture is based on Ref.31 

 

Charge transport 

The charge transport in conducting polymers is quite different from that in inorganic materials 

due to several factors. Instead of electrons and holes in inorganic materials, generally polarons 

and bipolarons are transported in the conducting polymers. Moreover, in inorganic lattices, 

atoms are strongly bound and can only move slightly around their lattice position. While for 

polymeric systems, the chains are able to change their conformation and thereby move quite 

freely which can lead to much stronger polarization effects. Even for the semi-crystalline 

polymers, amorphous regions are always present. In conducting polymers, the conduction of 

charges along the backbone is most efficient due to the presence of the delocalized π-orbitals 

as mentioned above. However, regarding the charge transport from one chain to another, the 

hopping mechanism is important. Because of the spatial or energetic disorders in the polymer, 

localized states are present as illustrated as red lines in Figure 2.7. To illustrate the hopping 

mechanism, the Gaussian disorder model is used with a Gaussian distribution of density of 

states with the width σ to describe the energetic disorder of hopping sites.  Under steady-state 

conditions, the charge density lies below the center of density of states by a thermal activation 

energy – σ2/kBT, leading to the transport energy as indicated by the dashed line in Figure 2.7. 
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Generally a charge is excited, for example by photons in the case of solar cells, to a higher 

energetic state. If the neighboring state shows a lower energy (the Boltzmann activation energy 

kBT=0), it will relax and hop down in energy until it reaches a trap state. In this case, the trap 

state makes charge carriers motionless, thereby they do not contribute to the electrical 

conductivity any more. If the charge reaches the region between the centers of the charge carrier 

density and the density of states, it can potentially be thermalized (the Boltzmann activation 

energy kBT>0). The charge will gain the thermal energy from the system and then it is able to 

hop from one localized state to another via absorbing or emitting of a phonon. It can even hop 

towards energetically higher states. Therefore, typically the conductivity for polymers 

increases with increasing temperature. Moreover, the crystallinity of the polymer is important 

to significantly increase the mobility of the charge carriers. Therefore, improving the 

crystallinity is considered promising to improve the performance of hybrid solar cells. 

 

Figure 2.7 Schematic illustration of hopping transport: Gaussian distribution of density of 

states (red) and of charge carrier density (blue), and resulting hopping transport (black arrows) 

around the transport energy (indicated by the dashed line) as a function of space x and time t. 

The green arrows indicate the relaxation after the creation of an excited state, the blue arrows 

indicate the relaxation down to a trap state in case of the Boltzmann activation energy kBT=0. 

Adapted from Ref.42 

 

2.2 Zinc oxide and sol-gel synthesis 

2.2.1 Zinc oxide properties 

ZnO is a well-known material and the research on ZnO continues for many decades due to its 

wide applications. Most of the II-VI compound semiconductors crystallize in either cubic 

zincblende or hexagonal wurtzite structure. Tetrahedral coordination, in which each anion is 

surrounded by four cations at the corners of a tetrahedron, and vice versa, is observed. A typical 
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sp3 covalent bonding exists in the materials, but also a substantial ionic character. ZnO is a II-

VI compound semiconductor with the ionicity residing at the borderline between covalent and 

ionic semiconductor. Two crystal structures are discovered, namely wurtzite and zincblende as 

shown in Figure 2.8. Wurtzite ZnO is thermodynamically stable at ambient conditions. While 

the zincblende ZnO structure can only be stabilized by growing them on substrates with cubic 

lattice. 

 

Figure 2.8 Crystal structures of ZnO with (a) hexagonal wurtzite and (b) zincblende. The blue 

and red spheres denote Zn and O atoms, respectively. Reproduced from Ref.43 with permission 

from The Royal Society of Chemistry. 

 

The wurtzite ZnO shows unique optical, semiconducting and electrical conducting properties. 

It is a natural n-type semiconductor with a direct wide band gap of 3.3 eV in the near-UV 

spectrum and a high exciton binding energy of 60 meV at room temperature.44 These 

characteristics enable ZnO to have remarkable applications in various fields. The wide band 

gap of ZnO causes strong absorption in the UV spectral region, therefore allowing for 

protection of a sensitive polymer from degradation via UV irradiation when applied in solar 

cells. Its longer durability, higher selectivity, and better heat resistance are superior as 

compared to the organic materials. 

Recently, nanostructured ZnO has been a subject of immense research due to the 

multifunctional properties in diverse applications, such as sensors, energy harvesting and many 

electronic devices. Many applications are being currently explored in the field of solar cells. 

The unique properties and versatility of ZnO provide a way to use various methods to 

synthesize manifold ZnO nanostructures. The properties can be tuned by tailoring shape and 

size of ZnO particles, which depend on the selected fabrication methods. The most commonly 
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used fabrication methods include thermal evaporation, hydrothermal synthesis, sol-gel 

technique, simple thermal sublimation, etc.45, 46 Many factors such as solvent type, precursors, 

pH and temperature are highly influential. With these methods, an assortment of ZnO 

nanostructures with different morphologies such as nanorods, nanospheres, nanotubes, 

nanowires, nanoneedles and nanorings have been successfully synthesized.20, 47 Each 

nanostructure shows unique optical and electrical properties, thus, paving a way for remarkable 

applications.  

2.2.2 Basic principles of sol-gel synthesis 

Sol-gel synthesis is a self-assembly method for producing solid materials from small molecules, 

which is used for fabricating metal oxides, such as SiO2 networks, TiO2 and ZnO.48 It is 

essentially a bottom-up method where a network of the given material is obtained from initial 

small molecules, which are generally the precursors for the desired material. Basically, metal 

alkoxides are used as precursors to undergo hydrolysis reaction, through which nanoparticles 

form in the solution to produce the so-called “sol”. Then nanoparticles cross-link with each 

other to form a three dimensional network in the solution with the remaining solvent trapping 

in the pores. Thus, a “gel” is obtained. In the case of ZnO, zinc acetate can be used as a 

precursor. The hydrolysis is depicted in equation 2.8.        

                                                                       (2.8) 

Then, the condensation yields the hydrolyzed nanoparticles as shown in equation 2.9 and 2.10. 

                                                                                                                   (2.9) 

                                                                                                                (2.10) 

All of the chemical species are in equilibrium in the sol-gel solution. 

Due to the low volume fraction of the particles in the sol-gel, a significant amount of solvents 

need to be removed to bring forth the gel-like properties. For this, many methods can be used, 

of which the simplest is sedimentation and then removing the remaining liquid. Centrifugation 

can be used to accelerate this process. Spin-coating is also a good way to remove the excessive 

solvents. After this, a subsequent drying process is also needed to remove solvent residuals, 

which is typically accompanied by shrinkage and densification. It is reported that many factors 

such as the pH value, temperature, humidity and concentration have a great influence on the 

reaction kinetics which results in the formation of nanostructures with different length scales.49    
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2.2.3 Structure direction with block copolymer templates 

With the sol-gel technique, ZnO nanostructures can be obtained and the morphology can be 

tuned finely through control of the reaction environment. However, available structures are still 

limited and often ill-defined, especially for gaining ordered structures. Therefore, to obtain 

ordered nanostructures, which can provide a large surface area for application in solar cells, a 

diblock copolymer is used as a template in combination with the sol-gel method. As introduced 

in section 2.1.2, diblock copolymers undergo micro-phase separation if χN is larger than 10.5. 

Through the self-assembly process, multiple morphologies can be obtained, such as spherical, 

cylindrical, lamella, and gyroid structures. For preparing n-type semiconductors used in solar 

cells, the selected diblock copolymer for the templates has an amphiphilic behavior, with a 

hydrophobic block covalently bond to a hydrophilic block. In this case, it can fulfill the 

requirement that the n-type semiconductor selectively agglomerates on one block, and thus, 

form ordered nanostructures along the self-assemble hydrophilic block of the copolymer.  

To achieve a film with ordered nanostructures inside, first a “good” solvent is needed to 

dissolve the diblock copolymer. This is a non-selective solvent which can dissolve both of the 

two blocks of the copolymer. Moreover, a selective solvent, which can only dissolve one of the 

blocks in the diblock copolymer, is also required. This selective solvent is also called “poor” 

solvent, which can only dissolve the hydrophilic block in this case. Thus, with the addition of 

the poor solvent, the hydrophobic block tends to minimize its interface with the surrounding 

solvent environment to form the cores. The hydrophilic block will extend to form the micellar 

corona due to the favorable solvent around. As a result, with the introduction of the “good-

poor” solvent pair, micelles are formed in solution, as a result of a complex thermodynamic 

process. It is a dynamic equilibrium where the fusion and separation of the micelles are 

reversible. If zinc precursor is added into the solution, it will undergo hydrolysis and 

condensation steps. The produced ZnO species will incorporate into the hydrophilic block 

preferentially via hydrogen bonds in combination with electrostatic and van-der-Waals 

interactions. This incorporation will in turn result in its selective swelling, which may have an 

influence on the micelle formation due to the different equilibrium conditions in the system. 

Hence, unique nanostructures can be achieved when deposited on a substrate. If the block 

lengths of the polymer or the ratio of the polymer and zinc precursor is changed, the size of the 

micelles and the cores will be tuned, therefore leading to tailored morphologies with different 

length scales. Apart from this, a high degree of control of the length scales can also be achieved 

by adjusting the concentration of the zinc precursor, PH value and reaction environment. 

Regarding the deposition process to remove solvents and solidify samples, many factors need 

to be considered as well.50 Generally, during drying, the diblock copolymer rearranges to 
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decrease the system energy and meanwhile the ZnO species tend to cross-link, therefore 

hampering the rearrangement of the diblock copolymer. The morphology of the films adopted 

to a large degree depends on the balance between this two processes. Ordered structures can 

be obtained if the former process dominates as the micro-phase separation favors the formation 

of ordered structure. In the other case, a less ordered structure will form. Different deposition 

techniques may lead to different morphologies. For fast deposition techniques, such as spin and 

spray coating, the diblock copolymer undergoes a non-equilibrium process, with the structures 

freezing within seconds. While for other deposition methods, like solution-casting, blade-

casting and printing, the drying process is slow. Therefore, they result in more time for 

structural rearrangements, and in general more ordered structures. 

After deposition of the sol-gel solution, the ZnO/diblock copolymer hybrid films can be further 

treated with solvent or thermal annealing to promote the structural rearrangement by improving 

the mobility of the polymer chains. Moreover, a high temperature above 400 °C can be applied 

to combust the polymer template from the hybrid films to get pure ZnO films. Further, it was 

reported that the polymers can be removed from the hybrid films with low-temperature 

methods, such as UV irradiation, oxygen plasma and solvent extraction.51 Removal of the 

template from the hybrid films may lead to a change of the morphology due to the collapse of 

the materials left in the films after removal of the polymer matrix.52 

2.3 Solar cells 

A solar cell is an electronic device, which converts solar radiation into electricity by the 

photovoltaic effect. So far, many different kinds of solar cells, such as inorganic solar cells, 

organic solar cells and hybrid solar cells, are realized. Recently, hybrid solar cells have 

attracted great attention due to the advantages of their short payback time, high stability and 

flexibility, which results from the combination of inorganic and organic materials. For hybrid 

solar cells, DSSCs and HBSCs are mostly explored. In this section, the basic principles of 

DSSCs and HBSCs are introduced in section 2.3.1 and 2.3.2, respectively. For both of these 

kinds of solar cells, nanostructured ZnO is used as an electron transport material to provide a 

large interface area for exciton separation and electron extraction to their corresponding 

electrode. 

2.3.1 Dye-sensitized solar cells 

DSSCs have attracted a great attention since the pioneering work in 1991.53 Recently more than 

13% of efficiency is achieved.5 However, due to the problems of electrolyte leakage and 

electrode corrosion, the stability is not good in long-term operation. To overcome these 
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limitations, ssDSSCs have been developed, in which the liquid electrolyte is replaced by a 

solid-state charge carrier transport material.54 Generally, a ssDSSC is made up of several 

functional layers as shown in Figure 2.9. At the bottom is a transparent electrode, normally 

ITO or FTO, to allow the light to go through. On the top of the transparent electrode, a hole 

blocking layer is deposited to decrease the probability of charge carrier recombination at the 

electrode. As next there comes the so-called active layer, where actually the light absorption 

happens. It consists of ZnO, dye molecules (adsorbed at the surface of ZnO) and a p-type 

semiconductor (backfilled in the ZnO mesopores). The photon absorption is followed by the 

exciton generation and separation, and the charge carrier extraction to their corresponding 

electrodes as shown in Figure 2.10. The metal electrode serves as a counter electrode and 

consists normally of gold. By connecting the metal electrode and the transparent electrode with 

an external circuit, the generated electrical power can be used to run an external load.  

 

Figure 2.9 Schematic architecture of a DSSC under solar illumination. A hole blocking layer 

is deposited on transparent electrode to block the transport of positive charge carriers, thereby 

to decrease the recombination at the electrode. The active layer which consists of charge 

carrier transport materials and dye molecules will absorb light, generate excitons and the 

subsequent free charge carriers. The courter electrode is a metal electrode. 

 

Light absorption, exciton generation and separation, and electron injection 

In DSSCs, a monolayer of dye molecules, which are loaded on ZnO, absorb light with a photon 

energy that is equal to or larger than the band gap between the ground state and the excited 

state of the dye. This is referred as Equation 2.11, 

𝐸 =
ℎ𝑐

𝜆
≥ ∆𝐸𝑔𝑎𝑝                                                                                                                  (2.11) 
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With the excitation of the sensitizers, an electron-hole pair, which is known as exciton, appears 

in the dye molecules. When the generated excitons go to the interface between ZnO and dye 

molecules, they will separate into negative and positive charge carriers. The electrons are 

injected to the conduction band of ZnO with the force of an inner electrical field built by the 

interface of ZnO/dye/p-type semiconductor. Gerischer’s model is used to describe the electron 

transfer from the dye molecules to ZnO.55 Due to thermal fluctuations, the energy levels of the 

ground and the excited states of dye molecules are assumed to have a Gaussian distribution. It 

is possible that the electrons are transferred from the valence band (VB) of ZnO to the ground 

state of the excited dye molecules. However, this process should be reduced, since it would 

increase the probability for the recombination of the separated charges. Thus, the ground states 

of the dye molecules are expected to be located in the band gap of ZnO and are supposed to be 

not overlapped with the VB of ZnO. 

 

Figure 2.10 A detailed energy diagram of the electronic transport processes in a ssDSSC. (a) 

Photoexcitation of a dye by light absorption. (b) The injection of the charge carriers with the 

negative charge carriers to the conduction band of ZnO and positive charge carriers to the 

HOMO of a p-type semiconductor, such as P3HT. (c) Charge carrier transport through ZnO 

and P3HT. (d) Charge carrier extraction to the corresponding electrode. The green bars 

indicate the trap states in the band gap and the gray dashed arrows indicate the trapping and 

detrapping events. This picture is based on Ref.31  

 

As light absorbers, dye molecules in this case, mononuclear and polynuclear dyes based on 

metals such as RuII, OsII, PtII, ReI, CuI, and FeII are well established.56-65 Besides these 

transition-metal complexes, a range of organic molecules have been explored, such as 
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coumarin, squaraine, indoline, hemicyanine, and other conjugated donor–acceptor organic 

dyes.66-69 Generally an electron acceptor moiety is required in the dye molecules to bind 

strongly to ZnO, thus ensuring efficient electron injection into the CB of ZnO. It is required 

that the dye molecules have a high absorption coefficient in the visible range or near-IR region, 

so that they can absorb light in a broad range of wavelengths. Moreover, the electron transfer 

from the excited state of dye molecules to the CB of ZnO should be fast as compared to the 

decay to the ground state of the dye molecules. The sensitizer used in the present thesis is 

indoline dye D205. The detailed description of D205 is given in section 4.1. 

Charge carrier transport 

After charge carrier injection into the CB of ZnO, the electrons are transported through ZnO to 

the transparent electrode. The generated electrons can only be transferred into the CB of ZnO. 

Therefore, the probability of electrons in the CB of ZnO determines the overall electron 

mobility. The probability of the electrons highly depends on the trapping and detrapping events 

as shown in Figure 2.10 marked with gray dashed arrows within the band gap of ZnO. Various 

defects contribute to the overall trap states, which would influence the final device performance. 

The traps are proportional to the roughness and porosity of the ZnO films. It has been proved 

that ZnO films with a high surface-to-volume ratio show a great advantage for loading dye 

molecules. However, the defects will also inevitably increase, therefore, leading to a low 

electron mobility in the mesoporous ZnO films. That is to say, the amount of dye adsorption 

on the surface of ZnO and the electron mobility of ZnO films are contradictory. Therefore, 

multiple morphologies should be investigated. 

For the positive charge carriers, the transport occurs from the p-type semiconductors, generally 

conjugated polymers, to the metal electrode. To make the transport efficient, the HOMO of the 

conjugated polymers should be above the ground state of the dye molecules. Moreover, the 

conjugated polymers should be backfilled into the mesoporous ZnO films to make an efficient 

interface of ZnO/dye/conjugated polymers, therefore improving the positive charge carrier 

transport along the conjugated polymers. P3HT is one of the commonly used conjugated 

polymers to transport positive charge carriers via polaron hopping as described in section 2.1.3. 

However, as P3HT is a polymer material, which is challenging to be backfilled into the 

mesoporous ZnO efficiently due to the spatial limitation, spiro-OMeTAD is used in the present 

work for the fabrication of ssDSSCs, which is introduced in more detail in section 4.1. Due to 

the contradictory existence of the amount of dye adsorption on ZnO and the difficulty of 

backfilling for the solid state conjugated polymers with a relatively bad contact with dye 
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molecules (compared to liquid electrolytes), the optimum thickness of the active layer is about 

2 μm.70 

2.3.2 Hybrid bulk heterojunction solar cells 

Different from the structure of organic bulk heterojunction solar cells, the active layer in 

HBSCs consists of inorganic and organic materials, which act as acceptor and donor, 

respectively, instead of two types of organic materials in organic solar cells. Therefore, HBSCs 

are supposed to have the advantages from both the inorganic and organic materials, such as 

high stability, tunable nanostructures, low costs, and ease of production. In the present thesis, 

ZnO and P3HT are used as the acceptor and donor, respectively, in which P3HT not only serves 

as a positive charge transport material but also as a light absorber to generate excitons inside. 

The working mechanism of HBSCs is different from that of ssDSSCs. Instead of dye molecules, 

the P3HT serves as light absorber. Therefore, excitons are generated in P3HT when it is 

illuminated under light with the photon energy equal to or larger than the band gap of P3HT. 

When the excitons diffuse to the interfaces of ZnO and P3HT, they will separate into free 

charge carriers at the ZnO/P3HT interfaces. Then, these charge carriers will be extracted 

through ZnO and P3HT to their corresponding electrode. In order to obtain solar cells with 

high power conversion efficiency, loss mechanisms need to be minimized as much as possible, 

which is one of the biggest challenges in the production of HBSCs. There are mainly four 

processes which lead to charges being lost. They are depicted in Figure 2.11. After the creation 

of excitons, they start to roam inside the P3HT in a random way. It is of high probability that 

the excitons cannot reach the interface within their lifetime and therefore, the excitons will 

recombine, leading to the loss of the potential charge carriers. This gives a strong requirement 

for the morphology to be optimized within the exciton diffusion length, to split the excitons 

into free charge carriers. Therefore, the P3HT domain sizes should not be too large, as shown 

in Figure 2.11a. The second loss mechanism occurs due to the isolated islands, illustrated in 

Figure 2.11b, being created during the fabrication of the solar cells. In this case generated 

excitons are able to separate into free charge carriers. However, if the P3HT domain is isolated 

and has no connection to the metal electrode, the charge carriers will be trapped, which leads 

to recombination with the opposite charge carriers, making this dead areas. Therefore, 

interconnected pathways are required for both donor and acceptor. Moreover, due to the 

fabrication process, ZnO interconnected nanostructures with suitable percolation paths are 

fabricated first, leading to the subsequent backfilling steps of the P3HT being a main challenge. 

It has been shown in literature that there is a large probability that small pores result in an 

incomplete backfilling as shown in Figure 2.11c. Apart from this, the limited space of pores 
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can hinder the packing behavior of the polymer backbone, which will decrease the photovoltaic 

performance of the HBSCs. Besides the recombination inside the active layer, the 

recombination at the electrodes also contribute to the loss mechanisms. For example, in Figure 

2.11d, P3HT is directly connected to the bottom electrode, which increases the probability for 

the generated positive charge carriers to recombine with the electrons from the bottom 

electrode. In order to improve the efficiency of the HBSCs, the morphology of the active layer 

is of great importance, which is also the main point being discussed in this thesis. 

 

Figure 2.11 Schematic illustration of the four main problems present in HBSCs. The active 

layer is comprised of a blend of a donor (orange) and an acceptor (green) which is sandwiched 

between the two electrodes, the metal electrode (yellow) at the top and the transparent 

electrode (grey) at the bottom. (a) A large domain in the donor material; (b) isolated islands 

with no connection to the surrounding material; (c) incomplete backfilling of the acceptor 

material; (d) a recombination at the electrode. This picture is based on Ref.41 

 

2.4 Scattering methods 

As discussed in section 2.3.1 and 2.3.2, the morphology of the ZnO films plays a critical role 

in improving the photovoltaic performance of ZnO based solar cells. For investigating the 

morphology of the ZnO films, SEM and AFM are the mostly used technique to provide the 

structure information on nanometer length scale. However, these measurements are limited to 

surface morphology of the films. The inner morphology might be different from the surface 

which might be influenced by the surface energy. Apart from these real space measurements, 

in the present thesis, scattering methods using X-rays and neutrons are employed to probe the 



Chapter 2 Theoretical aspects                                                                                                                                 

26 
 

inner morphology. Instead of measuring the morphology for a small area on a local scale, a 

high statistical relevance can be obtained via scattering methods. Moreover, the crystallization 

of the materials can be determined by X-ray diffraction (XRD). Some basic principles of 

scattering techniques are described in section 2.4.1, followed by an introduction of XRD in 

section 2.4.2. The description of grazing-incidence small-angle X-ray or neutron scattering will 

be given in section 2.4.3 and 2.4.4, respectively.  

2.4.1 General principles 

X-rays can be described as electromagnetic plane waves. It travels through a medium with a 

refractive index n(𝑟) and scattering events can only occur when the refractive index changes. 

For structural investigation, elastic X-ray scattering is used with the energies of the incoming 

(Ei) and the final (Ef) X-ray beam being the same. The refractive index n(𝑟) for X-rays in the 

investigated material can be given by 

n(𝑟) = 1 − 𝛿(𝑟) + 𝑖𝛽(𝑟)                                                                                                           (2.12) 

where 𝑟 is the position, 𝛿 and 𝛽 are the dispersion and absorption part, respectively. Both 𝛿 

and 𝛽 depend on the wavelength λ of the X-rays and can be written as Equation 2.13 and 2.14, 

respectively, in the case of a homogeneous medium far away from the absorption edges. 

𝛿 =
𝜆2

2𝜋
ρ,                                                                                                                                (2.13) 

𝛽 =
𝜆

4𝜋
𝜇,                                                                                                                               (2.14)   

with the scattering length density (SLD) 𝜌 = 𝑟𝑒𝜌𝑒  and the absorption coefficient μ.  

Due to the constant classical electron radius 𝑟𝑒 (being 2.814×10-5 Å), the SLD depends on the 

electron density 𝜌𝑒  of the material greatly. Typically, 𝛿  is of the order of 10-6 and 𝛽 10-7 for 

X-rays in the used energy range. Scattering experiments can only be performed based on the 

different SLD of the investigated materials. The difference is regarded as scattering contrast.      

General definitions 

When the X-rays interact with the samples, two different cases of scattering, namely the 

specular and the diffuse scattering, will occur, as depicted in Figure 2.12. The X-ray beam 𝑘𝑖
⃗⃗⃗⃗  

impinges on the sample with the incident angle of αi. One part of the beam is transmitted with 

the angle of αt and another part is reflected with the final angle of αf. If the final angle αf equals 

the incident angle αi and the beam still stays in the xz-plane, it is called specular reflection. 

Otherwise, diffuse scattering will occur. The scattered beam is not restricted to the xz-plane 
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any more. Instead, an additional scattering angle ψ is observed in the xy-plane. The momentum 

transfer of the scattered beam is described by the scattering vector �⃗�, 

�⃗� = �⃗⃗�𝑓 − �⃗⃗�𝑖.                                                                                                                         (2.15) 

The modulus of the wavevector is 𝑘 =
2𝜋

𝜆
 for the X-rays with a wavelength of λ.  

Snell’s law (Equation 2.16), also called the law of refraction, is used to describe the refraction 

at the interface between air and a medium with a refractive index of n. 

cos(𝛼𝑖) = 𝑛 cos(𝛼𝑡),                                                                                                          (2.16) 

where 𝛼𝑡 is the exit angle of the transmitted beam �⃗⃗�𝑡. As the dispersion part δ >0 as described 

above, the refractive index of X-rays is less than 1 for most materials. As a result, the refractive 

index of most materials is smaller than that of air for X-rays. When decreasing the incident 

angle, the exit angle 𝛼𝑡 will decrease as well. At a certain point, if the exit angle 𝛼𝑡=0, the 

beam is totally reflected when the beam travels from air to the material. In this case, the incident 

angle is called critical angle 𝛼𝑐 . Under small angle approximation, the critical angle is 

determined by 

𝛼𝑐 = 𝛼𝑖 ≈ √2𝛿 = 𝜆√
𝜌

𝜋
 ,                                                                                                      (2.17) 

where 𝜌 is the scattering length density of the material for X-rays as described above. The 

incident angle 𝛼𝑖 has a significant impact on the penetration depth of X-rays into the samples. 

When the incident angle is smaller than the critical angle of the material, the X-ray beam is 

totally reflected and can only penetrate a small depth. The intensity of X-rays decreases with 

increasing the penetration distance. The penetration depth is denoted as the point where the 

intensity of the evanescent wave decreases to 1/e of its original intensity. Moreover, due to a 

second damping when the X-rays go out of the sample, the escape depth should be considered. 

Therefore, the scattering depth is determined by both the penetration and the escape depth. 

Generally, the scattering depth is in the order of 50 Å for the studied materials and used X-ray 

energy, which is considered half of the penetration depth.71 If the incident angle is larger than 

the critical angle, the X-rays will penetrate the whole film, therefore providing inner 

information of the sample. 
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Figure 2.12 Schematic scattering geometry: (a) specular scattering 𝛼𝑖 = 𝛼𝑓 and (b) diffuse 

scattering with basic definitions of directions and angles. This picture is based on Ref.31  

 

2.4.2 X-ray diffraction 

X-ray diffraction is used to investigate the crystal structure of the samples. The different lattice 

planes in the crystal structure show a periodic grating as shown in Figure 2.13. When a 

monochromatic X-ray beam impinges onto the lattice planes, scattering with spherical waves 

will be present. The scattering intensity depends on the electrons around the atoms of the crystal 

as well as the position of the atoms in the lattice. Therefore, the scattering pattern for the crystal 

structure is unique, which provides a way to determine the crystal phase of the material. When 

X-rays illuminate the crystal structure with its different planes, interference will occur as shown 

in Figure 2.13. Depending on the path difference 2S of the two beams with the same incident 

angle 𝜃, either constructive or destructive will happen. The maximum intensity obtained for 

the constructive interference is defined by Bragg’s equation (Equation 2.18): 

2𝑑ℎ𝑘𝑙 sin(𝜃) = 𝑛𝜆.                                                                                                               (2.18) 

In this equation, 𝑑ℎ𝑘𝑙 is the lattice spacing of the crystal structure and 𝜆 is the wavelength of 

the X-rays. For polycrystalline materials, an isotropic scattering signal can be observed, which 

means the crystals are oriented randomly in all directions, therefore, leading to rings of 

scattered intensity known as Debye-Scherrer rings for each Bragg reflex. Moreover, the 

apparent size of the crystals can be obtained from the width of the Bragg reflex with the 

Scherrer equation (Equation 2.19), 

𝐷ℎ𝑘𝑙 =
𝐾𝜆

∆(2𝜃) cos(𝜃0)
.                                                                                                                  (2.19) 

𝐾 is the Scherrer form factor, which is about 0.9. 𝜆 is the wavelength of the X-rays and ∆(2𝜃) 

is the full width half maximum (FWHM) of the Bragg peak found at angle 2𝜃. If the size of 
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the crystal decreases, the Bragg peaks tend to broaden. The equation is valid only for the 

crystallite size in the range of 5 nm to 200 nm.72 For the position of the Bragg reflexes, the 

angles can be converted to q values 

𝑞 =
4𝜋 sin(𝜃)

𝜆
.                                                                                                                           (2.20) 

Bragg reflexes based on both, the angle and q values as well as the relative intensities of the 

peaks for the wurtzite zinc oxide, which is studied in this thesis, are shown in Table 2.1.   

