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Chapter1. Introduction  

Synthesis of nanostructured TiO2 thin films has attracted considerable interest in the past 

decade due to their intriguing physical properties and promising applications in photocatalysis, [1-33] 

photocoltaics, [34-51] gas sensing, [52-56] and Li ion battery materials. [57-67] Especially, since the report of 

TiO2 base dye-sensitized solar cells with global power efficiency around 10% in the early 1990’s, [68] 

tremendous research activities have been initiated in both academic and industrial fields. [34-51] The 

TiO2 layer plays an important role in dye-sensitized solar cells. On one hand, it is used as a substrate 

for the adsorption of dye molecules on the surface; on the other hand, it provides a media for the 

transportation of electrons. [38, 40, 43, 68-78] The performance of TiO2 based dye-sensitized solar cells 

significantly depends on the morphology and crystallinity of the nanostructured TiO2. The morphology 

including the shape, size, size distribution, and spacing size between nanostructures controls the 

surface-to-volume ratio of the TiO2 films, which determines the active-site density on the surface 

available for surface reactions and interfacial charge carrier transfer rate. Furthermore, different 

morphologies can provide varied charge carrier transportation routes and as a result influence electron-

hole pair recombination probabilities. [79-84] It is therefore very important to prepare TiO2 thin films 

with controllable morphologies. Besides the morphology, crystallinity of TiO2 nanostructures is 

another important factor in the solar cells because it determines the electronic structure to influence the 

electron adsorption and transportation in the TiO2 films. [37, 46] Generally TiO2 has three different 

crystallographic polymorphs, anatase, rutile, and brookite. [85] In many of the functional materials, 

anatase makes the most important contributions to the performance because of its thermodynamically 

metastable characteristics and preferred formation in nano-scale systems. Compared to anatase, rutile is 

more thermodynamically stable and chemically inert and brookite commonly does not form a pure 

crystallographic phase and in many cases coexists with anatase and/or rutile as a labile, metastable state. 
[37, 46] Finally, the overall macroscopic size of the homogeneous structured titania films is another 

important requirement for their use in device applications. For example, for dye-sensitized solar cell 

devices in the laboratory scale, the films should fulfill the prerequisite to cover substrates with area of a 

few square millimeters homogeneously. [86] To summarize, for the purpose of applications of titania 

thin films in dye-sensitized solar cell devices, it is crucial to prepare titania films with controlled 

morphologies of anatase phase on an mm2 scale. 
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There have been numerous reports about the synthesis of nanoscale titania materials with varied 

morphologies including nanoparticles, nanorods, mesoscale network structures, nanotubes, and 

lamellae. [84, 87-100] The main preparation recipes apply Titanium inorganic salts or Titanium alkoxides 

as Titanium sources, which are hydrolyzed and condensed to form Ti-O- networks in the presence of 

small molecule surfactants or block copolymers as structure directing agents.[87, 93, 100-125] The Pluronic 

family of PEO-PPO-PEO triblock copolymer has been widely used as a template. [92, 100, 108, 123-132] 

However, compared to the Pluronic copolymers, other kinds of block copolymers have been mainly 

used to template non titania systems,[133-145] and until recently only a limited number of results about 

templating titania nanostructures have been reported. [116, 120, 146-153] For example, PHB-b-PEO (H 

(CH2CH2CH2CH (CH3)-CH3)66(OCH2CH2)86H) diblock copolymer has been used as the structure-

directing agent to prepare crystalline titania mesoporous structures; [116] PS-b-PEO has also been 

applied as a template to synthesize foam like bicontinuous titania nanostructures. [150] Our group 

recently also reported the results using PS-b-PEO as a template to synthesize nanocomposite films 

composed of ordered titania nanoparticles. [146, 148, 149] Toluene and isopropanol were used as the 

solvents, in which the block copolymer could undergo microphase separation to form micelles in the 

solution and the Titanium sol-gel precursor was subsequently incorporated into the micelles. After spin 

coating composite films consisting of ordered nanoparticles were achieved.   

With respect to the structure formation process, Eisenberg and coworkers have intensively 

studied the self-assembly behavior of amphiphilic block copolymer PS-b-PAA or PS-b-PEO in solution, 

where PAA and PEO are the minority parts of the block copolymer. [154-181] The block copolymers are 

dissolved into 1, 4-dioxane, or DMF, which is a good solvent for both blocks, followed by slow 

addition of water, a selectively poor solvent for the PS block. As a result of the slow addition so-called 

crew-cut micelles with large PS cores and thin PEO or PAA coronas are formed in solution. The 

morphologies of the crew-cut micelles are controlled by a force balance between different factors: the 

stretching degree of the core-forming block, the interfacial force between the core and surrounding 

solvents, and interactions between the coronas. Eisenberg and coworkers have adjusted the solution 

components to tune the force balance and obtained rich morphologies such as spherical micelles, [175-177] 

cylinder micelles, [168, 176, 178] lamellae, [175, 179] and vesicles. [175, 180, 181] However, the structures consist 

of only a pure organic polymer and lack a functional inorganic part. Furthermore, the obtained 

structures are present in solution, whereas in many applications the structures are required to be present 

in the form of dry films.   
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In this Ph. D study a new strategy has been developed using amphiphilic block copolymer as a 

templating agent coupled with sol-gel chemistry to control the morphologies of TiO2 thin films via a 

good-poor solvent pair induced phase separation process (Scheme 1). Based on the knowledge how to 

control the morphology, nano structured TiO2 thin films with different morphologies are introduced 

into dye-sensitized solar cells to study the effect of the morphology on the performance of the solar 

cells.  

Amphiphilic diblock copolymers like PS-b-PEO, PMMA-b-PEO, and triblock copolymer of 

PEO-b-PS-b-PEO have been applied as templating agents. For example, The PS-b-PEO block 

copolymer with a PEO minor constitution part is first dissolved in 1, 4-dioxane, which is a good 

solvent for both blocks, followed by successive addition of 37% concentrated HCl solution and 

Titanium tetraisopropoxide (TTIP). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. Sample preparation procedure for TiO2 films with varied morphologies. 

 

Because both HCl and TTIP are poor solvents for the hydrophobic PS block, micelles are 

formed in the solution. A complex force balance will control the shape and size of the micelles. The 

interfacial interactions between block copolymer and the used solvent, and the stretching of the 
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 polymeric chains balance to give an equilibrium lyotropic structure. Furthermore, TTIP can be 

incorporated into the hydrophilic PEO domain through coordination bonds. If this occurs, the delicate 

force balance of the lyotropic system is perturbed and as a result phase boundaries are shifted. Within 

the confined environment of PEO domain, TTIP acts as a precursor for TiO2 because it is hydrolyzed 

and condensed into TiO2 through sol-gel process. Concentrated HCl acts as a catalyst for the hydrolysis 

and condensation of TTIP, which makes the sol-gel reaction proceeding within the confined 

environment formed by the block copolymer. The morphologies in the solution can be transferred into 

titania-block copolymer composite films via spin coating process, where a solvent evaporation induced 

arrangement is accompanied to reorganize the nano structures on the substrate.   
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Chapter2. Fundamentals 

2.1 Microphase Separation of Block-copolymers in Bulk Phase 

The amphiphilic block copolymer is composed of both hydrophobic and hydrophilic blocks, 

which are linked by covalent bonds. This constraint leads to the formation of microphase separated 

structures on length scales below 100 nanometers.  The equilibrium block copolymer phase behavior is 

governed by five factors: molecular architecture, segment-segment interaction, degree of 

polymerization, composition, [182]  and external parameters including temperature, shear force, electric 

field, and magnetic field.  

2.1.1 Molecular Architectures of Block Copolymers 

The block copolymer made from two different monomers mainly have three different types of 

molecular architectures: branched block copolymer, grafted block copolymer, and linear block 

copolymer (Scheme 2). [182] In the bulk phase separation process, the polymer melt where materials 

have been heated above the glass transition temperature, Tg, is very viscous, which makes the polymer 

hard to reach the equilibrium state. Thus the molecular architecture plays an important role in the 

morphology evolution because it strongly influences the polymer viscosity. [182]  

 

 

 

 

 

 

 

 

 

 

Scheme 2. Typical molecular architectures of the block copolymers composed of two distinct 

monomers. [182]  

Branched block copolymers Grafted block copolymers Linear block copolymers 
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Besides the molecular architecture, the bulk phase behavior of the block copolymer is further 

controlled by three other intrinsic structural factors: segment-segment interaction, degree of 

polymerization, and composition.  

2.1.2 Segment-segment Interaction 

In the case of diblock copolymer, the particular combination of monomer A and B determines 

the sign and magnitude of the energy mixing, which can be approximated by the Flory-Hugggins 

segment-segment interaction parameter χ. [183, 184]    

  

                                                                                              

 

In this equation, εAB represents the contact energy between A and B segments, and kB is the 

Boltzmann constant. A negative value of χ indicates that there is a favorable interaction between A and 

B segment. Consequently, the A-B contact lowers the overall system energy compared to the sum of A-

A and B-B contacts. On the contrary, the positive χ values occur when the A-B contacts increases the 

overall system energy.  

In a specific case of the nonpolar polymer segment like polyethylene, polystyrene, and 

polyisoprene, the contact energy can be described in terms of dispersive interactions, that is, van der 

Waals force. [184] 

 

 

Where rij is the segment-segment separation, and α and I are the segment polarizability and ionization 

potential respectively.   

Based on the assumption that there is neither net volume change nor entropy loss after A-B 

segment contact, a new formula to describe the χ parameter can be derived through the combination of 

Eq. 1 and Eq. 2 as following:  [182] 
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Where a cubic lattice is assumed with Ii=Ij=I and all but the Z nearest-neighbor contacts are neglected. 

However, the assumptions for Eq. 3 are rarely realized in practical cases because very likely the total 

volume and entropy of the system may be modified upon A-B segment contact. Therefore, a modified 

and practical formula of χ is further derived as Eq. 4. [185-187] 

 

 

Where α represents experimental determined enthalpy, and β describes the entropy loss.  

2.1.3 Degree of Polymerization 

The Flory-Huggins parameter only describes the interaction energy between individual 

monomer pair. To calculate the total mixing energy of the polymer blocks, a total degree of 

polymerization of the block copolymer, N, should be counted, where N=NA+NB (NA, NB, degree of 

polymerization of block A and B respectively). Consequently, the total energy of mixing is calculated 

as χN with the total degree of polymerization N. [188]  

2.1.4 Composition of Block Copolymer 

Besides the monomer pair and degree of polymer of polymerization, the volume ratio of 

individual blocks in the block copolymer, f, will influence the shape and symmetry of the microphase 

separated structures. Varying the composition f will put unequal packing and stretching constraint on 

both blocks, leading to the formation of different ordered-phase symmetries over certain composition 

range. [189, 190] 

2.1.5 External Parameters 

Besides the factors stemming from the intrinsic chemical structure of the block copolymer, 

some external parameters can also affect the microphase separation behavior. For example, temperature, 

shear field force, electric field, and magnetic field. [191-201] 

βα += −1Tχ Eq. 4
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2.1.6 Principle Governing the Block Copolymer Microphase Separation  

The collective contribution of polymer architecture, segment-segment interaction, and degree of 

polymerization, composition, and external parameters to the equilibrium phase of the block copolymer 

can be generally formalized as the  system Gibbs free energy via the components of enthalpy, H, and 

entropy, S, as in Eq. 5. [183, 202] 

   

 

In the situation where no extra external field is applied (no electric, magnetic, and shear field; 

temperature fixed), the Gibbs energy is only determined by the thermodynamic parameters derived 

from the intrinsic chemical structure of the block copolymer, that is,χ, N, and f. The equilibrium 

microphase separated structure of the block copolymer is determined by the minimum overall system 

Gibbs energy.  

In the situation of amphphilic block copolymer composed of a hydrophobic block A and 

hydrophilic block B, the positive χ value between A and B blocks indicates that the decrease A-B 

segment contact results in a decrease system enthalpy H. Consequently, microdomains composed of 

individual A and B blocks tend to be formed. However, an entropy loss will be accompanied with the 

aggregation of A and B blocks due to two reasons: first, the joints of the A-B blocks have to be 

localized in the interface region; second, the stretching degree of the polymer chain is increased to 

maintain a uniform density within the domain. [182] From the point view of the block copolymer 

structure, the overall effects of the enthalpy and entropy are mainly determined by the combination of 

χN and f.  

2.1.7 A Special Case of the Block Copolymer Microphase Separation  

In the special case of a block copolymer with f=1/2, when χN<<10, entropic factors dominate 

and only a spatially homogeneous state exists in the bulk block copolymer (Figure 1). [203, 204] By slight 

increasing either χ or N to the region χN<10, the free energy balance is shifted leading to a local 

composition fluctuation in a length scale comparable to the radius-of-gyration of the block copolymer 

(Rg
2=R2

g, A+R2
g, B). [205] With χN≈10, there is a balance between entropy and enthalpy. Further increase 

of χN leads to a first-order transition from disordered to ordered structures. In this step, entropy favors 

TSHG −= Eq. 5
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mixing, but disordered structures are formed due to the energy cost of A-B segment contacts. [203, 205] 

When χN is further increased to >10, sharper microdomain boundaries are formed as the number of A-

B segment-segment contacts decrease at the price of increasing entropy.  As χN>>10, the energy facors 

dominate and ordered microphase separated structures are formed with narrow interface and nearly flat 

composition profile. [204] 

In the situation where f is not ½, the block copolymer composition f mainly influences the 

packing and symmetry of the microphase separated structures. Except in the case near to the order-to-

disorder transition, f is almost uncorrelated with χN. [204] The impact of the composition f on the 

microphase behavior originates from the unequal packing and stretching constraints on the individual 

block in the block copolymer, leading to different ordered structures over certain composition range. 

For example, the block copolymer of polystyrene-block-polyisoprene (PS-b-PI) has several different 

ordered phases found over a large composition range (Figure 2). [189, 190] 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Evolution of structure with the combined parameter χN for a symmetric diblock copolymer 

with f=0.5. When χN∼10, small variations in system entropy (∼N-1) or energy (∼χ) leads to ordered 

(χN≥10) or disordered ((χN≤10) states. A homogeneous composition profile (φA versus r) results when 

entropic factors dominate (χN<<10), whereas a strongly microphase segregated pattern characterizes 

the limit when energetic factors prevail (χN>>10). [182] 
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Figure 2. (A) Effect of varying composition on the order-phase symmetry in polystyrene-b-

polyisoprene (PS-b-PI) diblock copolymer, fs refers to the overall volume fraction of polystyrene. (B) 

Phase diagram for polystyrene-b-polyisoprene (PS-b-PI) diblock copolymers. Ordered phases 

correspond to those illustrated in (A).[182]  

2.2. Atomic Force Microscope (AFM) 

Atomic force microscopy (AFM), which is also called scanning force microscopy (SFM), was 

invented by Gerd Binig, Calvin Quate and Christoph Gerber in 1986. [206] AFM can image not only 

conducting samples but also insulating samples. It can be used in a wide range of environments, for 

example, vacuum, air, liquids, under heating and pressure. Through AFM, it is not only possible to 

image samples on the substrate, but also possible to measure the force-distance curve between tip and 

samples. AFM can be operated in different modes, for example, contact mode and tapping mode. [206-

208] However, the tapping mode has several distinct advantages over the contact mode: first, it can 

avoid the friction force; second, the destruction of the sample surface by the tip is to be diminished due 

to the significant reduction of the contact time and intensity between the tip and sample. Therefore, 

tapping mode is much more frequently used to image samples than contact mode. [207, 208]  

2.2.1 Measurement Principle of AFM 

In AFM measurement, the sample is scanned underneath the tip, which is mounted to a 

cantilever spring (Scheme 2). [208] When the tip is brought close to the sample, surface force between 

the tip and the sample leads to a deflection of the cantilever according to Hook’s Law. Depending on 

the situation, forces that are measured in AFM include mechanical contact force, Van der Waals forces,  



Fundamentals 11                   

 

capillary forces, chemical bonding, and so on.   Typically, the deflection is measured using a laser spot 

reflected from the top of the cantilever into an array of photodiodes. 

2.2.1.1 Operation Mode of AFM 

Contact mode: In contact mode, the tip will touch the sample surface, however, the force 

between the tip and sample surface is very small, in the order of 0.1nN to 100nN. In order to achieve 

such a small force, the spring constant of the cantilever must also be very

small and typical spring constants are 1N/m.  There are two different kinds of contact modes, constant 

height mode and constant force mode. In the constant height mode, the height of the sample is kept 

constant and the deflection of the cantilever is recorded. The image is plotted by the deflection of the 

cantilever versus x and y.  The advantage of constant height mode is that the scan rate is relatively fast. 

In the constant force mode, the deflection of the cantilever is sensed and a feedback loop keeps the 

deflection, and hence, the force is kept constant. Therefore the image is plotted by the height of the 

sample versus x and y. The quality of the images obtained from constant force mode is better than those 

from constant height mode because the information obtained from constant force mode is more close to 

the topography than that in constant height mode.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 2. The schematic view of the working mechanism of AFM [208] 
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Tapping mode: The cantilever is externally oscillated at or close to its resonance frequency. 

The oscillation amplitude, phase and resonance frequency are modified by tip-sample interaction forces. 

These changes in oscillation with respect to the external reference oscillation provide information about 

the sample. The tapping mode can be operated with either frequency modulation or amplitude 

modulation. In frequency modulation, changes in the oscillation frequency provide information about 

tip-sample interactions; however, in amplitude modulation, changes in the oscillation amplitude or 

phase provide the feedback signal for imaging. In principle, the change in the oscillation is related to 

the height information of the sample surface (height image), and the oscillation phase change is 

determined by the types of materials on the surface (phase image). 

In the practical scanning process of amplitude modulation, the tip is engaged to the sample 

surface until the fixed predetermined shift of the amplitude ΔA is reached. [209] The image of the 

sample is reflected as an iso-ΔA surface. In the case where the sample has the same interactions with 

the tip in the whole scan region, the iso-ΔA surface reflects the real height image. However, if the 

sample has different interactions with the tip in the whole scan region, then the iso-ΔA surface will not 

correspond directly to the real height of the sample. In this case, the soft and hard properties of the 

sample in different regions need to be taken into account for the interpretation of the iso-ΔA surface 

into real sample surface height profile.  

2.3. X-ray Reflectivity 

X-ray reflectivity is a versatile characterization method to study the electron density gradient 

perpendicular to the film interface. The principle of x-ray reflectivity is based on the interaction 

between x-ray and matters on the surface and inside the film while x-ray penetrates the film. Therefore, 

x-ray reflectivity enables it possible to reveal the structure information beneath the film surface, which 

is difficult to achieve via scanning probe microscopy methods. [210-214] A brief working process of a 

reflectivity experiment is as following. A highly collimated x-ray beam is illuminating a sample with a 

very small incidence angle followed by the reflection of the x-ray beam from the surface. During the 

reflectivity experiment, the angle of incidence is varied and the intensity of the reflected x-ray is 

monitored as the function of the incident angle. The plot of reflectivity versus scattering angle shows 

three different contributions: [210, 214] 
1. a sharp edge at the critical angle of total external reflection. 
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2. a characteristic overall power-law decay. 

3. a modulation pattern due to the presence of surface layers. 

From the shape and decay of the modulation patterns further information about the number, thickness, 

and interfacial properties of surface layers in the sample can be extracted.  