 

Figure 2.13 Schematic illustration of the Bragg equation. The incoming X-ray beams �⃗⃗�𝑖 

(purple lines) interact with the electron clouds of the atoms as shown in orange circles which 

are located in regular lattice planes. The distance between these planes is described by the 

lattice spacing 𝑑ℎ𝑘𝑙. The X-ray travels a longer distance, as indicated by the red lines S when 

interacting with the lower lattice plane. Adapted from Ref.41 

 

Table 2.1 Bragg reflexes of wurtzite zinc oxide along with the corresponding relative intensities 

(obtained from the Joint Committee on Powder Diffraction Standards (JCPDS) database). 

crystal order 2𝜃(𝜆𝐶𝑢) q[nm-1] rel. intensity 

(100) 31.8° 22.34 57 

(002) 34.45° 24.15 44 

(101) 36.28° 25.39 100 

(102) 47.58° 32.89 23 

(110) 56.65° 36.69 32 
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2.4.3 Grazing-incidence small-angle X-ray scattering 

Small-angle X-ray scattering (SAXS) is used to probe the nanostructures shown as solid-state 

powders or in solutions in transmission geometry. The investigated structure has typically sizes 

in the range of 10 nm to about 2 μm. For thin films such a transmission geometry is not suitable, 

because the main scattering information would be contributed by the substrate, while only a 

small sample volume from the film will add to this. Therefore, grazing-incidence small-angle 

X-ray scattering (GISAXS) is more suitable, due to a grazing incidence angle of  𝛼𝑖  < 1°. In 

this case, a much larger illumination area on the films will be obtained, resulting in a much 

larger scattering volume. The grazing incidence technique not only increases the intensity of 

the scattering signal but also provides high statistic for the probed structures.  

With GISAXS, diffuse scattering can be detected, which is impossible in the specular 

measurements as described in section 2.4.1. The scattering geometry is shown in Figure 2.12b. 

𝛼𝑖 is the incident angle, which is selected when doing measurements. Each outcoming beam 

can be assigned to two diffuse scattering angles, the one in the xz-plane which is called the exit 

angle 𝛼𝑓 and the other one in the out-of-plane angle in the xy-plane, called ψ. The scattering 

vector �⃗� is given by73 

�⃗� =
2𝜋

𝜆
(

cos(𝛼𝑓) cos(𝜓𝑓) − cos(𝛼𝑖) cos(𝜓𝑖)

cos(𝛼𝑓) sin(𝜓𝑓) − cos(𝛼𝑖) sin(𝜓𝑖)

sin(𝛼𝑓) + sin(𝛼𝑖)

) ≅
2𝜋

𝜆
(

cos(𝛼𝑓) cos(𝜓𝑓) − cos(𝛼𝑖)

cos(𝛼𝑓) sin(𝜓𝑓)

sin(𝛼𝑓) + sin(𝛼𝑖)

),             

                                                                                                                                             (2.21) 

where 𝜓𝑓 = 𝜓  in the xy-plane, and the incident angle in the xy-plane is typically 𝜓𝑖  = 0. Due 

to very small angles for GISAXS measurements, the contribution from the qx component is 

negligible. The qy component probes lateral structures and the qz component is induced by the 

scattering from the vertical structures perpendicular to the film surface.  

To extract structural information about the probed materials by GISAXS measurement, objects 

with a certain size are used to model the signal collected by a 2D detector. The diffuse scattering 

factor 𝑃𝑑𝑖𝑓𝑓(�⃗�) (recorded intensity) is approximated by 

𝑃𝑑𝑖𝑓𝑓(�⃗�) ∝ 𝑁𝑆(�⃗�)𝐹(�⃗�),                                                                                                (2.22) 

in which N is the number of the scattering objects. 𝐹(�⃗�) is the form factor which describes the 

certain shape and size of the scattering objects. The interaction of X-rays with the electron 

cloud of the scattering objects reveals the information of the electron density distribution of 

these objects. Then, the form factor function can be obtained via the Fourier transform.74 𝑆(�⃗�) 
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is the structure factor, which is used to describe the spatial distribution of the objects. The 

diffuse scattering is described within the framework of the distorted wave Born approximation 

(DWBA). Four scattering events are considered for different modes of reflection and scattering: 

(1) direct scattering on the detected materials, (2) reflection on the sample substrate and then 

scattering on the detected materials, (3) scattering on the detected materials and then reflection 

on the sample substrate, and (4) a combination of the last two points, namely, reflection on the 

sample substrate, followed by scattering on the detected materials, and then another substrate 

reflection. Based on these scattering events, the waves interfere coherently, which produces the 

effective form factor. In the present thesis, cylindrical symmetry is used to describe the form 

factor. A paracrystalline lattice is assumed to describe the structure factor, where the cylinders 

have a short-range order rather than a long-range order. To describe the spatial arrangement 

(structure factor) of the objects, a one-dimensional paracrystal is used, in which the paracrystal 

objects are arranged periodically and the deviation from the ordered position for the cylinders 

increases with increasing distance from the target cylinder. With one-dimensional paracrystal, 

the arrangement is independent of the orientation in the system. 

In the present thesis, only the horizontal line cuts at the Yoneda region are modeled to obtain 

the lateral structures. Therefore, an effective interface approximation can be employed 

assuming that scattering occurs at only one specific surface, which allows for the decoupling 

of the height with the radii for the scattering objects.75 The local monodisperse approximation 

(LMA) is used to include objects with different sizes. It is assumed that each object only 

scatters with those of similar form and structure factors, rather than with objects of different 

form and structure factors. It means that respective objects and structures are independent of 

each other. Therefore, the total scattered intensity can be regarded as a sum of individual 

intensities scattered by single domains of monodisperse objects.76 

2.4.4 Grazing-incidence small-angle neutron scattering 

For grazing-incidence small-angle scattering, not only X-rays but also neutrons can be used as 

a probe. In this case the technique is called GISANS. Most of the theory introduced can be 

applicable to GISANS because the Helmholtz equation used for X-rays is similar to the 

Schrödinger equation used for neutrons. However, since X-rays are electromagnetic waves, 

they interact with the electron clouds, whereas neutrons interact with the atomic nuclei. 

Therefore, the contrast for a given material is different for X-rays and neutrons. Because the 

neutron contrast depends on the constitution of the atomic nuclei, the contrast is sensitive to 

isotopes. In the present thesis, GISANS is performed in a time-of-flight (TOF) mode with a 

broad spectrum of wavelengths, instead of a monochromatic beam. Determining the energy of 
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each single incoming neutron by measuring its time of flight allows to obtain a whole set of 

2D GISANS patterns at once, with each of them measured with a different effective incident 

energy. Therefore, GISANS patterns cover different qy ranges in one measurement, depending 

on the applied energy binning of the neutrons.  

According to the deBroglie wavelength determined by   

λ =
ℎ

𝑝(𝑣𝑛)
,                                                                                                                                 (2.23) 

where h is the Planck’s constant, and 𝑝(𝑣𝑛) is the momentum of the neutrons depending on the 

velocity of the neutrons 𝑣𝑛, neutrons with a long wavelength show a low velocity, which is 

easier to be influenced by the gravity. Due to the influence of the gravity, the neutrons are 

deflected into the –z direction on a parabola, indicated in blue in Figure 2.14b.  

 

Figure 2.14 Influence of gravity on TOF-GISANS measurement: (a) without and (b) with the 

influence of gravity in the xz-plane. The detector is indicated in blue with arrows. This picture 

is based on Ref.77  
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3. Characterization methods 

In this chapter, the used characterization techniques are introduced. The structural 

characterization of the nanostructured ZnO films and the ZnO based active layers are 

performed via both real- and reciprocal-space imaging methods, which are given in section 3.1. 

Section 3.2 describes the spectroscopic and electronic characterizations of the ZnO films and 

the corresponding active layers. For all the mentioned characterizations, the basic working 

principle and the parameters for measuring are given in the following sections. 

3.1 Structural characterization 

To improve the photovoltaic performance of the fabricated hybrid solar cells, the morphology, 

crystallinity and film thickness of the active layers are important to be investigated. In this 

section, the morphological characterizations including both, surface and inner morphologies 

are introduced. X-ray diffraction (XRD) to measure the crystalline ZnO is also explained. 

Besides, height profilometry is described in this section as well. 

3.1.1 Optical microscopy 

Optical microscopy (OM) can provide us the information on a large length scale, such as the 

structure and the homogeneity on micrometer length scale as well as the size of the electrodes 

for solar cells. A series of lenses are used to magnify images of small objects when illuminated 

with white light. For optical microscopy measurements, an Axiolab A microscope (Carl Zeiss) 

combined with a PixeLink USB Capture BE 2.6 charge coupled device (CCD) camera is used 

to collect images with a resolution of 1280×1024 pixels. Various magnifications can be 

obtained, which is shown in Table 3.1. To analyze the images, the software ImageJ v1.42q2 is 

used.   

Table 3.1 Resolution of the optical microscope for the different magnifications. 

magnification resolution [μm/px] 

1.25x 6.26 

2.5x 3.11 

10x 0.82 

50x 0.17 

100x 0.082 
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3.1.2. Scanning electron microscopy 

Scanning electron microscopy (SEM) is another imaging technique but with higher resolution 

than OM. Instead of using visible light, SEM uses electrons to get the images. With a shorter 

wavelength of the electrons, SEM can be used to detect the surface morphology on nanometer 

length scale, therefore providing images of great clarity of the sample surface. In the present 

work, SEM is widely used to probe the surface morphology of ZnO and the ZnO/P3HT active 

layers.  

To generate the electrons, two ways are generally used. One is produced by a strong 

electrostatic field (field emission) and the other is from a hot filament (thermionic emission). 

Then the generated electrons are accelerated with a voltage of several kV, followed by focusing 

on the sample surface via electrostatic and magnetic lenses. The sample surface is scanned in 

a line-wise manner. When the incident electrons interact with the sample surface, secondary 

electrons are emitted from the area very close to the specimen surface and collected by a 

detector. Generally, beam size, the incident angle between beam and sample surface, and 

surface morphology have great influence on the intensity of the secondary electrons. Due to 

the constant beam size and incident angle, the obtained images with different contrasts are 

mainly determined by the sample’s surface. A resolution below 10 nm can be obtained 

depending on the sample’s topography and the materials. In addition, the detected signal is also 

influenced by the distance between the material and the detector. Higher structures appear 

brighter because of the detected higher intensity of the secondary electrons. Moreover, the 

conductivity of the materials also contributes to the contrast of the samples. Materials with 

different conductivity exhibit different brightness. Besides the generated secondary electrons, 

the backscattering of the electrons and cathodoluminescence also occur. However, mostly, 

these are not used to generate images. 

In this thesis, a Zeiss Gemini Ultra Plus field emission scanning electron microscope is used at 

an electron accelerating voltage of 3 kV. All SEM images are processed by the software ImageJ. 

Silicon substrates are used to measure SEM of samples to prevent over charging.  

3.1.3 Atomic force microscopy 

Atomic force microscopy (AFM) is a powerful tool to detect the surface morphology of the 

samples as well as the height of the structures. Both, the inorganic and organic films with 

structures in a magnification of Angstrom can be investigated. The working principle of AFM 

is mainly based on the interaction of the surface atoms of the sample and a small tip with a 

radius of a few nanometers. A close tip-to-surface distance is required. Three modes are 

commonly used, namely the contact mode, the non-contact mode and the tapping mode. 
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Among those the tapping mode is used in the present thesis due to the obtained high resolution 

without damaging the samples or distorting the image data. With tapping mode, the tip is 

repeatedly touching the sample surface, which is moved in the xy-plane beneath the tip via a 

piezo controlled stage.  

In the present investigations a MFD-3D AFM (Asylum Research) is used in a tapping mode. 

The used tip, with a curvature radius of 7 nm, is mounted onto a cantilever (OMCL-AC240TS-

R3, Asylum Research), with the oscillation being set to a frequency of about 100 kHz. The 

software Gwyddion 2.31 is used to analyze the images, mainly to extract the height information 

and the roughness of the samples. 

3.1.4 Height profilometry 

Profilometry is a useful method to measure the height differences of the samples, especially to 

measure the film thickness. A DektakXTⓇstylus profilometer is used in the present thesis. To 

measure height differences, a diamond-tipped stylus is brought down to contact with the sample 

surface. The stylus scans the sample’s surface by moving the sample, which is mounted on a 

motorized sample stage, forth and back. The information of the height differences is then 

converted to a digital signal by a linear variable differential transformer. To investigate the film 

thickness, a scratch is made on the sample to create a height difference between the film’s 

surface and the substrate. When the stylus scans over the scratch, the height difference between 

the film surface and the substrate surface is supposed to be the film thickness. For each sample, 

six scratches are made at different places to get a statistical film thickness value. The used 

contact force of the stylus onto the sample is 1 mN, and the scan speed is 100 μm s-1. 

3.1.5 X-ray diffraction 

 X-ray diffraction (XRD) is a powerful tool to investigate crystalline materials. One can get 

information about the crystalline structure, crystal size and the degree of crystallinity. In the 

present thesis, the crystal structure of ZnO is measured by a Bruker D8 ADVANCE X-ray 

diffractometer. A copper anode is operated at 40 kV and 40 mA to generate the X-ray beam, 

which has a wavelength of 𝜆𝐶𝑢,𝐾𝑎
= 0.1541 nm. The X-rays hit on the sample with an incident 

angle θ. The specularly reflected beam is detected by a detector located at the same angle θ. 

The coupled θ/2θ mode is applied in the present thesis. Since the ZnO films in the present thesis 

are very thin, a long measurement about 10 h is performed on the samples. The substrates used 

for measuring XRD are silicon, which show a strong and typical peak at 2θ=33° position 

assignable to the (100) Bragg peak. To see the peak of ZnO more clearly, the peak from silicon 

is not measured. Slits are used to adjust the size and the intensity of the X-ray beam resulting 
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in different resolution and intensity of the peaks in the XRD measurements. In the present 

investigations, two slits of 0.6 mm are used to get a good quality of the XRD spectra, with one 

located between the beam source and the sample and the other between the sample and the 

detector.  The footprint on the sample is usually a horizontally quite broad and vertically narrow 

beam due to the slits and quite a large incident angle, resulting in a short footprint in beam-

direction. Therefore, the size of the sample is required to be sufficient large to ensure the 

experimental accuracy. 

3.1.6 Grazing-incidence small-angle X-ray scattering 

Grazing-incidence small-angle X-ray scattering (GISAXS) is used to probe the structural 

lengths in the range of 1 nm to 1 μm present in the bulk of the films. The theory on this 

technique is introduced in section 2.4.3. All the measurements shown in this thesis are 

performed at P03 beamline of PETRA III storage ring at DESY, Hamburg, Germany.  

As shown in Figure 3.1, the X-ray beam impinges the sample with a very small angle and then 

is scattered by the sample. The scattered signal is collected by a 2D detector. In the present 

investigations, the wavelength of the X-ray beam is constant and the size of the detector is 

limited. Therefore, the qy range recorded depends on the sample-detector distance (SDD). In 

other words, the length scales accessible in the investigated films is determined by the SDD. 

Generally the SDD is in the range of 3 to 5 m for GISAXS measurements. Because of this long 

distance between the detector and the sample, an evacuated flight tube is installed in the 

pathway of the beam to minimize scattering from air. The flight tube can be adjusted according 

to the SDD before the measurement.  

 

Figure 3.1 Schematic presentation of a grazing-incidence small-angle X-ray scattering 

(GISAXS) setup with a general SDD in the range of 3-5 m and a characteristic incident angle 

below 1 deg..  
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The incident angle is carefully selected to penetrate the whole thickness of the films with high 

sensitivity. Therefore, the incident angle should be larger than the critical angle of the 

investigated films, but not a very high angle (normally less than 1), which would decrease the 

intensity of the signal. For the GISAXS measurement, two kinds of detectors are used to record 

the scattered signal. One is the Pilatus 1M (Dectris) detector (981×1043 pixel arrays), with 

each pixel possessing a size of 172×172 μm2. The other one is the Pilatus 300K detector, similar 

to the 1M detector, but with less pixels (487×619 pixels). To prevent the detector from 

oversaturation, both the specularly reflected beam and the directly transmitted beam are 

blocked with beamstops.  

Vertical and horizontal line cuts are performed for the 2D GISAXS data with the software 

DPDAK (Gunthard Benecke, DESY Hamburg & MPIKG Potsdam).78 Vertical line cuts are 

done along qy=0, which provides information about the structure perpendicular to the substrate 

whereas the horizontal line cuts along the Yoneda peak give information on lateral structures 

parallel to the substrate. To get a quantitative analysis about the length scale, the horizontal 

line cuts are fitted with a custom-made program. In this program, the model of distorted wave 

Born approximation (DWBA) using the effective interface approximation in local 

monodisperse approximation (LMA), which is introduced in section 2.4.3, is employed. A form 

factor describes the scattering objects (cylinder in this case) whereas the structure factor defines 

the distance between two neighboring objects. More details about the fitting are given in section 

2.4.3. 

3.1.7 Grazing-incidence small-angle neutron scattering 

Grazing-incidence small-angle neutron scattering (GISANS) in time-of-flight mode (TOF-

GISANS) is performed at the REFSANS instrument at the Heinz Maier-Leibnitz Zentrum, 

Garching, Germany.79, 80 The basic setup for the GISANS measurement is very similar to that 

for GISAXS measurement. However, instead of a monochromatic neutron beam, a beam of 

neutrons with a wide range of wavelengths from 0.2 to 1.9 nm is used. A high-speed double 

chopper system is employed to define the neutron pulses. The neutron spectra are sliced into 

22 wavelength channels with a wavelength resolution of Δλ/λ=10% for each channel.81 By 

varying the wavelength of the neutrons, TOF-GISANS can provide us different (qy, qz) ranges 

in one measurement instead of varying the incident angle. Therefore, a wide range of length 

scales can be obtained via one TOF-GISANS measurement at a constant incident angle. The 

scattering signal is recorded on a two-dimensional (2D) 3He detector with a SDD of 10.5 m.79 

A beamstop is installed at the direct beam position in front of the detector to avoid saturation. 

The incident angle of the incoming neutron beam is kept at a constant value of 0.38°. This 
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value is chosen to investigate the inner structure of the films at short wavelengths, and the 

surface morphology at long wavelengths. Therefore, both the surface and the inner morphology 

can be accessed with the variable neutron wavelengths in one TOF-GISANS measurement. 

Due to the relatively low neutron flux, the counting time for each sample is 20 h to obtain 

sufficient statistics. The substrates used in this thesis are large silicon substrates with a size of 

60 × 60 mm2. 

To do the vertical and horizontal line cuts, the software Fit2D (Andy Hammersley, 1987-2005, 

ESRF, Grenoble) is used. From the vertical line cuts, the SLD of the probed samples including 

the ZnO based hybrid films can be precisely determined from the evaluation of the wavelength-

dependent critical angles. In detail, the extracted critical angles are plotted as a function of the 

neutron wavelength and then a linear function is used to fit that. From the slope, one can obtain 

the SLD value according to Equation 2.17 in section 2.4.3. The fitting procedure of horizontal 

line cuts from the TOF-GISANS data is similar to that of GISAXS data, with extracting the 

length scales out of the fits. 

3.2 Spectroscopic and electronic characterizations 

In this section, the optical absorption, optoelectronic properties and conductivity measurements 

used to probe the mesoporous ZnO and ZnO/P3HT active layers are described. Moreover, the 

electronic characterizations of the efficiency and impedance of the complete photovoltaic 

devices are also introduced in this section.   

3.2.1 UV-Vis spectroscopy 

Two different PerkinElmer UV-Vis spectrometers, the Lambda 35 and Lambda 650S, are used 

in the present thesis. Both of them are equipped with a halogen lamp and a deuterium lamp to 

cover a complementary light spectrum from ultraviolet to visible light. The lamp of Lambda 

35 is automatically switched at a wavelength of 326 nm and Lambda 650S at 320 nm, 

respectively.  

Glass substrates are used to prepare a thin film on and the software UV Winlab is used to 

control the spectrometer. All the measurements in the present thesis are performed in a 

transmission mode. Grating monochromators are used to generate monochromatic beams. The 

monochromatic beam is split into two beams with same intensity before it reaches the sample, 

with one beam going through the probed sample and the other as a reference beam. Two 

separated detectors (photodiodes) are installed to detect the intensity of these two beams. The 

intensity for the reference beam is considered as 100% transmission as there is no absorption 

along this pathway whereas the intensity for the other beam should be smaller than 100% 
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transmission due to the absorption or scattering of the measured samples. Therefore, the 

absorbance A can be determined by using 

𝐴(𝜆) = −log10 (
𝐼𝑡(𝜆)

𝐼0(𝜆)
) = 𝛼(𝜆)𝑑𝑙𝑜𝑔10𝑒.                                                                                 (3.1) 

This is called Beew-Lambert’s law, where 𝐼0(𝜆)  and 𝐼𝑡(𝜆)  are the initial and transmitted 

intensities, respectively, 𝛼(𝜆) is the material specific absorption coefficient, d is the film 

thickness and e is the Euler’s number.  

In order to remove the absorption of the glass substrate, it is important to mention that all the 

absorption for the detected samples is obtained by removing the absorption of a bare glass 

substrate manually. As glass substrates show an absorption below 290 nm, the transmission 

measurements are performed above 290 nm to avoid the influence of the glass absorption.  

3.2.2 Photoluminescence spectroscopy 

Photoluminescence (PL) is light emission from the samples upon photoexcitation. After 

absorbing photons by the semiconductor materials, photons with a longer wavelength will be 

emitted. In the present thesis, PL spectra are recorded with a Fluorolog-3 FL3-22 (Horiba Jobin 

Yvon GmbH) spectrometer equipped with a water-cooled R928 PMT photomultiplier tube 

mounted at a 90° angle. A Xenon discharge lamp is used as the light source. Samples are 

excited with a monochromatic beam with a wavelength of 460 nm. Information of the exciton 

dissociation for the ZnO/P3HT hybrid films can be revealed by recording the emitted PL signal. 

For the ZnO/P3HT bulk heterojunction films a decreasing intensity of the PL signal indicates 

a reduced recombination of the generated charge carriers in the active layer. This is known as 

PL quenching. The charge carriers are spatially separated and transported far from each other, 

therefore leading to the decreased probability for recombination. From PL analysis, the 

improved charge carrier yield and the transport behavior in solar cells can be investigated. 

Moreover, samples are excited at a wavelength of 325 nm to investigate the defects induced 

emission in the ZnO films by investigating the electron transferring from sub-bands to valence 

band. 

3.2.3 Electrochemical impedance spectroscopy 

Impedance is a measure of the ability of a circuit to resist the flow of the electrical current. 

Unlike resistance, impedance exhibits much more complex behavior to an AC voltage, not 

limited by the simplifying properties. It is a powerful tool for investigating the response of an 

electrochemical system to an applied potential and for unraveling complex non-linear processes. 

The frequency dependence of this impedance can reveal underlying chemical processes on a 
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surface. In the present thesis, the kinetics of the interfacial charge transfer process in the ZnO 

based ssDSSCs are probed. The charge transfer process at the interface in the active layers are 

investigated. The data are collected with an electrochemical workstation under simulated 

AM1.5 solar illumination (100 mW cm-2) with a solar simulator (Solar Constant by K. H. 

Steuernagel Lichttechnik GmbH) at open-circuit potential. All the measurements are 

performed at ambient temperature and humidity.   

3.2.4 I-V characterization 

To characterize the photovoltaic performance of ssDSSCs, I-V curves are probed with a 

Keithley 2400 sourcemeter. An external bias is applied to probe the devices under simulated 

solar illumination. AM 1.5 solar illumination with the light intensity of 100 mW cm-2 is 

provided by the solar simulator Solar Constant 1200 (K.H. Steuernagel Lichttechnik GmbH) 

equipped with a rare earth Xenon lamp.  A silicon-based calibration solar cell (WPVS 

Reference Solar Cell Typ RS-ID-3 by Fraunhofer ISE) is used to calibrate the light power 

density to 1000 W m-2. 

 

Figure 3.2 An illustration of an I-V curve of a solar cell. The Voc, Jsc and maximal power point 

(MPP) are indicated. The small and large rectangles indicate the maximal output power and 

the theoretical maximal output power, respectively. Adapted from Ref.82          

       

From the I-V curves as shown in Figure 3.2, typical parameters (including the open circuit 

voltage Voc for J=0, the short-cut current density Jsc for V = 0 and the maximum power point 

MPP where the power density P = J*V is maximum), which are important to investigate the 

photovoltaic performance, can be extracted. In principle, Voc depends on the band states of the 

n- and p-type semiconductors in the active layers, whereas Jsc is determined by many factors, 

such as exciton generation, the following charge carrier generation, transportation and 
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extraction. The fill factor (FF) can be calculated from the ratio between the power at the MPP 

(indicated by the small rectangle) and the theoretical maximum possible power of Pmax=Jsc* 

Voc (indicated by the large rectangle) as shown in 

𝐹𝐹 =
𝑃𝑀𝑃𝑃

𝑃𝑚𝑎𝑥
=

𝑉𝑀𝑃𝑃𝐽𝑀𝑃𝑃

𝑉𝑜𝑐𝐽𝑠𝑐
 .                                                                                                         (3.2) 

The power conversion efficiency (PCE) is obtained from the ratio of the output power (Pout) 

and the input power (Pin) for the devices as shown in 

𝑃𝐶𝐸 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
=

𝑉𝑜𝑐𝐽𝑠𝑐𝐹𝐹

𝑃𝐴𝑀1.5
,                                                                                                           (3.3) 

with the input power density in the present thesis following 𝑃𝐴𝑀1.5 = 100 mW cm-2.                                     

3.2.5 External quantum efficiency 

The external quantum efficiency (EQE) indicates the amount of current that the solar cell will 

produce when it is irradiated by photons of a particular wavelength. With integrating the 

efficiency over the whole solar electromagnetic spectrum, the amount of current produced 

when exposed to sunlight can be evaluated. The EQE can be determined by the ratio of the 

number of charge carriers to the incident photon numbers as written in  

𝐸𝑄𝐸 =
𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠/𝑠𝑒𝑐

𝑝ℎ𝑜𝑡𝑜𝑛𝑠/𝑠𝑒𝑐
=

(𝑐𝑢𝑟𝑟𝑒𝑛𝑡)/(𝑐ℎ𝑎𝑟𝑔𝑒 𝑜𝑓 𝑜𝑛𝑒 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛)

(𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑝ℎ𝑜𝑡𝑜𝑛𝑠)/(𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑜𝑛𝑒 𝑝ℎ𝑜𝑡𝑜𝑛)
.                                       (3.4) 

Therefore, the EQE depends on both the light absorption and the charge carrier generation. To 

improve the EQE, more photons should be absorbed by the active layer to provide the 

opportunity to generate more charge carriers. The ideal EQE graph should be a square shape 

with 100% efficiency at each wavelength. However, for most solar cells the EQE is reduced 

due to many factors. The same mechanisms that affect the PCE also affect the EQE value.   

In the present thesis, the EQE is measured with the aid of the “Quantum Efficiency/IPCE 

Measurement Kit”. The used light source is a 300-watt Xenon arc lamp. Monochromatic light 

illuminates on the sample. Before the measurement the calibration is performed with a silicon 

reference diode. The software Oriel’s TracQ Basic is used to adjust the measurement 

parameters.  
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4. Sample preparation 

In this chapter, the materials and the processing route for the preparation of ZnO and for the 

fabrication of the corresponding solid-state dye-sensitized solar cells (ssDSSCs) are described. 

Moreover, the materials and processing routes for nanostructured ZnO/P3HT/P3HT-b-PEO 

active layers which show great promise in hybrid bulk heterojunction solar cells (HBSCs) are 

also given in this part.  

Details about the materials used in the preparation process are given in section 4.1 along with 

the general specifications and characteristics of the different materials. Section 4.2 describes 

the processing of the fabricated samples. The ZnO mesoporous nanostructures prepared from 

a diblock copolymer assisted sol-gel method are introduced in section 4.2.1. Section 4.2.2 

illustrates the various steps used to assemble the devices of ssDSSCs. The sol-gel synthesis of 

ZnO/P3HT/P3HT-b-PEO nanostructures for the application as active layers for HBSCs is 

described in section 4.2.3.  

4.1 Materials 

In this section, materials including inorganic metal oxide precursors, diblock copolymers 

which act as structure-directing agents, dye molecules, and p-type semiconductor are 

introduced. 

Inorganic metal oxide precursors 

As the precursor of ZnO, zinc acetate dihydrate (ZAD) is used in this work. It is purchased 

from Sigma-Aldrich (99.999% trace metals basis). The chemical formula is 

Zn(CH3COO)2∙2H2O. It appears as white powder with a relative density of 1.84 g cm-3. The 

chemical structure is illustrated in Figure 4.1a. The coordination geometry around the Zn atom 

is octahedral, as the Zn atom is bound to six oxygen atoms. Two oxygen atoms are provided 

by the two water molecules and four oxygen atoms by the acetate ligands (two O atoms per 

acetate group). It crystallizes in a monoclinic unit cell. For ZnO derived from ZAD, typically 

it crystallizes as wurtzite polymorph. Another precursor used is anhydrous zinc acetate (ZA), 

which is also purchased from Sigma-Aldrich (99.99% trace metals basis), with the formula of 

Zn(CH3COO)2. In anhydrous zinc acetate, the zinc is coordinated to four oxygen atoms to give 

a tetrahedral environment. These tetrahedral polyhedra are then interconnected by acetate 

ligands to give a range of polymeric structures as shown in Figure 4.1b. 
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Figure 4.1 Chemical structure of the precursors for ZnO: (a) zinc acetate dihydrate (ZAD), (b) 

zinc acetate (ZA).  

 

Diblock copolymer templates 

For the mesoporous ZnO nanostructures, the diblock copolymers polystyrene-block-

polyethylene oxide (PS-b-PEO) and polystyrene-block-4-polyvinylpyridine (PS-b-P4VP) are 

used as structure-directing templates in combination with sol-gel synthesis route to govern the 

length scales of the obtained ZnO nanostructures. Both of these polymers are purchased from 

Polymer Source Inc., Canada and used as received. The chemical structures are drawn in Figure 

4.2. For the PS-b-PEO we used, the value of average molecular weights, Mn are 20.5 and 8 kg 

mol-1 for the PS and PEO blocks, respectively, with a polydispersity of 1.02. For PS-b-P4VP 

(Mn: 11.8-b-10.8 kg mol-1), the polydispersity index is 1.12. 

 

Figure 4.2 Chemical structures of the diblock copolymer templates used in this thesis: (a) PS-

b-PEO, and (b) PS-b-P4VP. The degree of polymerization for the individual monomer unit is 

depicted by n and m. 
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The diblock copolymer P3HT-b-PEO is employed to modify the interfaces of the n-type 

semiconductor ZnO and p-type semiconductor P3HT in the active layers in HBSCs. Moreover, 

the length scales of ZnO and P3HT domains can be tuned by the selection of specific synthesis 

parameters. It is purchased from Polymer Source Inc., Canada, with the number average 

molecular weights, Mn = 3 kg mol-1 for the P3HT block and 90 kg mol-1 for the PEO block, 

respectively. The chemical structure of P3HT-b-PEO is shown in Figure 4.3. 

 

Figure 4.3 Chemical structures of the diblock copolymer P3HT-b-PEO used in this study. The 

degree of polymerization for the individual monomer unit is depicted by n and m. 

 

Dye 

In ssDSSCs, dye molecules are used to absorb light and then generate excitons. 5-[[4-[4-(2,2-

Diphenylethenyl)phenyl]-1,2,3,3a,4,8b-hexahydrocyclopent[b]indol-7-yl]methylene]-2-(3-

octyl-4-oxo-2-thioxo-5-thiazolidinylidene)-4-oxo-3-thiazolidineacetic acid (D205) is a pure 

organic dye without any metals inside. It is a purple indoline dye. As shown in Figure 4.4, in 

the center, the indoline group acts as an electron donating group. The cyanoacrylic acid serves 

as an electron accepting group, which is conjugated to the indoline group. The pendant 

carboxylic acid in this functional group benefits the anchoring of the dye molecules to the polar 

surface of ZnO. The rhodanine ring is beneficial for high electron injection yields. The phenyl 

rings show advantages to stabilize the central part. 

D205 used in the study is purchased from Sigma Aldrich and used directly without any further 

treatment. 0.3 mM D205 and 0.6 mM chenodeoxycholic acid are dissolved in a mixture of 

acetonitrile and tert-butanol at a volume ratio of 1:1. Chenodeoxycholic acid is beneficial for 

hindering the aggregation of dye molecules. The aggregation decreases the probability for dye 

molecules to bind to the ZnO surface. Moreover, the 𝜋-stacked aggregation of dyes on the 

nanostructured ZnO photoanodes tends to hamper efficient photocurrent generation from dye 

molecules. Thus, reducing dye-aggregation through the addition of chenodeoxycholic acid is 

crucial during the fabrication of ssDSSCs. The final solution is stored away from light at room 

temperature.  
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Figure 4.4 Chemical structures of D205 used in the study. The functional groups is indicated 

in the figure. 

 

p-type semiconductors 

Besides the n-type semiconductor, the p-type semiconductor is also important. It is used to 

provide a pathway for positive charge carriers to be extracted to their corresponding electrode. 

In this work, 2,2’,7,7’-tetrakis(N,N di-p-methoxyphenylamine)9,9’-spiro-bi-fluorene (spiro-

OMeTAD) is used. The chemical structure is shown in Figure 4.5a. For spiro-OMeTAD itself, 

the charge carrier mobility (in the order of 10−4 cm2 V−1 s−1) is low. To overcome this problem, 

4-tert-Butylpyridine (4-TBP) and bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) are 

used to make a p-doping to improve the performance of ssDSSCs, in which 4-TBP hinders the 

recombination of charge carriers, while Li-TFSI increases the charge carrier density. For 

preparing the spiro-OMeTAD solution, 320 mg of spiro-OMeTAD, 4 mL chlorobenzene, 114 

μL of 4-TBP, and 70 μL of Li-TFSI stock solution (520 mg mL-1 in acetonitrile) are mixed in 

a small bottle under nitrogen atmosphere. 

For the active layers in HBSCs, a conducting polymer poly(3-hexyl-thiophene) (P3HT) is used. 

The chemical structure is shown in Figure 4.5b. P3HT consists of thiophene rings (the 

backbones) which are responsible for the conductivity of P3HT, and alkyl chains of six carbon 

atoms (side chains) which make the polymer soluble in organic solvents. It shows a band gap 

of 1.9 eV, with a HOMO of -5.2 eV and a LUMO of -3.3 eV. P3HT is a widely used electron 

donor material in organic photovoltaics (OPV), ssDSSCs and HBSCs. 
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Figure 4.5 Chemical structures of the p-type semiconductors used in this study: (a) spiro-

OMeTAD, and (b) P3HT. The degree of polymerization for the individual monomer unit is 

depicted by n. 

 

4.2 Processing 

For ZnO films and the corresponding ssDSSCs, several steps are involved to produce the final 

samples, including the preparation of the compact ZnO layer, mesoporous ZnO layer, 

backfilling of dye molecules and p-type semiconductors into the ZnO mesopores, and metal-

electrode evaporation. Moreover, the steps of fabricating nanostructured active layers for 

HBSCs are described in this section as well. 

4.2.1 Preparation of mesoporous nanostructures 

The mesoporous ZnO films are synthesized from a sol-gel method assisted with a diblock 

copolymer. Two diblock copolymers are used as a template. One is PS-b-PEO, which makes it 

more likely to form foam-like structure with the used molecular weight Mn being 20.5-b-8 kg 

mol-1. The other one is PS-b-P4VP, through which sponge-like ZnO structures are expected. 

Substrate cleaning 

The substrates used in the study are glass substrates (26 × 76 mm2, Carl Roth GmbH) and 

silicon substrates (wafer with a diameter of 100 mm, (100)-orientation, Si-Mat), which are cut 

into smaller pieces with dimensions required for a specific experiment, using a glass cutter or 

a diamond. The substrates are then cleaned in an acid bath. 54 mL deionized water (H2O), 84 

mL hydrogen peroxide (H2O2, 30%), and 198 mL sulfuric acid (H2SO4, 96%) are mixed in that 

order, during which H2SO4 is added into the solution very slowly with the temperature always 

below 40 °C. After finishing the addition of the H2SO4, the temperature of the bath is elevated 
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to 80 °C slowly. Once the temperature is attained, the pre-cut substrates which are stacked in a 

teflon holder beforehand are soaked into the bath for 15 min. Then the substrates are taken out 

and put into a water bath subsequently. Afterwards, the substrates are frequently rinsed with 

deionized water, followed by drying them with an oil-free nitrogen flow. 

Spin coating 

Spin coating is one of the commonly used deposition methods to obtain a uniform thin film on 

a flat substrate. It is a fast non-equilibrium process which can be divided into three steps. First, 

the majority of the coating material is flung off the substrate due to the high angular speed. It 

is difficult to get a homogeneous film with a low-speed spinning (below 800 rpm), which is 

therefore not recommended. Second, the process is dominated by convection, which makes the 

majority of the solvent evaporate rapidly. Finally, the remaining solvent evaporates and a 

homogeneous thin film can be obtained on the substrate. One can adjust the film thickness 

simply by changing the angular speed as a higher speed results in a thinner film to some extent. 

Moreover, the concentration and the viscosity of the solution as well as the type of the solvent 

we used also have a great effluence on the film thickness. An empirical formula in case of films 

derived from pure polymer solutions is used to estimate the film thickness 

𝑑 = 𝐶𝜔−1/2𝑐0𝑀𝑤
1/4

,                                                                                                             (4.1) 

with C being an empirical constant, ω the angular speed, c0 the solution concentration, and Mw 

the molecular weight of the polymer. 

In this study, a Delta 6 RC TT (Süss MicroTec Lithography GmbH) spin coater is used. The 

parameters of spin coating, including acceleration speed, angular speed of rotation and rotation 

time, are pre-set. The pre-cleaned substrate is placed on the rotation table of the spin-coater 

and is then held via an applied vacuum. The substrate should be horizontal to the ground. Next, 

a suitable amount of solution is loaded to cover the substrate and the spin coating process is 

started. Once the rotation stops, the sample is dismounted from the spin-coater and its back 

side is wiped with a clean tissue to remove residual solution. 

Sol-gel synthesis templated with PS-b-PEO 

To prepare the sol-gel solution of ZnO templated with PS-b-PEO, a so-called good-poor 

solvent pair is introduced. The good solvent dissolves both the blocks of the polymer well, 

which in present case is N,N-dimethylformamide (C3H7NO from Carl Roth GmbH; 

abbreviated as DMF, 99.8%). The poor solvent, in this case ethanolamine (MEA, 98%), only 

can dissolve the PEO blocks, which makes the PS blocks shrink and form the cores while the 
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PEO blocks form the coronas, hence resulting in dispersed micelles in the solution. In the study, 

the precursor for ZnO we used is zinc acetate dihydrate (ZAD, 99.999% trace metals basis), 

which is a commonly used precursor for ZnO. When the precursor is introduced to the solution, 

they prefer to incorporate into the PEO block via hydrogen bonds, electrostatic and Van-der-

Waals interactions. To describe the steps in detail, a schematic illustration of the various steps 

involved in the synthesis route is shown in Figure 4.6. First, PS-b-PEO (200 mg) and ZAD 

(483 mg) are each dissolved separately in DMF (2 mL), and stirred for half an hour to get clear 

homogeneous solutions. The two solutions are filtered using a polytetrafluoroethylene (PTFE) 

filter with 0.45 μm pore diameter to remove the large particles which are not dissolved in the 

solution. 129 µL of MEA is then added to the polymer solution and stirred for half an hour 

further. Both, the polymer and precursor solutions, are then mixed together with the aid of a 

syringe pump, PHD 2000 infuse/withdraw, Harvard Apparatus, by using a constant infuse rate 

of 1 mL min-1 and then stirred at 80 °C for 1 h on a heated magnetic stirring plate. The final 

solution obtained is spin-coated (1000 rpm, 60 s) onto the pre-cleaned silicon (100) or glass 

substrate for further characterization. Directly after spin-coating the composite films are 

annealed at different temperatures for 1 h on a heating plate, which is an essential step to 

improve the self-assembly process of the diblock copolymer and to benefit the crystallization 

of ZnO. 

 

Figure 4.6 Schematic overview of the sol-gel synthesis of ZnO using PS-b-PEO as a template. 

Reprinted with permission from Ref.83 

 

Sol-gel synthesis templated with PS-b-P4VP 

Another diblock copolymer PS-b-P4VP with a molecule weight Mn of 11.8-b-10.8 kg mol-1 is 

also used as a template to tune the structure of ZnO films. Similarly, microphase separation is 

induced via the good-poor solvent pair of DMF and MEA. In this case, the precursor, still ZAD, 

is preferentially grown in the P4VP block. Again, the synthesis procedure for the ZnO 

preparation is a sol-gel process, but assisted with PS-b-P4VP. Typically, 120 mg ZAD is 

dissolved in 0.5 mL DMF, stirred for 30 min and then filtered using 0.45 µm Teflon filters. 
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Separately, different amounts of PS-b-P4VP (10 mg, 30 mg, 50 mg, and 70 mg) are dissolved 

in DMF (0.5 mL) and stirred for 30 min and then filtered using 0.45 µm Teflon filters. Next, 

32 µL of MEA are added to the PS-b-P4VP solution and stirred for an additional 30 min, which 

leads to the formation of PS-b-P4VP micelles in the good-poor solvent pair mixture. 

Afterwards, the ZAD solution and the polymer solution are mixed together and then stirred for 

an additional 1 h. All the solutions are prepared and processed at ambient conditions. For film 

deposition, spin coating at 1000 rpm for 60 s is used on precleaned silicon (100) or glass 

substrates. The obtained thin films are thermally annealed at 160 °C or 240 °C for 1 h. 

Sintering and UV-irradiation 

To get pure ZnO films without any polymers inside, it is required to remove the polymers from 

the hybrid films. Sintering and UV-irradiation are most commonly used techniques to remove 

the polymers. UV light interacts with the bonds in the polymer to form free radicals, which 

then react further with oxygen in the atmosphere. Thus, long chain polymers are depolymerized 

into small molecules.84 For the ZnO films templated by PS-b-PEO, UV-irradiation is performed 

for 24 h. To remove the template of PS-b-P4VP, two methods were applied. One is UV-

irradiation for 24 h. The other one is sintering, which is carried out at 400 °C for 30 min with 

a heating rate of 375 °C h-1. Sintering of the films is performed in air in a tube furnace by 

GERO or Hereaus instruments. After sintering the samples, they are allowed to cool to room 

temperature in the furnace. Afterwards, the nanoporous ZnO films can be obtained. 

4.2.2 Solar cell assembly 

ssDSSCs are fabricated with mesoporous ZnO nanostructures and spiro-OMeTAD as negative 

and positive charge carrier transport material, respectively. Dye molecules, D205 in this case, 

are attached to the surface of ZnO to absorb light. The typical steps involved in the fabrication 

process are demonstrated in Figure 4.7. The details about each layer are described below. 

Substrate preparation 

For the fabrication of ssDSSCs, a transparent electrode is used as the bottom electrode. 

Fluorine-doped tin oxide (FTO) coated glass sheets are purchased from Solaronix with a size 

of 10×10 cm2. The resistance is about 15 Ω □-1. The FTO substrates are cut to a suitable size to 

fit the size of the holder for gold evaporation and the final device measurement. To start the 

substrate preparation, first a small stripe of FTO is etched away as shown in Figure 4.7a to 

avoid short circuits in the device. Zinc powder and HCl (12 M) are used to etch away FTO 

which is about half the size of the electrodes. DI water is used to remove the remaining zinc 
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powder and the acid. To get clean substrates for the following deposition of the functional 

layers, four organic solvents are used in sequence in an ultrasonic bath for 10 min. The solvents 

I used are Alconox® detergent solution (16 mg mL-1), ethanol (99.8%), acetone (99.9%), and 

2-propanol (99.8%). An oil-free nitrogen flow is used to dry these substrates. To remove the 

impurities and contaminants from the substrate further, oxygen plasma is performed for 10 min. 

 

Figure 4.7 Schematic representation of the steps involved in the fabrication of a ssDSSC based 

on the nanostructured ZnO films. (a) Etching of FTO coated on glass substrates. (b) Formation 

of compact ZnO layer as a hole blocking layer. (c) Deposition of ZnO/diblock copolymer hybrid 

films from a diblock copolymer assisted sol-gel synthesis. (d) Removal of the diblock copolymer 

resulting in a mesoporous ZnO layer. (e) Adsorption of dye molecules into the nanostructured 

ZnO. (f) Backfilling of the ZnO structure with spiro-OMeTAD as the positive charge carrier 

transport material. (g) Evaporation of a gold back contact on top to finalize the solar cells. (h) 

Solar cell characterization under sunlight illumination. Reprinted with permission from Ref.83 

 

Compact ZnO layers 

The compact ZnO layer is used as hole blocking layer in this study. It is considered as an 

effective layer to prevent the recombination of the charge carriers at the electrode. It is 

introduced between the fluorine-doped tin oxide (FTO) and the mesoporous ZnO layer to avoid 

the transport of positive charge carriers to the FTO electrode. Moreover, due to the presence of 

the much denser layer of compact ZnO underneath the mesoporous ZnO layer, the probability 

of short circuits is reduced. Typically, a compact ZnO layer is spin coated following the 

procedure reported by Heo et al.85 Briefly, 328 mg ZAD and 100 µL MEA are dissolved with 

vigorous stirring in 2 mL 2-methoxyethanol at 60 °C for 30 min. The ZnO solution is then spin-
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coated on a cleaned FTO glass substrate at 2000 rpm for 60 s and finally annealed at 150 °C 

for 10 min. 

Mesoporous ZnO films 

Mesoporous ZnO films with different morphologies are prepared on the compact ZnO layer, 

which is beneficial for adsorbing more dye molecules on the surface of the porous ZnO 

structures. Two different diblock copolymers are used to tune the structure of the mesoporous 

ZnO with sol-gel synthesis which is described in section 4.2.1. After spin coating, annealing is 

performed to improve the self-assembly process, followed by removing the polymer template 

by UV-irradiation or sintering as demonstrated in section 4.2.1.  

Dye loading 

For ssDSSCs, the mesoporous ZnO films are required to load dye molecules to absorb visible 

light. After being treated with oxygen plasma for 10 min to clean the samples, the samples with 

mesoporous ZnO films are subsequently soaked into the solution of D205 for 20 h at ambient 

conditions. Afterwards, the samples are taken out from the dye solution and rinsed with 

acetonitrile to remove the superfluous dyes. Lastly, the dyed samples are dried with nitrogen 

as shown in Figure 4.7e, and stored in Petri dishes which are wrapped in aluminum foil to 

protect the sensitive dye from light.   

P-type semiconductor backfilling 

After loading dye molecules into mesoporous ZnO network, p-type semiconductors are 

required to be backfilled into the dyed ZnO films. In this case, spiro-OMeTAD solution with 

the concentration described in section 4.1 is spin-coated on top of the samples at 3000 rpm for 

60 s as shown in Figure 4.7f. The details of this procedure is given in section 4.2.1.  

Gold electrode 

For ssDSSCs, a gold electrode is used as the counter electrode as shown in Figure 4.7g. Gold 

with about 160-200 mg is thermally evaporated for about 4 min to be deposited on the p-type 

semiconductor. Gold evaporation can only be started when the pressure in the chamber is less 

than 3∙10-5 mbar. The areas on the samples finally covered by gold are referred as pixels. The 

active area of one pixel of the solar cell is defined as the overlap of FTO and gold contacts, 

which is typically around 0.1 cm2. The accurate area is evaluated via the ImageJ v1.42q 

software from optical microscopy images of each pixel. 
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4.2.3 Preparation of nanostructured active layers 

The nanostructured ZnO/P3HT/P3HT-b-PEO hybrid films are used as active layers for HBSCs. 

The diblock copolymer P3HT-b-PEO is employed as a template in a sol-gel method to fabricate 

the hybrid films. Two kinds of solutions with different research highlights are prepared. One 

is prepared for spray coating, which is applied to illustrate the improvement of the morphology 

and the optoelectronic performance of the ZnO/P3HT films via the introduction of P3HT-b-

PEO. The other one is prepared for comparison of the films with two coating methods, spin 

and spray coating, to investigate the influence of the deposition method on the morphology of 

the ZnO/P3HT/P3HT-b-PEO hybrid films. All the hybrid films are prepared at low 

temperatures. 

Spray coating 

Spray deposition is a process during which small droplets are dispersed in a gas and deposited 

on a substrate. A liquid is converted into small droplets with the aid of the energy provided by 

a compressed carrier gas. This process is referred to as atomization. At the exit point of the 

nozzle (commonly named as orifice), an angular and downward velocity of the solution caused 

by the lateral pressure differences drives the droplets apart from each other, widening the so-

called spray cone. Therefore, the diameter of the cone enlarges and the density of the droplets 

decreases. Depending on the liquid inertia, surface tension, and aerodynamic forces on the jet, 

several spray regimes are identified as shown in Figure 4.8.  

 Regime I: dense regime.  

After primary breakup, the collision and coalescence of droplets occur frequently. The 

droplets easily collide with their neighbors and merge together because of the abundant 

existence of droplets. 

 Regime II: intermediate regime.  

In this regime, the dispersed phase dynamics is dominated by the continuous phase 

turbulence. The collision and coalescence of droplets can be neglected since the single 

droplet is far away from its neighbors. 

 Regime III: dilute regime.  

In this regime, the continuous phase turbulence scarcely exists. Small and isolated 

droplets are presented instead. The spray cone is wide which enables a homogeneous 

deposition of the film. But the amount of the material that reaches the substrate is 

significantly reduced.  
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Figure 4.8 Schematic illustration of liquid atomization with three flow regimes. This picture is 

based on Ref.86 

 

During spray coating, the nozzle-to-substrate distance, the pressure of the carrier gas, the 

orifice diameter, the flow rate of the solution, and the temperature of the substrate are the key 

parameters to control the solvent evaporation of the droplets. For example, if solvent evaporates 

completely during the droplet transport period, a layer of powders rather than a film is obtained 

on the substrate. A very small amount of solvent makes the formation of a continuous film 

possible since the droplets stick to the substrate and enable them to fuse with pre-arrived 

droplets. In the present thesis, a spray gun is mounted on a spray setup. The spray nozzle is 

perpendicular to the pre-cleaned substrate which is kept at 80 °C. The nozzle-to-substrate 

distance is 16 cm and the pressure of the carrier gas is kept at 2 bar during the whole spray 

coating process. The flow rate of the coating solution is adjusted to be 20-25 μL s−1. Instead of 

a continuous spray deposition, a spray protocol of 10 s spray shots and 10 s pause between 

subsequent shots is used. 

Sol-gel synthesis of ZnO/P3HT/P3HT-b-PEO  

To investigate the morphology and corresponding optoelectronic performance improvement of 

the ZnO/P3HT active layers for the application in HBSCs via the introduction of P3HT-b-PEO, 

both the ZnO/P3HT and ZnO/P3HT/P3HT-b-PEO solutions are prepared by a sol-gel method, 

followed by spray coating to form films. Typically, 10 mg of P3HT and an appropriate amount 
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of the diblock copolymer P3HT-b-PEO are dissolved in a 4 mL mixture solution of DCB and 

DMSO (volume ratio of 7:1). The solution is stirred for 30 min at 80 °C to dissolve both, the 

P3HT and the PEO components completely in the solution. At the same time, 50 mg zinc 

acetate is dissolved in a different vial in the same mixed solvent and stirred for 30 min at 80 °C. 

Afterwards, 19.76 µL of MEA is added to the polymer solution and stirred for further 30 min 

at 80 °C. In the next step, both solutions are mixed together using a syringe pump, PHD 2000 

infuse/withdraw, Harvard Apparatus, by using a constant infuse rate of 1 mL min-1 and then 

stirred for 1 h at 80 °C. Therefore, the sol–gel is obtained with P3HT as a charge carrier 

transport material and PEO chains as a template into which the precursor of ZnO is 

preferentially incorporated. Spray deposition is carried out subsequently onto pre-cleaned 

silicon (100) and glass substrates, which are kept at 80 °C. The obtained composites are then 

annealed at different temperatures below 160 °C for half an hour to obtain the final hybrid 

films. 

To further investigate the ZnO/P3HT/P3HT-b-PEO hybrid films, ZnO/P3HT/P3HT-b-PEO 

solutions with various ZnO concentrations are prepared via the sol-gel method and the 

influence of the deposition method to the morphology of the active layers is investigated as 

well. The preparation procedures are similar to the sol-gel method described above. For spin 

coating, the solutions are prepared as follows. 20 mg of P3HT and 4 mg of P3HT-b-PEO are 

dissolved in a 2 mL mixture of DCB and DMSO (with a volume ratio of 7:1). The solution is 

stirred for 30 min to dissolve both polymers. At the same time, an appropriate amount of zinc 

acetate is dissolved in a separate vial in the same solvent mixture and stirred for 30 min. 

Afterwards, 24 µL of MEA is added to the polymer solution and stirred further for 30 min. 

After mixing the zinc acetate solution with the polymer solution, further stirring for 1 h is 

carried out. All the stirring procedures are performed at 80 °C. Spin coating is carried out under 

ambient conditions at 1500 rpm for 60 sec. For spray coating, the initial solution is diluted two 

times with the DCB/DMSO mixture solvent to avoid any blockage of the spray gun. The 

parameters used for the spray coating setup are described above. Finally, the spin and spray 

coated films are annealed at 80 °C for 30 min to obtain well-organized hybrid films. 
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5. Nanostructured ZnO films templated with PS-

b-PEO 

Parts of this chapter have been published in the article: Morphology control of low temperature 

fabricated ZnO nanostructures for transparent active layers in all solid-state dye-sensitized 

solar cells (K. Wang et al., J. Mater. Chem. A, 2018, 6, 4405-4415, DOI: 10.1039/c7ta10654h).  

In the last few decades, dye-sensitized solar cells (DSSCs) have shown great promise in the 

solar energy conversion field due to their convenient and low-cost fabrication.4, 87-89 An 

efficiency of over 13% has been achieved with a liquid electrolyte DSSC.5 Nevertheless, these 

DSSCs suffer from cycling stability problems resulting from electrolyte leakage and 

corrosion.19, 90 Many researchers have replaced liquid electrolytes with quasi-solid electrolytes 

to improve the stability. However, a more promising approach is to use a solid-state p-type 

semiconductor to build all solid-state DSSCs (ssDSSCs). P3HT is one of the most commonly 

used p-type semiconductors to transport the positive charge carriers to the corresponding 

electrode due to its conducting properties.91, 92 However, due to the limited pore size of the n-

type semiconductor, ZnO in this case, spiro-OMeTAD with much smaller molecular weight 

shows an easier way to be backfilled into the ZnO films.15, 93 Doped with TBP and Li-TFSI, 

the properties of the hole mobility and conductivity improves significantly. Typically, a 

ssDSSC involves a wide band gap semiconducting nanostructured metal oxide film as a 

negative charge carrier transport material, a dye molecule as a sensitizer, and a p-type organic 

semiconductor as a positive charge carrier transport material. In the present work, ZnO is used 

as an n-type semiconductor mainly due to the good electron mobility and low crystallization 

temperature.19, 94, 95 It is reported that ZnO can crystallize below 100 °C.96-98 The low 

crystallization temperature makes it possible to fabricate lightweight and flexible solar cells on 

polymer substrates, which are heat-sensitive and will undergo thermal degradation at high 

temperatures. Moreover, low temperature fabrication is beneficial for reducing the fabrication 

cost and payback time as well.  

Regarding ZnO nanostructures fabricated at low temperatures, most reports are about one-

dimensional (1D) crystalline ZnO, such as nanowires and nanorods.99-104 These 1D 

nanostructures are reported to show a high conductivity.99, 104, 105 However, for ssDSSCs, such 

1D nanostructures have limitations with respect to their surface-area-to-volume-ratio, which is 

a drawback for having a maximum amount of adsorbed dye molecules. Therefore, in the 
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present work, a novel route is introduced to fabricate different morphologies of three-

dimensional (3D) mesoporous ZnO (m-ZnO) nanostructures (including foam-like, worm-like 

and sphere-like structures) through a sol-gel method with processing temperatures well below 

200 °C. The resulting 3D ZnO nanostructures are expected to offer a large surface to load dye 

molecules and also a large interface between ZnO and dyes, which is beneficial for improving 

the charge carrier density, and thus, attain higher photocurrents and efficiencies. 