2.3.1 Reflection from a Single Surface 

2.3.1.1 Snells Law 

If an x-ray beam hits a surface two things may happen (Scheme 3): [210, 214] 

1. The x-ray beam is reflected at the surface, cos (θ 0) = cos (θ); 

2. The x-ray beam is refracted governed by the Snells law: n0 cos (θ 0) = n1cos (θ 1); (n0, n1, 

the refractive indexes in medium 0 and 1 respectively) 

2.3.1.2 Fresnel’s Law 

The critical angle of total external reflection θc is given by [210, 212, 214] 

                                                  n0 cos (θc) = n1 

 

 

 

 

         

          

                        

 

 

                       Scheme 3. Reflection and refraction of an X-ray at a single surface[214]  

 

By combing Snell law with the critical angle expression, the following equation is obtained:

 

                           n1
2 sin2 (θ 1)=n0

2sin2 (θ 0)-n0
2sin2 (θ c) or kz1= (kz0

2-kzc
2) 1/2  

Eq. 6 

Eq. 7 
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where kzi is the z-component of the wave vector of wave i.  

The amplitude of the fraction of the reflected x-ray beam r is: [210-214]    

  

And therefore the intensity of the fraction of the reflected x-ray beam is:   

  

The expression of the intensity R is called Fresnel’s law. Both r and R are normalized quantities, which 

are normalized with respect to the amplitude and intensity of the incident wave.  

2.3.1.3 Reflectivity from a single layer (two interfaces) 

In the case of reflectivity from a single layer, it is similar to the reflectivity from a single 

surface except the consideration of reflection and refraction of x-ray beam inside the layer. In order to 

calculate the reflected intensity, it is needed to introduce two definitions. The first is rij, the Fresnel 

reflection coefficient, which describes the fraction of the amplitude reflected upon traversal from media 

i to j. The second is tij, the Fresnel transmission coefficient, which represents the fraction of the 

amplitude transmitted from medium i to medium j. The general value is given by [210-214]  

 

 

 

 

 

 

 

Scheme 4. Schematic view of multiple internal reflections and refractions in the single layer[214]   
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In Scheme 4 it shows the amplitude yields at different reflection and diffraction steps. Besides 

the amplitude change, there is also a phase shift with respect to the incident wave. The phase shift is 2φ 

where  

                    

The sum of the total amplitude yields 

 

And the sum of the intensity R is 

 

The reflectivity R shows a beating pattern, which is called Kiessig fringes. Between the maxima the 

phase shift of the internally reflected waves is 2π and the waves interfere

constructively. rom this fact it is possible to make a crude estimation of the film thickness d from the 

interval Δq between two maxima via d ≈ 
qΔ
π2  [213, 214] 

  

 

 

 

 

 

 

 

 

Figure 3. Simulated reflectivity profile of a silicon wafer with a 25nm polystyrene layer (σrms =5Å 

surface roughness for both interfaces).[214]  
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In Figure 3 it shows a typical simulated reflectivity profile. The thickness of the polystyrene 

layer covered on Silicon wafer is 25nm obtained from the above equation.  

2.4. Grazing Incidence Small Angle X-ray Scattering (GISAXS) 

Grazing incidence small angle x-ray scattering (GISAXS) is a powerful tool to study the lateral 

structure over large length scale on the surface. Compared to imaging techniques, for example, Atomic 

force microscope (AFM), or scanning electron microscopy (SEM), the GISAXS technique has the main 

advantages in the following aspects. First, the direct imaging techniques are highly local 

characterization methods, which normally can only cover the area over maximum a few square 

micrometers; however, the GISAXS experiment allows it possible to give lateral structure information 

over a large length scale up to a few millimeters parallel to the substrate. Second, GISAXS can 

determine the structure of the buried and inner layer in the film because x-ray can penetrate the film, 

which is usually difficult for the imaging techniques.[209, 215-223] 

The scattering geometry of the GISAXS method is described in Scheme 5. [215] A 

monochromatic x-ray beam with a wave factor ki is generated from the x-ray source and hits the 

surface with a very small incidence angle αi respect to the surface. The z axis is normal to the sample 

plane, where x axis is in the direction parallel to the beam and y axis perpendicular to the x axis in the 

surface plane.  The x-ray is scattered along kf in the direction of (αf, θf) due to any electron density 

fluctuation in the x-ray illuminated area on the surface. Due to a reason of tradition, the scattering in 

the y axis direction is called Out-of-Plane (OOP) scattering and consequently, the scattering along both 

x and y axis is called in-plane scattering.    

The definition of the scattering vector in x, y, and z direction is defined as following: [215, 224] 

 

 

 

 

 

And the intensity of the scattered x-ray beam is described as  
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Where F is the form factor and S (q) is the total interference function. The interference function S (q) 

describes the spatial arrangement and further lateral correlation of the objects on the surface. 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
           

Scheme 5. The scattering geometry of grazing incidence small angle x-ray scattering [215] 

It is the Fourier transform of the object position autocorrelation function. In a simple Born 

approximation (BA), F is the Fourier transform of the shape function of the objects defined as 

 

 

However, in practice due to the effects of the reflection-refraction on the surface of the substrate, F has 

to be calculated based on a Distorted Wave Born Approximation (DWBA). The full calculation for the 

scattering cross section within the DWBA frame is illustrated including four different scattering events: 

The four scattering events interfere coherently to give an effective DWBA form factor, FDWBA and the 

expression for the total cross section is described as Eq. 18 [215, 224] 
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Scheme 6. Four scattering events accounted in the real grazing incidence small angle x-ray scattering 
[215] 

In experiment, to make x-ray scattering surface sensitive, a grazing incidence angle α is chosen 

between about half the critical angle αc and several times the critical angle of the film material, where 

αc is defined as following: [210] 

 

Where δ is the real part of the refractive index.  

When the exit angle of the scattered beam is close to the critical angle, the intensity of the 

scatted beam is increased due to Vineyard effect, resulting in a bright band of intensity at the critical 

angle. This is also referred to as the Yoneda peak. The lateral structure information of the film is 

analyzed from the Out-of-Plane (OOP) scan along the Yoneda peak region in the direction of qy. [215] 

The actual choice of the grazing incidence angle depends on the system to be studied. For 

example, for free-standing quantum dots, an incident angle below αc may be chosen to make the 

scattering exclusively surface-sensitive. In order to probe the internal structure of a polymer thin film 

of 100 nm thickness, the incident angle should be above αc of the film, to ensure a full penetration of 

the sample. [215]  

2.5. Dynamic Light Scattering (DLS)  

Dynamic light scattering is a useful method to investigate hydrodynamic radius distribution of 

the aggregates in solution. When light hits small particles a Rayleigh scattering occurs in all directions  

)()( ||
2

DWBA qSFqI =
r

δα 2=c
Eq. 20

Eq. 19
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as long as the particles are smaller than around 250nm. If laser is used as the light source, which is 

monochromatic and coherent, then a time-dependent fluctuation in the scattering intensity can be 

observed. These fluctuations are due to the fact that the small molecules in solutions are undergoing 

Brownian motion and so the distance between the scatter centers in the solution is constantly changing 

with time. Consequently, there is a either constructive or destructive interference of the scattered laser 

light by the surrounding particles. The intensity fluctuation is related to the time scale of movement of 

the scatter centers, that is, the aggregates in the solution. [225-228] 

The DLS experiment measures the intensity autocorrelation function, g2 (q,τ), [227, 228]  

 

 

which is an exponentially decaying function of the decay time, t(s), in a dilute of monodisperse 

particles. And the scattering vector is defined as: [227, 228] 

 

Where n is refractive index of the solution and λ is the wavelength of the incident light and θ  is the 

scattering angle.  

g2 (q,τ) is related to the normalized electric field autocorrelation function, g1 (q,τ), via the Siegert 

relationship. [227, 228] 

 

Where B is the measured baseline of the decaying autocorrelation function and β is the coherence 

factor which can be used as an adjustable parameter in the data fitting.  

In the case of monodisperse noninteracting particles in the solution, g1 (τ) is described as a single 

exponential function as: [227, 228] 

 

 

Where Γ is the relaxation rate of the decaying autocorrelation function (s-1) and Γ is related to diffusion 

coefficient, D (m2 s-1), by [227, 228]  
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And the hydrodynamic radius is calculated by the Stokes-Einstein equation: [226-228] 

 

 

 

Where k is the Boltzmann constant and η is the viscosity coefficient. 

2.6. Working Mechanism of Titania Based Dye-sensitized Solar 

Cells 

The TiO2 based solar cells provide a technically and economically alternative concept to present 

commercialized Silicon based solar cells. There has been a tremendous related work triggered by the 

report from Graetzel group in the early 1990’s, where a TiO2 based dye-sensitized solar cells with an 

energy efficiency ca. 7.1% was achieved. [68]  

The TiO2 based solar cells can de divided into two categories based on the type of charge 

carrier transport medium used, that is, liquid state dye-sensitized solar cells and solid state dye-

sensitized solar cells. [34-51] While the liquid state solar cells use liquid electrolyte, for example, I-/I3
- 

pair, or ionic liquid as the charge transport; [34, 36, 40, 42, 43, 50, 229-244] the solid state dye-sensitized solar 

cells apply p-type semiconductor to transport charges. The p-type semiconductors include inorganic 

species like CuI, CuSCN, [36, 245, 246]or organic conjugated molecules, for example, Poly (3-

hexythiophene) (P3HT), and poly (2-methoxy-5-2′-ethylhexyloxy)-p-phenylenevinylene) (MEH-PPV). 
[34-51, 147, 150, 247-263] Although the detailed working mechanisms of these two types of solar cells are 

different, the general working principle and the role of the TiO2 in solar cells are similar, which will be 

addressed in the following. 

2.6.1 Liquid State Dye-sensitized Solar Cells 

Scheme 7 shows the device component and working mechanism of the liquid state dye-

sensitized solar cells. [38] The solar cell device is of sandwich type. A conducting glass layer of Indium 

doped Tin Oxide (ITO) or Fluorine doped Tin Oxide (FTO) is used as an anode, and gold, carbon tape  

2Dq=Γ

ηD6
kTrH π

=

Eq. 25 

Eq. 26 
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or Platinum is used as a cathode. The surface of the conducting glass is deposited with a layer of TiO2, 

which acts as an electron transport media. Furthermore, the TiO2 film provides the surface for the 

adsorption of the dye molecules, for example, Ruthenium complex, or organic dye molecules. The 

redox couple of I-/I3
- pair in organic solvent is used as the electrolyte. [34-36, 38, 40-46, 264]  

Under the illumination of sunlight the dye-molecules adsorbed on the TiO2 layer are excited 

from the ground states. An electron is injected from the excited dye-molecule into the TiO2 film, which 

migrates through TiO2 to the anode electrode. A regeneration of the excited dye-molecules is 

conducted by the I-/I3
- redox pair and the redox pair can be further restored by electron donation from 

the external circuit. So in summary, there is no net chemical change in the whole process and the only 

change that happens is the conversion of sun light into electricity. The open circuit voltage of the solar 

cell is determined by the band gap between the Fermi level of TiO2 and the band level of redox couple. 
[38, 43]      

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 7. The structure components and working process of liquid state dye-sensitized solar cells [38] 

2.6.2 Solid State Dye-sensitized Solar Cells 

Compared to liquid state dye-sensitized solar cells, the only different component in the solid 

state solar cell is the use of solid layer of hole conductor. As showed in scheme 8, the excited dye- 
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molecule releases an electron into the conduct band of TiO2, where a hole is produced simultaneously. 

The hole is transported in the hole conductor media to the cathode. [43] 

2.6.3 Performance Parameters of Solar Cells 

The calculation of the solar cell efficiency relies on the determination of several key parameters 

from the I-V cure of the solar cell. A typical solar cell I-V curve is exhibited in Scheme 9. [265] There 

are several different kinds of efficiency definitions to evaluate the solar cell performance including 

global efficiency, external quantum efficiency and internal quantum efficiency. [44, 46]  

 

 

 

 

 

 

 

 

 

 

 

Scheme 8. The working process of solid state dye-sensitized solar cells [43] 

2.6.3.1 Global Efficiency 

 

 

 

Where Voc is the open-circuit voltage, and Isc is the short-circuit current, and Pinc is the incident power 

of light. FF is the filling factor of the solar cell, which is defined in the following way: 
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Where Vp and Ip correspond to the intersection values of the rectangle square possessing the largest 

area in the region defined by the I-V curve.    

2.6.3.2 External Quantum Efficiency 

The external quantum efficiency (EQE) is the ratio of electrons delivered to external circuit per 

incident photon of a given wavelength. It is also called Incident photon-electron conversion efficiency 

(IPCE). The value is calculated using the following equation: 

 

 

Where Iinc is the intensity of incident light.  

2.6.3.3 Internal Quantum Efficiency 

The internal quantum efficiency (IQE) is the ratio of electrons delivered to external circuit per 

absorbed photon of a given wavelength. It is calculated as: 

 

 

Where η(εr) is the efficiency for absorption of incident photon of energy εr 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 9. Typical I-V curve of solar cells [265]
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Chapter3. Experiment 

3.1. Chemicals Sources  

3.1.1 Block Copolymers 

Three kinds of amphiphilic block copolymers were used as templates to control the morphology 

of the TiO2 nanstructured films. They are polystyrene-block-poly (ethylene oxide) (PS-b-PEO), poly 

(methyl methacrylate)-block-poly (ethylene oxide) (PMMA-b-PEO), and poly (ethylene oxide)-block-

polystyrene-block-poly (ethylene oxide) (PEO-b-PS-b-PEO) respectively. The molecular structures of 

the block copolymer are exhibited in Scheme 10. Detailed source and composition information are 

described in the following.     

 

 

 

 

 

 

 

 

 

 

 

 
Scheme 10. The molecular structures of the amphiphilic block copolymers 

 

PS-b-PEO diblock copolymer from two different sources was used in this thesis. A commercial 

one was obtained from Polymer Source Inc, whose number average molecular weight was 19k for PS 

and 6.4k for PEO respectively, with a polydispersity index (PDI) of 1.05. A second PS-b-PEO block 
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copolymer was synthesized in the Max-Planck-Institute for Polymer Research via the combination of 

anionic polymerization (PEO block) and Atomic Transfer Radical Polymerization (ATRP) (PS block). 

The number average molecular weight Mn of the PS and PEO blocks is 17.3k and 5.9k respectively 

with a polydispersity index of 1.14.   

The asymmetric diblock copolymer of PMMA-b-PEO was synthesized in the Max-Planck 

Institute for Polymer Research via the combination of anionic polymerization (PEO block) and ATRP 

(PMMA block). The number average molecular weight is 57.7k for PMMA and 17.88k for PEO 

respectively with a polydispersity index of 1.22.  

The symmetric triblock copolymer of PEO-b-PS-b-PEO was synthesized in MPI via sequential 

anionic polymerization according to standard literature recipe using naphthalene potassium as a 

bifunctional initiator. [266] The molecular weight of the middle PS block was determined by GPC of an 

aliquot taken from the reaction mixture before the addition of ethylene oxide: Mn=12.3k, Mw=20.0k and 

PDI=1.62. The molecular ratio of the PEO block is determined by H1 NMR, through which the number 

average molecular weight of PEO block is determined to be 5.4k.   

3.1.2 Other Chemicals 

Table 1. The information of the chemicals used 
 

Chemicals Formula Purity grade Source 
Titanium tetra-
isopropoxide 

C12H28O4Ti 97% Aldrich 

Titanium tetra-
isopropoxide 

C12H28O4Ti ≥95% Fluka 

1,4-dioxane C4H8O2 ≥99.5% Fisher Scientific 
N, N-dimethyl 

formamide 
C3H7NO ≥99.8% Fisher Scientific 

Hydrochloric acid HCl 37% Riedel-de Haën 
Nitric acid HNO3 65% Riedel-de Haën 

Absolute ethanol C2H5OH >99.8% Aldrich 
Aceton C3H6O >99.5% Riedel-de Haën 

Isopropanol C4H9OH >99.8% Riedel-de Haën 
Chlorobenzene C6H5Cl ≥99.5% Fluka 

Acetonitrile C2H3N 99.99% Fisher Scientific 
tert-butyl alcohol C4H9OH ≥99.5% Riedel-de Haën 
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3.2. Sample Preparation 

3.2.1 TiO2 Films in the Morphology Phase Diagram Templated by PS-b-PEO 

Sample solutions were prepared according to the following procedure. 0.040g PS-b-PEO 

(commercial) and 4.0g 1, 4-dioxane were mixed together, followed by the addition of appropriate 

amount of 37% concentrated HCl solution and TTIP (Aldrich) within 3 minutes. After complete 

addition the common solution was stirred for a period of time ranging from 30 minutes to one hour.  

In order to compare the morphologies of the composite films to the morphologies of the pure 

block copolymer, solutions of pure block copolymers were prepared in the same procedure except that 

no TTIP is added. The weight ratios of the concentrated HCl solution over the sum of 1, 4-dioxane and 

HCl solution are varied from 0 to 10%.   

Films were prepared on Si (100) substrate by spin coating for 120.0s using a Süss MicroTec 

Delta 80 spin coater under ambient conditions (temperature: 21°C; relative humidity: 35%-45%, 

rotation speed of 2000rpm, acceleration speed of 2000rpm/s, lid closed). In order to clarify the 

influence of humidity, samples were also spin coated with a speed of 2000rpm at 22.0°C and 0.0ppm 

absolute humidity in a glove box (P-6000 spin coater, Specialty Coating System Inc).  

Films were calcined at 400°C for 4 hours in air with a ramp rate of 6.25°C/min starting from 

room temperature. After calcination, the samples were cooled to room temperature in the furnace. To 

study the effect of calcination temperature on the morphology, films were calcined at a temperature of  

3-phenylpropionic acid C9H10O2 99% Alfa Aesar 
2, 2’-bipyridyl C10H8N2 99% Aldrich 

2, 2’-dipyridyl-4, 4’-dicarboxylic 
acid 

C12H8N2O4 98% Alfa Aesar 

Dichloro(p-cymene) 
Ruthenium(II) dimer 

C20H28Cl4Ru2 98% Alfa Aesar 

Triton x-100   Alfa Aesar 
PEDOT/PSS: 

Poly (3,4-
ethylenedioxythiophene) poly 
(styrenesulfonate) (Baytron P) 

  Bayer 

Alconox Powder   Aldrich 
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400, 500, and 600°C for 4 hours respectively with a ramp rate of 6.25°C/min. After calcination, the 

samples were cooled to room temperature in the furnace.  

Samples for XRD measurement were prepared by putting a few drops of the solution onto 

2.5cm×2.5cm Si (100) substrates, allowing the solution to dry under ambient conditions. Then the films 

were calcined in air at 200, 400, 500, 600 and 800°C for 4 hours respectively with the same recipe as 

above mentioned. 

3.2.2 TiO2 Films Templated by PS-b-PEO with Different Polymer Concentrations 

Sample solutions were prepared according to the following procedure. For the samples with 

copolymer concentrations ranging from 0.25% to 2%, 0.01-0.08g PS-b-PEO (commercial) was mixed 

together with 4.0g 1, 4-dioxane, and 0.03g 37% HCl, and 0.12g TTIP (Aldrich). For the samples with a 

copolymer concentration of 4.0%, 0.0795g PS-b-PEO (commercial) was mixed with 2.0071g 1, 4-

dioxane, and 0.0171g 37% HCl, and 0.0676g TTIP.   