PS-b-PEO is used as a template to design the morphology of the ZnO nanostructures. Through 

the so-called good-poor solvent pair, microphase separation is induced. Due to the competing 

forces arising from the enthalpic contribution of mixing and the entropic penalty associated 

with elongating the polymer chains, the adopted structures depend on the annealing 

temperature greatly.  A fabrication route of ZnO nanostructures is given in section 5.1. Both 

the surface and the inner morphology of ZnO films are detected with real space imaging 

techniques and grazing-incidence small-angle X-ray scattering (GISAXS) as described in 

section 5.2. The conductivity and optoelectronic properties of ZnO films are given in section 

5.3. Moreover, on the basis of these film morphologies, all ssDSSCs are fabricated with every 

layer deposited at low temperatures. These ssDSSCs all show a transparent active layer, which 

demonstrates the possibility for building-integrated solar cells. Section 5.4 demonstrates that 

morphology control of the ZnO thin films at low temperature via polymer assisted sol-gel 

method results in improved photovoltaic performance of ssDSSCs. 

5.1 Fabrication route of ZnO nanostructures 

The ZnO nanostructures in this work are fabricated with a sol-gel method combined with the 

diblock copolymer PS-b-PEO which acts as a template. A schematic representation of the steps 

involved in making foam-like ZnO nanostructures at 80 °C via PS-b-PEO assisted sol-gel route, 

including a subsequent all ssDSSC fabrication, is shown in Figure 5.1. First, a solution 

containing micelles is prepared (Figure 5.1a), with PS block as the core and PEO block as the 

corona. The zinc precursor prefers to incorporate into the PEO block. The solution is spin-

coated on pre-cleaned substrates to get thin composite films of ZnO and polymer (Figure 5.1b) 

and annealed for 1 h (Figure 5.1c) to improve the self-assembly of the nanostructure. After 

removing the PS-b-PEO template by UV-irradiation (Figure 5.1d), the resulting mesoporous 

ZnO films (Figure 5.1e) are used for further characterizations. For ssDSSCs, the device layout 

(Figure 1f) is FTO/compact ZnO (c-ZnO)/m-ZnO/dye/spiro-OMeTAD/Au on glass. The 

annealing temperature plays a crucial role to control the ZnO morphology, which also causes 

great differences in the device performance. 
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Figure 5.1 Schematic representation of (a-e) the steps involved in the fabrication of the 

mesoporous ZnO films and of (f) the corresponding all solid-state DSSC. The annealing 

temperature, here 80 °C is varied.  Reprinted from Ref.83 with permission from The Royal 

Society of Chemistry. 

 

Figure 5.2 XRD pattern of mesoporous ZnO film annealed at 80 °C after polymer removal. The 

Bragg peaks at 31.6, 34.4, and 36.1 deg. correspond to crystal planes of (100), (002) and (101), 

respectively. The curve is interrupted from 32.5 to 34 deg. to remove the strong Bragg peak of 

the Si substrate. Diamonds indicate the Bragg peaks of ZnO wurtzite phase. Reprinted from 

Ref.83 with permission from The Royal Society of Chemistry. 
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The XRD data of the foam-like ZnO films, which are prepared at 80 °C and shown in Figure 

5.2, reveal the formation of wurtzite phase of ZnO, which is the most suitable ZnO phase for 

DSSCs because of its superior charge transport properties.106 

5.2 Surface and inner morphology 

Regarding ssDSSCs, both the surface and the inner morphology are important since the dye 

molecules need to be infiltrated into the pores and the interfaces between ZnO and dyes play a 

critical role in exciton separation. Moreover, the generated charge carriers are required to be 

transported along the corresponding p-type and n-type semiconductors to their corresponding 

electrode. It is reported that the inner morphology might also be different from the surface 

morphology which makes the investigation of both surface and inner morphology necessary. 

The static investigation of ZnO films with variable morphologies, which are fabricated at 

different annealing temperatures, are given in section 5.2.1. Section 5.2.2 reveals the kinetic 

evolution of the worm-like structure.  

5.2.1 Static investigation of ZnO films annealed at different temperatures 

In this section, both the surface and inner morphologies of the mesoporous ZnO films prepared 

at different annealing temperatures are presented. When increasing the annealing temperature, 

the morphology changes from foam-like, worm-like, to sphere-like structures, which indicates 

the importance of the annealing temperature to the morphology of the ZnO films templated by 

PS-b-PEO. In this section, all the detected films are pure ZnO films without any polymers 

inside. 

Surface morphology 

SEM images of the ZnO nanostructures annealed at different temperatures are presented in 

Figure 5.3. All the films presented are treated with UV-irradiation to remove the diblock 

copolymer from the films. It is shown that the morphology changes dramatically when 

increasing the annealing temperature, indicating that the annealing temperature plays a great 

importance in the morphology tuning. At 80 °C (Figure 5.3a), the ZnO films exhibit a high 

interconnectivity of foam-like structures, which provides a continuous pathway for electron 

transport and a good percolation path for the backfilling of spiro-OMeTAD. The introduction 

of amphiphilic diblock copolymer PS-b-PEO induces a micro-phase separation with the aid of 

the so-called good-poor solvent pair of DMF and MEA. The preferential incorporation of ZnO 

into the PEO part enables control of the ZnO nanostructures. The foam-like structure of ZnO 

films is similar to the reported structure.107 When increasing the temperature to 100 °C (Figure 
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5.3b), some large ZnO particles appear at the surface randomly. Upon increasing the 

temperature further to 120 °C (Figure 5.3c) and 140 °C (Figure 5.3d), the films show a worm-

like structure. Small particles interconnect with each other, therefore forming curved lines. In 

this case, the ZnO films provide a good pathway for negative charge carriers to be extracted to 

the corresponding electrode, which is beneficial for application in ssDSSCs. With the 

temperature increasing to 160 °C (Figure 5.3e) and 200 °C (Figure 5.3f), it is observed that 

sphere-like structures with a high monodispersity are present at the surface.  

 

Figure 5.3 SEM images of mesoporous ZnO films with different morphologies which are 

annealed at different temperatures: (a) 80 °C, (b) 100 °C, (c) 120 °C, (d) 140 °C, (e) 160 °C, 

and (f) 200 °C. Reproduced from Ref.83 with permission from The Royal Society of Chemistry. 

 

The SEM images with various magnifications for the worm-like ZnO films are shown in Figure 

5.4. At low magnification (Figure 5.4a), the SEM image indicates a very homogeneous film. 

When enlarging the image further (Figure 5.4b and c), it is clearer to observe that the 

nanoworms are formed due to the connection of the small ZnO nanoparticles.  
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Figure 5.4 SEM images of worm-like ZnO films which are obtained at 120 °C under different 

magnifications. 

 

With respect to the process of the structural change, many parameters, such as the evaporation 

rate of the solvent, the different compatibility of the two blocks in the diblock copolymer, and 

the decreased mobility induced by the ZnO particles in the ZnO/PS-b-PEO hybrid films, may 

have an influence on the final morphology of the ZnO films. Among these parameters, one of 

the most important reasons for the morphology change might be due to the decreased 

compatibility between the PS and the PEO blocks when increasing the annealing temperature. 

During the annealing process, the phase transitions are highly dependent on three characteristic 

temperatures, namely the melting temperature (Tm) of the PEO block, the glass transition 

temperature (Tg) of PS block and the order-disorder transition temperature (TODT) of PS-b-

PEO.108 At 80 °C, a temperature higher than Tm of the PEO block, but lower than Tg of the PS 

block, the morphology is similar to that of the as-cast hybrid films (Figure 5.8a), which can be 

explained by the lack of mobility of the PS block. The relatively fixed position of PS and ZnO 

particles prevent an efficient structural reorganization. Thus, the ZnO films are present at the 

same state with the as-cast foam-like structure. When the films are annealed at 100 °C, which 

is around the Tg of the PS block, the PS block start to soften and the degree of structural 

reorganization improves greatly. The ZnO particles prefer to decrease the surface energy, thus, 

forming the aggregated randomly dispersed ZnO particles. Upon increasing the temperature to 

120 °C, the Flory-Huggins interaction parameter decreases and the compatibility of the PS and 

PEO blocks increases.109 The worm-like structures form which is influenced by the mobility 

prevention induced by ZnO particles in the films. When increasing the temperature to 200 °C, 

the compatibility between the PS and the PEO blocks increases further, which makes the 

morphology of the diblock copolymer change from an ordered phase to a disordered phase. 

Small ZnO nanoparticles are observed with a random dispersion, forming a disordered sphere-

like structure.  
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Optical microscopy (OM) images of the ZnO films with different morphologies are shown in 

Figure 5.5. The uniformity of the films on micrometer length scale can be observed. The ZnO 

films annealed at 80 (Figure 5.5a), 120 (Figure 5.5c), 140 (Figure 5.5d), 160 (Figure 5.5e) and 

200 °C (Figure 5.5f) appear homogeneous, which is consistent with the SEM results. However, 

the ZnO films annealed at 100 °C (Figure 5.5b) show many light spots which are marked with 

black arrows. These spots reveal some aggregations of ZnO particles during the structure 

transition process, which agrees with the SEM results as well. 

 

 

Figure 5.5 OM images of mesoporous ZnO films annealed at different temperatures: (a) 80 °C, 

(b) 100 °C, (c) 120 °C, (d) 140 °C, (e) 160 °C, and (f) 200 °C. Black arrows in (b) indicate 

some of the light spots, implying large scale aggregation. Reprinted from Ref.83 with 

permission from The Royal Society of Chemistry. 

 

Inner morphology 

GISAXS is a powerful tool to investigate the morphology buried in the films.76, 110 It can detect 

structure length scales ranging from nanometer to micrometer.111 Due to the small incident 

angle, the footprint on the sample can be much larger than the area detected with SEM 

measurement, which gives statistical information. The collected two-dimensional (2D) 

GISAXS data of the ZnO films with multiple morphologies are shown in Figure 5.6. As seen 

in the 2D data, the signal is dominated by the reflected beam, with the most intensive peak 

being located at the position with the exit angle equal to the incident angle, which is called 

specular beam. A beamstop is used to block the specular beam to prevent the oversaturation of 
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the detector and accordingly make the contrast of the scattering signal clearer to eyes. Between 

the sample horizon and the specular beam, the Yoneda peak, which is located at the position 

of critical angle, is observed. Along the Yoneda peak position, a lateral scattering signal from 

ZnO nanostructures is observed in the 2D GISAXS data. The different scattering signal at the 

Yoneda peak position indicates that the ZnO nanostructures annealed at different temperatures 

show different lateral structures. To analyze quantitatively, horizontal line cuts are performed 

along the Yoneda peak as marked by a red arrow in Figure 5.6a.  

 

Figure 5.6 2D GISAXS data of mesoporous ZnO films annealed at different temperatures: (a) 

80 °C, (b) 120 °C, (c) 160 °C, and (d) 200 °C. The specular peak is shielded by a beamstop. 

The red arrow indicates the place where the horizontal line cuts are performed. All the images 

have the same intensity scale as shown in the scale bar. Reprinted from Ref.83 with permission 

from The Royal Society of Chemistry. 

 

Figure 5.7 shows the horizontal line cuts of ZnO films annealed at different annealing 

temperatures. Different from the other three curves, the horizontal line cut obtained from the 

120 °C annealed films shows a distinct peak at about 0.15 nm-1 of qy. This indicates that the 

worm-like structure shows a more ordered structure in the lateral direction compared with the 

ZnO films with foam-like and sphere-like structures. To get the information of the length scale, 

the effective interface approximation of the distorted wave Born approximation (DWBA) is 

used to fit the data, with the local monodisperse approximation (LMA).112 This means that the 

total scattering signal can be approximated by incoherently superposing the scattering 

intensities of the individual substructures that appear within the film, if the length scales of the 

distinct substructures are sufficiently different. In this model, three such distinct substructures 
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are approximated by standing cylinders with Gaussian distribution for the form and structure 

factors. On one hand, the form factors denote the shape of these scattering objects in the film 

which in the present case is ascribed to the ZnO clusters. The diameters of these cylindrical 

objects obtained from the fits denote the size of the ZnO clusters. The structure factors obtained 

from the fits, on the other hand, account for the center-to-center distance between the scattering 

objects. Values of the form and the structure factors are then used to extract the average pore 

size of the ZnO films: 

Pore size = (center-to-center distance between the nanoparticles - 2×radius of the clusters). 

Based on these calculations, the cluster sizes and pore sizes of the mesoporous ZnO films are 

obtained. For the foam-like structures of ZnO films prepared at 80 °C, the ZnO clusters show 

three average sizes which are all below 100 nm. The small- and middle-sized pores are 

mesopores while the large-sized pores are macropores. Both the presence of these two kinds of 

pores are beneficial for improving the surface of the ZnO films and for loading the dye 

molecules and backfilling with the spiro-OMeTAD for application in ssDSSCs. When the 

annealing temperature increases to 120 °C, the ZnO films show small-sized clusters around 3 

nm, middle-sized clusters around 15 nm, and large-sized clusters around 118 nm. The small-

sized clusters correspond to the small ZnO nanoparticles which connect with each other to form 

the worm-like structures. These worm-like structures are referred as middle-sized clusters. The 

presence of large-sized clusters might be resulted from some aggregations of the worms. 

Regarding pore size, the worm-like structure of ZnO films prepared at 120 °C show larger 

average small-sized pores. This is supposed to benefit the infiltration of dye molecules and 

spiro-OMeTAD. When increasing the temperature further to 200 °C, both the large clusters 

and the pores show a decrease trend, suggesting the preference to form smaller ZnO clusters 

with high monodispersity in the films. This changing trend is consistent with the SEM data, 

indicating that the inner morphology is similar to the surface for all the ZnO films. 
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Figure 5.7 (a) Horizontal line cuts (black diamonds) of the 2D GISAXS data of mesoporous 

ZnO films annealed at different temperatures: 80 °C, 120 °C, 160 °C, and 200 °C from bottom 

to top. The red lines represent the fits to the data. All curves are shifted along the intensity axis 

for clarity of the presentation. Extracted characteristic length scales: (b) cluster size and (c) 

pore size in the ZnO thin films as a function of annealing temperature. Blue triangles indicate 

small-sized structures, red circles indicate middle-sized structures and black squares indicate 

large-sized structures. Reprinted from Ref.83 with permission from The Royal Society of 

Chemistry. 

 

5.2.2 Evolution of worm-like structure 

The worm-like structure of the ZnO films prepared at 120 °C shows an interconnected structure. 

Compared with other samples, the worm-like structure also possesses larger small-sized pores, 

which would make the subsequent backfilling steps more effective, therefore resulting in a 

more well-defined ZnO/dye/spiro-OMeTAD interface. Thus, the worm-like structure seems 

more promising for application in ssDSSCs. In this section, the kinetic evolution of the worm-

like structure formation process is investigated. All the results shown in this section are based 

on the hybrid films of ZnO/PS-b-PEO as the diblock copolymer PS-b-PEO plays a significant 

role in the kinetic evolution during the annealing process. 

Surface morphology 

SEM images of several stages involved in the formation process of the worm-like structures 

are shown in Figure 5.8. The morphology changes remarkably during the first 2 min (Figure 
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5.8a-d) and then only shows changes on the large scale from 2 min to 8 min (Figure 5.8e-g). 

After 8 min (Figure 5.8h-j), the morphology remains constant. For the films without any 

annealing (Figure 5.8a), it shows an interconnected 3D structure. This structure was already 

reported by using the same diblock copolymer.113 This suggests the interconnected foam-like 

structure can be realized by a sol-gel method in combination with PS-b-PEO templating. After 

keeping the samples at 120 °C for 0.5 min (Figure 5.8b), some ZnO particles start to aggregate 

with each other to form large clusters. This might be resulted from many factors. The 

evaporation of the residual solvent in the films and the suddenly increasing mobility of both 

PS and PEO blocks might lead to the aggregation of the ZnO. When increasing the annealing 

time to 1 min (Figure 5.8c), more large domains appear at the surface. The worm-like structure 

is observed until annealing for 2 min (Figure 5.8d). Some large clusters are still at the surface 

and they even grow to larger ones. This might be due to the Ostwald ripening which plays an 

important role during the growth of the large particles. Since small particles are energetically 

less stable than the well-ordered ones and packed in the interior, they prefer to grow on the 

surface of the large particles. Upon increasing the annealing time to 8 min (Figure 5.8g), the 

worm-like structure almost stays constant and the large clusters vanish gradually. The large 

clusters change to worm-like structure gradually from the edge to the center as shown in Figure 

5.8f and g. After annealing for 15 min (Figure 5.8g), it shows a very homogeneous worm-like 

structure. No large clusters are observed anymore. From 15 min to 60 min (Figure 5.8h-j), the 

worm-like structure keeps constant and no morphology change is observed, indicating the 

morphology transition from foam-like to worm-like structure finishes at 15 min at 120 °C.   

 

Figure 5.8 SEM images of the ZnO/PS-b-PEO hybrid films annealed at 120 °C for different 

times: (a) 0 min, (b) 0.5 min, (c) 1 min, (d) 2 min, (e) 3 min, (f) 5 min, (g) 8 min, (h) 15 min, (i) 

30 min and (j) 60 min. Reprinted from Ref.83 with permission from The Royal Society of 

Chemistry. 
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Inner morphology 

GISAXS measurements are performed to investigate the evolution of worm-like structure 

buried in the films. Figure 5.9a-j show the 2D GISAXS data of different stages towards the 

formation of worm-like structure. The scattering data changes significantly during the first 8 

min (Figure 5.9a-g), and then almost keeps constant from 15 min on (Figure 5.9h-j). A 

semicircular scattering pattern is observed for all samples, which suggests that the morphology 

in the films is generally isotropic. However, from 2 min on, the 2D data show two vertically 

scattering signals known as Bragg rods as marked by the white boxes in Figure 5.9d. This 

indicates the appearance of a vertically oriented structure with respect to the substrate.107, 114 

Combined with the SEM results, it is concluded that the vertically oriented structure originates 

from the worm-like structure. The worm-like structures are partly perpendicular to the substrate. 

Moreover, the morphology transition from foam-like to worm-like structure starts at 2 min. 

 

Figure 5.9 2D GISAXS data of ZnO/PS-b-PEO films annealed at 120 °C for different times: (a) 

0 min, (b) 0.5 min, (c) 1 min, (d) 2 min, (e) 3 min, (f) 5 min, (g) 8 min, (h) 15 min, (i) 30 min 

and (j) 60 min. The specular peak is blocked by a beamstop. All the images have the same 

intensity scale as shown in the scale bar. The white boxes in (d) indicate the two vertical Bragg 

rods. Reproduced from Ref.83 with permission from The Royal Society of Chemistry. 

 

Horizontal line cuts are performed along the Yoneda peak (Figure 5.10a). The curves show a 

significant change during the first 2 min. It is worth noting that a distinct peak is observed at 

about 0.2 nm-1 of qy for the curves annealed for over 2 min. This peak is originated from the 

Bragg rods.  
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Figure 5.10 (a) Horizontal line cuts of the 2D GISAXS data for ZnO/PS-b-PEO films annealed 

at 120 °C for increasing time from bottom to top. The red lines represent the fits to the data. 

All curves are shifted along the intensity axis for clarity of the presentation. Extracted 

characteristic length scales: (b and c) ZnO cluster size and (d and e) pore size in the ZnO/PS-

b-PEO films as a function of increasing annealing time. (c and e) correspond to the cluster size 

and pore size of the first 8 min in the red boxes in (b and d), respectively. Blue triangles indicate 

small-sized structures, red circles indicate middle-sized structures and black squares indicate 

large-sized structures. Reproduced from Ref.83 with permission from The Royal Society of 

Chemistry. 

 

To obtain the average cluster and pore size of the ZnO films for different annealing times, the 

horizontal line cuts are fitted with the same model described above. The average cluster size 

and average pore size are plotted as a function of the annealing time (Figure 5.10b and d, 

respectively). To fit the cuts, three structures are required for the curves annealed for the first 

8 min, whereas two structures for the curves after 8 min are sufficient. After 8 min, the large-

sized structures disappear, indicating that no large clusters are present in the films anymore. 

Instead, only the worm-like structure exists in the films. This is consistent with the morphology 

changes observed from the SEM images. During the first 2 min, the large-sized clusters become 

larger expect for that annealed for 1 min (Figure 5.10c, a zoom-in of the first 8 min indicated 

in the red box in Figure 5.10b). When increasing the time further to 8 min, the large-sized 

clusters show decreased size and then vanish after 8 min. While for the large-sized pores 



Chapter 5 Nanostructured ZnO films templated with PS-b-PEO                                                                       

68 
 

(Figure 5.10e, a zoom-in of the first 8 min indicated in the red box in Figure 5.10d), they first 

decrease before 1 min, followed by increasing until 8 min, indicating that large-sized ZnO 

clusters first become more and larger at 0.5 min, and then become smaller and denser at 1 min. 

Afterwards, the large clusters become larger and sparser at 2 min and then a little smaller and 

even sparser from 2 min to 8 min. Both the small-sized and middle-sized structures show an 

increased cluster and pore size, which may indicate that the crystallization and the formation 

of the mesopores worm-like structure are improved during this process. From 2 min on, both 

the cluster size and the pore size almost stay constant.  

For the final ZnO/PS-b-PEO films annealed for 60 min, the 2D GISAXS data differ from that 

of the pure ZnO film (Figure 5.6b). This might be resulted from the removal of the polymer 

template, which slightly changes the contrast and the morphology. Nevertheless, the two 

vertical Bragg rods are preserved after polymer removal and the position of the Bragg rods 

remains the same, implying the conservation of the worm-like structure after polymer removal, 

which is observed in the SEM images. It is important to note that the ZnO/PS-b-PEO films 

show two structures whereas the pure worm-like ZnO films show three average structures. This 

might be explained by the aggregation of some worms caused by the removal of the polymer 

template. Moreover, although the small-sized structures for ZnO in hybrid films and in pure 

ZnO films are similar (3 nm for the cluster size and 30 nm for the pore size), the pure worm-

like ZnO films show larger middle-sized cluster sizes (15 nm vs. 12 nm) and smaller pore sizes 

(57 nm vs. 78 nm) than the worm-like ZnO/PS-b-PEO composite films. This can be attributed 

to the collapse of the ZnO films to some extent. The fusion of the ZnO structures makes the 

average pore size smaller and the cluster size larger during polymer removal.115-118   

5.3 Conductivity and optoelectronic properties of ZnO films 

To apply the ZnO films in ssDSSCs, the conductivity and the optoelectronic properties are of 

great importance. In this section, these properties are explored on the basis of the pure ZnO 

films with multiple morphologies. 

5.3.1 Sheet resistance 

The conductivity of the ZnO films is investigated by measuring the sheet resistance. Figure 

5.11 shows the plot of the sheet resistance as a function of the annealing temperature. Although 

the crystallinity of ZnO is generally supposed to be improved by increasing the annealing 

temperature, the sheet resistance decreases first, followed with increasing values, revealing that 

the worm-like structure annealed at 120 °C possesses the lowest sheet resistance. The best 
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conductivity of the worm-like structure may be induced by better interconnected network 

structure as compared with the other samples.     

 

Figure 5.11 Sheet resistance of mesoporous ZnO films prepared at different annealing 

temperatures, which is plotted as a function of annealing temperature. The dashed line is a 

guide to the eyes. Reprinted from Ref.83 with permission from The Royal Society of Chemistry. 

 

5.3.2 Optoelectronic properties 

Figure 5.12 shows the photoluminescence (PL) spectra of mesoporous ZnO films annealed at 

80 and 120 °C after polymer removal, which are the most promising samples due to the larger 

mesopore size for backfilling as compared to the structures prepared at other temperatures. The 

films are excited at the wavelength of 325 nm. Two prominent peaks are observed in the range 

of 345-600 nm. The peak at about 350 nm is caused by the radiative recombination of electrons 

from the conduction band with holes from the valence band. While the other broad peak located 

at about 530 nm may be caused by defect induced emission. Compared with the ZnO films 

annealed at 80 °C, the films at 120 °C show weaker intensity for the defects, indicating less 

defects in the worm-like structure. 
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Figure 5.12 PL spectra of mesoporous ZnO films annealed at 80 and 120 °C as indicated after 

polymer removal (λEx=325 nm). Reprinted from Ref.83 with permission from The Royal Society 

of Chemistry. 

 

Time resolved photoluminescence measurements are performed to investigate the charge 

separation at the interface between dye molecules and ZnO. Figure 5.13 shows the time 

resolved PL spectra of D205 on different mesoporous ZnO films and that on glass as a 

comparison. A biexponential decay function is used to fit the curves with Fluofit software. The 

average lifetime and the fitting results are shown as dashed yellow lines. Compared with the 

PL decay lifetime of D205 on glass (2.1 ns), the lifetime of D205 on ZnO films shows a 

increasing trend with temperature, i.e., 1.1 ns for samples prepared at 80 °C and 120 °C, 1.4 ns 

for 160 °C and 1.5 ns for 200 °C. It implies that D205 loaded in 80 °C and 120 °C annealed 

ZnO films shows the most effective exciton separation. This might be due to the better 

interconnected network in the foam- and worm-like structures. Nevertheless, due to the larger 

amount of defects in the 80 °C annealed samples, the exciton separation in the 120 °C annealed 

samples seems more efficient, which favors the improvement of the photovoltaic performance. 

The reason for this may be due to two aspects. One is that the worm-like structure prepared at 

120 °C shows larger small-sized pores, which is beneficial for forming a more effective 

interface for exciton separation. The other is the better vertically oriented structure in the worm-

like structure, making the electron transport to the corresponding electrode more efficient. 
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Figure 5.13 Time resolved PL spectra of D205 on glass and on mesoporous ZnO films prepared 

at different annealing temperatures as indicated. The curves are fitted with biexponential decay 

function to obtain the average lifetime. The fits are shown as dashed yellow lines. Reprinted 

from Ref.83 with permission from The Royal Society of Chemistry. 

 

5.4 Solar cell performance 

To investigate the solar cell performance, ssDSSCs based on ZnO films with foam-like, worm-

like and sphere-like structures prepared at 80, 120, 160, and 200 °C are fabricated. The device 

layout is FTO/compact ZnO/m-ZnO/dye/spiro-OMeTAD/Au on glass. Each layer for the 

ssDSSCs is prepared at relatively low temperature. Therefore, these devices show great 

promise for application in flexible solar cells, where the substrate is sensitive to high 

temperatures. The photovoltaic performance based on ZnO films with different morphologies 

is given in section 5.4.1. Section 5.4.2 describes the long-term stability of the ssDSSCs based 

on the worm-like structure. 

5.4.1 Influence of annealing temperature 

The annealing temperature has a great influence on the morphology of the ZnO films as shown 

in section 5.2.1. In this part, the corresponding photovoltaic performance is investigated. UV-

Vis spectra, current density-voltage curves (I-V curves), incident photon-to-current efficiency 

(IPCE) and electrochemical impedance spectra (EIS) are measured in this section. 
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Transparency 

Optical images of the ssDSSCs based on ZnO films with different morphologies are shown in 

Figure 5.14a-d. All ssDSSCs are very transparent (excluding the area with gold contact). Only 

a slight color of light purple is observed which is originated from the color of D205. Further 

differences in color is not observed for the ssDSSCs fabricated from different ZnO films. To 

see the transparency quantitatively, UV-Vis spectra are measured (excluding the gold contact) 

and the transmittance of the four solar cells is shown in Figure 5.14e. The absorption in the 

range of 465-610 nm is mainly originated from the dye molecules D205. The high absorption 

at 390 nm is due to the absorption of both D205 and ZnO films. The high transmittance (above 

90%) in the range of 427-800 nm, indicates that the active layers in the ssDSSCs show high 

transparency in the visible light region. The transparency of the active layers makes them 

promising for applications in building integrated solar cells. Moreover, it is shown that the 

solar cells (excluding the gold contact) prepared from ZnO annealed at 80 °C and 120 °C have 

a higher dye absorption peak as compared with those from 160 °C and 200 °C annealed ZnO 

films. This indicates that the ZnO films annealed at 80 °C and 120 °C increase the probability 

for dye molecules being loaded in the films, which might be due to larger meso-pore size as 

compared to the ZnO films annealed at 160 °C and 200 °C.  

 

Figure 5.14 (a-d) Optical images of ssDSSCs based on ZnO prepared at different annealing 

temperatures: (a) 80 °C, (b) 120 °C, (c) 160 °C, (d) 200 °C. (e) Transmittance spectra of 

ssDSSCs excluding top contacts prepared from ZnO films annealed at different temperatures: 

80 °C (indicated by black curves), 120 °C (red), 160 °C (blue), and 200 °C (magenta). Adapted 

from Ref.83 with permission from The Royal Society of Chemistry. 

 

 



                                                                      Chapter 5 Nanostructured ZnO films templated with PS-b-PEO 

73 
 

I-V curves 

The current density-voltage (I-V) curves of the ssDSSCs prepared from ZnO films annealed at 

different temperatures are given in Figure 5.15. It is observed that the ssDSSCs based on the 

ZnO films annealed at 120 °C show a larger maximum output power as compared to other 

ssDSSCs indicating a larger power conversion efficiency.  

 

Figure 5.15 Current density-voltage characteristics of ssDSSCs based on ZnO prepared at 

different annealing temperatures: 80 °C (indicated by black curves), 120 °C (red), 160 °C 

(blue), and 200 °C (magenta). Reproduced from Ref.83 with permission from The Royal Society 

of Chemistry. 

 

The photovoltaic parameters including short-circuit current density (Jsc), open-circuit voltage 

(Voc), fill factor (FF) and power conversion efficiency (PCE) are extracted from the I-V curves 

(Figure 5.16), which are obtained from 12 pixels. It is observed that the annealing temperature 

of the ZnO films has a great influence on the ssDSSC performance. Figure 5.16b shows that 

the PCE of the ssDSSCs based on 120 °C annealed ZnO films (average value: 0.42%, highest 

value: 0.45%) is higher than those from the other devices. When increasing the annealing 

temperature of the ZnO films to 160 °C and 200 °C, the corresponding ssDSSCs show a 

decreased PCE. This changing trend is similar to those of Jsc, Voc and FF. The efficiency we 

obtained in this work is not extensively high, which is mainly due to the transparent active 

layers.99, 104, 119, 120 Upon further characterizations, the following incident photon-to-current 

efficiencies without and with normalized values are given below. 
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Figure 5.16 (a) Jsc (circles, dataset at the top) and Voc (triangles, dataset at the bottom), (b) 

FF (diamonds, dataset at the top) and PCE (squares, dataset at the bottom) extracted from I-

V curves of the DSSCs based on ZnO prepared at different annealing temperatures as indicated. 

The lines are guides to the eye. Reprinted from Ref.83 with permission from The Royal Society 

of Chemistry. 

 

Incident photon-to-current efficiency 

To investigate the photovoltaic properties at different wavelengths, incident photon-to-current 

efficiency (IPCE) measurements are performed (Figure 5.17a). Two absorption peaks in the 

range of 300 to 600 nm are observed, which coincides with the absorption spectra of the used 

D205 dye molecules. The IPCE values are lower than the reported values. This is mainly 

because the active layer in this work is of high transparency for the visible light as described 

above. Thus, the IPCE normalized by (1-transmittance) (Figure 5.17b) seems more reasonable 

to investigate the performance of the devices. We can observe that the efficiency improves 

significantly in the wavelength range of 450 to 650 nm in these normalized IPCE curves. For 

the ZnO annealed at different temperatures, the normalized IPCE of the corresponding 

ssDSSCs first increases and then decreases. At 590 nm, the highest efficiency of 98.2% is 

obtained for the ssDSSCs prepared from ZnO annealed at 120 °C, which is much higher than 

the other ssDSSCs based on ZnO annealed at other temperatures. It shows that at 590 nm, the 

normalized IPCE of the ssDSSCs prepared from ZnO films with 80 °C, 160 °C and 200 °C are 

65.5%, 58.9% and 46.6%, respectively.   
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Figure 5.17 (a) IPCE spectra; and (b) IPCE normalized by (1-transmittance) of ssDSSCs based 

on ZnO prepared at different annealing temperatures: 80 °C (indicated by black curves), 

120 °C (red), 160 °C (blue), and 200 °C (magenta). Reproduced from Ref.83 with permission 

from The Royal Society of Chemistry. 

 

The best photovoltaic performance of the ssDSSCs based on the 120 °C annealed ZnO films 

may be because of the larger mesopore size as shown in section 5.2.1 and the better 

conductivity of the ZnO films annealed at 120 °C. Larger mesopores are beneficial for 

backfilling of spiro-OMeTAD after loading dye molecules, which results in a better 

ZnO/dye/spiro-OMeTAD interface and therefore an improved photovoltaic performance as 

reported by Rawolle et al. in the case of TiO2 films.121 Moreover, the ZnO films annealed at 

120 °C show a worm-like morphology which is better vertically oriented than the other 

morphologies as described in section 5.2.1. This contributes significantly to the improvement 

of the charge carrier transport towards the corresponding electrodes.  

Electrochemical impedance spectra 

The electrochemical impedance spectra (EIS) are shown in Figure 5.18 to probe the kinetics of 

the interfacial charge carrier transfer process in ssDSSCs. An equivalent circuit (on the top of 

Figure 5.18a) is used to fit the Nyquist plots. It is shown that all the EIS spectra exhibit two 

arcs. In the high frequency region, the arc is attributed to charge transfer at the back contact/n-

type semiconductor interface (R1), whereas the arc in the low frequency region is resulted from 

the charge transfer at the ZnO/dye/n-type semiconductor interface (R2).
17, 122, 123 The ssDSSCs 

from 120 °C annealed ZnO films show much smaller R2 as compared with others, which 

implies that the ssDSSCs based on worm-like structure possess lower hole-electron 

recombination, therefore resulting in a better efficiency. Table 5.1 gives the corresponding 

values of R1 and R2.  
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Figure 5.18 EIS analysis of DSSCs based on ZnO prepared at different annealing temperatures 

as indicated. (a) Nyquist plots (ontop showing equivalent circuit model used for the DSSCs in 

this study). (b) Bode phase plots. Reprinted from Ref.83 with permission from The Royal Society 

of Chemistry. 

 

The corresponding Bode phase plots of the EIS spectra for the ssDSSCs are shown in Figure 

5.18b. The characteristic frequency peaks for the ssDSSCs first decrease from 80 °C to 120 °C 

and then increase when the annealing temperature increases to 160 °C as shown in Table 5.1. 

The electron lifetime for recombination (τ) of ssDSSCs is calculated by  

τ = 1/2πfmax,                                                                                                                                         (5.1) 

where fmax is the corresponding characteristic low-frequency peaks.124 

The recombination lifetime for ssDSSCs can be obtained from this equation. The values are 

shown in Table 5.1. Compared with the recombination lifetime for ssDSSCs from 80 and 

160 °C annealed ZnO, the one for ssDSSCs from 120 °C annealed ZnO shows a longer lifetime. 

This could effectively reduce the electron recombination and consequently lead to a significant 

enhancement of the device efficiency.  

For ssDSSCs prepared from 200 °C annealed ZnO, lower frequency but higher charge transfer 

resistance at the ZnO/dye/n-type semiconductor interface is shown. This can be explained by 

the smaller pore sizes of the sphere-like ZnO structure at 200 °C, which results in a bad 

backfilling of the spiro-OMeTAD, therefore leading to poor charge injection to spiro-

OMeTAD and low probability of charge recombination as well. 
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Table 5.1. EIS parameters of DSSCs based on ZnO prepared at different annealing 

temperatures as indicated. Reprinted from Ref.83 with permission from The Royal Society of 

Chemistry. 

DSSCs on different ZnO  R1 (Ω) R2 (Ω) fmax (Hz) τ (ms) 

80 °C 25.2 153.6 2302 0.069 

120 °C 20.7 65.4 1823 0.087 

160 °C 28.5 170.1 2910 0.055 

200 °C 29.4 403.7 905 0.180 

 

 

5.4.2 Long-term stability 

The long-term stability of one ssDSSC based on 120 °C annealed ZnO film is shown in Figure 

5.19. The normalized PCE, Jsc, Voc, and FF are shown from top to the bottom. For the ssDSSCs, 

the fabrication, storage, and characterization process are conducted under ambient air 

conditions and undergo no encapsulation step. After 20 days, the PCE, Jsc, Voc, and FF only 

slightly decrease with values of 90.4%, 92.8%, 101.6% and 96.0% of the initial values, 

respectively. Even after 120 days, the PCE still remains 79.4% (T80) which is significantly 

more stable than commonly reported in case of liquid electrolyte DSSCs.125-128 The loss of the 

PCE mainly results from the decrease of the current density. The I-V curves after storing the 

ssDSSC for 0, 10, 20, 30 and 120 days are shown in Figure 5.20. The curves show similar 

shape except the slightly decreasing current density. The stability could be further improved 

by encapsulation. 
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Figure 5.19 Long-term stability (PCE, Jsc, Voc, and FF from top to bottom, respectively) of one 

ssDSSC based on 120 °C annealed ZnO film at ambient air condition. The lines are guides to 

the eye. Reprinted from Ref.83 with permission from The Royal Society of Chemistry. 

 

 

Figure 5.20 Current-voltage characteristics of one ssDSSC based on 120 °C annealed ZnO 

film measured after several days as indicated to study aging. Reprinted from Ref.83 with 

permission from The Royal Society of Chemistry. 
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5.5 Summary 

In this part, ZnO films with multiple morphologies (including foam-like, worm-like and 

sphere-like structures) are fabricated via sol-gel method in combination with a diblock 

copolymer templating. XRD reveals the formation of the wurtzite ZnO at 80 °C. All the 

fabrication processes for the different ZnO films are well below 200 °C and the annealing 

temperature shows great importance for morphology tuning. The surface and inner 

morphologies are detected by SEM and GISAXS, respectively, which reveals that the 

morphology changes from foam-like, worm-like, to sphere-like structures when increasing the 

annealing temperature. Moreover, the evolution of the worm-like structure while increasing the 

annealing time is investigated and the underlying self-assembly process is well observed by 

both SEM and GISAXS techniques. In addition, the ZnO films annealed at 120 °C show the 

lowest sheet resistance as compared with those annealed at 80 °C, 160 °C and 200 °C, 

indicating the improvement of charge transport by tuning the ZnO morphology. Time resolved 

photoluminescence measurements imply that D205 loaded in 120 °C annealed ZnO films 

shows the most effective exciton separation, which favors the improvement of the photovoltaic 

performance. Furthermore, ssDSSCs with transparent active layers are fabricated with these 

tunable ZnO films. For all ssDSSCs, every layer is deposited at low temperature, which shows 

great promise for applications in flexible solar cells. Since the worm-like structures of ZnO 

films have larger meso-pore sizes, the backfilling of dye molecules and spiro-OMeTAD is 

easier, thereby providing a better interface for charge separation between ZnO and dyes and 

for charge transfer from dye molecules to spiro-OMeTAD. The worm-like structure annealed 

at 120 °C has an interconnected 3D structure which is better ordered and vertically oriented as 

compared with other samples, thus, leading to lowest charge transfer resistance and 

recombination at the interfaces of ZnO/dye/spiro-OMeTAD as indicated by electrochemical 

impedance spectra. By tuning the annealing temperature of the ZnO films, an almost four times 

improvement of the PCE is found for the ssDSSCs based on the worm-like ZnO films. Almost 

100% of the charge separation and collection efficiency for the absorbed photons by D205 is 

observed at 590 nm for the worm-like based ssDSSCs. Apart from this, the devices also possess 

very good stability in ambient air conditions. T80 is achieved even after 120 days for devices 

without encapsulation, which renders them highly interesting for practical applications, 

considering that standard encapsulation would enhance lifetime further. 

In this work, a low temperature fabrication technique is used, which saves great energy and 

reduces the payback time significantly. The obtained transparent active layers make it possible 

for making building-integrated photovoltaic devices. In addition, the inexpensive and scalable 

sol-gel method for preparing ZnO templated by a diblock copolymer is a good way to 
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manufacture multiple morphologies to meet various needs and functionalities, not only in solar 

cells but also can be extended to a low-cost fabrication routine for other energy conversion 

devices. 
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6. Nanostructured ZnO films templated with PS-

b-P4VP  

Parts of this chapter have been published in an article: Comparison of UV Irradiation and 

Sintering on Mesoporous Spongelike ZnO Films Prepared from PS-b-P4VP Templated Sol-

Gel Synthesis (K. Wang et al., ACS Appl. Nano Mater. 2018, 1, 7139-7148, DOI: 

10.1021/acsanm.8b02039). 

As mentioned above, DSSCs have attracted great attention and show great potential in the 

photovoltaic field due to the efficient conversion from solar energy to electricity.88, 129 Many 

efforts have been focused on ssDSSCs. Generally, a monolayer of dye molecules is adsorbed 

on the surface of the n-type semiconductors. The increased surface-area-to-volume-ratio of the 

mesoporous n-type semiconductors is favorable to adsorb a larger amount of the dye molecules, 

therefore resulting in a stronger absorption of the sunlight. The large n-type semiconductor/dye 

interface area also promotes the exciton separation. Moreover, the conductivity of the n-type 

semiconductor is improved to benefit the charge carrier transport to their corresponding 

electrode. However, the photovoltaic performance still remains modest. One of the most 

important issues is the poor efficiency of backfilling for the dye molecules and the p-type 

semiconductors into the mesoporous inorganic semiconductors, which results in a bad contact 

between dye molecules and charge carrier transport materials and a poor exciton separation 

and charge transfer. One possible way to overcome this issue is to tune either the polarities of 

the p-type semiconductors or the solvent to make it easy to penetrate the pores of the n-type 

semiconductors. Alternatively one can also use small molecules instead of conjugated 

polymers to act as the charge carrier transport materials.130-133 For example, spiro-OMeTAD is 

widely used in ssDSSCs and perovskite solar cells, which show better photovoltaic 

performance than that prepared with P3HT. However, the availability of suitable small organic 

conductors is limited. Precise control over the pore size of the n-type inorganic semiconductors 

tends to be important in order to obtain highly efficient ssDSSCs. Investigating an optimum 

pore size is indispensable since the increased pore sizes have the tendency to enhance the 

backfilling, but on the other hand, may reduce the surface-area-to-volume-ratio, which 

decreases the charge carrier density separated at the interfaces of the dye molecules and the 

charge carrier transport materials.  
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An efficient way to control the pore sizes of the n-type inorganic materials is to use the sol-gel 

method in combination with a diblock copolymer as a template.48, 134-136 As reported, many 

parameters may have an influence on the pore size of the inorganic materials.107, 137-139 One can 

tune the pore size of the mesoporous scaffold by changing the weight ratio of the inorganic 

semiconductors to the template, or by tuning the weight ratio of the two blocks in the polymer 

template. The solvent or thermal annealing procedure can also greatly influence the pore sizes 

of the scaffold. In Chapter 5, the pore sizes in different structures are tuned by changing the 

annealing temperature which is controlled below 200 °C. However, as far as we know, the 

investigation of different post-treatment techniques, which might have some influence on the 

pore sizes of the scaffold, has not been reported. UV-irradiation and high temperature sintering 

are two reported methods to remove the polymer template from the polymer/inorganic 

semiconductor composite films.107, 139-143 The polymer template is removed and only 

mesoporous inorganic thin films are preserved. However, different collapsed states of the 

inorganic thin films will occur during the respective process.115, 116, 118, 143 Therefore, the post-

treatment method is expected to show a significant influence on the final pore sizes of the 

inorganic materials. 

In this chapter, mesoporous ZnO films are still fabricated by sol-gel synthesis, but templated 

with a different diblock copolymer polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP). 

Two post-treatment techniques, namely UV-irradiation and high temperature sintering, are 

used to remove the diblock copolymer template in this part to compare the finally obtained 

ZnO films which show different pore sizes with different post-treatment techniques. In addition, 

the influence of the weight ratio of the polymer template to the zinc precursor on the pore sizes 

of the final ZnO films is also investigated. Scanning electron microscopy (SEM) and atomic 

force microscopy (AFM) are used to monitor possible changes in the pore sizes at the surface 

of the ZnO films with different post-treatment methods and an increased template to precursor 

ratio. The pores buried inside the films are investigated with grazing-incidence small-angle X-

ray scattering (GISAXS) which gives high statistical information on the pore sizes. Based on 

the ZnO films with different pore sizes, ssDSSCs are fabricated and the photovoltaic 

performances are found improved significantly via tuning the pore size of the ZnO films. 

6.1 Fabrication route of ZnO nanostructures 

A sol-gel synthesis is employed to fabricate the mesoporous ZnO films with the diblock 

copolymer PS-b-P4VP as a template. Figure 6.1 shows the multiple steps involved in the 

fabrication process. N, N-dimethylformamide (DMF) is used as a good solvent for both the PS 

and the P4VP blocks (Figure 6.1b). Moreover, the zinc precursor zinc acetate dihydrate (ZAD) 
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can also be dissolved in DMF as well (Figure 6.1a). While ethanolamine (MEA) is a poor 

solvent for the PS block, but a selective solvent for the P4VP block. Therefore, after 

introducing the poor solvent MEA, the PS blocks shrink and form the cores, whereas the P4VP 

blocks form the coronas. After mixing the zinc precursor solution and the polymer solution 

together, the zinc precursor prefers to incorporate into the P4VP blocks. As a result, micelles 

with zinc precursor present in the sol-gel are formed as shown in Figure 6.1c. After spin-coating 

the solution on a cleaned silicon (100) or glass substrate (Figure 6.1d), annealing at low 

temperature is performed to improve the self-assembly of the composite films (Figure 6.1e). 

Two post-treatment techniques, namely high temperature sintering (Figure 6.1f) and UV-

irradiation (Figure 6.1g) which are reported to be efficient ways are employed to remove the 

polymer template from the composite films.139, 142-144 Finally, mesoporous ZnO films are 

realized (Figure 6.1h). More details about the preparation process is described in section 4.2.1. 

 

Figure 6.1 Schematic representation of the sol-gel route in combination with PS-b-P4VP 

templating to prepare ZnO/PS-b-P4VP composite thin films, followed by post-treatment: (f) 

high temperature sintering or (g) UV-irradiation in order to remove the polymer template. 

Eventually mesoporous ZnO films are obtained.  Reprinted with permission from Ref.145 

Copyright {2018} American Chemical Society. 
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FT-IR spectra of the films are shown in Figure 6.2 before and after applying the post-treatment 

method (namely sintering or UV-irradiation) to remove the polymer template. For the films 

without post-treatment, the curve shows strong absorption peaks at 1621 and 700 cm-1, which 

are attributed to the stretching modes of pyridine rings and aromatic rings, respectively, 

indicating the existence of P4VP and PS blocks.146 In contrast, these peaks disappear for the 

samples after post-treatment with either sintering or UV-irradiation, suggesting that the 

polymer template is removed completely by either sintering or UV-irradiation. 

 

Figure 6.2 FTIR spectra of ZnO/PS-b-P4VP composite films (prepared from the polymer 

template-to-ZAD ratio of 5:12) without post-treatment and the corresponding ZnO films after 

polymer extraction via sintering or UV-irradiation. Reprinted with permission from Ref.145 

Copyright {2018} American Chemical Society. 

 

Regarding each post-treatment technique, ZnO films with different ratios between template and 

ZAD are fabricated to investigate the influence of the ratio. Both surface and inner 

morphologies of the obtained ZnO films are probed and the corresponding ssDSSCs are 

fabricated, which shows remarkable relationship with the pore sizes of the ZnO films. 

 

6.2 Mesoporous ZnO films via different post-treatment methods 

The crystal structure of the mesoporous ZnO films is discussed in section 6.2.1. The surface 

and inner morphology is described in section 6.2.2 and section 6.2.3, respectively. According 
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to the morphology changes, the structural evolution affected by the weight ratio of template to 

the zinc precursor and the post-treatment technique is given in section 6.2.4. Moreover, the 

optical properties of the obtained ZnO films with different pore sizes are investigated in section 

6.2.5. 

6.2.1 Crystal structure 

XRD data of ZnO/PS-b-P4VP and pure mesoporous ZnO films are shown in Figure 6.3 to 

investigate the information about the crystal structure. For all the three ZnO films three broaden 

peaks are observed in the range of 30 deg. to 37 deg. which are labeled by diamonds. The Bragg 

peaks at around 31.6, 34.3, and 36.3 deg. correspond to crystal planes of (100), (002) and (101), 

respectively. This indicates the formation of the wurtzite phase in the ZnO films. Moreover, 

compared with the hybrid films, the samples post-treated with UV-irradiation show no 

difference in the XRD data, suggesting that the crystallization is not improved by UV-

irradiation treatment. The peaks for the sintered ZnO films show narrower full width at half 

maximum than those in the UV-irradiated samples, which demonstrates that the sintered films 

possess a better crystallization.  

 
Figure 6.3 XRD patterns of ZnO/PS-b-P4VP (without post-treatment) and mesoporous ZnO 

films after polymer removal by UV-irradiation and sintering.  The curves are interrupted from 

31.8 to 34 deg. to remove the strong Bragg peak of the Si substrate. The Bragg peaks of ZnO 

wurtzite phase are indicated by diamonds. Reprinted with permission from Ref.145 Copyright 

{2018} American Chemical Society. 
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6.2.2 Surface morphology 

Both SEM and AFM are used to investigate the surface morphology of the ZnO films treated 

with different techniques. The morphology of the films upon increasing template-to ZAD ratio 

is also probed with SEM and AFM. 

SEM images of UV-irradiated ZnO films with the ratio of 5:12 are shown in Figure 6.4. At low 

magnification (Figure 6.4a and b), the sample shows a homogeneous pore structure. The 

sponge-like structure is clearly observed under higher magnification (Figure 6.4c and d). Figure 

6.5 shows the SEM images of both sintered and UV-irradiated ZnO films prepared from 

different template-to-ZAD ratios. All the ZnO films show an interconnected sponge-like 

structure, independent of the applied post-treatment method. 

 

Figure 6.4 SEM images of UV-irradiated ZnO films with the ratio of 5:12 under different 

magnifications.  

 

Figure 6.5 SEM images of polymer removed mesoporous ZnO films via (a-d) sintering and  (e-

h) UV-irradiation with different weight ratios of template to ZAD (wPS-b-P4VP: wZAD): (a, e) 1:12, 

(b, f) 3:12, (c, g) 5:12, (d, h) 7:12. The red rectangles in (c), (d), (g), (h) indicate the connected 

pores.  Reproduced with permission from Ref.145 Copyright {2018} American Chemical Society. 
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For the sintered ZnO films, upon increasing the template-to-ZAD ratio from 1:12 to 7:12, the 

pore size increases gradually. With the ratio increasing, it is observed that small pores 

preferentially grow into large pores and also tend to connect with each other to form larger 

ones (about 140 nm for the sample of 5:12 and 170 nm for 7:12, marked by red boxes in Figure 

6.5c and d). The ZnO films treated with UV-irradiation show a similar tendency when 

increasing the template-to-ZAD ratio. However, the pore sizes obtained via UV-irradiation are 

found smaller than the counterparts via sintering. With increasing the template-to-ZAD ratio 

for the UV-irradiated ZnO films, the small pores become larger and also tend to interconnect 

with each other to form larger pores (some pore sizes reach about 50 nm for sample with the 

ratio of 5:12 and 120 nm of 7:12, respectively, as marked by red boxes in Figure 6.5g and h). 

However, compared with the large pores of the sintered films, the corresponding large pores in 

the UV-irradiated films are smaller. The decreased pore size can be explained by a collapse 

that is induced by the polymer removal process. When the template is removed from the 

composite films, the initial ZnO scaffold inevitably collapses, therefore leading to smaller pore 

sizes. The irradiated ZnO films show smaller pore sizes than the sintered ones, indicating that 

the collapse behavior of ZnO films during UV-irradiation is more serious than that during 

sintering when removing the polymer template from the composite films.  

 

Figure 6.6 AFM images of polymer removed mesoporous ZnO films via (a-d) sintering and  (e-

h) UV-irradiation with different weight ratios of template to ZAD (wPS-b-P4VP: wZAD): (a, e) 1:12, 

(b, f) 3:12, (c, g) 5:12, (d, h) 7:12. Reproduced with permission from Ref.145 Copyright {2018} 

American Chemical Society. 

 

To explore the surface morphology further, AFM measurements are performed for the template 

removed ZnO films. Figure 6.6 illustrates the topography of the mesoporous ZnO films post-

treated with sintering (a-d) and UV-irradiation (e-h). When the ratio of the template increases, 

the pore sizes of the ZnO films increase independent of the post-treatment method. With small 
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ratios, the ZnO films seem more compact, which decreases the probability of backfilling for 

the dyes and charge carrier transport materials. When increasing the pore sizes along increasing 

the template-to-ZAD ratio, the pore sizes become larger, which benefits the subsequent 

penetration. This is supposed to provide a more beneficial interface between dye molecules 

and charge carrier transport materials for exciton separation. When increasing the pore sizes 

further, the interface may decrease, which decreases the opportunity of the exciton separation 

again. Compared with the sintered films, the irradiated samples appear to be more compact 

with the presence of smaller pore sizes. All these observations are consistent with the SEM 

results. 

To investigate the morphology changes further with increasing the template-to-ZAD ratio, 

SEM and AFM images of 240 °C annealed ZnO films post-treated with UV-irradiation are 

shown in Figure 6.7 and 6.8, respectively. The morphologies for the ZnO films at 240 °C are 

quite different from those at 160 °C, which is mainly caused by the increased compatibility at 

240 °C. When the template-to-ZAD ratio increases, aggregation of the ZnO clusters is observed 

and both the ZnO clusters and pores become larger, which is consistent with the morphology 

evolution trend at 160 °C. 

 

Figure 6.7 SEM images of UV-irradiated mesoporous ZnO films prepared from different ratios 

of polymer to ZAD at the annealing temperature of 240 °C: (a) wPS-b-P4VP: wZAD =1:12, (b) 3:12, 

(c) 5:12, and (d) 7:12. Reprinted with permission from Ref.145 Copyright {2018} American 

Chemical Society. 



                                                                    Chapter 6 Nanostructured ZnO films templated with PS-b-P4VP 

89 
 

 

Figure 6.8 AFM images of UV-irradiated mesoporous ZnO films prepared from different ratios 

of polymer to ZAD at the annealing temperature of 240 °C: (a) wPS-b-P4VP: wZAD=1:12, (b) 3:12, 

(c) 5:12, and (d) 7:12. Reprinted with permission from Ref.145 Copyright {2018} American 

Chemical Society. 

 

6.2.3 Inner morphology 

Apart from the surface morphology, the inner morphology is also significant since both the dye 

molecules and the p-type semiconductor are required to be backfilled into the mesoporous ZnO 

films and the exciton separation and charge transfer occur at the interfaces of the dye molecules 

and the charge carrier transport materials. Moreover, it can happen that the inner morphology 

may be different from the surface morphology.147-149 Therefore, investigating the characteristic 

features of the inner morphology is important. GISAXS is a powerful tool to investigate the 

inner morphology. The X-ray beam can penetrate the whole film since the incident angle is 

0.35° which is higher than the critical angle. Therefore, the inner structure can be probed. 

Furthermore, a large area of the film is illuminated with X-rays which enables high statistics. 

Figure 6.9 shows the 2D GISAXS data of the ZnO films (annealed at 160 °C) treated via 

sintering and UV-irradiation. Two prominent Bragg scattering rods are observed in all the 2D 

scattering data, indicating that an ordered structure appears perpendicular to the substrate. 

When increasing the template-to-ZAD ratio, the position of the Bragg rods shifts to a lower qy 

value for both sintered and irradiated samples. This reveals that when increasing the template-

to-ZAD ratio, larger structures form for both sintered and irradiated ZnO films.  
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Figure 6.9 2D GISAXS data of polymer removed mesoporous ZnO films (annealed at 160 °C) 

via (a-d) sintering and  (e-h) UV-irradiation with different weight ratios of template to ZAD 

(wPS-b-P4VP: wZAD): (a, e) 1:12, (b, f) 3:12, (c, g) 5:12, (d, h) 7:12. The specular peak is shielded 

by a beamstop. The black dashed arrow in (a) indicates the Yoneda peak position where 

horizontal cuts for all the scattering patterns are made. Reproduced with permission from 

Ref.145 Copyright {2018} American Chemical Society. 