Sample solutions for the dynamic light scattering (DLS) experiment were prepared as following: 

0.010 or 0.040g PS-b-PEO (commercial) was mixed with 4.00g 1, 4-dioxane, 0.037g conc. HCl, and 

0.109g TTIP and stirred.  

Films were prepared on Si (100) substrate by spin coating for 60.0s using a Süss MicroTec 

Delta 80 spin coater under ambient conditions (temperature: 21°C; relative humidity: 55%-65%, 

rotation speed of 2000rpm, acceleration speed of 2000rpm/s, lid open). To study the effect of the sol-

gel reaction time on the morphologies, the stock solutions were spin coated after different stirring time 

ranging from ca. 40 min to 25 hours. 

UV degradation was applied to the as-prepared films, which were prepared after different 

stirring time. The films were irradiated by UV light of a major wavelength 254nm with a dose of 25 

J/cm2 (XX-15S; UVP, Inc.) at room temperature for 6 hours in air to remove the organic matrix, 

leaving titania on the substrate. [146] 

Calcination of the films was carried out at 400°C for 4 hours in air with a heating rate of 

6.25°C/min starting from room temperature. After calcination, the samples were cooled to room 

temperature in the furnace. 
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3.2.3 TiO2 Films Templated by PMMA-b-PEO 

Samples were prepared in the following way: Nanovesicles: 0.0406g PMMA-b-PEO and 

4.0091g 1.4-dioxane were mixed together, followed by the addition of 0.0910g 37% concentrated HCl 

solution and 0.0612g TTIP (Aldrich) within 4 minutes. After complete addition the common solution 

was stirred for one hour.  

Nanoplatelets: 0.0414g PMMA-b-PEO and 4.0247g 1.4-dioxane were mixed together, followed 

by the addition of 0.1032g 37% concentrated HCl solution and 0.4812g TTIP (Aldrich) within 4 

minutes. After complete addition the common solution was stirred for one hour.  

Transition morphology between nanovesicles and nanoplatelets: 0.0404g PMMA-b-PEO and 

4.0221g 1.4-dioxane were mixed together, followed by the addition of 0.1025g 37% concentrated HCl 

solution and 0.2461g TTIP (Aldrich) within 4 minutes. After complete addition the common solution 

was stirred for one hour. 

Films were prepared on Si (100) substrate by spin coating for 30.0s using a Süss MicroTec 

Delta 80 spin coater at a rotation speed of 2000rpm, and acceleration speed of 2000rpm/s. 

3.2.4 TiO2 Films Templated by PEO-b-PS-b-PEO 

Sample solutions for the titania films were prepared according to the following procedure. 

0.0407g PEO-b-PS-b-PEO and 3.9971g DMF were mixed together, followed by the addition of 

0.1525g 37% concentrated HCl solution. The mixture was turbid and stirred for 18 minutes. Thereafter 

0.1307g TTIP (Aldrich) was added and the solution became clear. After complete addition the common 

solution was further stirred for ca. 20min.  

Sample solution for the as-prepared film were prepared according to the following procedure: 

0.0398g PEO-PS-PEO, 4.0225g DMF, 0.1346g TTIP, and 0.1498g 37% HCl were mixed together 

within 5 minutes and stirred for further 3 hours before spin coating.   

Films were prepared on Si (100) substrate by spin coating using an open Süss MicroTec Delta 

80 spin coater in a climatized lab with the ambient relative humidity around 60%. Films for the 

calcined samples were spun at a rotation speed of 500rpm, and acceleration speed of 500rpm/s for 

180.0s. The films of the as-prepared sample were prepared with a rotation speed of 1000rpm, and  
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acceleration speed of 1000rpm/s for 60.0s. Calcination of the films was carried out at either 550 or 

1000°C for 4 hours in air with a heating rate of 6.25°C/min from room temperature. After calcination, 

the samples were cooled spontaneously in the furnace to room temperature.    

Samples for XRD measurement were prepared by putting a few drops of the solution onto 

2.5cm×2.5cm Si (100) substrates, allowing the solution to dry under ambient conditions. The films 

were calcined in air at 550 and 1000°C for 4 hours respectively, following the time/temperature profile 

given below.  

3.2.5 Solar Cell Device Fabrication 

The SnO2: F glass (FTO) (Hartford Glass Co., Inc.) was cleaned according to the literature with 

slight modification: rinsed with alconox solution (Aldrich, dissolved in MiliQ water with a 

concentration of 20mg/ml); rinsed with MiliQ, Aceton, ethanol, and isopropanol in sequence; 

ultrasonicated in isopropanol for 15min; finally Oxygen plasma cleaning for 10min(1mbar, 300W). [259]  

The sol-gel solution for the TiO2 barrier layer was prepared according to the literature. 10ml 

absolute ethanol was mixed together with 250μl MiliQ. The pH of the solution mixture was adjusted 

with concentrated nitric acid to 2-3. Finally, 750μl TTIP (Fluka) was added in the glove box and the 

solution was typically stirred in the glove box for 3 days. [259]   

The TiO2 barrier layer was prepared as following: before spin coating, the edge of the FTO 

glass was protected with the kapton tape. Then the sol-gel solution was spin coated in ambient 

conditions on either on Si (100) substrate or FTO glass with a rotation speed of 1000rpm and 60.0 

seconds (Süss MicroTec Delta 80 spin coater). Before further spin coating with the polymer solution, 

vacuum of less than 100Pa was applied to the barrier layer for 5min in order to fix the barrier layer on 

the substrate. 

PS-b-PEO synthesized in the Institute was used as a templating agent to control the 

morphologies of the TiO2 films. The block copolymer-titania composite films were prepared on FTO 

glass, Si (100) substrate coated with barrier layer, and bare Si (100) substrate by spin coating for 60.0s 

(Süss MicroTec Delta 80 spin coater) under ambient conditions at a rotation speed of 1000rpm, 

acceleration speed of 1000rpm/s and close lid. The tape was removed after spin coating.   

Calcination of the films was carried out at 450°C for 4 hours in air with a heating rate of 

6.25°C/min starting from room temperature. After calcination, the samples were cooled to 200°C in the  
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furnace. The FTO glass was then put into a solution of 300μM Z907Na sensitizer (synthesized 

according to literature [76, 267]) and 300μM 3-phenylpropionic acid coadsorbent in acetonitrile and tert-

butyl alcohol (volume ratio 1:1) for 6 hours, allowing the dye adsorption onto the TiO2 surface. The 

FTO glass was then washed with ethanol in the glove box to remove the physically adsorbed dye 

molecules and it was further spin coated with 10mg/ml P3HT solution in chlorobenzene (1000rpm, 

60.0s). The backside and edge of the FTO glass was cleaned with toluene, followed by annealing at 

200°C for 2 hours in the glove box. After annealing a mix solution of PEDOT/PSS with 0.5% Triton x-

100 was spin coated on the P3HT layer (2000rpm, 60.0s). The device was further annealed in glove 

box (Nitrogen environment) for 15min at 100°C. [268] Finally, 100nm Gold top electrode was deposited 

onto the FTO glass to form the device.  

3.3. Sample Characterization 

3.3.1 Atomic Force Microscope (AFM)  

AFM images were recorded using a Digital Instruments Dimension™ 3100 scanning force 

microscope in tapping mode equipped with Olympus cantilevers (spring constant ranging between 33.2  

– 65.7 N/m and resonant frequency of 277.3 – 346.3 kHz). The images were analyzed using the 

software of Nanoscope 5.12r5.   

3.3.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) images were obtained on field emission SEM (LEO 1530 

“Gemini”). The accelerating voltage is 1kv if without special mention in the text. FFT pattern was 

obtained using the software of Image J 1.33U and areas of 512×512 pixels of the SEM images were 

randomly selected and studied.   

3.3.3 Transition Electron Microscopy (TEM) 

High resolution transmission electron microscopy (HRTEM) and electron diffraction (ED) 

measurements were conducted on a FEI Tecnai F20 electron microscope at an operating voltage of 200 

kV. The 550°C sample was scratched from the spin coating film. The 1000°C sample was prepared by 
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scratching carefully the drop-casting film, followed by ultrasonication in ethanol to form a suspension, 

which was then dropped onto a carbon coated copper grid.   

3.3.4 Film Thickness Measurement 

The thickness of the titania-block copolymer film was measured by a Tencor P-10 surface 

profiler and the value was averaged from more than 6 data points.  

3.3.5 Dynamic Light Scattering (DLS) Experiment 

A frequency doubled, cw Nd: YAG-Laser (Coherent, Model Verdi 2W) was used at λ = 532 nm 

and up to 150 mW power on the sample cell. The scattering cell is mounted in the center of a 

goniometer (ALV, Langen, Germany) with all degrees of freedom adjustable. A Glan-polarizer selects 

only vertically polarized incident light. The scattered intensity is detected through a single mode 

optical-fiber, which contains a Y-coupler ending in two avalanche diodes (ALV, Langen, Germany) 

acting as single photon detector setup. The detected, scattered light is computed to correlation functions 

by a hardware correlator (6000/E if not mentioned especially in the text; ALV, Langen, Germany). The 

output of the two avalanche diodes (APD) enables us to do a pseudo cross correlation and by this to 

avoid the well known after pulsing of APDs leading to distortion of the correlation functions below 10 

µs otherwise. 

3.3.6 X-ray Diffraction (XRD) 

θ-θ measurements were conducted on Siemens D500 (TiO2 films in the morphology phase 

diagram) or D8 (TiO2 films templated by PMMA-b-PEO or PEO-b-PS-b-PEO) diffractometer 

equipped with a Cu anode generated at a current of 30mA and a voltage of 30KV. Scans were taken in 

a 2θ range from 20° to 80° with a step size of 0.05° and integration time of 30.0s.  

3.3.7 X-ray Reflectivity Measurement 

X-ray reflectivity experiment was conducted using a surface XRD-TT3003 diffractometer 

equipped with Göbel mirror. The modeling of the experimental profiles was conducted using the  
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Parratt 32 software, version 1.5, provided by the Berlin Neutron Scattering Center at the Hahn-Meitner-

Institute.  

3.3.8 Grazing Incidence Small Angle X-ray Scattering (GISAXS) Measurement  

GISAXS measurements were performed at the A2 and BW4 beamlines of the DORIS III 

storage ring at HASYLAB/DESY. Using a completely evacuated sample-detector pathway (1.09m for 

A2, 1.93m and 2.20m for BW4 respectively) and a wavelength of λ= 1.54Å for A2 and 1.38 Å for 

BW4 respectively. An in-plane resolution of 6.02×10-4 Å-1 for A2 was achieved. Corresponding in-

plane resolutions of 3.73×10-4 Å-1 and 3.44×10-4 Å-1 for BW4 was achieved respectively. The scattering 

image was analyzed in terms of out-of-plane (OOP) scans along the qy-axis of the scattering image at a 

qz values corresponding to the critical angle of TiO2. For such cuts the transmission function of the 

incident and scattered waves only enter as constant scaling factors and do not depend on the precise 

functional shape of the transmission functions. In this way, the OOP scans are selective to the 

scattering information of a particular material, i.e. a given scattering length density, as they take 

advantage of the intensity increase of the transmission function at the critical angle.  

3.3.9 Solar Cell Performance Characterization 

The solar cell performance was recorded with a Keithley 236 Source-Measure Unit. A 

Tungsten-halogen lamp was employed as light source, supplying monochromatic light from 300nm to 

700nm through a TRIAX 180 monochromator. Incident light intensity was determined by a calibrated 

silicon diode. The maximum intensity was 6 W/m2 at ca. 600 nm.  

3.3.10  Cyclovoltammetry  

Cyclovoltammetry experiments were conducted to study the blocking property of the TiO2 

barrier layer. A typical three electrode experimental set-up was used (Ag|AgCl||sat KCl as a reference 

electrode, a TiO2 coated FTO or bare FTO as a working electrode, and Pt wire as a counter electrode). 

The TiO2 coated FTO was immersed into a solution of 0.1M aqueous solution of Fe (CN) 6
3-/4- to 

observe the suppression of the redox peak relative to the bare working electrode. [259]   
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Chapter4. Results and Discussions 

4.1. Overview 

Three different kinds of amphiphilic block copolymers are used as templating agents to prepare 

nanostrcutred TiO2-block copolymer composite films coupled with sol-gel chemistry. The applied 

block copolymers include PS-b-PEO, PMMA-b-PEO, and PEO-PS-PEO. A good-poor solvent pair 

induced phase separation process is introduced to achieve controllable microphase separation of the 

block copolymer in solution. Composite films are prepared by spin coating and crystalline 

nanostructured TiO2 films have been achieved via further calcination at high temperatures. On the base 

of morphology control, titania thin films with different morphologies are introduced into dye-sensitized 

solar cells to tune the performance of the solar cells. Detailed results and discussions will be addressed 

in the following subsections. 

4.2. PS-b-PEO Templating System 

4.2.1 Morphologies of Pure PS-b-PEO 

Eisenberg and co-workers have intensively studied the crew-cut morphologies of pure 

amphiphilic block copolymer PS-b-PEO in solution. However, the polymers they used have extra short 

blocks of PEO, while the PEO block applied in this thesis has a significantly larger Mw. Furthermore, 

Eisenberg et.al used DMF as a good solvent and water a poor solvent. [156, 179] Here in this thesis, 1, 4-

dioxane is used as a good solvent and concentrated HCl a poor solvent for the PS block. Because our 

studies are focused on films spin coated on Si substrates, first films of pure PS-b-PEO were prepared 

on Si substrate and the morphologies were studied with SEM or AFM, instead of the morphologies in 

solution. The results obtained on pure block copolymer films can thus be easily correlated to the 

morphologies of titania-block copolymer composite films.   

The solutions with concentrated HCl ratios up to 2.84% are clear. With higher ratios the 

solutions become turbid, indicating the formation of micrometer sized aggregates in the solution. This 

puts an upper limit to the usable HCl concentration. For the films without acid and with 1.06% 

concentrated HCl, it is difficult to characterize the films with SEM because of the small sizes of the  
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structures. As an alternative way, AFM in tapping mode is used to study the morphologies of the films. 

From AFM, cylinder like structures can be observed. The spacing size between nanowires derived from 

power spectral density profiles are 22nm for both films (4a and 4b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. AFM (a and b) height images and SEM images of the films spin coated from pure PS-b-PEO 

block copolymer in 1,4-dioxane with increasing weight ratios of concentrated HCl solution. 

WHCl/(HCl+1,4-dioxane) is 1.06%, 2.08%, 2.84%, 4.09%, 4.96%, 5.97%, 6.92%, 8.05%, 8.92%, 9.88% for 

samples from b to k respectively. Height scale of AFM images: 5nm.The insets in image a and b are 

power spectral density profiles of their corresponding AFM images.   
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With the HCl amount increased to 2.08%, nanowire structures can be seen in the SEM image 

(Figure 4c). However besides nanowires, lamellae structures are also present in the film. When the 

HCl content is further increased to 2.84%, the amount of nanowire structures is increased and the 

nanowires are partially covered by lamellae structures (Figure 4d). When the concentrated HCl 

solution weight ratio is 4.09% (Figure 4e) and 4.96% (Figure 4f), vesicle structures appear in the film, 

coexisting with the nanowire structures. With HCl content further increased to 5.97% (Figure 4g) and 

6.92% (Figure 4h), vesicles of large size are formed. Huge size Vesicles and a large number of small 

size vesicles are present at HCl concentrations of 8.05% (Figure 4i), 8.92% (Figure 4j), and 9.88% 

(Figure 4k). The morphologies formed by pure block copolymer are similar to those present in the 

composite films, which will be discussed in the following. This similarity confirms the templating 

effect of block copolymer to control the morphologies of titania nanostructures.  

4.2.2 Ternary Phase Diagram (1, 4-dioxane, HCl, and TTIP)   

Figure 5 shows the phase diagram indicating the existence region of different morphologies. 

The morphologies are formed by simply varying the relative weight fractions between 1, 4-dioxane, 

37% HCl, and TTIP. They include clustered nanoparticles, flake-like structures, nanowires and 

nanowire aggregates, nanodoughnut structures, collapsed vesicles, nanogranulas, worm-like aggregates, 

and foam-like structures.  

In terms of composition, the phase space in which templated nanostructures are formed is 

limited by the amount of HCl solution. Micrometer sized precipitates of the block copolymer will 

appear in the solution at weight fraction (WHCl) larger than 0.1. The same holds true for a TTIP weight 

fractions larger than 0.1, where films with a large number of cracks are formed. For this reason only the 

compositional region of the phase diagram shown in Figure 5 is further investigated in this paper. The 

individual morphology formed within the investigated compositional region and their associated 

structure formation mechanisms are discussed in the following.  

4.2.2.1 Clustered Nanoparticles 

With very low weight fractions of both HCl (less than 0.005) and TTIP (from 0.005 to 0.02), 

clustered nanoparticles are formed. Figure 6a and 6c show the AFM and SEM images of the clustered  
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nanoparticles before calcination respectively (film thickness: 38nm). The SEM image of the 

morphologies after calcination is shown in Figure 6d.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Phase diagram of TiO2 films after calcination with varied morphologies (W: weight fraction). 

 

The ring-like FFT patterns of the images before and after calcination indicate that the 

nanoparticles are of a defined size but randomly distributed with respect to an orientation of their 

superstructure. Before calcination, the average center to center distance obtained from the AFM image 

is 41nm, which is in agreement with the value from the SEM image (42nm). After calcination, the 

center-to-center distance is 45nm. When the PS-b-PEO block copolymer is dissolved in 1, 4-dioxane, 

which is a good solvent for both PS and PEO blocks, the block copolymer will be fully dissolved and 

there are no self-assembly aggregates present in the solution. Along with the addition of concentrated 

HCl solution into the block copolymer solution, the interfacial energy between the PS block and 

solvent system is increased because the HCl solution is a poor solvent for PS block. In order to 

minimize the extra surface free energy, a spherical micelle structure is formed with a core of PEO 

block and corona of PS block. HCl solution and TTIP are incorporated into the hydrophilic PEO core, 

where TTIP is hydrolyzed and condensed into Ti-O- nanostructures. In solution, the spherical micelles 

may fuse together statistically, and as a result of fusion, the cores of the micelles will be linked together 

through the condensation process of Ti-O- nanostructures between neighboring cores. This linking 

process is, however, irreversible because of the formation of covalent bonds. Consequently, the 

linkages between the neighboring micelles are fixed and clustered nanoparticles are formed in the  
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solution. The presence of micelle aggregates in solution can be confirmed by dynamic light scattering 

results (See Supporting information Figure S-1 in appendix). After spin coating, composite films 

composed of clustered nanoparticles are obtained on the Si (100) substrate, which are proved in Figure 

6c. By comparing the SEM images before and after calcination (Figure 6d), it can be concluded that 

the clustered nanoparticle structures are retained after calcination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. AFM and SEM images of TiO2 films with clustered nanoparticles. a): AFM phase image 

before calcination, phase scale: 10°; b): compositional existence region in the phase diagram (W: 

weight fraction); c): SEM image before calcination; d): SEM image after calcination.  The insets in the 

images are FFT patterns of the corresponding structures.  