 

To get the lateral structural information about the ZnO films, horizontal line cuts are performed 

along the Yoneda peak which is located at the position of the critical angle of the materials 

(marked by the black dashed line in Figure 6.9a). Through the horizontal line cuts, the structural 

information parallel to the substrate can be obtained. For the sintered films, the horizontal line 

cuts show a prominent peak at around 0.2 nm-1 as marked by a blue box in Figure 6.10a.These 

peaks come from the Bragg rods as observed in the 2D scattering data. When increasing the 

weight ratio of the template, the peak moves to a lower qy value, implying that the center-to-

center distance becomes larger. For the UV-irradiated ZnO films, the horizontal line cuts 

(Figure 6.10c) show a similar changing trend. To get the length scales in detail, a 1D paracrystal 

model within the effective interface approximation of the distorted wave Born approximation 

(DWBA) is used to fit the horizontal line cuts. Similarly to the work in section 5.2.1, a 

cylindrical geometry is used to present ZnO clusters, with form factors representing the radii 

of the ZnO clusters, whereas structure factors corresponding to the center-to-center distance of 

the two neighboring cylinders with similar average sizes.107, 121 Thus, the average pore size of 

the ZnO films in the present work can be obtained by the difference of center-to-center distance 

with the diameter of the clusters via modelling the cuts. To fit the horizontal line cuts well, 

three structures are required: the large-sized, middle-sized and small-sized structures. The 
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average small- and middle-pore sizes are extracted and plotted as a function of the weight ratio 

between the template and ZAD (Figure 6.10b and d). Because the exciton diffusion length is 

only tens of nanometers, the length scales in the small- and middle-range seem more significant 

than the large-sized structure. Therefore, the sizes of the large pores are not shown here. As 

expected, the small- and middle-pores show an increasing pore sizes upon increasing the 

template-to-ZAD ratio independent of the post-treatment method. Apart from this, the pores in 

the sintered films are larger than those in the irradiated samples for both small- and middle-

sized pores. These results agree with the SEM and AFM data well. 

 

Figure 6.10 Horizontal line cuts obtained from the GISAXS measurements for ZnO films 

(annealed at 160 °C) with different ratios of polymer to ZAD with wPS-b-P4VP: wZAD=1:12, 3:12, 

5:12, and 7:12 from bottom to top. Polymer is removed by (a) sintering, and (c) UV-irradiation. 

The solid red lines indicate the fits to the data. Curves are shifted along the intensity axis for 

clarity of the presentation. Average pore sizes of polymer removed mesoporous ZnO films by 

(b) sintering and (d) UV-irradiation extracted from the fits are plotted as a function of the ratio 

of polymer to ZAD. Triangles indicate small-sized pores (blue) and circles middle-sized pores 

(red). The dashed lines in (b) and (d) are guides to the eye. Reprinted with permission from 

Ref.145 Copyright {2018} American Chemical Society. 
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6.2.4 Structural evolution  

According to the surface and the inner morphology detected by SEM, AFM and GISAXS, the 

pore sizes of the mesoporous ZnO films increase along increasing the template-to-ZAD ratio. 

Moreover, the sintered samples show larger pore sizes than those in the irradiated samples. A 

schematic representation of these changing trend is drawn in Figure 6.11. When the so-called 

good-poor solvent pair is introduced into the mixture of zinc precursor and diblock copolymer, 

micelles appear in the solution. As the template-to-ZAD ratio increases, the core size of the 

micelles increases due to the aggregation of the polymer chains. The ZAD molecules are 

preferentially located inside the P4VP block in the sol-gel, which also has an influence on the 

decrease of the mobility of the subsequently deposited films. During the following self-

assembly in the annealing process, the mobility of the films is hindered to a large extent. 

Therefore, the final ZnO films also show increasing pore sizes with increasing the template-to-

ZAD ratio from 1:12 to 7:12 after removing the template. In addition, the template removal 

method is also important to the pore sizes of the final ZnO films. The mechanism processes of 

polymer degradation via UV-irradiation and sintering are different and complicated. Two main 

processes occur during thermal degradation. At low temperatures, the materials on the substrate 

are stabilized, and at high temperatures actual degradation takes place. The low temperature 

increase rate in the pre-sintering process contributes to the films stabilization, thus decreasing 

the collapse of ZnO films. However, under UV-irradiation, photooxidative degradation of the 

polymers directly occurs, resulting into free radicals and small molecules. Therefore, more 

serious collapse and smaller pore sizes are observed in the final UV-irradiated ZnO films. 

 

Figure 6.11 Schematic illustration of the structural evolution of ZnO/PS-b-P4VP micelles in 

sol-gel and the mesoporous ZnO films treated via sintering and UV-irradiation. Reprinted with 

permission from Ref.145 Copyright {2018} American Chemical Society. 

 



                                                                    Chapter 6 Nanostructured ZnO films templated with PS-b-P4VP 

93 
 

To further investigate the collapse behavior of the ZnO films via sintering and UV-irradiation, 

the film thickness is measured and plotted as a function of the template-to-ZAD ratio (Figure 

6.12). When the template-to-ZAD ratio increases, the thickness of the ZnO films increases as 

well. Since the concentration in the sol-gel increases and all films are spin-coated via the 

identical protocol, therefore resulting in increasing film thickness. Moreover, the UV-irradiated 

samples show thinner films as compared with the corresponding films with sintering. UV-

irradiation makes the ZnO films collapse in a more severe way than sintering during the 

template removal process. 

 

Figure 6.12 Film thickness of mesoporous ZnO films (annealed at 160 °C) plotted as a function 

of the ratio of polymer to ZAD. The dashed lines are guides to the eye. Reprinted with 

permission from Ref.145 Copyright {2018} American Chemical Society. 

 

6.2.5 Optical properties 

UV-Vis spectra are employed for the ZnO films to investigate the light absorption in the UV-

Vis region and the band gap as well. The transmittance of the ZnO films (annealed at 160 °C) 

post-treated with sintering and UV-irradiation is shown in Figure 6.13a and b, respectively. All 

the ZnO films show an absorption in the UV region and the transmittance intensity decreases 

with increasing the template-to-ZAD ratio, which is independent of the post-treatment method 

we used. This might be due to the increasing film thickness when the ratio increases from 1:12 

to 7:12. On the other hand, in the visible region, almost 100% transmittance is observed for all 

the ZnO films, indicating a very good transparency in the visible range, which does not hinder 
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the absorption of photons for dye molecules. For the normally obtained wurtzite phase of ZnO 

films,83, 150 the Tauc’s equation (Equation 6.1) is used  

αhν = A(hν-Eg)
n,                                                                                                                      (6.1)         

in which A is a constant, hν is the photon energy, Eg is the allowed band gap and n = 1/2 for 

direct transition.151 (αhν)2 is plotted as a function of photon energy in Figure 6.13c and d and 

the band gap of ZnO films can be obtained from the x-axis intercept of the corresponding linear 

fits (in the dashed lines), which is around 3.3 eV for all the ZnO films post-treated with either 

sintering or UV-irradiation. 

 

 

Figure 6.13. Transmittance spectra and direct optical band gap transitions (αhν)2 as a function 

of photon energy of mesoporous ZnO films prepared from different ratios of polymer to ZAD 

as indicated at the annealing temperature of 160 °C: (a) and (c) post-treated by sintering, and 

(b) and (d) post-treated by UV-irradiation. Reprinted with permission from Ref.145 Copyright 

{2018} American Chemical Society. 
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6.3 Solar cell performance 

To investigate the photovoltaic performance of the complete devices, ssDSSCs are fabricated 

on the basis of the ZnO films prepared from different template-to-ZAD ratios in section 6.3.1. 

The device layout is shown in Figure 6.14a. It is FTO/compact ZnO/mesoporous 

ZnO/D205/spiro-OMeTAD/Au. For more detailed description about the fabrication of the 

ssDSSCs, it is given in section 4.2.2. Moreover, the photovoltaic performance of ssDSSCs 

based on ZnO films post-treated with sintering and UV-irradiation is compared in section 6.3.2 

as well. 

6.3.1 Influence of weight ratio 

The photovoltaic performance is characterized by the current density-voltage characteristics (I-

V curves). Figure 6.14b shows the I-V curves of the ssDSSCs fabricated from the sintered ZnO 

films. The shape of the curves changes greatly, with the curve obtained from the template-to-

ZAD ratio of 5:12 possessing the largest covering area. When increasing the ratio from 1:12 to 

7:12, the Voc increases gradually. To see the photovoltaic parameters more intuitively, the four 

parameters, Jsc, Voc, FF and PCE are plotted as a function of the template-to-ZAD ratio as 

shown in Figure 6.14c and d. Due to the much thinner ZnO films than the reported value, the 

efficiency obtained in this work is not so high.15, 152-154 However, the changing trend of the 

photovoltaic performance based on ZnO films can be well represented in this work. The Voc 

increases from 0.44 ± 0.01 eV to 0.66 ± 0.01 eV with increasing the ratio (wPS-b-P4VP: wZAD) 

from 1:12 to 7:12. This can be explained by the larger pore sizes which makes more efficient 

backfilling and thicker ZnO films which are beneficial for loading more dye molecules in the 

mesoporous ZnO, therefore contributing to the improvement of Voc. While increasing the 

template-to-ZAD ratio from 1:12 to 7:12, the PCE first increases and then decreases, with a 

highest PCE at around 0.47% for the ssDSSCs based on ZnO films prepared from 5:12. The 

PCE changes in the same routine with that of Jsc. As investigated in both the surface 

morphology and the inner morphology, the pore sizes increase with increasing the template-to-

ZAD ratio. When the ratio increases from 1:12 to 5:12, the increasing pore sizes provide a 

better pathway for dye molecules and spiro-OMeTAD to be penetrated into the ZnO films. The 

effective connection between dye molecules and charge carrier transport materials at the 

interface is improved, therefore improving the probability for the exciton separation and charge 

transfer at the interfaces. Moreover, the increased ZnO film thickness within a certain range 

(about 2 μm) also promotes this process, thereby increasing the generated free charge carrier 

density. However, if the pore sizes increase further (for the sample with the template-to-ZAD 

ratio of 7:12), the interface area is supposed to decrease, which decreases the interfaces for the 
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exciton separation. Although the ZnO film is thicker and with larger pores the penetration of 

spiro-OMeTAD become more efficient, the decreased interface area hinders the improvement 

of the photovoltaic performance in this case. Therefore, the PCE and the Jsc decrease when 

increasing the ratio to 7:12. 

 

Figure 6.14 (a) Schematic representation of a ssDSSC setup; (b) Current density–voltage 

characteristics of ssDSSCs based on sintered mesoporous ZnO films prepared from different 

polymer to ZAD ratios; (c) Jsc and Voc, and (d) FF and PCE extracted from I-V curves of the 

ssDSSCs based on sintered mesoporous ZnO films plotted as a function of the ratio of polymer 

to ZAD.  The dashed lines are guides to the eye. Reproduced with permission from Ref.145 

Copyright {2018} American Chemical Society. 

 

6.3.2 Influence of post-treatment technique 

For the ssDSSCs based on ZnO films with the template-to-ZAD ratio of 5:12 post-treated with 

different techniques, the I-V curves are shown in Figure 6.15. Compared with the ssDSSCs 

from irradiated films, those from sintered samples show much larger covered area, which 

indicates a much better photovoltaic performance. The corresponding parameters are shown in 

Table 6.1. The ssDSSCs based on sintered ZnO films show much higher PCE (0.47 ± 0.01%) 

than those from UV-irradiated ZnO films (0.2 ± 0.04%). This is mainly due to the improvement 

of the Jsc. The ssDSSCs from sintered ZnO films exhibit over twice of Jsc than those from 

irradiated samples. The improvement in PCE and Jsc can be explained by the larger pore sizes 
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of the sintered ZnO films than those from the irradiated samples. The penetration of dye 

molecules and spiro-OMeTAD is improved and hence results in a better contact of 

ZnO/dye/spiro-OMeTAD interfaces. Moreover, the sintered ZnO films show a better 

crystallization as compared to the UV-irradiated ZnO, which would decrease the traps in the 

films. This favors the speed up of the charge transport process in ssDSSCs, thus reducing 

exciton recombination at the ZnO/dye interface and improving the photovoltaic performance. 

 

Figure 6.15 Current density–voltage characteristics of ssDSSCs based on different post-treated 

mesoporous ZnO films prepared from wPS-b-P4VP: wZAD=5:12. Reprinted with permission from 

Ref.145 Copyright {2018} American Chemical Society. 

 

Table 6.1 Device parameters extracted from I-V curves of ssDSSCs based on different post-

treated mesoporous ZnO films annealed at 160 °C with wPS-b-P4VP: wZAD=5:12. Reprinted with 

permission from Ref.145 Copyright {2018} American Chemical Society. 

post-treatment Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

UV-irradiation 0.8 ± 0.2 0.68 ± 0.01 39.6 ± 2.0 0.20 ± 0.04 

sintering 1.8 ± 0.1 0.61 ± 0.01 41.1 ± 1.0 0.47 ± 0.01 

 

Electrochemical impedance spectra (EIS) are shown in Figure 6.16 to investigate the interfacial 

charge carrier transfer process. Compared to the UV-irradiated ZnO based devices, those based 

on the sintered ZnO films show a smaller charge transfer resistance (Rct) at the ZnO/dye/HTM 

interface, which indicates a lower probability of the hole-electron recombination action in the 
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devices fabricated from the sintered ZnO films. The Bode phase plots of the EIS spectra are 

shown in Figure 6.16b. The devices based on UV-irradiated samples show a higher 

characteristic frequency peak than the sintered samples, demonstrating that the electron life 

time for the recombination (τ) is reduced when changing the post-treatment method from UV-

irradiation to sintering according to Equation 5.1. Therefore, it promotes the improvement of 

the photovoltaic performance of the ssDSSCs based on the sintered ZnO films. 

 

Figure 6.16 EIS analyses of DSSCs based on ZnO films post-treated with sintering and UV-

irradiation as indicated. (a) Nyquist plots; (b) Bode phase plots. Reprinted with permission 

from Ref.145 Copyright {2018} American Chemical Society. 

 

6.3.3 Long-term stability 

For solar cell devices, apart from the efficiency which determines the photovoltaic performance, 

another feature, namely the long-term stability, also plays a critical role for real application. In 

this work, the stability is measured under ambient air conditions without any encapsulation. 

Figure 6.17 shows the decays of PCE, Jsc, Voc and FF along the measurement time for the 

ssDSSCs based on the sintered ZnO films prepared from the ratio of 5:12. The mostly stable 

parameter is Voc, which remains constant after 80 days. For the PCE, after 80 days, it still 

remains 92.6% of the initial efficiency. It changes in the same way as Jsc and FF. Moreover, 

the initial increased PCE might be resulted from the improved penetration of spiro-OMeTAD 

into the mesoporous ZnO films and the “activation” of the entire electrode.155 For the I-V 

curves obtained at different times as indicated in Figure 6.18, the shape of the curves looks 

similar, except a slight change for the Jsc, Voc and FF. 
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Figure 6.17 Stability of ssDSSCs based on sintered mesoporous ZnO films prepared from wPS-

b-P4VP: wZAD=5:12. The dashed lines are guides to the eye. Reprinted with permission from 

Ref.145 Copyright {2018} American Chemical Society. 

 

 

Figure 6.18 Current-voltage characteristics of ssDSSCs based on sintered mesoporous ZnO 

films annealed at 160 °C with wPS-b-P4VP: wZAD=5:12. Reprinted with permission from Ref.145 

Copyright {2018} American Chemical Society. 
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6.4 Summary 

In this part, the pore sizes of the ZnO films are investigated, which is significant for the 

penetration of dye molecules and the p-type semiconductors when application in ssDSSCs. A 

sol-gel synthesis is combined with a diblock copolymer PS-b-P4VP, which acts as a template, 

to control the morphology of the ZnO films. Although the sponge-like structure is obtained 

independent of the post-treatment technique and the changing ratio between the template and 

the zinc precursor, the pore sizes changes significantly. Both, SEM and AFM measurements 

reveal that ZnO films post-treated with UV-irradiation show smaller pore sizes at the surface 

than those treated with sintering. GISAXS measurement also exhibits that the pores buried in 

the films show smaller sizes for the UV-irradiated samples as compared with those in the 

sintered films. The decreased pore sizes for the UV-irradiated samples mainly originate from 

the more severe collapse of the ZnO scaffold during the template removal process than those 

in the sintered samples. Apart from this, the template-to-zinc precursor ratio also plays an 

important role in the pore sizes tuning. When increasing the template-to-ZAD ratio, the pore 

sizes increase gradually for the ZnO films regardless of the post-treatment technique. The 

increasing pore sizes benefit the penetration of the dye molecules and the p-type 

semiconductors, therefore improving the probability for exciton separation and charge transfer 

at the interfaces between dye molecules and charge carrier transport materials. However, it also 

decreases the interface area, which is required for exciton separation. Eventually, the 

corresponding ssDSSCs are fabricated. For application in photovoltaic devices, the band gap 

of ZnO is determined by UV-Vis measurements and 3.3 eV is found for all the prepared ZnO 

films, which indicates the successful preparation of semiconductive ZnO with a suitable band 

gap for an electron transport layer. The photovoltaic performance shows a close relationship 

with the pore sizes of the ZnO films. With the increase of pore sizes for sintered ZnO films, 

the efficiency of the corresponding device initially increases and then decreases, with an 

optimal efficiency at the ratio of wPS-b-P4VP: wZAD=5:12. Compared with ssDSSCs based on the 

UV-irradiated ZnO films, those from sintered ZnO films show a higher efficiency which may 

originate from the larger pore sizes of the ZnO films, therefore improving the probability of 

backfilling of dye molecules and p-type semiconductors. In addition, ssDSSCs based on the 

optimal pore sizes show a very good long-term stability. Despite all steps (including fabrication, 

storage and characterization) of the ssDSSCs are conducted under ambient air conditions, it 

still remains 92.6% of the initial efficiency after 80 days. 

We demonstrate the importance of the pore sizes of the ZnO films with respect to the 

application in ssDSSCs. By varying the post-treatment technique the pore sizes can be tuned, 
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which provides a reliable preparation route, gives control over the ZnO film morphology and 

eventually improves the photovoltaic performance of the ssDSSCs. 
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7. ZnO/P3HT hybrid film modification with 

P3HT-b-PEO 

Parts of this chapter have been published in the article: Tuning of the Morphology and 

Optoelectronic Properties of ZnO/P3HT/P3HT‑b‑PEO Hybrid Films via Spray Deposition 

Method (K. Wang et al., ACS Appl. Mater. Interfaces 2018, 10, 20569-20577, DOI: 

10.1021/acsami.8b05459).  

Block copolymers, with two or more blocks of different polymerized monomers covalently 

bound with each other, show great potential for many foreseeable applications, such as solar 

cells, sensors, drug deliveries, etc.156-158 Due to the competing forces originating from the 

enthalpy contribution of mixing and the entropy penalty associated with elongating the polymer 

chains, the obtainable structures exhibit a well-defined ordered structure on the nanometer 

length scale via microphase separation.109, 159 With block copolymers, apart from the 

combination of distinct properties of each blocks, an interesting nanoscale assembly 

phenomena due to the covalent bonds can also be accessed. 

Among the block copolymers, the simplest and most commonly used classes are di- and tri-

block copolymers. Manifold morphologies can be obtained via self-assembly process, e.g. 

spheres, cylinders, lamellae, and bicontinuous structures.91, 135, 160 Based on these different 

morphologies, one important application of block copolymers is their use as a template for 

synthesis of inorganic nanomaterials.134, 139, 161, 162 Kim et al. prepared mesoporous ZnO films 

by depositing ZnO precursors onto porous PS templates, which were fabricated beforehand by 

removing the other block in the diblock copolymer of polystyrene-block-poly(methyl 

methacrylate) (PS-b-PMMA) or polystyrene-block-polyisoprene (PS-b-PI).114 Finally, the PS 

block was removed as well to get pure nanostructured ZnO films. Another route, which seems 

more efficient, is sol-gel synthesis, where the amphiphilic block copolymer serves as a template 

and is introduced into the sol-gel together with the ZnO precursor. With the introduction of the 

so-called good-poor solvent pair, micelles are formed in the solution with metal oxides prefer 

to incorporate in one of the blocks. Therefore, various morphologies can be obtained for the 

metal oxides via self-assembly process. In chapter 5 and 6, diblock copolymers of PS-b-PEO 

and PS-b-P4VP are used to tune the morphology of the mesoporous ZnO films. Different 

structures with tunable pore sizes are obtained via changing the annealing temperature, the 

precursor ratio and the post-treatment method. These copolymers provide many possibilities to 
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change the structure of metal oxides, which also shows great potential for application in 

HBSCs.136 

To improve the photovoltaic performance of HBSCs, the surface area of the inorganic 

semiconductors needs to be improved since excitons can only separate at the interfaces between 

the inorganic semiconductor and the p-type conducting polymers generating free charge 

carriers. Moreover, it is beneficial if the inorganic materials can form an interconnected 

structure in which the free charge carriers can travel to their corresponding electrode. Thus, the 

structure of the inorganic semiconductors is of high importance. A good way to control the 

morphology of the inorganic semiconductor films is to use sol-gel synthesis which is assisted 

with amphiphilic diblock copolymers. It is demonstrated in chapter 5 that a microphase 

separation of PS-b-PEO, which is induced by a good-poor solvent pair, enables to control the 

morphology of the interconnected network ZnO nanostructures with tunable surface area and 

interconnected network structure.48 The PEO block plays an important role to control the 

morphology of the ZnO films since during the self-assembly process zinc precursor is grown 

on the PEO block preferentially. In contrast, the only task of PS is to enable microphase 

separation to form well-defined nanostructures. To make hybrid solar cells, the block 

copolymer need to be removed after the desired morphology is achieved due to its insulating 

property. Generally further steps, such as calcination, UV-irradiation or toxic solvents are used 

to remove the polymer inside the films, which are energy- and time-consuming. Moreover, 

nanopore penetration with a p-type semiconductor is also required to build a hybrid solar cell, 

which is still a challenge due to potentially unfavorable interaction of the polymer solution 

with the metal oxide nanostructure as well as steric problems of the conjugated polymer 

induced by the metal oxide nanostructure.81, 163, 164 Thus, replacing the PS block with a p-type 

semiconducting polymer seems quite promising. In this case, neither template removal steps 

nor backfilling procedures are needed any more. P3HT is a commonly used conjugated 

polymer to extract the positive charge carriers to their corresponding electrode. Unlike the 

routines for regular organic solar cells, if we directly mix the ZnO particles with P3HT, non-

continuous large domains will form, instead of a well-mixed blend due to the incompatibility 

of these inorganic and organic materials. Such large and non-connected domains are not useful 

for hybrid solar cells, because they will hinder exciton separation and charge carrier 

transport.165, 166 To solve this problem, a different type of block copolymer, with one block 

being conductive, for example P3HT is used. Due to the covalently bonding of the two blocks, 

microphase separation will occur and exhibit nanoscale structures.167 

In this part, not PS-b-PEO, but P3HT-b-PEO is used to act as a template, in which P3HT acts 

as the charge carrier transport material and light absorber, and PEO serves as a template for 
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ZnO synthesis. The ZnO particles and P3HT can directly form heterojunction in the hybrid 

solar cells via the self-assembly process without requirement for further polymer removal or 

nanopore penetration. In a simple one-step approach, ZnO nanoparticles are directly 

synthesized in the PEO block during the sol-gel process and form the heterojunction with the 

interface with P3HT. Spray coating is used to deposit the composite solutions on the substrates, 

which is simple, low-cost and up-scalable.168, 169 Both, the surface and inner morphologies of 

the composite films are studied and the corresponding optoelectronic properties and solar cell 

performance are also investigated.   

7.1 Fabrication route of hybrid films 

For preparing the ZnO/P3HT-b-PEO hybrid films, several steps are performed as following. 

Figure 7.1 shows a schematic representation of the preparation process. Section 4.2.3 describes 

the sample preparation in more detail. In this work, the mixture solvent of DCB and DMSO is 

used instead of pure DCB or pure DMSO solvent. This is mainly due to the different solubility 

of the P3HT, PEO and zinc oxide precursor. P3HT can only be dispersed in the nonpolar 

solvent, whereas the other materials only in polar solvents. Moreover, the two solvents possess 

a similar boiling point, which is important to obtain a homogeneous film during spray coating. 

For preparing the composite solution, first the polymers (P3HT and P3HT-b-PEO), and the 

zinc oxide precursor are dispersed in the mixed solvent separately, followed by mixing these 

two solutions under stirring. Afterwards, spray coating is performed at 80 °C. The solvent 

evaporation from the droplets during the whole spray process is considered as an important 

factor for determination of the spray parameters. A more detailed description and the used 

spray parameters are given in section 4.2.3. Finally annealing is performed at different 

temperatures (all below 240 °C) to investigate the morphology influenced by annealing 

temperature. The weight ratio of ZnO and P3HT is kept at 2:1 while the amount of the diblock 

copolymer P3HT-b-PEO is changed to investigate its influence on the film morphology. The 

crystalline structures of P3HT and ZnO in the hybrid films are investigated by XRD 

measurement as shown in Figure 7.2. The prominent peak in Figure 7.2 is attributed to the (100) 

plane of P3HT, corresponding to the chain-chain interlayer distance. In Figure 7.2b, three 

characteristic peaks are observed, which indicates the wurtzite phase of ZnO prepared from 

sol-gel synthesis. This phase is considered as beneficial for charge transport properties.106  
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Figure 7.1 Schematic representation of the steps involved in the fabrication of the 

ZnO/P3HT/P3HT-b-PEO hybrid films via spray coating and subsequent thermal annealing 

(for example at 80 °C). Reprinted with permission from Ref.150 Copyright (2018) American 

Chemical Society. 

 

 

Figure 7.2 XRD pattern of 80 °C annealed ZnO/P3HT/P3HT-b-PEO films with a ratio of wZnO: 

wP3HT: wP3HT-b-PEO = 2:1:1. The prominent peaks correspond to (a) P3HT and (b) wurtzite ZnO, 

respectively. In the curve in (b) the strong Bragg peak of the Si substrate is not shown in the 

range from 31.8 to 33.8 degrees. Reprinted with permission from Ref.150 Copyright (2018) 

American Chemical Society. 
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7.2 Film morphology influenced by weight ratio 

To investigate the morphology of the samples with and without the diblock copolymer P3HT-

b-PEO, SEM measurements are performed to probe the surface structure. Moreover, the surface 

morphology of the ZnO/P3HT/P3HT-b-PEO hybrid films influenced by the amount of the 

diblock copolymer is also investigated and the corresponding analysis is given in section 7.2.1. 

With respect to the active layer for application in hybrid bulk heterojunction solar cells, the 

interfaces between ZnO and P3HT are mostly present in the films, and can therefore not be 

observed with surface sensitive measurement techniques like SEM. Thus, GISAXS is used to 

probe the morphology buried in the films in section 7.2.2.  

7.2.1 Surface morphology 

The surface morphology is investigated by the optical microscope (OM). For the 

ZnO/P3HT/P3HT-b-PEO hybrid films annealed at 80 °C with the ratio of 2:1:0, the sample 

shows a homogeneous film at low magnification (Figure 7.3a and b). Under high magnification, 

plenty of coffee rings are observed at the surface (Figure 7.3c, d and Figure 7.4a), which are 

resulted from the complicated spray process. From the OM images obtained from the hybrid 

films with different ratios (Figure 7.4a-d), it is hard to see any difference between the surface 

morphology. This is mainly because of the potential different structures in smaller length scale, 

which is regularly impossible to be observed with OM. 

 

Figure 7.3 OM images of the spray coated ZnO/P3HT/P3HT-b-PEO hybrid films with the ratio 

of wZnO: wP3HT: wP3HT-b-PEO =2:1:0 and annealing temperature of 80 °C.  
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Figure 7.4 OM images of the ZnO/P3HT/P3HT-b-PEO hybrid films deposited by spray coating 

and annealing at 80 °C. Ratios of wZnO: wP3HT: wP3HT-b-PEO are (a) 2:1:0, (b) 2:1:0.2, (c) 2:1:0.5, 

and (d) 2:1:1.  

 

To further investigate the surface morphology in the nanometer length scale, the 

ZnO/P3HT/P3HT-b-PEO hybrid films are investigated by SEM measurements (Figure 7.5). 