4.2.2.2 Flake-like Structures 

Figure 7b and 7c show a flake like structure before and after calcination (film thickness before 

calcination: 41nm). With increasing weight fraction of HCl, the interfacial surface energy is further 

increased and in order to lower the surface energy, the clustered spherical micelles grow into isolated 

flakes with sizes ranging from tens to a few hundred nanometers. The flakes are actually three- 
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dimensional structures, as from SEM images it can be seen that the peripheral of the flakes extrude 

from the flake plane. Similar flake-like structures were also observed by Eisenberg in the solution of 

pure PS-b-PEO in DMF, where a so-called lamellae structure with protruding nanorods was formed. 
[175, 179] The flake like morphologies are also present in pure PS-b-PEO films (Figure 7c and 7d), 

indicating the templating effects of the block copolymer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. AFM and SEM images of TiO2 films with flake-like morphologies. a): compositional 

existence region in the phase diagram (W: weight fraction); b): SEM image before calcination; c): 

SEM image after calcination. The insets in the images are FFT patterns of the corresponding 

structures.    
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4.2.2.3 Nanowires 

Figure 8a and 8c show the AFM phase image and SEM image of the nanowire structures 

before calcination respectively (film thickness before calcination: 33nm). Figure 8d shows the SEM 

image of the nanowire structures after calcination. From the AFM image Figure 8a it can be seen that 

the titania-block copolymer composite nanowires are arranged in parallel over large length scales, 

which is also seen in the SEM image Figure 8c. The average spacing size of the nanowires is 51nm 

according to the FFT pattern of the AFM image, which is in accordance with the value obtained from 

the SEM image (52nm). What is interesting is that both AFM and SEM images before calcination show 

double-ring like FFT patterns. While the inner ring can be assigned to the spacing between neighboring 

nanowires, the outer ring corresponds to the second order of the first ring. From the presence of the 

second order ring it is concluded that the nanowires are closely packed leading to a strong ordering in a 

bundle consisting of several nanowires. For the SEM image Figure 8d, no clear ring-like FFT pattern 

can be observed, indicating a loss of order after calcination. The average diameter of the nanowires is 

27nm, which is significantly smaller than the size before calcination. It is inferred that the cylinder 

micelles are formed in the solution from a comparison of our system with Eisenberg’s reported results, 

where an amphilic block copolymer of PS-b-PAA is used and 1, 4-dioxane is applied as a good solvent 

for both PS and PAA blocks and water a poor solvent for the PS block. [164, 168, 177, 178] They obtained 

and proved the existence of cylinder micelles in the solution. In our case, instead of PS-b-PAA, another 

amphilic block copolymer of PS-b-PEO is used, which is assumed to behave qualitatively similarly as 

PS-b-PAA in solution. Although there is additional TTIP in the copolymer solution, which is different 

from Eisenberg’s results, it is believed that the nanowires within the films cannot be formed directly 

from the spin coating process if there is no cylinder structure initially formed in the solution. 

Furthermore, the nanowire structures composed of pure PS-b-PEO polymer is observed in the 

copolymer film (Figure 4c-4f), which means that the copolymer does act as a template to control the 

formation of composite nanowire structures.  

The formation mechanism of the titania-block-copolymer nanowires can be understood as 

following. With increasing amount of concentrated HCl solution, the solvent is becoming poorer and 

poorer for PS block leading to a continuously rising surface energy between the PS block and the 

solvent. In order to minimize the surface free energy, the spherical micelles will change the shape to 

decrease the specific surface area, leading to the formation of cylinder micelles in the solution. Besides 
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 the HCl solution, the increasing amount of TTIP in the PEO core domains also makes a contribution to 

the morphology transformation because the hydrolysis and condensation of TTIP will release 

isopropanol at the price of water consumption, which is also a poor solvent for PS block. The overall 

reaction of hydrolysis and condensation leads to the net amount increase of hydrophilic solvent in the 

solution, which makes the solvent system increasingly poor for PS block. [269] 

In AFM measurements different positions on the film were checked and the images recorded in 

different positions show comparable morphologies. SEM images at low magnification show that the 

surface is homogeneously covered with ordered nanowires (See supporting information Figure S-2 in 

appendix). Therefore it can be concluded that the homogeneous films composed of ordered nanowire 

structures cover the surface of mm2 scale.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. AFM and SEM images of TiO2 films with nanowires. a): AFM phase image before 

calcination, phase scale: 20°; b): compositional existence region in the phase diagram (W: weight 

fraction); c): SEM image before calcination; d): SEM image after calcination. The insets in the images 

are fast Fourier transform (FFT) patterns of the corresponding images. 
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After calcination, the organic block copolymer is burned off and only titania is left. From the 

SEM image after calcination, it can be seen that the nanowire structures are retained, which further 

confirms the existence of cylindrical micelles. By comparing the SEM images before and after 

calcination, it is found that the nanowires before calcination are arranged very tightly. However, after 

calcination, big gaps between the neighboring nanowires can be seen in the SEM image. This 

phenomenon corroborates our structural picture of the corona composed of PS. After calcination the 

coronas of the nanowires are burned away and gaps appear between neighboring nanowires. The 

assumption that the cylinder micelles have PS coronas can be proved by four facts: First, the SEM 

image before calcination has a lower contrast compared to the SEM image after calcination, indicating 

the presence of an organic block copolymer coverage on the nanowires before calcination. Second, in 

the SEM image after calcination, most of the nanowire structures are separated and only very minor 

parts of the nanowires are seemingly bound together. If the composite nanowires had an outer PEO 

corona, then the Ti-O- species within the PEO domains would tend to bind together during calcination 

due to the thermal driving force. Third, the size of the calcined nanowire structures is significantly 

decreased compared to the nanowire structures before calcination. Fourth, if PS blocks would form the 

nanowire cores, there would be porous structures formed after calcination because the inner PS cores 

would be totally burned off. However, the calcined structures obtained are solid nanowires and 

nanotubular like structures are not observed. Therefore, based on the above-mentioned facts and 

discussions, it is concluded that the composite nanowires have a core composed of PEO blocks and 

corona composed of PS blocks.  

With increasing weight fraction of TTIP and fixed weight fraction of HCl, an interesting 

phenomenon of the titania nanowire structure evolution is observed (SEM images in Figure 9 and 

corresponding AFM height and phase images in Figure S-3 in appendix). The weight fraction of HCl is 

fixed at 0.01 and the weight fraction of TTIP is varied from 0.01 to 0.04. For the sample with TTIP 

weight fraction of 0.01, well-ordered nanowire structures are present in the film and there are almost no 

other side morphologies coexisting in the film (Figure 9a1 and 9a2). It’s actually the sample shown in 

Figure 8. The sizes of the nanowires are uniform not only within a single nanowire, but also for 

different nanowires, which reflects the highly uniform characteristics of the cylinder micelles in 

solution. The double-ring like FFT pattern of the SEM image also indicates high order of the nanowire 

structures and the average spacing size of the nanowires is found to be 52nm from the FFT pattern. 

After calcination the morphologies of TiO2 are almost purely nanowires, reflecting the corresponding 

structures before calcination.  
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When the TTIP weight fraction is increased to 0.015 (film thickness: 41nm before calcination), 

it can be seen that the order degree of the nanowires is decreased compared to the sample in Figure 9a 

and the size of the nanowires is no longer uniform (Figure 9b1 and 9b2).  

In the image Figure 9b1 there are some nanowires with obviously larger sizes than other nanowires 

and there are also some nanowires featuring nodular structures. The outer ring in the FFT pattern is 

broadened compared to the first sample, indicating less order of the nanowire structures in the film. The 

spacing size of the nanowires averaged from the inner ring of the FFT pattern is 52nm, which is in 

agreement with the sample in Figure 9a. Besides the main morphologies, there are some vesicle-like 

structures coexisting in the film, which will be discussed later. For the structures obtained after 

calcination, some nanowires containing nodules can still be observed, reminiscent of the protrusion 

features in the nanowires before calcination. 

For the sample with TTIP weight fraction of 0.025 (film thickness before calcination: 35nm), 

many nanowire structures are forked (Figure 9c1 and 9c2). It can also easily be seen from the SEM 

image before calcination that the nanowire structures stack as a multilayer and a ring-like FFT pattern 

is still present before calcination. The corresponding spacing size between nanowire structures is 51nm. 

After calcination, TiO2 nanowire structures with a large number of junctions are obtained. When the 

weight fraction of TTIP is further increased to 0.030 (film thickness before calcination is 43nm), the 

number of junctions is further increased compared to the sample with TTIP weight fraction of 0.025 

(Figure 9d1 and 9d2). The ring-like FFT pattern of the image before calcination is further broadened 

compared to the samples with lower TTIP weight fractions and the average spacing between the 

nanowires is about 42nm, which is smaller than the first three samples in the series. After calcination, 

both nanowires and junctions are retained and a mesoscale network structure is formed. It can be found 

that the morphologies before and after calcination correspond very well. When the weight fraction of 

TTIP reaches 0.040 (film thickness before calcination: 46nm), there are many junctions of different 

sizes in the film and the nanowires are not the dominant structural elements any more (Figure 9e1 and 

9e2). The ring-like FFT pattern in the SEM image before calcination is rather broadened and the 

spacing of the nanowire structures is further decreased to roughly 33nm. After calcination, a TiO2 

mesoscale network composed of nanowires and junctions is obtained. From the structure evolution it 

can be found that the morphologies evolve from pure nanowires via interconnected nanowires to 

mesoscale network structures due to increasing amount of junctions in the film. The mechanism of the 

morphology evolution can be rationalized by analyzing the role of TTIP in the system because for the 

above five samples, the relative weight fraction of HCl is always kept constant. The micelle core is 
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 chemically reactive because the Ti-O- nanostructures inside the core can undergo further condensation 

with neighboring cores and the potential for further condensation is increased with increasing weight 

fraction of TTIP. Being mobile in solution, cylinder micelles may come close to each other and fuse 

together, which in pure block copolymer micelles is a statistical and dynamic event. However, in our 

system case, the cores will be linked covalently through the condensation of Ti-O- nanostructures  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. SEM images of structure evolution with increasing weight fractions of TTIP in TiO2 

nanowire films. a1, b1, c1, d1, and e1: SEM images before calcination; a2, b2, c2, d2, and e2: SEM 

image after calcination; f: compositional existence points in the phase diagram with increasing TTIP 

weight fractions from a to e (W: weight fraction). The insets in the images are FFT patterns of the 

corresponding structures. 
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between each other as a result of the micellar fusion. The increasing amount of TTIP in the micelle 

cores introduces more possibilities of the formation of linkages between cylinder micelles. 

Consequently, the number of junctions is increased with increasing WTTIP. Compared to TTIP, an 

increase in the weight fraction of HCl retains the nanowire morphologies, where WTTIP is 0.035 and 

WHCl is 0.015 (Figure 10) (film thickness before calcination: 57nm). The ring-like FFT patterns before 

calcination correspond to a characteristic spacing of 38nm. If only the effect of TTIP is taken into 

account, the morphology should lie in the transition from Figure 9d to Figure 9e. However, from 

Figure 10 it can be found that the nanowires are mainly connected by junction points, rather than 

junction planes as in Figure 9d. The total number of the junctions in Figure 10 (ca. 248/μm2) is 

increased compared to that in Figure 9d (ca. 96/μm2). The increasing weight fraction of HCl solution 

retards the condensation of Ti-O- nanostructures. [270] Therefore it favors the formation of junction 

points rather than junction planes, which requires further condensation of Ti-O species in the solution.  

 

 

 

 

 

 

 

 

 

 

Figure 10. SEM images of TiO2 films with nanowire structures before (a) and after (b) calcination. The 

insets in the images are FFT patterns of the corresponding structures.  

4.2.2.4 Vesicle structures  

With a further increase in the weight fraction of concentrated HCl solution, the nanowire 

structures will transform into vesicles. The shape and size of the vesicles will be determined by two 

factors: The volume ratio of HCl to the total amount of PS-b-PEO, 1, 4-dioxane and TTIP will 

determine the overall size of the vesicles, while the volume ratio of TTIP to the volume of PEO in PS- 
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b-PEO will determine the thickness of the titania shell of the vesicles. In this experiment, the amounts 

of PS-b-PEO and 1, 4-dioxane was always kept constant; therefore the morphology of the vesicle 

structures can be indicated by the relative weight fractions of HCl and TTIP. It is inferred that the TTIP 

component gets incorporated into the wall of the vesicles and eventually integrated via condensation 

since the titania is complexed to the PEO domain. The vesicle structures can be divided into three 

subgroups according to their specific morphologies either directly present in the film, for example, 

nanogranulas, or after calcination, for example, nanodoughnuts and collapsed vesicles. The reason for 

the presence of different morphologies is due to varied ratios of vesicle size to wall thickness, which 

can be modified by the weight fractions of HCl and TTIP in the solution.  

4.2.2.4.1 Nanodoughnut Structures 

Figure 11a and Figure 11c show AFM and SEM images of the vesicle structures before 

calcination respectively (film thickness: 49nm). After calcination, a three-dimensional nanodoughnut 

structure is formed, which is shown in Figure 11d. A ring-like FFT pattern of the SEM image before 

calcination indicates the average spacing size of the vesicles is 73nm, which is in agreement with the 

value obtained from AFM (71nm). It is noteworthy that the three-dimension characteristic reminiscent 

of very uniform vesicular structures can even be seen in the AFM image. A similar morphology 

transition trend was also observed by Eisenberg and coworkers, where PS-b-PAA in water solution can 

undergo the morphology transformation from nanowires to vesicles with increasing water amount. 

Here in our case the amount of concentrated HCl solution is increased leading to an increase in surface 

free energy between the PS blocks and surrounding solvents, which drives the morphology 

transformation from nanowires to vesicles in order to minimize the extra interfacial surface energy. 

During spin coating the vesicles formed in the solution are rearranged in an ordered fashion on the Si 

wafer substrate via a solvent evaporation induced arrangement process.  

4.2.2.4.2 Collapsed Vesicles  

With increasing weight fraction of the concentrated HCl solution and constant WTTIP compared 

to the nanodoughnut samples, the vesicle structures still remain present in the film (Figure 12b) (film 

thickness before calcination: 56nm).  
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Figure 11. AFM and SEM images of TiO2 films with nanodoughnuts. a): AFM height image of the 

nanodoughnut structures before calcination, height scale: 40nm; b): compositional existence region in 

the phase diagram (W: weight fraction); c): SEM image before calcination; d): SEM image after 

calcination. The insets in the images are FFT patterns of the corresponding structures.  

 

However, the vesicle structures are different from the nanodoughnut structures in two aspects: first, the 

average size of the vesicles is larger than the nanodoughnut structure. Second, the ratio of vesicle size 

to wall thickness is increased. The increasing amount of HCl solution induces the formation of vesicles 

with large sizes to decrease the specific surface area. Vesicles with sizes of more than 200nm are due to 

the fusion of several small vesicles. Compared to the enlarged vesicle size, the wall thickness is 

nevertheless not increased, as the amount of TTIP swollen in the wall region of the vesicles is almost 

kept constant relative to the nanodoughnut samples. After calcination, the vesicle structures collapse  
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into disordered structures because of the increasing ratio of vesicle size to wall thickness, which turns 

the vesicle structures unstable during calcination. However, some parts of the vesicle walls can still be 

observed on the substrate after calcination, reminiscent of the vesicle structures before calcination 

(Figure 12c).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. SEM images of TiO2 films with collapsed structures after calcination. a): compositional 

existence region in the phase diagram (W: weight fraction); b): SEM image before calcination; c): 

SEM image after calcination. The insets in the images are FFT patterns of the corresponding 

structures. 

4.2.2.4.3 Nanogranulas 

Figure 13a shows the AFM image of nanogranulas before calcination and Figure 13c shows 

the corresponding SEM image (film thickness before calcination: 64nm). Figure 13d shows the SEM 

image of Nanogranulas after calcination. The formation mechanism of the nanogranulas can be  
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understood with the starting point of the vesicle structures. Compared to the nanodoughnut sample, the 

increasing amount of TTIP will thicken the wall of the vesicles, however, the overall size of the  

vesicles are not increased correspondingly because the WHCl remains constant. As a consequence of the 

combined effects of HCl and TTIP, the ratio of vesicle size to wall thickness is decreased. The vesicle 

structures with thick walls are squashed into nanogranulas during spin coating because the solution is 

dried and compressed to form an ultra thin film. The small-depressed regions on the surface of the 

granular structures confirm the original vesicle structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. AFM and SEM images of TiO2 films with nanogranula structures. a): AFM phase image 

before calcination, phase scale: 30°; b): compositional existence region in the phase diagram (W: 

weight fraction); c): SEM image before calcination; d): SEM image after calcination. The insets in the 

images are FFT patterns of the corresponding structures.   



49 Results and Discussions                     

4.2.2.5 Worm-like Aggregates 

When the surface energy between the PS block domain and the solvents outside the domain 

exceeds the stabilization energy limit of the micelles, a phase transition from micelles to reverse 

micelles happens in the solution. Consequently, worm-like aggregates, which are inverted cylinder 

micelle structures, are obtained. After calcination, the inner PS cores are burned away and holes are 

formed within the worm-like aggregates. Figure 14b and 14c show the SEM images of worm-like 

aggregates before and after calcination (film thickness before calcination: 55nm). Both SEM images 

show ring-like FFT patterns and the corresponding characteristic spacing sizes are 44nm and 43nm 

respectively, which mean that the sizes of the structures are unchanged after calcination. However, 

there are holes present in the SEM image after calcination, whose formation mechanism will be 

discussed in the following.  

Due to increasing amount of hydrophilic solvents the surface energy between the PS blocks and 

solvents exceeds the stabilization energy limit of the micelles and the micelle structures are no longer 

stable. As a result, an interesting phase transition from micelles to reverse micelles happens in the 

solution. The worm-like aggregates are inverted cylinder micelles consisting of PS cores and PEO 

coronas. TTIP and HCl solution are incorporated into the PEO coronas, and therefore a continuous 

phase is formed in which TTIP is hydrolyzed and condensed into Ti-O nanostructures. The assumption 

of the inverted cylinder micelles can be proved by analyzing the SEM images. First, there are holes 

present in the SEM image after calcination consistent with the removal of cylinder micelle cores 

composed of PS blocks after calcination. Second, the size of the worm-like structures remains constant 

in contrast to the significant size decrease in the nanowire samples, where the cylinder micelle coronas 

composed of PS blocks are burned off during calcination.  

4.2.2.6 Foam-like Structures  

Figure 15b and 15c show the SEM images of foam like structures before and after calcination 

(film thickness before calcination: 91nm). It can be seen that the foam like structures are basically 

formed in the region of the phase diagram with low weight fractions of HCl solution (Figure 15a). The 

foam-like structures are composed of skeleton containing large number of small sized structures. The 

low amount of concentrated HCl solution makes it possible to form large amount of small sized 

microphase-separated structures in the solution. And the high amount of TTIP incorporated into the  



Results and Discussions 50 

 

PEO domains make the PEO domains highly chemically reactive. It can undergo further hydrolysis and 

condensation reactions with other PEO domains when they are getting close induced by mutual 

collision, which is highly frequent in the solution because of the presence of large amount of small 

structures. As a result, three-dimensional random structures composed of mutually linked small sized 

structures are formed, which has a large specific surface area, leading to the formation of foam-like 

structures after calcination.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. SEM images of TiO2 films with worm-like aggregates before and after calcination. a): 

compositional existence region in the phase diagram (W: weight fraction); b): SEM image before 

calcination; c): SEM image after calcination. The insets in the images are FFT patterns of the 

corresponding structures.  
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Figure 15. SEM images of TiO2 films with foam-like structures before and after calcination. a): 

compositional existence region in the phase diagram (W: weight fraction); b): SEM image before 

calcination; c): SEM image after calcination. The insets in the images are FFT patterns of the 

corresponding structures. 