Due to the different electron density of ZnO and polymers, the SEM images show large contrast, 

with the bright phase being ZnO particles and polymers present in the darker regions. It is 

observed that all the SEM images show an interconnected network structure for ZnO 

nanoparticles, which provides a good pathway for electrons to be extracted to the 

corresponding electrode. Similarly, the P3HT shows an interconnected structure as well, which 

is beneficial for the positive charge carrier transport.170 For the ZnO/P3HT hybrid films without 

the addition of the diblock copolymer P3HT-b-PEO, large domains for both ZnO and P3HT 

are observed. Both, ZnO and P3HT domains prefer to aggregate with their phase due to the 

incompatibility of the two materials. In contrast, the hybrid films with the diblock copolymer 

inside (Figure 7.5b-d) show much smaller ZnO and P3HT domain sizes and more 

homogeneous films. Instead of aggregating into large domains, ZnO is enriched in the PEO 

block preferentially. Therefore, the morphology of ZnO nanoparticles is tuned via microphase 

separation of the diblock copolymer and the ZnO particles show a much smaller and increased 

monodispersity for the sizes compared with the film without the diblock copolymer. Moreover, 

in the diblock copolymer P3HT-b-PEO, the P3HT block will be embedded into the P3HT 

homopolymer, whereas the PEO block acts as a template for growing ZnO, which plays an 

important role in modifying the interfaces of ZnO and P3HT. Thus, it provides an approach to 

make a good blend of ZnO and P3HT on a controlled nanometer length scale. When increasing 

the ratio of the diblock copolymer from 0.2 to 1, both, the ZnO nanoparticles and the distance 

between neighboring ZnO become smaller. This is supposed to provide a larger interface 

between ZnO and P3HT, and thus, is beneficial for the exciton separation. For the samples with 
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a ratio of diblock copolymer being 1, a very homogeneous film with the smallest ZnO domains 

is observed.  

 

Figure 7.5 SEM images of the ZnO/P3HT/P3HT-b-PEO hybrid films deposited by spray 

coating and annealing at 80 °C. Ratios of wZnO: wP3HT: wP3HT-b-PEO are (a) 2:1:0, (b) 2:1:0.2, 

(c) 2:1:0.5, and (d) 2:1:1. ZnO appears bright and polymer phase dark. Reprinted with 

permission from Ref.150 Copyright (2018) American Chemical Society. 

 

To investigate the surface morphology on a larger scale, SEM images with different 

magnifications are shown in Figure 7.6 for the sample with the diblock copolymer ratio of 1. 

Despite that coffee rings are present at the surface of the hybrid films on the micrometer length 

scale (Figure 7.6b), which mainly originates from the complicated flow behaviors during the 

spray deposition process,171-173 a very homogeneous film can still be observed at lower 

magnification on the nanometer length scale (Figure 7.6a). This homogeneous and 

interconnected network structure on the nanometer length scale is beneficial for improving the 

interface for exciton separation and the pathway for free charge carriers extraction. 
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Figure 7.6 SEM images with different magnifications of sprayed ZnO/P3HT/P3HT-b-PEO 

hybrid films with a ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 processed at 80 °C: (a) on 

nanometer length scale, and (b) on micrometer length scale. Reprinted with permission from 

Ref.150 Copyright (2018) American Chemical Society. 

 

7.2.2 Inner morphology 

GISAXS is used to probe the morphology buried in the films. Figure 7.7 shows the 2D GISAXS 

data for the ZnO/P3HT/P3HT-b-PEO hybrid films with different ratios. In the images, the 

specular peak is covered by a beamstop to avoid oversaturation and the damage to the detector, 

and in turn highlights the scattered signal at the Yoneda peak region,174-177 which shows an 

intensive peak at the position of the material’s critical angle. The X-rays can penetrate the 

whole film if the incident angle is larger than the critical angle.178, 179 In this case, the inner 

structure buried in the films can be detected. Generally, we can get the vertical structure 

information from the scattering signal in the vertical direction (along qz) and lateral structure 

information from the horizontal direction (along qy). For the samples with different diblock 

copolymer ratios, although the scattering signals in the vertical direction are similar, the 

patterns in the horizontal direction along the Yoneda peak region are quite different. It scatters 

more widely when increasing the ratio of the diblock copolymer, which indicates the existence 

of smaller structure scales in the films. 
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Figure 7.7 2D GISAXS data of the ZnO/P3HT/P3HT-b-PEO hybrid films deposited by spray 

coating and annealing at 80 °C. Ratios of wZnO: wP3HT: wP3HT-b-PEO = (a) 2:1:0, (b) 2:1:0.2, (c) 

2:1:0.5, and (d) 2:1:1 are shown. The specular peak is blocked by a beamstop. All the images 

have the same intensity scale as shown in the scale bar. Reprinted with permission from Ref.150 

Copyright (2018) American Chemical Society. 

 

Vertical line cuts for the samples with different ratios of diblock copolymer are performed 

along the vertical direction at qy=0 (Figure 7.8a). At the exit angle being 0°, it indicates the 

sample horizon, which is along the sample plane. No signal is detected at the position marked 

by a grey box due to the gap of the detector below the sample horizon. The sudden drop in 

intensity at around 0.4° for all curves is resulted from the shielding of the specular beam with 

a beamstop. The region between the sample horizon and the specular beam is dominated by the 

Yoneda peak. A prominent peak at 0.133°~0.138° (marked with blue strip) originates from the 

critical angle of the SiOx/Si substrate. This is consistent with the theoretical value.139 For P3HT, 

the theoretical critical angle is about 0.098°,179 which is shown in red in Figure 7.8a. The 

Yoneda peak of P3HT is hardly visible, due to the high signal arising from the vertical 

scattering of the substrate. 

Along the Yoneda peak position of the P3HT, horizontal line cuts are performed for the four 

hybrid films with different weight ratios of the diblock copolymer. A dominant shoulder at 

high qy value is observed in Figure 7.8b, which indicates the presence of small P3HT domain 

sizes in the hybrid films. In addition, the peak position shifts to larger qy value with increasing 

the diblock copolymer ratio, which implies the P3HT domain sizes become smaller.  
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Figure 7.8 (a) Vertical line cuts at qy = 0 nm-1 and (b) horizontal line cuts of the 2D GISAXS 

data (symbols)  along with the fits (black curves) for the ZnO/P3HT/P3HT-b-PEO hybrid films 

deposited by spray coating and annealing at 80 °C with wZnO: wP3HT: wP3HT-b-PEO = 2:1:0, 

2:1:0.2, 2:1:0.5 and 2:1:1 from bottom to top. In (a) the grey shaded region is the detector gap 

and the red and blue shaded regions are the critical angle regions of P3HT and SiOx/Si, 

respectively. The intensity decrease at about 0.4° in (a) is due to the shielding of the specular 

beamstop. Reprinted with permission from Ref.150 Copyright (2018) American Chemical 

Society. 

 

To get the length scale quantitatively, the horizontal line cuts are fitted with the same model as 

described in the last two sections. Namely, a one-dimensional paracrystal model is assumed 

and three types of cylindrically shaped objects in the framework of the distorted wave Born 

approximation (DWBA) and local monodisperse approximation (LMA) is used to fit the 

curves.73 P3HT domains are represented by the cylindrical objects and therefore two kinds of 

characteristic length scales can be extracted from the fits. The diameter of the cylinders 

represents the P3HT domain size, which can be calculated from two times of the obtained form 

factor. The length scale of ZnO/PEO domain sizes can be attained from the difference between 

the structure factor and two times of the radius of the cylinders. The obtained P3HT domain 

sizes and the ZnO/PEO domain sizes are plotted as a function of the ratio of the diblock 

copolymer P3HT-b-PEO in Figure 7.9a and b, respectively. With the introduction of the 

diblock copolymer, both, the P3HT and the ZnO/PEO domains become smaller for large-, 

middle- and small-sized structures. This is due to the interface compatibilizer effect and the 

self-assembly process of the diblock copolymer. When increasing the ratio of the diblock 
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copolymer, all the three structures for P3HT show a decreased P3HT domain sizes. While the 

ZnO/PEO domains show a non-monotonous change for the three structures. When increasing 

the ratio of the diblock copolymer, the middle- and large-sized domains show slightly increased 

sizes in spite of the almost constant small-sized domains. This might result from the increased 

amount of PEO block in the hybrid films. While the P3HT domains show decreasing sizes 

along with increasing the ratio of the diblock copolymer. The P3HT domains in the film with 

a weight ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 exhibit the smallest sizes (large domain size: 

82 nm, middle domain size: 24 nm, small domain size: 4 nm). As the exciton diffusion length 

for P3HT is about 10 nm,180, 181 the sample with the diblock copolymer ratio of 1 is expected 

to improve the exciton separation performance due to the smaller P3HT domain sizes as 

compared with those in other hybrid films. 

 

Figure 7.9 (a) P3HT domain size and (b) ZnO/PEO domain size in the ZnO/P3HT/P3HT-b-

PEO hybrid films as a function of P3HT-b-PEO weight ratio. Triangles (blue) indicate small-

sized structures, circles (red) middle-sized structures and squares (black) large-sized 

structures. Reprinted with permission from Ref.150 Copyright (2018) American Chemical 

Society. 

 

7.3 Film morphology influenced by annealing temperature 

Apart from the ratio of the diblock copolymer, the annealing temperature is also important for 

the morphology of the hybrid films due to the self-assembly process during annealing. In this 

section, both, the surface and inner morphologies influenced by the annealing temperature are 

discussed.  
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7.3.1 Surface morphology 

The surface morphology of the hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 

annealed at different temperatures of 80 °C, 120 °C and 160 °C are shown in Figure 7.10 and 

7.11. Coffee rings are observed in the OM images (Figure 7.10), which are resulted from the 

spray process as discussed above. To investigate the morphology on the nanometer length scale, 

SEM images are shown in Figure 7.11. With increasing the annealing temperature, the 

interconnected network structure is preserved. However, the ZnO domain sizes become much 

larger. Part of the ZnO particles tend to aggregate with each other to form large particles. This 

is due to a kinetic process which drives the system towards an equilibrium structure via thermal 

annealing. Different states are achieved after fixed time of annealing in the underlying kinetics. 

 

Figure 7.10 OM images of ZnO/P3HT/P3HT-b-PEO hybrid films with wZnO: wP3HT: wP3HT-b-

PEO= 2:1:1 annealed at (a) 80 °C, (b) 120 °C, and (c) 160 °C for 0.5 hours. 

 

 

Figure 7.11 SEM images of ZnO/P3HT/P3HT-b-PEO hybrid films with wZnO: wP3HT: wP3HT-b-

PEO= 2:1:1 annealed at (a) 80 °C, (b) 120 °C, and (c) 160 °C for 0.5 hours. Reprinted with 

permission from Ref.150 Copyright (2018) American Chemical Society. 
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7.3.2 Inner morphology 

The inner morphologies for the hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 

annealed at different temperatures are investigated by GISAXS measurements, with the 2D 

GISAXS data shown in Figure 7.12. Horizontal line cuts are performed along the Yoneda peak 

region and are plotted for the hybrid films with different annealing temperatures (Figure 7.13). 

An intensive shoulder at a high qy value about 0.6 nm-1 is observed for all three cuts. With 

increasing the annealing temperature, this peak position keeps constant, which indicates a 

constant domain size of the small-structured P3HT domains. However, another shoulder at 

smaller qy (about 0.03 nm-1) shifts to smaller qy values, implying an increase of the large-sized 

P3HT domains with the annealing temperature increasing from 80 °C to 160 °C. The same 

model as described in section 7.2.2 is used to fit the cuts. The fits (black) are shown together 

with the cuts in Figure 7.13a. Figure 7.13b and c show the plots of the P3HT domain sizes and 

ZnO/PEO domain sizes as a function of the annealing temperatures, respectively. For the P3HT 

domain sizes, despite that the small-sized structure keeps constant, both the middle- and large-

sized domains show increasing sizes when the annealing temperature goes from 80 °C to 160 

°C. Therefore, the hybrid films annealed at 80 °C is expected to possess the best exciton 

separation as compared with the samples annealed at higher temperatures due to the small 

exciton diffusion length of P3HT. For the ZnO/PEO domains, all of the three kinds of structures 

show an increase in size when increasing the annealing temperature. All of these results agrees 

with the SEM results, indicating that the structures inside the hybrid films follow similar 

kinetics as the surface structures.    

 

Figure 7.12 2D GISAXS data of sprayed ZnO/P3HT/P3HT-b-PEO hybrid films with a ratio of 

wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 processed at different annealing temperatures: (a) 80 °C, (b) 

120 °C, and (c) 160 °C. Reprinted with permission from Ref.150 Copyright (2018) American 

Chemical Society. 
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Figure 7.13 (a) Horizontal line cuts of the 2D GISAXS data (symbols) shown with their 

corresponding fits (black curves) for the ZnO/P3HT/P3HT-b-PEO hybrid films deposited by 

spray coating with wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 after annealing at different temperatures: 

80 °C, 120 °C, and 160 °C from bottom to top. (b) P3HT domain size and (c) ZnO/PEO domain 

size in the ZnO/P3HT/P3HT-b-PEO hybrid films as a function of increasing annealing 

temperature. Triangles (blue) indicate small-sized structures, circles (red) middle-sized 

structures and squares (black) large-sized structures. Reprinted with permission from Ref.150 

Copyright (2018) American Chemical Society. 

 

7.4 Optoelectronic properties 

In this section, UV-Vis absorption and photoluminescence (PL) measurements are performed, 

which is helpful to investigate the aggregation of P3HT in the hybrid films, exciton separation 

and the charge transfer along the p-type and n-type semiconductors.  

UV-Vis spectra for the samples with different weight ratios at 80 °C and for the films with the 

ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 at different annealing temperatures are shown in Figure 

7.14a and b, respectively. An absorption at about 330 nm is observed for all curves, which 

originates from the exciton absorption. This is consistent with the reported value, which 

indicates the successful synthesis of ZnO nanoparticles.166, 182, 183 The absorption shoulders at 

518, 550 and 600 nm are assigned to 0-2, 0-1 and 0-0 transitions in P3HT.184, 185 The shoulder 

at 600 nm originates from the intermolecular π-π stacking of P3HT and the peak position is not 

shifted when changing the weight ratio or increasing the annealing temperature. This indicates 

a similar P3HT crystallization for all of the hybrid films. Moreover, the ZnO particles mainly 
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absorb the light in the UV region and therefore do not hinder the absorption of P3HT (used as 

light absorber for application in solar cells). Meanwhile, the ZnO nanoparticles act as an 

additional UV filter to prevent the degradation of the P3HT caused by the high-energy photons. 

The PL measurements are excited at 460 nm with the emission recorded in the range of 550-

850 nm. Figure 7.14c shows that with the introduction of the diblock copolymer P3HT-b-PEO, 

the hybrid films exhibit a better fluorescence quenching as compared to the ZnO/P3HT films. 

This enhanced quenching is mainly attributed to the smaller P3HT domain sizes and the more 

efficient charge transfer at the interfaces between ZnO and P3HT due to the interfacial 

compatibilizer of the diblock copolymer. Therefore, the exciton separation at the interfaces is 

improved. Increasing the ratio of the diblock copolymer enhances the quenching, indicating a 

higher exciton separation yield and a more efficient charge transfer process. For the hybrid 

films with the ratio of the diblock copolymer being 1, it shows best exciton separation at the 

interfaces. Figure 7.14d shows the PL quenching of the hybrid films with different annealing 

temperatures. When increasing the annealing temperature, the PL intensity increases, 

indicating the films annealed at 80 °C exhibit a better heterojunction than the films annealed at 

higher temperatures.  

 

Figure 7.14 (a, b) UV-Vis and (c, d) PL spectra of ZnO/P3HT/P3HT-b-PEO hybrid films (a,c) 

annealed at 80 °C with different compositions wZnO: wP3HT: wP3HT-b-PEO = 2:1:0, 2:1:0.2, 

2:1:0.5, and 2:1:1 and (b, d) for fixed composition wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 under 

different annealing temperatures: 80 °C, 120 °C, and 160 °C. Reprinted with permission from 

Ref.150 Copyright (2018) American Chemical Society. 
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In addition, the PL spectra excited by the wavelength of 325 nm is obtained for the films with 

the ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 annealed at 80 °C (Figure 7.15). An intensive peak 

at about 386 nm is observed, which is caused by the radiative recombination. The electrons 

excited into the conduction band will recombine with the holes left in the valence band and 

therefore light is emitted. In the region with relatively higher wavelength, no clear peak is 

observed, which implies that the defects in the hybrid films are very low.166, 186, 187     

 

Figure 7.15 PL spectrum of ZnO/P3HT/P3HT-b-PEO hybrid films annealed at 80 °C having a 

ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1. (λEx = 325 nm). Reprinted with permission from 

Ref.150 Copyright (2018) American Chemical Society. 

 

7.5 Solar cell performance 

HBSCs are fabricated based on the 80 °C annealed ZnO/P3HT/P3HT-b-PEO hybrid films and 

the layout is glass//FTO//compact ZnO//ZnO/P3HT/P3HT-b-PEO//P3HT//Au (Figure 7.16a). 

To avoid the recombination at both, transparent and Au electrode, a compact ZnO layer on top 

of FTO and a P3HT layer above the active layer are spin coated, respectively. The measured I-

V curves are shown in Figure 7.16b. The photovoltaic performance of ZnO/P3HT/P3HT-b-

PEO based solar cell device is better than that of the one fabricated from ZnO/P3HT, which 

indicates the importance of the addition of P3HT-b-PEO in the active layer. Compared with 

the devices without P3HT-b-PEO, the HBSCs based on the active layer with P3HT-b-PEO 

shows much higher Jsc as shown in Table 7.1, which is resulted from the modified interfaces 

of ZnO and P3HT. The decreased P3HT domain sizes lead to increased probability for exciton 

separation, contributing to larger charge carrier density. Moreover, the Voc and FF are also 

improved with the introduction of the diblock copolymer in the active layer. From the measured 

I-V curves, a PCE of the ZnO/P3HT/P3HT-b-PEO based solar cells (0.07± 0.01%) is calculated, 
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which is higher than those from ZnO/P3HT (0.02±0.01%). The increased photovoltaic 

performance for application in HBSCs indicates that the improved morphology of the active 

layer modified by the diblock copolymer P3HT-b-PEO plays a significant role in increasing 

the photovoltaic performance. 

 

Figure 7.16 (a) Schematic representation of a HBSC setup. (b) Current density–voltage 

characteristics of HBSCs based on 80 °C annealed ZnO/P3HT/P3HT-b-PEO hybrid films with 

different ratios. 

 

Table 7.1 Device parameters extracted from I-V curves of HBSCs based on 80 °C annealed 

ZnO/P3HT/P3HT-b-PEO hybrid films with different ratios. 

devices Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

2:1:0 0.1 ± 0.01 0.6 ± 0.13 35.0 ± 5.0 0.02 ± 0.01 

2:1:1 0.2 ± 0.05 0.7 ± 0.02 42.0 ± 3.0 0.07 ± 0.01 

 

7.6 Summary 

In this chapter, ZnO/P3HT hybrid films are modified with the introduction of the diblock 

copolymer P3HT-b-PEO, which serves as a compatibilizer to improve the morphology of the 

hybrid films as well as the interfaces of the bulk heterojunction. The hybrid films of 

ZnO/P3HT/P3HT-b-PEO are successfully fabricated through a sol-gel synthesis, in which the 

zinc precursor is directly grown onto the PEO block, which acts as a template to control the 

morphology of ZnO nanoparticles. In addition, P3HT can be used as a light absorber and a 

charge carrier transport material. Spray deposition is employed to fabricate the thin films from 

the sol-gel, which is promising for preparing active layers on a large scale. The surface and the 
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inner morphologies of the hybrid films are investigated by SEM and GISAXS, respectively. 

With the addition of the diblock copolymer, the interconnected network structure is sustained, 

which is beneficial for charge carriers to be extracted along the ZnO and P3HT to their 

corresponding electrode. Both, the P3HT and ZnO domains become smaller because of the 

self-assembly of the diblock copolymer which hinders the chemically incompatible two 

components from forming large integrated domains. Moreover, when increasing the ratio of 

the diblock copolymer, the P3HT domains show a decreasing sizes whereas the ZnO/PEO 

domains show an increase for the average structures. Therefore, the samples with the ratio of 

wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 show improved exciton separation and charge carrier transport, 

which is supported by the PL results. However, when increasing the annealing temperature of 

the hybrid films, both, P3HT and ZnO particles tend to aggregate with each other because of 

the underlying kinetics of the films. The aggregated domains hinder the improvement of the 

exciton separation when aiming at an application in solar cells, which is revealed by the reduced 

PL quenching as well. To conclude, the morphology of the hybrid films is improved by the 

introduction of the diblock copolymer P3HT-b-PEO and by controlling the annealing 

temperature. The samples with the ratio of wZnO: wP3HT: wP3HT-b-PEO = 2:1:1 annealed at 80 °C 

reveal the optimal exciton separation due to the best PL quenching. 

Applying the sol-gel synthesis combined with the diblock copolymer P3HT-b-PEO, active 

layers of ZnO/P3HT on nanometer length scale are fabricated for application in bulk 

heterojunction solar cells. Based on this simple route, bulk heterojunction solar cells are 

successfully fabricated. Since the fabrication in this work is performed using low temperatures 

(well below 160 °C), it provides a promising route for a potential large scale preparation of 

hybrid solar cells on flexible substrates. 
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8. Morphology tuning of ZnO/P3HT/P3HT-b-

PEO hybrid films via spray and spin coating 

Parts of this chapter have been prepared as a manuscript: Morphology Tuning of 

ZnO/P3HT/P3HT-b-PEO Hybrid Films via Spray and Spin Coating, which is presently to be 

submitted. 

Hybrid materials have attracted great attention in several fields, such as optoelectronics, 

photocatalysis, biomedical sensors, energy storage and conversion in recent years.188-194 The 

multiple kinds of functional nanoparticles doped in the polymer matrixes provide various 

improved properties including promising thermal, mechanical, electric, optical and magnetic 

properties.195-198 Based on the optoelectronic properties, one of the most important applications 

are the hybrid bulk junction solar cells (HBSCs), which show many advantages due to the 

direct combination of inorganic and organic materials. Compared with the conventional 

inorganic solar cells, HBSCs are light-weight, flexible and low-cost.199, 200 Moreover, HBSCs 

show higher stability compared to organic solar cells due to the introduction of the inorganic 

materials, which acts as a framework and avoids the morphological aging which usually occurs 

in organic solar cells.200-202  

Generally, HBSCs are composed of a blend of conjugated polymers and inorganic 

semiconducting materials. The large interface area between these two network components 

provides an increased probability for the excitons to be separated into the charge carriers within 

the lifetime as compared with the conventional bilayer heterojunction layout. The generated 

excitons can only be split at the interfaces of donor and acceptor within their lifetime and the 

exciton diffusion length in donor materials is limited within tens of nanometers.180, 181 Thus, 

tuning the morphologies of the donor and acceptor plays an important role in improving the 

performance of HBSCs. Based on extensive studies, the morphology can be tailored by the 

material synthesis and the deposition method. 

In a blend of inorganic and organic components, these two components tend to form large 

domains due to an energetically unfavorable interaction of the polymer with the inorganic 

semiconducting nanoparticles, which reduces the opportunity for exciton separation in HBSCs. 

Interface modifications can be a good way to solve this problem. With the introduction of a 

diblock copolymer, instead of an uncontrolled macrophase separation in a blend, microphase 

separation will occur due to the covalently bound two blocks of the block copolymer. Therefore, 
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due to the self-assembly process, diblock copolymers are deemed to be a promising addition to 

modify the morphology of the films by modifying the interfaces of the organic and inorganic 

materials.165, 166, 203, 204 For example, ZnO/P3HT interfaces can be modified with the diblock 

copolymer P3HT-b-PEO. Li et al. and Shi et al. first dispersed ZnO (prepared beforehand via 

a sol-gel method) in chlorobenzene and then mixed ZnO, P3HT and P3HT-b-PEO as a blend.165, 

166 In this case, two steps are required as it is quite challenging to dissolve ZnO in the same 

solvent as the polymers. The solvents for dissolving functional inorganic materials and 

polymers are typically different due to the different polarities of the two components. Normally, 

p-type semiconducting polymers are dissolved in unipolar solvents, such as chlorobenzene, 

dichlorobenzene, folurene etc. whereas n-type semiconducting inorganic materials are 

dissolvable in polar solvents, such as DMF and DMSO. Therefore, in the present work, a 

solvent mixture of dichlorobenzene (DCB) and dimethyl sulfoxide (DMSO) is used to dissolve 

all the materials. With this mixed solvent, the sol-gel solution containing ZnO, P3HT and 

P3HT-b-PEO can be obtained with the zinc precursor directly growing in the PEO blocks 

(acting as a template). Thus, the hybrid active layer is fabricated in a much simpler route, 

namely a one pot synthesis, as compared to approaches from the literature. Meanwhile, the 

self-assembly of the diblock copolymer helps to control the morphology of the inorganic 

semiconductors and the semiconducting polymers on a nanometer length scale, which is 

beneficial to increase the interface area, thereby improving the exciton separation. 

Deposition methods, such as the commonly used blade-coating, printing, spray deposition, and 

spin coating to fabricate sol-gel thin films, also play a crucial role in the morphology tuning. 

Spin-coating is easy to operate and also shows high deposition uniformity and fast processing 

times whereas spray coating is also a widely used technique due to the possibility for large 

scale production and a reduced material consumption as compared to the spin coating.91, 205  

Moreover, spray coating can be used to deposit films on non-flat surface. Continuous films 

with a homogeneous morphology can be realized via each of these methods. However, the 

obtained morphology via the different deposition methods may vary, as the morphology is 

influenced by the interactions of the liquid flow with the substrate and the air, the evaporation 

rate, and the nature of the blend system. Extensive work has been done on the morphological 

tuning of the active layers via these deposition methods. However, few studies make a direct 

comparison of the morphologies obtained by varying the deposition method. 

In chapter 7, spray coating is used to deposit the ZnO/P3HT/P3HT-b-PEO solution as an active 

layer and it is demonstrated that the introduction of the diblock copolymer P3HT-b-PEO 

improves the interfaces of ZnO and P3HT greatly due to the compatibility effect and the self-

assembly of the diblock copolymer. In this chapter, different deposition methods, namely spray 
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and spin coating, are used to compare the effect on the obtained film morphology of the active 

layer. Moreover, spray coated films prepared from sol-gel with different ZnO ratios are 

investigated, which influences the morphology significantly. 

8.1 Fabrication route 

The schematic representation for fabricating the ZnO/P3HT/P3HT-b-PEO hybrid films is 

shown in Figure 8.1. Sol-gel synthesis is used to prepare the ZnO/P3HT/P3HT-b-PEO 

solutions with the procedure being similar to that in section 7.1. Two different deposition 

methods, spray and spin coating, are used separately to compare the resulting film morphology. 

A more detailed description about spin-coating and the used spray parameters are given in 

chapter 4. Finally, annealing is performed at 80 °C to improve equilibrium during the self-

assembly process. The weight ratio between P3HT and the diblock copolymer is constant while 

the amount of the zinc precursor changes to investigate the influence of the amount of ZnO on 

the hybrid films.  

 

Figure 8.1 Schematic representation of the steps involved in the fabrication of the 

ZnO/P3HT/P3HT-b-PEO hybrid films via spray and spin coating and subsequent thermal 

annealing at 80 °C. Reprinted from Ref.206 
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8.2 Morphology tuning by deposition method 

In order to investigate the morphology of the hybrid films coated via different deposition 

methods, both surface and inner structures are probed with OM, SEM and TOF-GISANS, 

respectively. In section 8.2.1, the surface morphology of the spray and spin coated films is 

discussed in detail. TOF-GISANS is a powerful tool to investigate the inner structure 

statistically, which is described in section 8.2.2. 

8.2.1 Surface morphology 

OM images of ZnO/P3HT/P3HT-b-PEO hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-PEO 

= 4:5:1 deposited by spray and spin coating are shown in Figure 8.2a-b. It is observed that the 

surface morphologies for the spray and spin coated films on a micrometer length scale are quite 

different in spite of the same ratio of the three components. For the spray coated samples, many 

coffee rings appear at the surface. Actually, these coffee rings are commonly observed for spray 

coated films as reported in the literature because of the complicated flow behavior in the liquid 

layer.171-173, 207, 208 In the present thesis, the situation is complicated due to the multicomponent 

solution used for spray deposition. Having the substrate at elevated temperature causes fast 

evaporation of residual solvent during spray deposition and thereby limits the probability of 

equilibrating height difference via vertical flow. Therefore, spray coating creates less 

homogeneous films on a micrometer length scale as compared with spin coating. No coffee 

rings are observed for the hybrid films via spin coating. Instead, some black spots are randomly 

distributed at the surface which might be attributed to the aggregations of ZnO nanoparticles.  