4.2.2.7 Summary of the Morphology Evolution 

The total structure evolution in the investigated phase diagram can be summarized as follows. 

With low weight fractions of concentrated HCl solution and TTIP, clustered spherical micelles are 

formed in the solution (Figure 16a). The clustered spherical micelles can be transformed into diverse 

morphologies under different conditions. For example, with slightly higher weight fractions of HCl 

solution and comparable weight fractions of TTIP, flake-like structures are formed (Figure 16b). When 

the weight fraction of HCl solution is kept below 0.01 and the amount of TTIP is increased, a skeleton 

composed of large amount of small-sized structures is formed leading to the formation of foam-like 

structures after calcination.  
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With increasing weight fractions of HCl solution compared to the clustered nanoparticles and 

flake-like structures, cylinder micelles are formed (Figure 16c). The neighboring cylinder micelles can 

be linked to form junctions, whose number is increased with increasing amounts of TTIP, leading to the 

formation of mesoscale network of interconnected nanowires. Compared to nanowire structures, 

vesicles structures are formed with further increasing weight fractions of HCl (Figure 16d).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. SEM images of TiO2 films with morphology evolution with increasing HCl weight fractions. 

a1, b1, c1, d1, and e1: SEM images before calcination; a2, b2, c2, d2, and e2: SEM images after 

calcination; f: the compositional existence regions in the phase diagram where the five structures are 

formed with increasing HCl weight fractions from a to e (W: weight fraction). The insets in the images 

are FFT patterns of the corresponding structures.  
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Due to different ratios of vesicle size to wall thickness, different morphologies are present either 

directly in the dry film (nanogranulas), or after calcination (naodoughnuts and collapsed vesicles). If 

the HCl fraction is roughly less than 0.03, the vesicle structures in the film can survive calcination and 

nanodoughnut like structures can be obtained. If the weight fraction of HCl is increased (more than 

0.04) and TTIP fraction remains unchanged, the vesicle structures collapse into disordered structures 

after calcination (Figure 16e). When the weight fraction of HCl is fixed relative to the nanodoughnuts 

and the amount of TTIP is increased, nanogranular structures are formed via the squashing process 

during spin coating. 

4.2.2.8 XRD  

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. X-ray diffraction patterns of TiO2 films on Si (100) substrate calcined at different 

temperatures for 4 hours.  

 

Figure 17 shows XRD results with different calcination temperatures (Sample composition: 

WTTIP: 0.029; W1, 4-dioxane: 0.963; WHCl: 0.008). It can be seen that there is no crystallographic phase 

obtained after calcination at 200°C for 4 hours. Anatase phase appears when the calcination 

temperature increases to 400°C. At temperatures above 800°C, a rutile phase appears besides anatase. 
[84, 271]  
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From these results it is concluded that the varied morphologies obtained after calcination at 400°C for 4 

hours are in the anatase phase.  

4.2.3 Further Structural Investigation of Nanostructured TiO2 Thin Films with 

Different Morphologies 

Complete understanding of the TiO2 film structure relies on the combination of imaging 

analysis and x-ray scattering techniques. The imaging analysis can provide detailed local structural 

information of the film and as a complementary method; x-ray scattering is a method to reveal the 

average component information over large length scale in the film. Furthermore, to build a complete 

3D picture of the film, both structures in the direction normal and parallel to the substrate, that is, the 

vertical and horizontal structure of the films need to be studied. [148, 149, 210, 272] Potential 

characterization methods are listed in Table 2. 

Table 2. Potential Film Structure Characterization Techniques  

 Imaging analysis x-ray scattering techniques 

Horizontal structure AFM, SEM, TEM GISAXS 

Vertical structure SEM, TEM x-ray reflectivity 

 

In the following section, a detailed structure investigation of the film with above-mentioned different 

morphologies will be addressed.  

4.2.3.1 Clustered Nanoparticles  

4.2.3.1.1 Vertical Structure 

The SEM side view image and x-ray reflectivity profiles of the TiO2 film with clustered 

nanoparticles are exhibited in Figure 18. The SEM side view image (a) indicates that the film consists 

of a monolayer of clustered nanoparticles. However, the x-ray reflectivity profile (b) suggests that 

besides the nanoparticles monolayer, there is a second layer of TiO2 beneath the nanoparticles. 

According to the fitting model of the experimental reflectivity curve, the upper nanoparticle layer has a 

thickness around 5.0nm and the bottom TiO2 layer has a thickness ca. 3.5nm. Due to high roughness of 
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the film originating from the nanostructures, the oscillation of the reflectivity curve is smeared out, 

which is therefore a non-classical system for the x-ray reflectivity experiment. The smeared out 

reflectivity profile makes it difficult to fit the curve with highly defined parameters. To fit the curve, 

the nanostructured surface has to be assumed as a homogeneous layer with a high roughness. 

Consequently, the film thickness of the film is just an approximation to the real TiO2 film.  

  

 

 

 

 

 

 

 

 

 

Figure 18. SEM side view (a) and x-ray reflectivity experimental and simulation profiles (b) of the 

TiO2 film composed of clustered nanoparticles. (Inset is the profile of scattering length density versus 

film thickness) 

4.2.3.1.2 Lateral Structure 

 
 

 

 

 

 

 

 

 

Figure 19. GISAXS 2D image (a) and corresponding Out-Of-Plane (OOP) cut qy (b).Beam line: A2 
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The local horizontal structure of the film has been investigated with SEM as shown in Figure 

6d. By using GISAXS, long range lateral structure information of the film can be revealed, as exhibited 

in Figure 19. [148, 149, 273] It shows a GISAXS 2D image of the film (a), where the lateral structure 

information can be extracted by the Out-of-Plane (OOP) cut along the critical angle region of TiO2 in 

the direction of qy (b). The peak in the OOP profile indicates a lateral inter-particle distance of 42nm, 

which is in agreement with the value from the local SEM analysis. The GISAXS results confirm that 

the clustered nanoparticles are deposited in a long range order in the film over a length scale of at least 

a few mm.      

4.2.3.2 Flake 

4.2.3.2.1 Vertical Structure 

 

 

 

 

 

 

 

 

 

Figure 20. SEM side view (a) and x-ray reflectivity experimental and simulation profiles (b) of the 

TiO2 film composed of flake structures. (Inset is the profile of scattering length density versus film 

thickness).  

 

The SEM side view image confirms the flake-like structure on the substrate (a) and it further 

shows that the flake structure is monolayer on the substrate. Similar to the film with clustered 

nanoparticles, the x-ray reflectivity profile does not exhibit classic oscillation pattern due to high 

roughness of the film (b). The model used to fit the reflectivity profile consists of two layers: an upper 

flakes layer with a thickness ca. 6.0nm and a bottom TiO2 layer with a thickness around 2.5nm, which 

has a similar thickness to the bottom layer in the film of clustered nanoparticles.     
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4.2.3.2.2 Lateral Structure 

The lateral structure of the film is investigated by GISAXS and the result is shown in Figure 21. 

The OOP scan (b) based on the 2D image (a) indicates no long range order parallel to the substrate, 

which is reasonable because of the poor order of the flake structures on the substrate as proved by the 

SEM image in Figure 7c.  

 

 

 

 

 

 

 

 

 

Figure 21. GISAXS 2D image (a) and corresponding Out-Of-Plane (OOP) cut along qy (b). 

Beam line: A2. 

4.2.3.3 Nanowires 

4.2.3.3.1 Vertical Structure 

A vertical structure evolution of the films composed of nanowires with increasing weight ratio 

of TTIP is shown in Figure 22. Samples a-c correspond to the samples b-d addressed in Figure 9. The 

SEM side view images show that the number of nanowires increases with the weight ratio of TTIP, 

which is in agreement with the top view SEM images in Figure 9. X-ray reflectivity measurement of 

the samples a-c show similar profiles but with an increasing film thickness of 13.5, 17.5, and 19.5nm 

respectively. Similar to films with clustered nanoparticles, and flakes, there are also thin TiO2 layers 

beneath the nanowires with a thickness of 2.2, 2.5, and 3.5nm for samples a-c respectively.   
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Figure 22. SEM side view (a1, b1, c1) and x-ray reflectivity experimental and simulation profiles (a2, 

b2, c2) of the TiO2 film with a nanowire structure evolution by increasing weight ratio of TTIP. (Inset 

is the corresponding profile of scattering length density versus film thickness). Sample a, b, and c 

corresponds to sample b, c, and d addressed in Figure 9 respectively.    
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Figure 23. GISAXS 2D images (a1, b1, and c1) and corresponding Out-of-Plane (OOP) cuts along qy 

(a2, b2, and c2) of the nanowire films with increasing weight ratios of TTIP. The peak addressed in the 

thesis is marked by an arrow. Beam line: a, A2; b and c, Beamline: BW4.  
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4.2.3.3.2 Lateral Structures 

The GISAXS results in Figure 23 exhibit a long range lateral structure evolution of the 

nanowire films from a to c. Figure 23a does not show an evident peak in the OOP profile indicating 

the loss of long range order of the nanowire structures in sample a. However, on the contrary to sample 

a, there is a long rang order present in the film b, which is confirmed by the existence of a peak in the 

OOP profile in Figure23b. Although it’s very difficult to obtain the spacing size between nanowires 

from the SEM image of the nanowires after calcination due to a rather broad FFT pattern (Figure 9c2), 

the GISAXS peak indicates a characteristic distance of 51nm, which agrees with the spacing size 

between nanowires obtained from the SEM image before calcination (51nm in Figure 9c1). Similar to 

sample b, the weak peak in the GISAXS profile (Figure 23c) indicates a long range order of the lateral 

nanowire structures in the film c with a spacing size of 29nm between nanowires. However, compared 

to sample b, where the spacing size before and after calcination does not have a big change, here in 

sample c, the spacing size after calcination is dramatically reduced after calcination (before calcination: 

42nm in Figure 9d1). The reason for the difference is probably due to the increasing number of the 

junction planes between nanowires in the film from film b to c.     

4.2.3.4 Nanodoughnuts 

4.2.3.4.1 Vertical Structure 

The vertical structure of the film with nanodoughnut is shown in Figure 24, whose top view 

SEM image is shown in Figure11d. The SEM side view image (a) suggests a monolayer of 

nanodought and the fitting model of the x-ray reflectivity curve (b) includes a layer of nanodought with 

a thickness of 11.5nm and a bottom TiO2 layer with a thickness of 2nm. Again the reflectivity profile 

does not have a clear oscillation pattern because of the rough surface originating from the 

nanostructured surface. 
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Figure 24. SEM side view (a) and x-ray reflectivity experimental and simulation profiles (b) of the 

TiO2 film composed of nanodoughnuts (Inset is the profile of scattering length density versus film 

thickness). 

 

4.2.3.4.2 Lateral Structure 

Although the local SEM image does not show a nice order of the nanodoughnuts on the 

substrate (Figure 11d), the peak in the OOP scan (a) of the 2D GISAXS image (b) suggests there is a 

long range order in the film with an inter-nanodoughnut distance of 52nm. It means that even though 

there is a sever order loss of the composite film after calcination, partial long range order is still 

retained in the calcined TiO2 film.  

 

 

 

 

 

 

 

 

 

 

Figure 25. GISAXS 2D image (a) and corresponding Out-of-Plane (OOP) cut along qy (b) of the film 

with nanodoughnut structures. Beam line: A2.  
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4.2.3.5 Nanogranulas 

4.2.3.5.1 Vertical Structure 

The SEM side view image in Figure 26a shows a layer with large number of nanogranulas on 

the substrate. The fitting model of the x-ray reflectivity profile suggests an upper nanogranular layer 

with a thickness around 45nm and a bottom TiO2 layer with a thickness around 5.0nm.          

 

 

 

 

 

 

 

 

 

 

Figure 26. SEM side view (a) and x-ray reflectivity experimental and simulation profiles (b) of the 

TiO2 film composed of nanogranula structures (Inset is the profile of scattering length density versus 

film thickness). 

 

4.2.3.5.2 Lateral Structure 

The SEM image (a) in Figure 27 provides the local structure information about the film of 

nanogranulas. No long range order structure is present in the film as revealed by the GISAXS study (b 

and c). 
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Figure 27. SEM image (a) and GISAXS 2D image (b) and corresponding Out-of-Plane (OOP) cut 

along qy (c) of the film with nanogranular structures. Beam line: A2.  

 

4.2.3.6 Worm-like structure 

4.2.3.6.1 Vertical Structure 

The SEM top view image in Figure 28 (a) shows a worm-like structure on the substrate, which 

is confirmed by the side view image (b). The ring like FFT pattern of the SEM top view image 

indicates the narrow size distribution the worm-like structures (49nm).The x-ray reflectivity profiles 

indicate the worm structure layer has a thickness of 17.0nm and an additional bottom TiO2 layer with a 

thickness of 1.1nm (c).     
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Figure 28. SEM top view (a), side view (b) and x-ray reflectivity experimental and simulation profiles 

(c) of the TiO2 film composed of nanogranula structures (Inset is the profile of scattering length density 

versus film thickness). 

4.2.3.6.2 Lateral Structure 

The GISAXS profile of the worm-like structure in Figure 29 indicates a long range order with a 

characteristic distance of 49nm (a and b), which agrees with the value obtained from the FFT pattern of 

the local SEM image (Figure 28a).  

 
 
 
 
 
 
 
 
 
 

Figure 29. GISAXS 2D image (a) and corresponding Out-Of-Plane (OOP) cut along qy (b) of the film 

with worm-like structure. Beam line: BW4.  
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4.2.3.7 Foam 

4.2.3.7.1 Vertical Structure 

The SEM side view image (a) in Figure 30 confirms the foam like TiO2 film, which is in 

agreement with the top view image in Figure 15. The oscillation peaks in the x-ray reflectivity profile 

indicate a film thickness of 34nm. Besides the foam layer, the bottom TiO2 layer has a thickness of 

3.5nm (b).   

 

 

 

 

 

 

 

 

 

 

Figure 30. SEM side view (a) and x-ray reflectivity experimental and simulation profiles (b) of the 

TiO2 foam (Inset is the profile of scattering length density versus film thickness). 

4.2.3.7.2 Lateral Structure 

The GISAXS measurement of the foam in Figure 31 does not show a peak in the OOP cut 

curve, which means that there is no long range order within the foam. This is reasonable because 

according to the SEM image, the foam is composed of huge amount of randomly agglomerated 

nanoparticles exhibiting a broad range of lateral length scales.    

4.2.3.8 Summary of the Structural Investigation of TiO2 Films with Different Morphologies  

The combination of the local imaging characterization and x-ray scattering techniques provide a 

way to build a 3D picture of the nanostructured TiO2 film. The SEM side view images have proved if  
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the nanostructures are monolayer or multilayer on the substrate. For example, in the samples 

investigated in this section, clustered nanoparticles, flakes, nanodoughnut, nanogranulas are monolayer; 

nanowires can have structure evolution from monolayer to multilayer by increasing the amount of TTIP; 

worm like structures and foam are likely multilayer on the substrate. The x-ray reflectivity experiments 

provide the vertical structural information of the films, especially, the components and corresponding 

thickness normal to the substrate, which are difficult to be revealed by SEM side view experiments. 

 

 

 

 

 

 

 

 

 

Figure 31. GISAXS 2D image (a) and corresponding Out-Of-Plane (OOP) cut along qy (b) of the film 

with foam structure. Beam line: A2.  

 

All of the x-ray reflectivity models suggest a thin TiO2 layer on the surface of the substrate. The 

formation of the thin TiO2 layer is likely due to the preferential wetting of the silicon oxide surface by 

the sol-gel solution and a subsequent reaction between the titania precursor and water molecules 

attached to the SiOx surface.     

The GISAXS experiments further investigate the lateral structural information over large length 

scale parallel to the substrate, which is very difficult to obtain by the local SEM characterization. The 

GISAXS prove that some of the nanostructured TiO2 films have long range order with a characteristic 

distance in agreement with the SEM analysis. And those films with no long range order structures as 

shown in GISAXS also have poor order structures in the local SEM images. Consequently, a deep 

insight about the long range lateral structures of the films is achieved.  
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4.2.4 Influence of Various Parameters on Morphologies 

4.2.4.1 Impact of Copolymer Concentration on Morphologies 

Besides the parameter of relative weight ratios among 1, 4-dioxane, HCl, and TTIP, the block 

copolymer concentration is the fourth dimensional parameter to control the micellar morphologies. To 

understand how block copolymer concentration influences the morphologies, the relative ratios among 

1, 4-dioxane, HCl, and TTIP need to be first fixed, while varying the block copolymer concentration in 

a systematic way. A specific weight ratio combination of the solution components is therefore chosen, 

where a nanovesicle structure is supposed to be formed with the copolymer concentration of 1%.  The 

block copolymer concentration is varied from 0.25 wt. % to 4 wt. % and the morphology evolution is 

investigated. Sample solutions were prepared according to the following procedure. For the samples 

with copolymer concentrations ranging from 0.25 wt. % to 2 wt. %, 0.01-0.08g PS-b-PEO was mixed 

together with ca. 4.0g 1, 4-dioxane, and 0.03g 37%HCl, and 0.12g TTIP. For the samples with a 

copolymer concentration of 4.0%, 0.0795g PS-b-PEO was mixed with 2.0071g 1, 4-dioxane, and 

0.0171g 37%HCl, and 0.0676g TTIP.  The solutions were stirred for from 30min to 1hr before spin 

coating.  

In Figure 32 it shows the morphology of the film with a copolymer concentration of 0.25 wt. % 

before and after calcination. The SEM image before calcination (Figure 32a) shows a mesoporous like 

structure. But the nanoparticle like morphology in the AFM height image (Figure 32b) suggests that 

the “dark” region in the SEM image is composed of polystyrene block domain, which has lower 

electron density compared to the region composed of Ti-PEO domain. The AFM phase image (Figure 

32c) further confirms the hardness difference between the soft PS domain and hard Ti-PEO domain. 

The morphology of the film can be described as nanovesicles with hard continuous Ti-PEO walls and 

soft interior PS/1, 4-dioxane filled pockets. The six-fold symmetry of the FFT patterns indicates that 

the nanovesicles are hexgonally packed. The additional presence of second order peak means that order 

of the hexagonal packing is high. The center-to-center value calculated from FFT is ca. 35nm. The 

SEM and AFM images after calcination (Figure 32d and 32e respectively) show a mesoporous film 

because of the removal of PS block during calcination. The corresponding FFT pattern indicates that 

the film still retains its hexagonal packing. The side view image shows that the mesoporous film is a 

monolayer with holes penetrating through the whole film (Figure 32f). The low magnificantion SEM 
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images of the film before and calcination show that the film is quite homogeneous in a large length 

scale (See supporting information Figure S-4 in appendix). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 32: SEM and AFM images of the ordered mesoporous TiO2 film before (a, b, c) and after (d, e, 

f) calcination at 400°C (Block copolymer concentration: 0.25wt. % PS-b-PEO in 1, 4-dioxane). SEM 

images: top view: a, d; side view: f. AFM images: height image: b, e; phase image: c; Height scale: 

10nm; phase scale: 20°. Scale bar: a-e: 200nm; f: 80nm. 

 

The structures of the film with an increasing copolymer concentration of 0.5 wt. % is shown in 

Figure 33. Compared to the sample with the copolymer concentration of 0.25 wt. %, in the film with 

0.50 wt. % copolymer, some nanovesicles are fused together and the order degree of the nanovesicle 

packing is decreased. In the FFT patterns, instead of six isolated dots, only a ring-like pattern is 

observed, indicating an isotropic orientation of the nanovesicles. The AFM and SEM image before 

calcination (Figure 33a and 33c) correspond with each other quite well and fused nanovesicles are 

visible in both images. After calciantion, a mesoporous structure is formed and there are many larger 

pores formed in the film because of the fusion of nanovesicles (Figure 33b and 33d). However, the 

ring-like FFT pattern of the SEM image after calcination indicates that the size distribution of the pores  

are narrow and the presence of a weak second order ring means that the structure is still highly ordered.  
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Figure 33: SEM and AFM height images of the ordered mesoporous TiO2 film from 0.50 wt. % PS-b-

PEO in 1, 4-dioxane. Before calcination: a, c; calcination at 400°C: b, d. SEM images: a, b; AFM 

height images: c, d; Height scale: 10nm.  

 
When the copolymer concentration is further increased to 1 wt. %, nanovesicle fusion is even 

more significant (before calcination: Figure 34a and 34c).  As a result, the FFT pattern shows a rather 

broad ring-like FFT pattern, indicating the size distribution of the nanovesicles is very broad. After 

calcination, a mesoporous film with large pores is formed (Figure 34b and 34d). The FFT pattern of 

the SEM image (Figure 34b) still exhibits a weak broad ring like pattern; however, the broad ring 

pattern for the corresponding AFM image is smeared out (Figure 34d).    
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Figure 34. SEM and AFM height images of the ordered mesoporous TiO2 film from 1.0 wt. % PS-b-

PEO in 1, 4-dioxane. Before calcination: a, c; calcination at 400°C: b, d. SEM images: a, b; AFM 

height images: c, d; Height scale: 10nm. 

 

When the copolymer concentration is increased to 2 wt. %, a clear-cut morphology transition 

from nanovesicles to lamellae is observed (Figure 35a-35d).  The FFT pattern of the SEM image 

before calcination (Figure 35a) only shows a ring with very broad size distribution indicating the large 

size distribution and no orientation alignment of the lamellae. The AFM phase image (Figure 35c) also 

shows similar morphologies. After calcination, gaps are formed between TiO2 lamellae (SEM: Figure 

35b, AFM phase image: Figure 35d).  
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Figure 35: SEM and AFM phase images of the lamellae TiO2 film with 2.0 wt. % PS-b-PEO in 1, 4-

dioxane. Before calcination: a, c; calcination at 400°C: b, d. SEM images: a, b; AFM phase images: c, 

d; phase scales: 50°. 

 

When the copolymer concentration is further increased from 2 wt. % to 4 wt. %, the lamellae 

structure is even more obvious and ordered than the sample with 2 wt.% (before calcination: Figure 

36a, 36c; after calcination: Figure 36b, 36d). The morphology evolution along with increasing 

copolymer concentration can be interpreted by analyzing the role of the block copolymer. With 

increasing copolymer concentration, the stretching degree of the PS block within the domain is 

strengthened, which is entropy unfavorable. In order to relax the stretching, the size of the nanovesicles 

is increased via a vesicle fusion process. [156, 274, 275] Stabilization of larger vesicles is due to a reduction 

of surface curvature and correspondingly reduced chain crowding. As a result of increasing block  
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copolymer concentration, the number and size (i.e. curvature radius) of nanovesicles is increased with 

increasing copolymer concentration from 0.25% to 1%. When the copolymer concentration is further 

increased to 2% and 4%, the curvature radius becomes so large that the nanovesicle morphology is not 

stable anymore and new lamellae morphology is formed. It should be pointed out that the lamellae 

phase is not observed in the morphology phase diagram with specific block copolymer concentration of 

1%. Thus the variation of the block copolymer concentration expands the regime of available 

morphologies.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36: SEM and AFM phase images of the lamellae TiO2 film with 4.0 wt. % PS-b-PEO in 1, 4-

dioxane. Before calcination: a, c; calcination at 400°C: b, d. SEM images: a, b; AFM phase images: c, 

d; phase scales: c: 50°; d: 100°.  
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4.2.4.2 Impact of Sol-gel Reaction Time on Morphologies  

HCl plays an important role in the templating process, which guides the formation of titania 

nanostructures with a variety of morphologies. It acts not only as a catalyst for the hydrolysis of TTIP 

but also a retardant for the condensation. It is very important for a controlled nanostructure formation 

that the condensation step is retarded; otherwise the rapid and violent condensation will proceed 

beyond the templating boundary of the block copolymer to form unspecific large-scale structures. As a 

result the solution will be turbid because of the precipitation of Ti-O- species, where homogeneous 

films cannot be obtained via spin coating process.  

The hydrolysis and condensation of TTIP is intrinsically a kinetic process and the structures 

will evolve along with time. Therefore it is important to study the influence of sol-gel reaction time on 

the morphology evolution. To elucidate the impact of reaction time in a systematic way, two series of 

solutions with different block copolymer concentrations of 0.25 wt. % and 1.0 wt. % are exploited. The 

stock solutions are the same as those addressed in the section of block copolymer concentration effect. 

The reaction time recorded ranges from ca. 0.5hr to 48hr. Morphologies of the films are investigated by 

AFM and SEM; as a complementary manner, the corresponding aggregate size evolution in solution is 

studied by dynamic light scattering (DLS).  

With each specific sol-gel reaction time scale, structures of the as-prepared, calcined, and UV 

degraded films are studied by AFM and SEM respectively to make a good comparison about the 

morphology change. The integration of inorganic TiO2 network and organic block copolymer in the as-

prepared film weakens the electron density contrast in the SEM image, which makes the image not 

sharp enough to reveal probable tiny morphology evolution in the film. On the contrary, calcination 

treatment can remove the organic block copolymer to enhance the electron density contrast in the SEM 

image; however, the thermal drive force during calcination may cause severe agglomeration of the 

TiO2 nanostructures, which actually already modify the morphologies of the films. Therefore, in a 

compromise way, UV degradation is conducted to remove partially the organic block copolymer to 

enhance the electron density contrast, while leaving the TiO2 network in a relative intact way compared 

to calcination. [146] Results at three different reaction time scales ranging from ca. 0.5 hour to 25 hour 

are shown in the following and a complete time series results with a reaction time from 0.5 hour to 50 

hour are presented in the appendix. In Figure 37 it shows the AFM height images of the TiO2-block 

copolymer composite films prepared from the stock solution with 0.25 wt. % PS-b-PEO. The sol-gel 

reaction time ranges from 40min to 48hr.  The AFM images include the samples as-prepared (a1, b1,  
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c1), calcined at 400°C (a2, b2, c2) and UV degraded (a3, b3, and c3). The images indicate that until 3 

hour sol-gel reaction, the structure of the nanovesicles in the film do not have a visible change. A 

complete study actually indicates that there is no structural change until 5 hour reaction (Figure S-5 in 

appendix). However, after 25 hours reaction, there is a significant morphology change due to the 

nanovesicle fusion process, as proved in the AFM images.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 37. AFM height images of the nanovesicles prepared with different sol-gel reaction time from a 

stock solution of 0.25 wt. % PS-b-PEO. As-prepared film: a1, b1, and c1; calcined at 400°C: a2, b2, 

and c2; UV degraded: a3, b3, and c3. Insets are corresponding FFT patterns of each image. Height 

scale: 10nm. Scale bar: 400nm.     
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In a complementary way, Figure 38 shows the corresponding SEM image of the as-prepared, 

calcined, and UV degraded films prepared with different sol-gel reaction time. The structures in the 

SEM images are in good agreement with the AFM images, where a significant morphology change 

happens after 25 hour reaction time (Figure S-6 in appendix for the complete time scale).   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 38. SEM images of the nanovesicles prepared with different sol-gel reaction time from a stock 

solution of 0.25 wt. % PS-b-PEO. As-prepared film: a1, b1, and c1; calcined at 400°C: a2, b2, and c2; 

UV degraded: a3, b3, and c3.   

 

The aggregate size evolution in solution is investigated by dynamic light scattering 

experiments,a s shown in Figure 39. Figure 39a presents the correlation curve and Figure 39b is the 

corresponding size distribution profile.  The results show that there is a clear size evolution after 25 

hours (Figure S-7 in appendix for the complete time scale).   
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Figure 39. Dynamic light scattering results of the aggregate size evolution with different sol-gel 

reaction time scales in the solution of 0.25 wt. % PS-b-PEO. (a): correlation profile; (b): 

corresponding size distribution profile.  

 

The morphology evolution of the films prepared from the solution with 1.0 wt. % is exhibited in 

the AFM height images in Figure 40. The time scale ranges from 51 min to 25 hours. A complete time 

range to 50 hours is exhibited in the appendix. To make a good comparison to reveal the structure 

evolution, as-prepared, calcined, and UV degraded films are studied. Similar to the system of 0.25 wt. 

% PS-b-PEO, until 3 hour reaction there is no clear morphology change. And after 25 hours, all of the 

as-prepared calcined, and UV degraded films present a significant structure evolution in the AFM 

images (Figure S-8 in appendix for complete time scale AFM images).   

Further SEM analysis in Figure 41 confirms that within 3 hour sol-gel reaction, there is no 

clear morphology change. A further detailed study proves that actually the structure does not change 

until 5 hour reaction (Figure S-9 in appendix). A significant morphology evolution is only observed 

after 25 hour reaction, which is in agreement with the AFM results.  

Dynamic light scattering experiment reveals the corresponding size evolution in the solution in 

Figure 42. Within 3 hour reaction time the correlation curve and size distribution profiles are generally 

similar, indicating no size distribution evolution in the solution. However, after 25 hours, a big change 

in the DLS profiles is observed, which proves that the size evolution of the aggregates in the solution 

(Figure S-10 in appendix for the DLS profiles in complete time scale).   
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Figure 40. AFM height images of the nanovesicles prepared with different sol-gel reaction time from a 

stock solution of 1.0 wt. % PS-b-PEO. As-prepared film: a1, b1, and c1; calcined at 400°C: a2, b2, and 

c2; UV degraded: a3, b3, and c3. Insets are corresponding FFT patterns of each image. Height scale: 

10nm. Scale bar: 400nm.     
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Figure 41. SEM images of the nanovesicles prepared with different sol-gel reaction time from a stock 

solution of 1.0 wt. % PS-b-PEO. As-prepared film: a1, b1, and c1; calcined at 400°C: a2, b2, and c2; 

UV degraded: a3, b3, and c3.   

 

 

 

 

 

 

 

 

 

Figure 42. Dynamic light scattering results of the aggregate size evolution with different sol-gel 

reaction time scales in the solution of 1.0 wt. % PS-b-PEO. (a): correlation profile; (b): corresponding 

size distribution profile.  
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4.2.4.3 Impact of humidity on morphologies 

It has been reported that the external humidity plays an important role on the morphology of the 

composite films. [108, 117, 129, 131, 273, 276-279] The samples are generally prepared in a climatized lab with a 

typical relative humidity of 35-45% and temperature of 21°C. In order to study the humidity effects in 

details, the same stock sample solutions are spin coated in ambient condition (relative humidity 41-

42%) and glove box respectively (absolute humidity 0.0ppm) (lid is open during spin coating). Figure 

43 shows the corresponding morphologies of two sample series.  

From the SEM images it can be seen that the morphologies are different for samples prepared 

under different humidity conditions. The films prepared under ambient conditions show nanowire 

structures of large size and there are also a small number of vesicle structures coexisting in the film 

(Figure 43a1-u, film thickness: 66nm). There is no FFT ring pattern indicating a broad size 

distribution of the structures. However, the sample spin coated in the glove box is composed of smalll 

nanowire structures and the nanowire structures are packed densely (Figure 43a2-u, film thickness: 

71nm). The clear ring like FFT pattern (corresponding feature size: 24nm) indicates that the spacing 

between nanowires is uniform. Generally, after calcination both films exhibit nanowire morphologies 

(Figure 43a1-c and 43a2-c). However, the film prepared in air shows a mesoscale open framework 

composed of nanowires and junction points. The weak FFT ring pattern corresponds to a size of 54nm.  

The sample prepared in the glove box shows a finer nanowire network. Compared to Figure 

43a1-c, there is a clear ring like FFT pattern, which corresponds to a spacing of 24nm between 

nanowires. For the b sample series, the size of the nanowire structures in the film prepared in glove box 

is again smaller than that prepared in air (Figure 43b2-u, film thickness, 71nm and Figure 14b1-u, film 

thickness, 69nm). Both SEM images show ring like FFT patterns with feature sizes of 39 and 24nm 

respectively. Therefore the nanowires in Figure 43b2-u are packed more densly than that in Figure 

43b1-u. After calcination, the mesoscale network of the sample prepared in air is more porous than the 

one prepared in the glove box, which is in agreement with the structures before calcination (Figure 

43b1-c and 43b2-c). There are still ring-like FFT patterns in both images and the feature sizes are 44 

and 26nm respectively.By comparing the morphologies of the two sample series spin coated in air and 

glove box, it can be concluded that the external humidity influences the size scales of the structures 

present after spin coating. The external humidity in air may enhance the hydrolysis and condensation 

process during spin coating and as a result, the structures formed after spin coating have a large size 

scale and are loosely packed. It seems that the external humidity influences sample a1 stronger than  
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sample b1. The reason for this phenomenon can be rationalized by analyzing the role of HCl solution. 

The weight ratio of HCl solution in sample a1 is higher than that in sample b1, which means there is 

more water in sample a than in sample b. As a result, the solution is dried more slowly and therefore 

the time available for internal condensation and coagulation is longer for sample a than for sample b.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



81 Results and Discussions                     

 

Figure 43. SEM images of samples prepared under different humidity conditions (a1-u, b1-u, spin 

coated under ambient conditions with a relative humidity of 41%-42% and temperature of 21.3°C; a2-

u, b2-u, spin coated in glove box with an absolute humidity of 0.0ppm and temperature of 22.0°C; a, b 

series samples were spin coated from the same stock solution respectively; a1-c and b1-c are 

corresponding SEM images of samples a1-u and b1-u after calcination respectively; a2-c and b2-c are 

the corresponding SEM images of samples a2-u and b2-u after calcination respectively; calcination 

conditions: ramp rate, 6.25°C/min from 25 to 400°C, 400°C for 4 hours; Composition ratios: a 

series:WTTIP: 0.011; W1,4-dioxane: 0.972; WHCl:0.016; b series: WTTIP: 0.025; W1,4-dioxane: 0.971; 

WHCl:0.004. The insets are FFT profiles of the corresponding structures. The accelerating voltage of 

SEM measurement is 3kv for the samples after calcination. 

4.2.4.4 Calcination Temperature Effects 

It has been reported that the mesostructures may undergo structure rearrangement up to 

complete collapse when calcined at elevated temperatures higher than 450°C. [116, 117, 273, 277, 279] In order 

to check the stability of the structures the calcination experiments were conducted at different 

temperatures ranging from 400 to 600°C. In Figure 44 it shows the morphology evolution of two 

sample series with increasing calcination temperature.  

For sample series a, it can be observed that all the films after calcination show nanowire 

structures. The morphologies in the samples calcined at 400°C show similarities with those of as-

prepared films (Figure 44a2 and 44a1). The feature size from FF is 54nm. Compared to the sample 

calcined at 400°C, there is almost no structural rearrangement in the films calcined at 500°C (Figure 

44a3). And the spacing size between nanowires derived from FFT is 57nm, which is in agreement with 

the value of sample calcined at 400°C. However, for the films calcined at 600°C, the porous mesoscale 

network collapses into agglomerated nanowire structures (Figure 44a4) (FFT feature size: 55nm). 

For sample series b, the structures of films calcined at 400°C are again in good aggrement with 

the sample before calcination (Figure 44b2 and 44b1) (FFT feature size: 39nm for sample b2 and 

44nm for sample b1). There is also no significant difference between the films calcined at 400 and 

500°C (Figure 44b3) (size from FFT: 47nm). For the films calcined at 600°C (Figure 44b4), the 

connectivity between nanowires is severely destroyed and isolated nanowire aggregates are formed 

(size from FFT: 47nm).     
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Figure 44. SEM images of films calcined at different temperatures. a1, b1 as-prepared; a2, b2, 

calcined at 400°C; a3, b3, calcined at 500°C; a4, b4, calcined at 600°C. Ramp rate: 6.25°C per minute 

starting from 25°C; calcination time: 4 hours. Composition ratios: a series:WTTIP: 0.011; W1,4-dioxane: 

0.972; WHCl: 0.016; b series: WTTIP: 0.025; W1,4-dioxane: 0.971; WHCl:0.004. The insets are FFT profiles 
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 of the corresponding structures. The accelerating voltage of SEM measurement is 3kv for the samples 

after calcination.  

 

From the comparison of the morphologies of two sample series calcined at different 

temperatures, it can be concluded that the films calcined at 400°C exhibit morphologies similar to the 

samples before calcination. Calcination at 500°C only induces slight nanostructure rearrangement. 

However, there is a severe structure rearrangement upon calcination at 600°C, where mesoscale 

networks collapse into isolated nanowire agglomerates.  

Compared to the reported results, where mesostructures were destroyed at comparable 

temperatures, our samples remain almost intact at temperatures up to temperatures as high as 500°C. 

The relative high stability is probably because our films are ultrathin. On one hand, the absolute 

thermal induced contraction normal to the substrate in ultrathin film is smaller compared to thicker 

films. On the other hand, the substrate surface mechanically fixes the titania structures at the interface; 

however, in the thick films prepared by dip-coating, only the structures close to the substrate surface 

would remain fixed, while structures further away from the interface suffer reorganization due to 

anisotropic stresses during calcination. 
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4.3. PMMA-b-PEO Templating System 

4.3.1 Overview 

In the previous section a concept using an amphiphilic block copolymer of PS-b-PEO as a 

templating agent, coupled with a good-poor solvent pair induced phase separation process has been 

developed to control the morphology of TiO2-block copolymer composite films. However, the general 

validity of this concept to other amphiphilic system needs to be further proved. Therefore a new 

amphiphilic block copolymer of PMMA-b-PEO is synthesized and applied as a templating agent to 

control the morphologies of the titania-block copolymer composite films based on the same concept. 

To simplify the strategy, several specific points in the ternary phase diagram were chosen to have a 

general picture about the templating effect of PMMA-b-PEO as shown in Figure 45.        