To investigate the surface morphology on a nanometer length scale, SEM images of the spray 

and spin coated hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-PEO = 4:5:1 are shown in 

Figure 8.2c-d. Due to the different electron densities of ZnO and the polymers, they show 

different contrasts, with ZnO appearing bright and polymers dark. For both, the spray and spin 

coated samples, they show a well-mixed structure on a nanometer length scale. This is expected 

to increase the interface area between the ZnO nanoparticles and P3HT, therefore leading to 

the modification of the exciton separation. Both, the ZnO and the P3HT phase tend to 

interconnect in each phase, favoring the extraction of the charge carriers to the corresponding 

electrode. Moreover, the spin coated samples show much smaller ZnO domain sizes than the 

counterpart produced via spray coating, which is expected to increase the interface area further, 

and therefore, is supposed to improve the exciton separation when application in HBSCs.  

The surface on both, micrometer and nanometer length scale, is more homogeneous and has 

smaller domain sizes in case of the spin coated films. Although spray coating leads to a rougher 



Chapter 8 Morphology tuning of ZnO/P3HT/P3HT-b-PEO hybrid films via spray and spin coating            

124 
 

surface, it is promising for application on a large scale for industrial production. Therefore, the 

morphology of the spray coated films is optimized further. 

 

Figure 8.2 OM (a, b) and SEM (c, d) images of the ZnO/P3HT/P3HT-b-PEO hybrid films 

deposited by (a, c) spray coating and (b, d) spin coating. Reprinted from Ref.206 

 

8.2.2 Inner morphology 

TOF-GISANS is performed to investigate the inner morphology of the hybrid films deposited 

via both coating methods. With the TOF mode, a broad spectrum of neutron wavelengths is 

used instead of a monochromatic neutron beam. Therefore, a whole set of scattering patterns 

can be achieved via subsequent slicing the scattering data in wavelength channels. In this case, 

each pattern covers a different range of scattering vectors, which makes it possible to detect 

multiple structures with a wide length scale in one TOF-GISANS measurement. Moreover, due 

to the variable wavelengths, the critical angle changes, and we can detect both the surface and 

inner morphology even at a constant incident angle.209 Figure 8.3 shows selected 2D TOF-

GISANS data of the spray and spin coated hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-

PEO = 4:5:1 at different wavelengths. The sample horizon exhibits the minimum intensity, which 

is marked by a black dashed line. Below the sample horizon, the scattering pattern is given by 

the transmitted intensity, with the direct beam shielded by a beamstop to avoid oversaturation 

of the detector. Above the sample horizon, it is due to the reflected intensity. An intense peak 

is found at the position of the exit angle (αf) equal to the incident angle (αi). It is observed that 

the specular beam slightly shifts to smaller scattering angles with increasing the neutron 
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wavelength. This is mainly due to the effect of gravity on the neutron beam, which is corrected 

in the analysis. At low neutron wavelengths, the Yoneda peak is observed between the sample 

horizon and the specular peak. It is located at the position of the critical angle αc, and it moves 

to higher scattering angles with increasing neutron wavelength due to the increasing value of 

αc. For neutrons with long wavelength, as the position of the Yoneda peak gradually overlaps 

with the specular beam, it cannot be observed clearly. In this case, only the surface morphology 

can be detected.  

 

Figure 8.3 Selected 2D GISANS data of the ZnO/P3HT/P3HT-b-PEO hybrid films deposited 

by (a-f) spray coating and (g-l) spin coating obtained from the TOF-GISANS measurements. 

The average neutron wavelength from left to right is (a, g) 0.38 nm, (b, h) 0.46 nm, (c, i) 0.57 

nm, (d, j) 0.69 nm, (e, k) 0.85 nm, and (f, l) 1.03 nm, respectively. The direct beam is blocked 

by a beamstop. The dashed black line in (a) indicates the sample horizon. S, Y and DB in (a) 

represent specular peak, Yoneda peak and direct beam, respectively. The red arrows along the 

vertical and horizontal directions indicate the places where the vertical and horizontal cuts 

are performed. Reprinted from Ref.206 

 

To get the information of the film structure perpendicular to the substrate, vertical line cuts are 

performed along qy=0, which is marked by a red vertical arrow in Figure 8.3a. Figure 8.4 shows 

the obtained vertical cuts for the spray and spin coated films with the ratio of wZnO: wP3HT: 

wP3HT-b-PEO = 4:5:1. The neutron wavelength increases from bottom to top. A drop in intensity 

at αi + αf = 0.38° is found for all curves, which is marked by a black dashed line. This indicates 

the sample horizon. On the left of the sample horizon (αi + αf < 0.38°), transmitted intensity 

can be observed, with the direct beam covered by a beamstop, indicated by a gray box. On the 
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right of the sample horizon (αi + αf > 0.38°), the reflected signal is detected. An intensive peak 

at αi + αf = 0.76°, twice the value of the incident angle, is observed for all curves. This is the 

specular peak (marked by a green line), with the exit angle equal to the incident angle. 

Compared with the spray coated samples, the spin coated films show a more intense specular 

beam, especially at small neutron wavelengths. This increased specular reflection is caused by 

the increased homogeneity of the hybrid films via spin coating as compared with those via 

spray as observed in the OM and SEM images. Between the sample horizon and the specular 

peak, another peak (marked by a red dashed line) is found. This is the Yoneda peak. By 

increasing the wavelength of the neutrons, the Yoneda peak become ambiguous as it becomes 

gradually larger and finally overlaps with the specular peak at high wavelength.  

 

Figure 8.4 Vertical line cuts of the 2D GISANS data for the ZnO/P3HT/P3HT-b-PEO hybrid 

films deposited by (a) spray coating and (b) spin coating obtained from the 2D GISANS 

scattering pattern. From bottom to top, the average neutron wavelength increases from 0.38 

to 1.14 nm. All cuts are shifted along the y axis for clarity. The region shielded by a beamstop 

is illustrated in gray. The dashed black line, the dashed red line, and the solid dark yellow line 

indicate the sample horizon, the shifting of the Yoneda peak for the hybrid film, and the 

specular peak, respectively. Reprinted from Ref.206 

 

The Yoneda peak positions are extracted from the vertical line cuts of the 2D GISANS data of 

the spray and spin coated samples and are plotted as a function of the neutron wavelength 

(Figure 8.5). For the spray and spin coated hybrid films, the data are fitted with a line according 

to 
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𝛼𝑐 = λ√
𝜌

𝜋
 ,                                                                                                                                     (8.1) 

where ρ is the neutron scattering length density (SLD) of the material.210 The detected angles 

can only be obtained from the vertical line cuts at low neutron wavelength and not high neutron 

wavelength since the Yoneda peak overlaps with the specular peak at high wavelength. 

According to Equation 8.1, the critical angle increases linearly with increasing the neutron 

wavelength. Under a constant wavelength, a higher critical angle can be obtained for the 

materials with higher SLD. From the fits, it is observed that the Yoneda peak positions of the 

spray and spin coated films are larger than the counterpart of the bulk P3HT, PEO and smaller 

than that from bulk ZnO. This implies that ZnO and P3HT are successfully mixed in the hybrid 

films. Moreover, the linear slope is slightly smaller for the spin coated films (~0.43 deg. nm-1) 

as compared to the spray coated samples (~0.47 deg. nm-1). According to Equation 8.1, a 

smaller SLD (~1.77 × 10-4 nm-2) is obtained for the spin coated samples. The obtained smaller 

SLD for spin-coated films as compared to that of spray coated samples shows that with 

different deposition methods also different hybrid films are formed.  

 

Figure 8.5 Experimental Yoneda peak positions (the solid squares) of the hybrid films 

deposited by spray and spin coating (dark yellow: spray coated samples, purple: spin coated 

samples) obtained from the vertical line cuts at the corresponding wavelengths and the linear 

fits to the data (the solid lines). Theoretical critical angles of bulk ZnO, P3HT and PEO as a 

function of wavelength are shown in black, red and blue lines, respectively. Reprinted from 

Ref.206   
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Horizontal line cuts are performed along the Yoneda region to investigate the inner structure 

parallel to the substrate.121, 211 Figure 8.6 shows the horizontal line cuts for the spray and spin 

coated hybrid films with the ratio of wZnO: wP3HT: wP3HT-b-PEO = 4:5:1. With increasing the 

neutron wavelength, the detected qy range changes to smaller qy, which makes it possible to 

probe a wide length scale of the structures with one TOF-GISANS measurement. To fit the 

data, the model of the distorted wave Born approximation (DWBA) is used. We assume 

cylindrical-shaped scattering objects, in the framework of the local monodisperse 

approximation (LMA) distributed on a one-dimensional paracrystal lattice to determine the 

most prominent length scales of the spatial distances and diameters of the detected domains.73 

Thus, the radius of the scattering objects and the corresponding center-to-center distances can 

be extracted from the form factor and the structure factor, respectively. For the spray coated 

hybrid films, three structures are used to fit all the curves measured at different neutron 

wavelengths. In contrast, only two structures are required to fit the horizontal line cuts of the 

spin coated samples. This indicates a more uniform size distribution of the domains in the spin 

coated films than those in the spray coated ones. Moreover, for the spray coated films, the sizes 

of the small- and middle-sized domains are 30±7 nm and 59±9 nm, respectively. These values 

are larger than the small-sized domains (27±3 nm) in the spin coated films. For the application 

in HBSCs, the smaller domain sizes help improving the probability for the generated excitons 

to reach an interface within their lifetime and therefore being separated into free charge carriers. 

Since the exciton diffusion length for P3HT is only about 10 nm,180 the large-sized domains 

are not so significant. Therefore, the large structures obtained from the fits are not compared 

for the spray and spin coated samples. The different domain sizes in the spray and spin coated 

films illustrate that the deposition method has a great influence on the final morphology of the 

hybrid films. In case of short wavelength, the critical angle is far below the incident angle, and 

the inner morphology can be detected. At long wavelength, the critical angle is close to or even 

larger than the incident angle. In this case, the neutrons are surface sensitive and the surface 

morphology can be investigated. For both spray and spin coated films, the same fitting results 

are employed for the curves under different wavelengths, implying that the morphology buried 

in the films is consistent with the surface morphology independently of the deposition method.   
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Figure 8.6 Horizontal line cuts of the 2D GISANS data for the ZnO/P3HT/P3HT-b-PEO hybrid 

films deposited by (a) spray coating and (b) spin coating obtained from the 2D GISANS 

scattering pattern. The solid curves are the fits using the geometry of cylindrical scattering 

objects on a 1D paracrystal lattice as described in the text. From bottom to top, the average 

neutron wavelength increases from 0.379 to 1.141 nm. The different qy ranges result from the 

variable neutron wavelength. All cuts are shifted along the y axis for clarity. Reprinted from 

Ref.206 

 

8.3 Morphology tuning by changing ratio 

From the direct comparison, the spin coated ZnO/P3HT/P3HT-b-PEO hybrid films are 

supposed to be superior in the application as HBSCs due to the larger interface between the 

ZnO particles and P3HT and the smaller obtained domain sizes. However, spin coating is quite 

challenging when producing films on a large scale as even on curved interfaces. In contrast to 

that, spray coating seems more significant for an up-scalable production routine. Therefore, the 

film morphology via spray coating is investigated further by tuning the weight ratio of the zinc 

precursor during the sol-gel synthesis. Both, the surface and inner morphologies of the sprayed 

films with different ZnO ratios are discussed. Moreover, the film thickness is also described in 

section 8.3.3. 

8.3.1 Surface morphology 

SEM images of the spray coated films with different ZnO ratios are shown in Figure 8.7. It is 

observed that the ZnO particles tend to interconnect to form a network structure in the matrix 
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of the polymers in the hybrid films, which is expected to provide a good pathway for the charge 

carriers to be extracted through the ZnO and P3HT to their corresponding electrode. For the 

hybrid films with the ratio of 1:5:1 (Figure 8.7a), some small ZnO domains are observed. Apart 

from this, large domains are also present at the surface. In the spray coating process, 

aggregation of the ZnO particles occurs. Thus, even though the ZnO ratio is decreased, the 

hybrid films prepared via spray coating are still less homogeneous as compared with the spin 

coated films. Moreover, the aggregation becomes more severe when increasing the ratio of the 

ZnO. This behavior may be explained by a stronger interaction between ZnO nanoparticles and 

the PEO block with increasing the concentration of the reactant. When the ratio increases to 

4:5:1 (Figure 8.7d), most of the PEO blocks are saturated with ZnO due to the high 

concentration of the zinc precursor in the sol-gel solution. It indicates that the morphology of 

the ZnO/P3HT/P3HT-b-PEO hybrid films can be easily tuned via the ratio of ZnO in the hybrid 

films with ZnO, P3HT, and P3HT-b-PEO components.  

 

Figure 8.7 SEM images of spray coated ZnO/P3HT/P3HT-b-PEO hybrid films with different 

ratio of wZnO: wP3HT: wP3HT-b-PEO = (a) 1:5:1, (b) 2:5:1, (c) 3:5:1, (d) 4:5:1. Reprinted from 

Ref.206 

 

OM images for the spray coated films with different ZnO ratios are shown in Figure 8.8 to 

investigate the surface morphology on the micrometer length scale. It is observed that coffee 

rings are present at the surface for all the films prepared via spray coating. When increasing 

the ratio of ZnO, more coffee rings are observed, causing larger surface roughness. This might 
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be due to the increasing viscosity in the solution with increasing concentration of the zinc 

precursor. Having the composite at high viscosity further limits the probable equilibrium of the 

thickness in the vertical direction with respect to the substrate. 

 

Figure 8.8 OM images of sprayed ZnO/P3HT/P3HT-b-PEO hybrid films with different ratio of 

wZnO: wP3HT: wP3HT-b-PEO = (a) 1:5:1, (b) 2:5:1, (c) 3:5:1, (d) 4:5:1. Reprinted from Ref.206 

 

8.3.2 Inner morphology 

 

Figure 8.9 Selected 2D GISANS data of the spray coated ZnO/P3HT/P3HT-b-PEO hybrid films 

with different weight ratios of wZnO: wP3HT: wP3HT-b-PEO: (a) 1:5:1, (b) 2:5:1, (c) 3:5:1, and (d) 

4:5:1. The average neutron wavelength is 0.46 nm. The direct beam is covered by a beamstop. 

The red arrows along the vertical and horizontal directions indicate the places where the 

vertical and horizontal cuts are performed. The black dashed arrow indicates the position of 

the Yoneda peak. Reprinted from Ref.206 
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Figure 8.10 Vertical line cuts of the 2D GISANS data for the sprayed ZnO/P3HT/P3HT-b-PEO 

hybrid films with different weight ratio of wZnO: wP3HT: wP3HT-b-PEO: (a) 1:5:1, (b) 2:5:1, (c) 

3:5:1, and (d) 4:5:1. From bottom to top, the average neutron wavelength increases from 0.379 

to 1.141 nm. All cuts are shifted along the y axis for clarity. The region shielded by a beamstop 

is illustrated in gray. The dashed black line, the dashed red line, and the solid dark yellow line 

denote the sample horizon, the shifting of the Yoneda peak for the hybrid film and the specular 

peak, respectively. Reprinted from Ref.206 

 

To see the shift of the critical angles in more detail, the detected Yoneda peak positions are 

extracted and plotted as a function of neutron wavelength as shown in Figure 8.11a. The 

experimental data are fitted with a line according to Equation 8.1. The increasing slope of the 

fitted line indicates the increasing SLD of the detected materials. Thus, the SLD of the hybrid 

materials follows SLDP3HT, SLDPEO < SLD1:5:1 < SLD2:5:1 < SLD3:5:1 < SLD4:5:1 < SLDZnO, which 

indicates the successful well-mixed hybrid films. Since the SLD of ZnO is larger than the SLD 

of the polymers, the SLD of the hybrid films increase when increasing the ratio of the ZnO in 
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the hybrid films. The corresponding SLD calculated from the linear fits are plotted as a function 

of the weight ratio as shown in Figure 8.11b. The SLD increases from 1.8 x 10-4 nm-2 to 2.2 x 

10-4 nm-2 when increasing the ratio of wZnO: wP3HT: wP3HT-b-PEO from 1:5:1 to 4:5:1. 

 

Figure 8.11 (a) The experimental Yoneda peak positions (the solid squares) of the hybrid films 

with different weight ratio of wZnO: wP3HT: wP3HT-b-PEO (green: 1:5:1, brown: 2:5:1, dark blue: 

3:5:1, and dark yellow: 4:5:1) obtained from the vertical line cuts at the corresponding 

wavelengths and the corresponding linear fits (the solid lines). Ideally expected critical angles 

of ZnO, P3HT and PEO as a function of wavelength are shown as black, red and blue lines, 

respectively. (b) SLD values extracted from the linear fits of the spray coated samples for 

different weight ratios of ZnO. Reprinted from Ref.206 

 

Horizontal line cuts are performed along the Yoneda region of the spray coated hybrid films 

with different weight ratios. As shown in Figure 8.12, all curves are fitted using the same model 

as described in section 8.2.2. Compared with the spin coated samples with two structures fitting 

the horizontal line cuts, three are still required for all the spray coated hybrid films. This implies 

the poor monodispersity of the domain sizes in spray coated films even if it is improved by 

decreasing the ZnO ratio. In Figure 8.12, the fitted curves are in excellent agreement with the 

experimental data. When increasing the neutron wavelength, the detected qy range shifts to 

smaller value, which widens the length scale being detected. As described above, at short 

neutron wavelengths, inner morphologies are able to be detected, whereas at long neutron 

wavelengths, it is impossible to detect the inner morphology. Instead, only the surface 

morphology can be probed. In Figure 8.12, the same structural sizes are obtained from each 

fitted curve for experimental data obtained at different neutron wavelength. This indicates the 

consistency of the surface and inner morphology. As for application in HBSCs, the exciton 
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diffusion length of P3HT is only about 10 nm. Therefore, the small- and middle-sized structures 

are supposed to be more important than the large-sized structure.  

 

Figure 8.12 Horizontal line cuts of the 2D GISANS data for the ZnO/P3HT/P3HT-b-PEO 

hybrid films with different weight ratios of wZnO: wP3HT: wP3HT-b-PEO: (a) 1:5:1, (b) 2:5:1, (c) 

3:5:1, and (d) 4:5:1. The solid curves are the fits using the geometry of cylindrical scattering 

objects distributed on a 1D paracrystal lattice as described in the text. From bottom to top, the 

average neutron wavelength increases from 0.38 to 1.14 nm. The different q ranges result from 

the variable neutron wavelengths. All cuts are shifted along the y axis for clarity. Reprinted 

from Ref.206 

 

Figure 8.13 shows the average domain sizes of extracted small- and middle-domain structures. 

When the weight ratio of ZnO increases, both the middle- and small-domain sizes increase, 

indicating that the ZnO particles tend to aggregate to form larger domains. The spray coated 

films with a ratio of wZnO: wP3HT: wP3HT-b-PEO = 1:5:1 exhibit much smaller domain sizes (20±3 

nm for the small-sized domains, and 43±7 nm for the middle-sized domains) as compared with 

the other samples. Therefore, the spray coated samples with the ratio of 1:5:1 would show a 
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most suitable domain size for improving the interfaces of ZnO and P3HT, thus, revealing an 

advantage of promoting the exciton separation for applications in HBSCs. In addition, the 

samples with the ratio of 1:5:1 show smaller size difference of the middle-sized domains and 

the small-sized domains as compared with other samples, which indicates a better 

monodispersity of the fabricated films with the ratio of 1:5:1. 

 

Figure 8.13 Domain size of the spray coated ZnO/P3HT/P3HT-b-PEO hybrid films with 

different ratio of wZnO: wP3HT: wP3HT-b-PEO extracted from the fits to the corresponding horizontal 

line cuts. Squares (black) indicate small-sized structures and circles (red) middle-sized 

structures. Reprinted from Ref.206 

 

8.3.3 Film thickness 

Apart from the morphology, the film thickness is supposed to be influenced by the weight ratio 

as well. Figure 8.14 shows the film thickness for the spray coated films with different weight 

ratios. The large error bars represent the different values measured at different positions due to 

the very rough surface from coffee ring patterns. With increasing the weight ratio of the ZnO, 

the film thickness increase significantly from 130 nm to about 350 nm. The higher 

concentration of the zinc precursor during the sol-gel synthesis results in more metal oxide 

being deposited at constant flow volumes. 
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Figure 8.14 Film thickness of the spray coated samples for different weight ratios of ZnO. 

Reprinted from Ref.206 

 

8.4 Summary 

In this work, a simple route for fabricating ZnO/P3HT/P3HT-b-PEO hybrid films is introduced. 

The films are successfully prepared by a sol-gel synthesis with the diblock copolymer P3HT-

b-PEO as an interface compatibilizer. In a well-mixed solvent of DCB and DMSO, the zinc 

precursor directly grows in the PEO blocks which act as a template while the P3HT blocks can 

be used to absorb light and transport charge carriers. Via the self-assembly process of the 

diblock copolymer, a well-mixed blend of ZnO/P3HT on a nanometer length scale is achieved. 

Moreover, two deposition methods, namely spray and spin coating, are used to deposit the sol-

gel onto a substrate to form an active layer used in HBSCs. Both, the surface and inner 

morphologies are investigated by SEM and TOF-GISANS, respectively. They reveal that the 

spin coated hybrid films possess a higher homogeneity with smaller domain sizes. Although 

the spin coated films show promise in increasing the interface area for exciton separation, it is 

a great challenge to use spin coating for large scale fabrication. Spin coating on curved surface 

would even be impossible. Therefore, further tuning of the morphology of the spray coated 

films is performed. It is shown that when increasing the weight ratio of the ZnO inside the 

hybrid films, the ZnO particles tend to aggregate to form large domains, which hinders the 

formation of an effective interface for exciton separation. For the spray coated films with the 

ratio of wZnO: wP3HT: wP3HT-b-PEO = 1:5:1, they show decreased domain sizes and better 

monodispersity as compared with the spray coated samples with higher ZnO ratios, which 

would benefit the exciton separation in HBSCs. In summary, the deposition method and the 
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weight ratio of the components inside the sol-gel system play a great role in the morphology 

tuning of ZnO/P3HT/P3HT-b-PEO hybrid films. When aiming at improving the performance 

of HBSCs via tuning the morphology of the active layer, this work is significantly important 

in providing us with a general guideline. 
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9. Conclusion and outlook 

In the present thesis, the structures of ZnO films and of ZnO/P3HT hybrid films are 

investigated and the photovoltaic performances are improved via tailoring the morphologies 

accordingly. Two types of photovoltaic devices are explored, namely ssDSSCs and HBSCs. 

For ssDSSCs, mesoporous ZnO nanostructures are prepared by sol-gel synthesis. The 

morphology of the ZnO films is tailored by a diblock copolymer which acts as a template. By 

backfilling with dye molecules and p-type organic semiconductors into the mesoporous ZnO 

structures, which provide a rigid scaffold, DSSCs are fabricated. The photovoltaic performance 

of the devices is investigated. It is revealed that the optoelectronic properties and photovoltaic 

performance are highly linked with the morphology of the nanostructured ZnO films. 

Regarding HBSCs, the bulk heterojunction ZnO/P3HT is prepared directly as a blend. It is 

demonstrated that with the addition of the diblock copolymer P3HT-b-PEO, the interface of 

ZnO and P3HT is modified. Accordingly, the optoelectronic properties are improved. For both 

DSSCs and HBSCs, all these experiment results indicate the importance of the morphology of 

the ZnO and the ZnO-based active layers to the photovoltaic performance. 

To tune the mesoporous ZnO morphology based on the interconnected network structures, a 

method combining sol-gel chemistry and diblock copolymer PS-b-PEO is used. Via increasing 

the annealing temperature the ZnO films change from foam-like, worm-like, to sphere-like 

structures. All the ZnO films with these morphologies are prepared at low temperature, which 

is cost-effective. Moreover, for fabricating ssDSSCs, every layer is deposited at low 

temperature which makes it promising to be used in flexible solar cells. With tuning the 

morphology of the ZnO films, the performance of the ssDSSCs improves significantly, with 

the ssDSSCs based on the worm-like structures exhibiting highest PCE due to the appropriate 

mesopore size and the better ordered interconnected network structures. In addition, a good 

long-term stability of the ssDSSCs is obtained even without special encapsulation. 

For ssDSSCs it is revealed that the pores in the mesoporous ZnO films with appropriate sizes 

are important to improve the photovoltaic performance, due to the challenging steps in 

backfilling during the fabrication of solar cells. Increasing the pore size favors the backfilling 

of the dye molecules and p-type organic semiconductors, but on the other hand also decreases 

the surface-to-volume-ratio. Sol-gel synthesis combined with PS-b-P4VP templating is 

employed to tune the pore sizes of the mesoporous ZnO films. The obtained pore sizes with 

two post-treatment methods, namely UV-irradiation and sintering, are compared. It is revealed 
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that the sintered ZnO films show a larger pore size than the UV-irradiated samples. Moreover, 

both the surface and the inner morphology shows that the pore size increases when increasing 

the template-to-ZnO precursor ratio. Accordingly, the photovoltaic performance of the 

fabricated ssDSSCs shows a strong correlation with the nanopore size of the ZnO films. When 

increasing the pore sizes of the ZnO films, the efficiency first increases and then decreases, 

showing an optimal efficiency with the appropriate pore sizes. 

In the active layer ZnO/P3HT, for application in HBSCs, a diblock copolymer P3HT-b-PEO 

with a functional block is used as a template as well as a compatibilizer. It is shown that with 

P3HT-b-PEO the domain sizes of both the P3HT and the ZnO decrease, which promotes the 

exciton separation due to the increased interface. PL measurements also reveal that upon 

increasing the ratio of the diblock copolymer the quenching becomes stronger, indicating a 

higher charge separation yield and a better charge transfer process. However, when increasing 

the annealing temperature, aggregation of both P3HT and ZnO domains appear, resulting in a 

decreased PL quenching. 

Due to the great impact of the deposition method on the film deposition, two different film 

deposition techniques, namely spin and spray coating, are used to compare the morphology of 

the obtained ZnO/P3HT films modified by P3HT-b-PEO. Both, the surface and the inner 

morphology investigated by SEM and TOF-GISANS, respectively, shows that the spin coated 

samples possess smaller domains and higher monodisperse distribution than the spray coated 

films. Moreover, it is found that for the spray coated samples the domain sizes decrease and 

the aggregation becomes less when decreasing the amount of the ZnO. It is revealed that both 

the deposition method and the amount of the ZnO turn out to be significant parameters to tune 

the morphology of the ZnO/P3HT hybrid films. 

All the above mentioned projects explore the way to tune the morphology of the ZnO and 

ZnO/P3HT films and the corresponding influence of the morphology to the photovoltaic 

performance for application in solar cells. Diblock copolymers play an important role in 

tailoring the morphology of the films with sol-gel synthesis. The preparations at low 

temperature are carried out, which is promising for future flexible solar cell fabrication. The 

morphology of the hybrid films prepared at low temperature is also compared with that 

obtained with high temperature sintering. It is demonstrated that the morphology of the ZnO 

films and also the ZnO/P3HT hybrid films plays a significant role in the photovoltaic 

performance improvement.  

With respect to future investigations, many research approaches can still be explored in the 

hybrid solar cells due to the advantages resulting from the combination of inorganic and 
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organic materials. As the methods used in this thesis are mostly at low temperature and the 

mesoporous ZnO structure is not favorable to crystallize, the crystallization issue is therefore 

still challenging. Improving the crystallinity of the ZnO films is expected to improve the 

electron mobility further, and resulting in less charge carrier recombination at the interfaces of 

the n-type and the p-type semiconductors. Moreover, the film thickness also influences the 

photovoltaic performance of solar cells. For example, for ssDSSCs, the optimal thickness for 

the ZnO films should be on the order of micrometer length scale. It is simple to increase the 

film thickness via spray coating. In contrast, it is challenging to improve it with spin coating 

due to the redissolving while spin coating layer-by-layer. In the future study, deposition 

methods which can be used to produce large scale films can be explored. Since the synthesis 

method used in the present thesis is the sol-gel method, it provides the possibility to produce 

the active layers on a large scale with all types of wet-composite deposition. The other 

techniques, such as printing, and blade-casting can also be investigated and will likely also give 

rise to other morphologies. 
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