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45. Three specific weight ratio combinations applied to prove the templating effects of PMMA-

b-PEO  
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4.3.2 Nanovesicles 

The structures of the as-prepared “a” film are shown in Figure 45 (weight ratios: W1, 4-dioxane: 

0.963; WHCl: 0.022; WTTIP: 0.015). The AFM height image (Figure 45a), suggests a seemingly 

mesoporous structure on the free film surface. However, instead of “holes” the structure is composed of 

vesicles, which is confirmed by a closer inspection of the phase image (Figure 45b). In the phase 

image, the bright dots have comparable hardness to the background, which is the soft continuous 

PMMA phase. Around the bright dots are dark regions, which are assumed to be a harder Ti-O-PEO 

phase. It can therefore be deduced that the structures are vesicles composed of hard Ti-O-PEO walls 

and soft PMMA interior pocket regions, as sketched in Figure 45c. In the height image, the average 

overall size of the vesicles is about 50nm and the average center-to-center distance indicated by the 

power spectral density (PSD) peak is 76nm, which is in agreement with the value (76nm) obtained 

from the phase image (bottom right insets in Figure 45a and 45b respectively). However, there are 

multiple peaks present in the PSD profile of the phase image. The presence of an additional peak with 

an index value of 38nm is ascribed to the nature of vesicle structures. The vesicle structure is confirmed 

by the SEM top view image (Figure 45d). The inner ring of the SEMs FFT pattern corresponds to the 

center-to-center distance of the nanovesicles (81nm). The second ring corresponds to a structural size 

of 41nm. Since no other structural features of this length scale are visible in the SEM and AFM images, 

the second ring is interpreted as a higher order if the 81nm signal, indicating a higher degree of lateral 

order between the nanovesicles. The SEM side view image (Figure 45e) shows that the vesicle 

structure is a monolayer film on the Si substrate.  

After calcination the as-prepared amorphous TiO2 nanovesicles are converted to anatase phase 

(Figure S-11 in appendix).  In Figure 46a the height difference between the vesicle wall and interior 

region is visible and in Figure 46b there is a clear mechanical property contrast between the interior 

and wall region. The TiO2 wall has a similar hardness to the substrate and in contrast, the interior 

region is much soft. The average overall size of the vesicles is 47nm, which is slightly smaller than the 

size before calcination. Both height and phase images have double-ring FFT patterns. The double PSD 

peak in Figure 46a corresponds to 72nm and 36nm and in Figure 46b 70 and 35nm respectively. It’s 

noteworthy that the bearing, correlation and depth profiles are all bimodal, which further proves the 

existence of a vesicle structures (Figure S-12 in appendix). The SEM top view image (Figure 46d) 

shows the vesicle structure in agreement with the AFM image. Again as in the case of the unannealed 

films the double-ring FFT pattern corresponds to the center-to center distance (75 nm), and second  
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higher order (30nm). The SEM side view image (Figure 46e) further confirms a monolayer of TiO2 

vesicles on top of a thin titania layer, in agreement with the AFM phase image. Further proof of the 

thin layer is obtained from the x-ray reflectivity experiments.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 45: AFM and SEM images of the titania-block copolymer composite film before calcination. a: 

AFM height image, height scale: 20nm; b: AFM phase image, phase scale: 20°; c: side-view sketch of 

the nanovesicle strcuture; d: SEM image top view; e: SEM image side view. The upper right inset is a 

FFT pattern of each image (AFM image: FFT over the whole image; SEM image: 512×512 pixels, 

1838nm×1838nm); the lower right inset is a power spectral density profile of each AFM image over 

2μm×2μm. The double-ring FFT pattern of the SEM image corresponds to 81 (inner ring) and 41nm 

(outer ring) respectively. 

The x-ray reflectivity measurement enables it possible to study the structure gradient throughout 

the film in the direction normal to the substrate surface. [210, 214] Figure 47 shows the x-ray reflectivity 

profile of the film before (Figure 47a) and after (Figure 47b) calcination. Figure 47a indicates a  
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multiple layer structure with a total thickness of ca. 26nm. The topmost layer (15.5nm thickness) has a 

low scattering length density and it is supposed to be composed of air, PMMA corona, and part TiO2-

PEO core (as indicated in the sketch Figure 45c). Compared to the first layer, the second layer 

indicated in figure 1c consists of PMMA corona, more PEO-titania components and the vesicle pocket 

region composed of PMMA (thickness: 10.8nm), leading to a higher scattering length density. The 

bottom thin layer (0.6nm) is composed of titania with a scattering length density even higher than that 

of the bulk Silicon substrate. Furthermore, the assignment of the titania thin layer in the model is also 

in agreement with the AFM and SEM results. The formation of the thin titania layer is likely due to a 

preferential wetting of the silicon oxide surface by the sol-gel solution and a subsequent reaction 

between the titania precursor and water molecules attached to the SiOx surface.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 46: AFM and SEM images of the film after calcination. a: AFM height image, height scale: 

20nm; b: AFM phase image, phase scale: 20°; c: side view sketch of the nanovesicles; d: SEM image 

top view; e: SEM image side view. The upper right inset is a FFT pattern of each image (AFM image: 

FFT over the whole image; SEM image: 512×512 pixels, 1838nm×1838nm); the lower right inset is a 

power spectral density profile of each AFM image over 2μm×2μm. 
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The x-ray reflectivity profile of the film after calcination does not show similar oscillation 

patterns compared to the profile before calcination because the roughness of the surface is high (1.9nm 

σRMS from AFM analysis and 1.6nm σRMS from the model of x-ray reflectivity).  

 

 

 

 

 

 

 

 

 

 

Figure 47. X-ray reflectivity profiles and corresponding fitting curves of the films before (a) and after 

(b) calcination. 

 

As a complementary method to x-ray reflectivity, GISAXS is conducted to study the lateral 

structure of the TiO2 film parallel to the substrate. [148, 149] Figure 48 shows the 2D scattering images 

and corresponding out-of-plane (OOP) cuts along the Yoneda peak position of TiO2 (parallel to qy). 

The peaks in the OOP profile refer to the characteristic lateral dimensions of the TiO2 nanovesicles 

over large length scale. The first-order maximum of the as-prepared sample is located at 73nm, which 

is in agreement with the inter particle distance obtained from the imaging analysis. The second peak 

indicating a structure of 18nm size is attributed to the diameter of the depressed region of the 

nanovesicles and the third peak indicating 4nm structures 4nm is probably due to domains of PEO 

inside the titania wall. The profile of the calcined film is very similar. It shows a first-order maximum 

at 72nm，consistent with the imaging analysis results，indicating that the nanovesicles remained fixed 

on the surface during calcination. The second peak indicating 25nm structures again corresponds to the 

depressed region of the calcined nanovesicles. Compared to the uncalcined vesicles, the size of the 

depression was enlarged, since the PMMA corona was burned away. The 4nm structural peak present 

in the uncalcined sample however has vanished during calcination, indication a fusion of the nanopores 

inside the titania wall upon thermal treatment. 
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The formation of the vesicles can be understood as following: The block copolymer is fully 

dissolved in pure 1, 4-dioxane at the used concentration of 1 wt. % since 1, 4-dioxane is a good solvent 

for both PMMA and PEO blocks. The addition of concentrated HCl solution increases the surface 

energy between the PMMA block and the solvent because it is a poor solvent for PMMA. In order to 

minimize the surface energy, the block copolymer self-assembles into a vesicle structure with a core of 

PEO and a corona of PMMA  HCl solution and TTIP are incorporated into the hydrophilic PEO cores, 

where TTIP is hydrolyzed and condensed into Ti-O- nanostructures. With the composition ratio applied 

in this paper (weight ratios: W1, 4-dioxane: 0.963; WHCl: 0.022; WTTIP: 0.015), the resulting morphology is 

a vesicle structure. The structure is similar to that templated by PS-b-PEO. Especially, the vesicle 

morphology can be further tuned by changing the relative ratios among 1, 4-dioxane, con. HCl, and 

TTIP as shown in the following b and c samples in the ternary phase diagram. During spin coating, 

there is a solvent evaporation induced particle rearrangement process and as a result the vesicles in the 

solution are transformed into an ordered pattern on the substrate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48. GISAXS 2D images and corresponding out of plane (OOP) scan profiles of the films before 

(a) and after calcination (b). Beam line: A2. 
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4.3.3 Nanoplatelets 

The SEM and AFM images in Figure 49 show the structures of the film “c” in the ternary phase 

diagram (W1, 4-dioxane: 0.873, WHCl: 0.022 and WTTIP: 0.105). The low magnification SEM images 

indicate that the film covers the Si substrate homonegenously (Figure 50). The morphology obtained is 

called nanoplatelet. The SEM image Figure 49a shows that the nanoplatelets composed of different 

polygons are closely packed together. The polygon pattern resembles the typical six corner voronoi 

pattern found for energy minimization pattern in 2D. It thus indicates that the block copolymer indeed 

acts both as a templating agent and as a surfactant, which minimizes the surface energy of the 

individual titania diomains. After calcination, the shape of nanoplatelets are still retained, however, 

gaps are formed among neighboring nanoplatelets because of the removal of the polymer template. 

This prooves that before calcination a continuous PMMA matrix exists within the film. The FFT 

patterns of the images show broad ring-like patterns with several weak but visible radial patterns. The 

presence of the radial patterns could probably be ascribed to the intrinsic polygon nature of the 

nanoplatelets. The AFM images (Figure 49c and 49d) correspond to the SEM images and thus enhance 

the perevious structural analysis with an additional height information. The image before calcination 

(Figure 49c) shows that the the periphery region of the nanoplatelets is higher (ca. 13nm) than the 

centeral region. In the AFM image after calcination (Figure 49d), the difference between the periphery 

and central region is significantly reduced. This phenomenon can be explained by the formation 

mechanism of the nanoplatelets and will be discussed later on.  

Figure 51 shows the SEM side view images of the nanoplatelets before (a) and after calcination 

(b). From the side view iamges it can be concluded that the film is composed of multilayer nanoplatelet 

structures. Besides, from Figure 51a it can be seen that the centeral region of the nanoplatelet is deeper 

compared to the periphery part, which is in agreement with the AFM image.  

Since AFM and SEM are intrincally local characterizaiton methods, in order to obtain the 

structure information over large length scales, Grazing incidence small angle x-ray scattering (GISAXS) 

experiment is conducted to study the lateral structure parallel to the substrate (Figure 52). Before 

calcination the GISAXS profile only shows a weak structure correlation peak, resembling a shoulder 

rather than a peak. At first glance this may be surprising since the SEM and AFM images indicate a 

highly ordered patern. In contrast, the GISAXS profile after calcination shows a peak corresponding to 

a center-to-center disatance of 308nm. It is worth noting that the film after calcination is less ordered 
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than before calcination, so the lack of peak in the profile before calcination is probably due to a very 

low low electron density contrast and not due to a lack of order.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 49. SEM images (a and b) and AFM height images (c and d) of titania nanoplatelets before (a 

and c) and after (b and d) calcination. Height scale: (c), 30nm; (d), 100nm. The insets are 

corresponding FFT patterns of each image. Weight ratios: W1, 4-dioxane: 0.873; WHCl: 0.022; WTTIP: 

0.105. 

 

The TiO2 nanoplatelet is supposed to be of anatase phase because the same calcination recipe is 

applied as our previously reported results, where the anatase phase was obtained after calcination. The 

formation mechanism of the nanoplatelets can be explained by the good-poor solvent pair induced 

phase separation process.11 Because 1,4-dioxane is a good solvent for both PMMA and PEO blocks, 

with the concentration of 1.wt%, the block copolymer is  assumed to have no agreegates in the solution;  
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however, with the addition of concentrated HCl, which is a poor solvent for PMMA, the block 

copolymer tends to form nanoscale microphase separated structures in the solution. The titania 

precursor of TTIP is incorporated into the hydrohphilic PEO domain, where is is hydrolyzed and 

condensed into amorphous inorganic Ti-O- networks using HCl as a catalyst. Besides, TTIP is also a 

poor solvent for the hydrophobic PMMA block. Various different morphologies including nano 

vesicles can be formed when the relative weight ratios among 1, 4-dioxane, HCl, and TTIP are varied 

systematically. It can be proved by the sample “b” in the ternary phase diagram (W1, 4-dioxane: 0.920, 

WHCl: 0.023 and WTTIP: 0.056), whose structures are shown in Figure 53.   

 

 

 

 

 

 

 

 

 

 

Figure 50. SEM images of the titania nanoplatelets before (a) and after (b) calcination with low 

magnifications. The insets are FFT patterns of each image. 

 

 

 

 

 

 

 

 

 

Figure 51. Side view of the nanoplatelets before (a) and after (b) calcination 
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The wall of the vesicle is composed of titania-PEO domain and the inner and outer regions are 

formed by PMMA block. The ratio of the wall thickness to diameter can be increased with increasing 

amount of TTIP in the solution, while keeping the amount of HCl constant. As a result, when  WTTIP  is 

promoted to the limit where the block copolymer can still undergo nanoscale microphase separation, 

vesicles with fairly high wall-to-diameter ratios are formed (W1, 4-dioxane: 0.873, WHCl: 0.022 and WTTIP: 

0.105). Through the squash process during spin coating, nanoplatelete is formed in the film with the 

central region slightly deeper compared to the outer periphery region composed of PMMA block. After 

calcination, the PMMA block is burned off; therefore the height difference between the periphery and 

centrer is significantly reduced. Besides, the PMMA block forms a matrix to link the neighboring 

nanoplatelets together, which leads to the formation of gap between neighboring nanoplatelets after 

calcination. 

      

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 52. GISAXS profiles of the nanoplatelets before (b, d) and after (a, c) calcination. GISAXS 2D 

image cut region: qy from –0.0210 to 0.0210Å-1. Beam line: BW4. 
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Figure 53. SEM images of titania nanovesicles and nanoplatelets before (a) and after (b) calcination. 

The insets are corresponding FFT patterns of each image. Weight ratios: W1, 4-dioxane: 0.920; WHCl: 

0.023; WTTIP: 0.056. 

 

In summary, the morphology evolution of the films a-c with increasing weight ratio of TTIP is 

studied by AFM, SEM, x-ray reflectivity, and GISAXS. When the weight ratio of TTIP is increased 

from 0.056 to 0.105, the morphology is evolved from nanovesicles to nanoplatelet.  This phenomenon 

is similar to that found in the system of PS-b-PEO, where the morphology evolves from so-called 

nanodoughnuts to nanogranulas with increasing amount of TTIP. Therefore the results confirm that the 

concept developed in the amphiphilic system of PS-b-PEO is also applicable to other amphiphilic block 

copolymers, like PMMA-b-PEO.  
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4.4. PEO-b-PS-b-PEO Templating System 

Besides the diblock copolymer, amphiphilic triblock copolymer is also an interesting type of 

potential templating agent to control the morphology of nanostructured inorganic metal oxides like 

SiO2, TiO2, ZrO2, and so on. Among the triblock copolymers used, pluronic triblock copolymer of 

PEO-PPO-PEO has been intensively used as a templating agent to produce inorganic metal oxides with 

different morphologies when sol-gel chemistry is coupled, for example, lamellae, cubic mesoporous, 

and hexagonal mesoporous structures. [92, 100, 108, 123, 124, 126-130, 132, 278] However, the strategy based on 

pluronic triblock copolymer can only produce mesoporous structures with a pore size in the range of 2-

50 nm; [123] it is hard to achieve ordered macroporous materials with the pore size larger than 50nm. [280] 

This is mainly due to restrictions in accessible molecular weights of PEO-PPO-PEO block copolymers 

which are often too low to form nano structures with the size of hundreds of nanometers. Also there is 

only one methyl group difference between the PEO and PPO structural repeating unit, leading to a 

small hydrophobicity/hydrophilicity difference. Furthermore, even in cases where mesoporous 

structures were prepared the obtained mesoporous TiO2 began to collapse at temperatures above 450°C 

because the wall thickness was commonly too thin. [116, 117, 281] However, in most of cases, the 

crystalline anatase modification can only be fully converted from initially amorphous TiO2 at 

temperatures around 400°C. [117] Due to the above-mentioned restrictions, different strategies based on 

colloidal crystal templates are typically applied to synthesize macroporous TiO2 materials. [63, 282, 283] 

These strategies however are complicated multi-step processes, in which first organic polymer or SiO2 

spheres need to be synthesized and self-assembled into colloidal crystal packing, followed by 

incorporation of titania precursors and removal of the templates. Especially, when SiO2 is used as a 

colloid template, HF is needed to etch away SiO2 to produce macroporous TiO2, which is a dangerous 

substance. [63, 282] To simplify the colloidal templating process, herein a new strategy is used to achieve 

crystalline ordered macroporous TiO2 thin films in a convenient one-step way. If prepared as a thin 

film, the resulting macroporous TiO2 structure exhibits an unusual stabilities, retaining its structural 

integrity during calcination at temperature of up to 1000°C, which makes it possible to obtain both 

anatase and rutile phase at different calcination temperatures.    

Instead of synthesizing a separate colloidal polystyrene template, a symmetric tri-block 

copolymer of PEO-PS-PEO was designed and synthesized. [266] The middle PS block can potentially 

self-assemble into polystyrene spheres as a core of the spherical micelles; however, the corona  
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composed of PEO block can incorporate titania precursor via coordination bonds, where it can be 

hydrolyzed and condensed into amorphous titania networks. During spin coating, the coronal of PEO 

and primary titania sol-gel particles are still soft and thus able fill the gaps present between densely 

packed polystyrene spheres. Consequently, the PS block will function in a similar way to the isolated 

polystyrene colloids and a porous structure can be formed after removal of the polystyrene core. The 

key step to fulfill the aim is to adopt an appropriate strategy through which the triblock copolymer can 

undergo microphase separation in the size range of hundreds nanometers. Therefore, the concept of 

good-poor solvent pair induced phase separation process is introduced into the PEO-PS-PEO system to 

control the morphologies. Instead of 1, 4-dioxane, N, N-dimethyl formamide (DMF) is used as a good 

solvent for both PS and PEO blocks. HCl and TTIP are used as poor solvents for PS block to induce the 

phase separation and control the sol-gel reaction. The slow addition of HCl and TTIP into the DMF 

solution will therefore cause the PS block to form a core of the spherical micelle and PEO as a corona, 

where TTIP is incorporated. [156, 177] Because there is a significant hydrophilicity and hydrophobicity 

difference between the PS and PEO block, micelles with the size of hundreds nanometers are formed in 

the solution (Dynamic light scattering result in Figure 54).  

 

 

 

 

 

 

 

 

 

 

Figure 54. Dynamic light scattering (DLS) profile (a) and corresponding size distribution of the 

aggreagtes (b) in solution.   

 

These micelles are decorated at their surface with small primary titania sol-gel particles. During 

spin coating, the spherical micelles self assemble in a close-packing fashion. After calcination, the core 

composed of the PS block is burned away and a macroporous titania structure is remains.  At the same  
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time the structural integrity of the close packed micelles is preserved, since they are fixed to the 

substrate via hydrolysis of surface hydroxyl groups to the sol-gel particles. Figure 55 shows the SEM 

images of the macroporous film obtained by calcination at 550°C (a, c) and 1000°C (b, d) respectively. 

The macroporous film is produced by the removal of polystyrene core through calcination, which is 

confirmed when compared to the SEM image of the as-prepared sample (Figure 56). The SEM image 

of the as-prepared film suggests that the self-assembled structures are forming sub-monolayer coverage 

and are therefore distributed on the Si wafer in patches. Furthermore Figure 56 clearly shows that the 

primary sol gel particles attached to the PEO-PS-PEO micelles have moved to fill the gap between the 

micellar cores, thereby leaving the top of the micellar core uncoated.  

The FFT pattern of Figure 55a indicates that the macroporous TiO2 calcined at 550° is of high 

order hexagonal packing. The gaussian pore size distribution profile shown in Figure 57a is centered at 

278nm and the average wall thickness is 81nm. In contrast to the mesoporous TiO2 structure templated 

by PEO-PPO-PEO, where the periodic property is usually to be deteriorated above 450°C, here the 

macroporous TiO2 film has a rather strong stability.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 55. SEM images of the macroporous TiO2 film calcined at 550 (a and b) and 1000°C (c and d) 

respectively; Scale bar: 400nm for a, c; 200nm for b, d.  
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Figure 56. SEM image of the as-prepared sample. 

 

 

 

 

 

 

 

 

 

 

Figure 57. Pore size distribution of the macroporous TiO2 film calcined at 550°C (a) and 1000°C (b) 

for 4 hours respectively. 

 

The SEM image with higher magnification (Figure 55b) shows that there are tiny TiO2 

nanoparticles beneath the macroporous framework. It’s obvious that the macroporous structure is still 

retained after calcination at 1000°C for 4 hours (Figure 55c). The pore size distribution is widened and 

centered at 289nm (Figure 57b). The average wall thickness is reduced to 43nm due to crystallization. 

The FFT shows fewer higher orders than that of the sample calcined at 550°C, however the presence of 

a 6th higher order, indicates tha the macroporous film retains its highly ordered hexagonal packing. The  

SEM image with higher magnification (Figure 55d) again shows that the wall of the macroporous 

structure is composed of crystalline TiO2 grains. The side view image of the 550°C calcination sample 

further confirms the macroporous characteristic of the TiO2 film (Figure 58a). It shows that there is a 
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strong anisotropic shrinkage due to calcination at 1000°C (Figure 58b). However, it should be pointed 

out that the rutile phase can be formed above 800°C, so in principle, the calcination can be conducted 

below 1000°C to limit shrinkage. High-resolution TEM images prove that after caclcination the 

amorphous TiO2 has been converted to crystalline phase. The film calcined at 550°C is of anatase 

phase and the sample calcined at 1000°C exhibits rutile phase (Figure 59). 

 

Figure 58. SEM images of the macroporous TiO2 film calcined at 550 (a) and 1000°C (b) respectively. 

 

Considering that TEM is intrinsically a highly local characterization method, complementary 

XRD measurement is conducted to prove the crystallographic phase of the film over the substrate. The 

XRD profiles clearly show that the film calcined at 550°C is of anatase phase and that calcined at 

1000°C is of rutile phase (Figure 60).    

In summary, macroporous crystalline TiO2 film has been achieved via a new concept based on 

the triblock copolymer of PEO-PS-PEO, coupled with good-poor solvent pair induced phase separation 

process and sol-gel chemistry. The macroporous film can survive calcination at high temperatures such 

as 550 and 1000°C, at which the TiO2 film is converted to either anatase or rutile phase.  
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Figure 59. TEM images of the macroporous TiO2 films calcined at 550°C (a) and 1000°C (b) (insets 

are selected area diffraction patterns). The crystalline plane distance is 0.353 (a) and 0.250nm (b) 

respectively. The scale bars correspond to 5nm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 60. XRD profiles of the as-prepared film and films calcined at 550°C and 1000°C. 
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4.5. Application of Nanostructured Titania Thin Films in Solid 

State Dye-sensitized Solar Cells 

4.5.1 Solar Cell Device Structure 

The structural component of the dye-sensitized solar cells is exhibited in Scheme 11. On the 

surface of normal soda-lime glass is deposited with a layer of FTO with a thickness ca. 600nm (Figure 

61). A barrier layer of compact TiO2 with a thickness around 40nm is prepared on the FTO surface via 

spin coating, which can prevent the short-cuts of the solar cells (Figure 62). The barrier layer possesses 

a good blocking ability, which is confirmed by the cyclovoltammetry measurement (Figure 63). On the 

surface of the barrier layer the nanostructured TiO2 thin films with various different morphologies are 

deposited by spin coating the block copolymer-sol gel solution. The crystalline nanostructured TiO2 

thin film acts as a substrate for the adsorption of the monolayer dye molecules. A further layer of P3HT 

with a thickness of 56.0nm is spin coated on the titania surface and further annealed at 200°C for 2 

hours acting as a hole conductor matrix (Figure 64).  

 

 

 

 

 

 

 

 

 

 

Scheme 11. The structural model of the solid state dye-sensitized solar cells 

 

The height difference in the AFM image indicates the formation of some random domains on 

the surface of the film; however, the AFM phase image only show a very weak phase contrast over the 

film, which means that the surface of the substrate is homogeneously covered with P3HT. 
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Figure 61. SEM top view (a) and side view (b) images of the FTO layer 

 

 

 

 

 

 

 

 

 

 

Figure 62. SEM top view and side images of the TiO2 barrier layer 

 

 

 

 

 

 

 

 

 

Figure 63. Cyclovoltammetry measurement of the bare and TiO2 covered FTO layer 
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An additional PEDOT-PSS layer of 67.8nm is deposited on the surface of P3HT and annealed at 100°C 

for 15min to block the electron migration to the counter Gold electrode, which can potentially improve 

the solar cell efficiency (Figure 65). [268] Both the AFM height and phase images prove that the 

PEDOT/PSS is homogeneous over the substrate. Finally, the top of the solar cell is covered with gold 

electrode with a thickness of 100nm. 

 

 

 

 

 

 

 

 

 

 

Figure 64. AFM height (a) and phase (b) images of the P3HT layer annealed at 200°C for 2 hours. 

Height scale: 40nm; phase scale: 2°. 

 

 

 

 

 

 

 

 

 

 

Figure 65. AFM height (a) and phase (b) images of the PEDOT/PSS layer annealed at 100°C for 

15min. Height scale: 15nm; phase scale: 2°. 
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4.5.2 Role of the Nanostructured TiO2 Thin films in Solar Cells  

4.5.2.1 Control Device-only with TiO2 Barrier Layer 

In order to clarify the impact of the nanostructured TiO2 layer on the solar cell performance, 

control devices with only TiO2 barrier layer are fabricated and the performance is measured.  

To exhibit the characteristic open circuit voltage (Voc) in a pronounced way, I-V curves with 

log-scale current density vs. linear-scale voltage are plotted. [247] Figure 66a shows the I-V profile of 

the control device with a maximum global efficiency of 0.06%. The corresponding parameters are as 

following: short circuit current (Isc): 72μA/cm2, open circuit voltage (Voc): 0.26V, filling factor (FF): 

0.35. The maximum EQE in Figure 66b is 1.15%. The average parameter values of the devices are 

obtained from 5 pixels, which are as following: Isc, 44.8±16.7μA/cm2, Voc, 0.274±0.025V, FF, 

0.352±0.022, global efficiency of 0.038±0.015%, and EQE 0.82±0.31%. The whole data set of the five 

pixels is listed in Table S-1 in appendix.      

 

 

 

 

 

 

Figure 66. The peak performance of the solar cell with only barrier layer. (a) I-V curve, (b) EQE 

profile. 

4.5.2.2 Clustered Nanoparticles 

The morphologies of the TiO2 layer shown in Figure 67 confirm that the TiO2 thin films on 

both bare Si wafer and TiO2 barrier layer coated Si wafer possess similar clustered nanoparticles. It 

means that the presence of the TiO2 barrier layer does not modify the morphology significantly. The 
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 maximum global efficiency of 0.12% is shown in Figure 68 with a short-circuit (Isc) of 76μA/cm2, 

open circuit voltage (Voc) of 0.35V, and filling factor (FF) of 0.36. The maximum EQE is 2.07% at 

wavelength of 540nm. Average performance parameters obtained from 8 pixels are as following, Isc: 

55.1±11.7μA/cm2, Voc: 0.239±0.052V, FF: 0.346±0.013, global efficiency η: 0.059±0.028%, and EQE 

2.08±0.31%. The whole set of the solar cell performance data is listed in Table S-2 in the appendix.   

The maximum global efficiency is improved by 100% (from 0.06% to 0.12%) when the 

clustered nanoparticles layer is introduced into the device. In the sense of the average value, the 

efficiency is also improved by 55% compared to the control device (0.059% vs.0.038%), which is 

mainly due to the enhancement of the Isc value (55.1 vs. 44.8μA/cm2).  

 

 

 

 

 

 

 

 

 

Figure 67. SEM image of the TiO2 film with clustered nanoparticles on bare Si wafer (a) and TiO2 

barrier coated Si wafer (b). 

 

 

 

 

 

 

 

 

Figure 68. The maximum performance of the solar cell with clustered TiO2 nanoparticles (a) I-V curve, 

(b) EQE profile. 
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4.5.2.3 Worm like structures 

The SEM images of the worm like structures shown in Figure 69 indicates that the TiO2 barrier 

layer has modified the morphology compared to the film on bare Si wafer, however, both structures are 

still in the category of worm-like structures. The solar cell devices consisting of worm structured TiO2 

layer has a maximum global efficiency of 0.11% with Isc 99μA/cm2, Voc 0.27V, FF 0.34, and maximum 

EQE of 3.66% (Figure 70). Average performance data is obtained from 12 pixels as following: global 

efficiency η 0.062±0.028%, Isc 59.4±22.2μA/cm2, Voc 0.248±0.043V, FF 0.339±0.031, and maximum 

EQE 2.81±0.50%. The whole data set of the data is shown in Table S-3 in appendix. Compared to the 

control device, both the global efficiency (0.062% vs. 0.038%) and Isc value (59.4 vs. 44.8μA/cm2), and 

EQE (2.81% vs. 0.82%) are improved.  

 
 

 

 

 

 

 

 

Figure 69. SEM image of the TiO2 worm structures on bare Si wafer (a) and TiO2 barrier coated Si 

wafer (b). 

 

 

 

 

 

 

 

Figure 70. The maximum performance of the solar cell with worm structured TiO2 film (a) I-V curve, 

(b) EQE profile. 
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4.5.2.4 Foam 

Figure 71 shows the structures of the TiO2 foam on both bare Si wafer (a) and TiO2 barrier 

layer coated Si wafer (b), where similar morphologies are observed. The I-V profile with a maximum 

global efficiency is shown in Figure 72 with an Isc of 63μA/cm2, Voc 0.21V, FF 0.36, global efficiency 

of 0.06%, and maximum EQE 3.17%. The average performance data is obtained from four individual 

pixels as following: Isc, 67.5±7.59μA/cm2, Voc, 0.180±0.024V, FF, 0.332±0.019, global efficiency η, 

0.050±0.008%, and maximum EQE 2.89±0.28% (Whole data set seen in Table S-4 in appendix). 

Compared to the control device, the short-circuit-current Isc is increased dramatically by 51% (67.5 vs. 

44.8μA/cm2) and the maximum EQE is also increased significantly (2.89% vs. 0.82%). However, due 

to relatively low Voc compared to the control device, the global efficiency is not improved significantly. 

The reason of low Voc can be due to technical problems in the solar cell fabrication process, not 

because of the TiO2 layer itself.     

 
 
 
 
 
 
 
 
 
 
 
 
Figure 71. SEM image of the TiO2 foam on bare Si wafer (a) and TiO2 barrier coated Si wafer (b). 
 

 

 

 

 

 

 

 

Figure 72. The Maximum performance of the solar cell with TiO2 foam (a) I-V curve, (b) EQE profile. 
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4.5.2.5 Large Collapsed Vesicles 

Although the large collapsed vesicles do not provide nicely ordered structural pattern on both 

bare and barrier layer coated Si wafer (Figure 73a and b respectively), it still can make contribution to 

improve the solar cell performance. Figure 74 shows the I-V curve with maximum efficiency of 0.09% 

and corresponding Isc 87μA/cm2, Voc 0.27V, and FF 0.42. The maximum EQE% is 1.95%. Average 

performance data is calculated from 10 pixels as following: Isc, 57.8±13.9μA/cm2, Voc 0.249±0.037V, 

FF 0.378±0.027, and global efficiency of 0.048±0.019%, and maximum EQE 1.45±0.38% (whole data 

set seen in Table S-5 in appendix). Compared to the control devices, the average Isc value are increased 

by 29%, which means that the presence of the TiO2 large collapsed vesicles has a positive impact to 

improve the performance of the solar cells.  

 
 
 
 

 

 

 

 

 

Figure 73. SEM image of the TiO2 collapsed nanodoughts on bare Si wafer (a) and TiO2 barrier 

coated Si wafer (b). 

 

 

 

 

 

 

 

 

Figure 74. The maximum performance of the solar cell with TiO2 large collapsed vesicles (a) I-V curve, 

(b) EQE profile. 
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4.5.2.6 Small Vesicles 

Figure 75 shows similar TiO2 small vesicles structures on both bare (a) and barrier layer coated 

Si wafers (b). The I-V profile with a maximum global efficiency of 0.08% is exhibited in Figure 76a. 

Other corresponding performance parameters are as following: Isc, 61μA/cm2, Voc, 0.26V, FF, 0.38%, 

and maximum EQE 17.89%. The average performance data obtained from six individual pixels is as 

following: Isc, 54.2±10.1μA/cm2, Voc, 0.225±0.023V, FF, 0.377±0.019%, and global efficiency, 

0.058±0.015%, and maximum EQE 13.58±4.06% (whole data set seen Table S-6 in appendix). 

Compared to the control device, the improvement of the solar cell performance is not obvious; however, 

it is worth noticing that the maximum EQE value is much higher than the control devices (13.58% vs. 

0.82%), which suggests that the presence of the additional TiO2 small vesicles layer provide more 

specific surface area for the adsorption of the dye molecules.   

 
 
 

 

 

 

 

 

 

Figure 75. SEM image of the TiO2 small vesicles on bare Si wafer (a) and TiO2 barrier coated Si wafer 

(b). 

 
 

 

 

 

 

 

Figure 76. The maximum performance of the solar cell with TiO2 small vesicles (a) I-V curve, (b) EQE 

profile. 
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4.5.2.7 Control Sample from Different Batch 

It has been found that the control devices prepared from different batches can have very 

different performance. The results to be addressed in the following are based on different batches from 

the devices addressed above. Therefore to make a reasonable comparison to clarify the impact of the 

additional nanostructured TiO2 layer, the results of the control devices are presented in the following 

first. Figure 77 exhibits the I-V profile with a maximum global efficiency of 0.02%, Isc, 25μA/cm2, Voc, 

0.21V, FF, 0.36, and maximum EQE 0.77%. The average data calculated from four pixels are as 

following: Isc, 19.0±5.35μA/cm2, Voc, 0.225±0.013V, FF, 0.357±0.019, global efficiency η 

0.015±0.006%, and maximum EQE% 0.58±0.18% (whole data set shown in Table S-7 in appendix). 

Both the average and maximum data of the control devices show poorer performance than the previous 

control device. The reason for the poorer performance is probably due to the technical aspects during 

the solar cell device fabrication process.     

 

 

 

 
 
 
 
 
 
 
 
 
Figure 77. The peak performance of the solar cell with only barrier layer. (a) I-V curve, (b) EQE 

profile. 

4.5.2.8 Nanowires 

Figure 78 shows the morphologies of the nanowire structures on both bare (a) and TiO2 barrier 

layer coated Si wafers (b). The structures are different between bare Si wfer and barrier layer coated Si 

wafer. The structure on barrier layer coated Si wafer is composed of nanowires linked by large sized  
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junction plane as addressed in the previous section. The I-V curve of the device with a maximum 

efficiency 0.04% is shown in Figure 79a and a maximum EQE% is 1.39% (Figure 79b). The 

corresponding performance parameters with highest global efficiency are as following: Isc, 35μA/cm2, 

Voc, 0.36V, FF, 0.37. The average values of the parameters calculated from four pixels are as following: 

Isc, 27.2±9.57μA/cm2, Voc, 0.355±0.039V, FF, 0.352±0.013, global efficiency η, 0.030±0.012%, and 

maximum EQE 1.06±0.30% (whole data set shown in Table S-8 in appendix). Compared to the control 

device, the short-circuit-current Isc (27.2 vs.19.0μA/cm2), global efficiency η(0.030% vs. 0.015%), and 

maximum EQE (1.06 vs. 0.58%) are all improved.  

 
 
 

 

 

 

 

 

 

Figure 78. SEM image of the TiO2 nanowires on bare Si wafer (a) and TiO2 barrier coated Si wafer (b). 

 
 
 
 
 

 

 

 

 

 

Figure 79. The maximum performance of the solar cell with TiO2 nanowires (a) I-V curve, (b) EQE 

profile. 
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4.5.2.9 Nanogranular 

The TiO2 nanogranular structures on both bare (Figure 80a) and TiO2 barrier layer coated Si 

wafer (Figure 80b) are shown in the SEM images, where very similar morphologies are present on 

both substrates. The I-V profile of the solar cell device composed of TiO2 nanogranulars is exhibited in 

Figure 81a, where a maximum global efficiency of 0.02%, Isc 23μA/cm2, Voc 0.24V, FF 0.34, and 

maximum EQE 1.44% (Figure 81b) are recorded. Average performance obtained from five pixels is as 

following: Isc, 19.6±3.29μA/cm2, Voc, 0.280±0.034V, FF, 0.346±0.029,η, 0.02±0.00%, and maximum 

EQE 1.12±0.27% (whole data set seen in Table S-9 in appendix). Even though the performance of the 

devices with nanogranulars is very low, a slight improvement compared to the control deices with only 

TiO2 barrier layer is still observed. For example, the global efficiency is improved from 0.015% to 

0.02% and EQE is increased from 0.58% to 1.12%.  

 
 
 

 

 

 

Figure 80. SEM image of the TiO2 nanogranular on bare Si wafer (a) and TiO2 barrier coated Si wafer 

(b). 

 

 

 
 
 
 
 
Figure 81. The maximum performance of the solar cell with TiO2 nanogranulars (a) I-V curve, (b) 

EQE profile. 
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4.5.2.10 Flakes 

Figure 82 shows the structures of the TiO2 flakes on both bare (a) and TiO2 barrier layer coated 

Si wafers (b). A morphology modificantion is observed from the SEM images; however, both 

structures can still be defined as flakes. The I-V profile of the solar cell device with TiO2 flakes is 

presented in Figure 81a and corresponding maximum EQE in Figure 81b. The maximum global 

efficiency is 0.03% with an Isc value of 15μA/cm2, Voc of 0.40V, FF of 0.45, and maximum EQE of 

0.87%. The average performance data obtained from eight pixels are as following: Isc, 

10.2±2.71μA/cm2, Voc, 0.312±0.047, FF, 0.459±0.141, and η, 0.014±0.007%, and maximum EQE 

0.54±0.20% (whole data set seen in Table S-10 in appendix). Compared to the performance of the 

control devices, there is a slight improvement with the maximum global efficiency (0.03% vs. 0.02%), 

and maximum EQE is also improved (0.87% vs. 0.77%). However, generally the degree of the 

performance improvement is not as prominent as those in other nanostructured solar cells.    

 
 
 

 

 

 

 

 

 

Figure 82. SEM image of the TiO2 flakes on bare Si wafer (a) and TiO2 barrier coated Si wafer (b). 

 

 

 

 

 

 

 

 

Figure 83. The maximum performance of the solar cell with TiO2 flakes (a) I-V curve, (b) EQE profile. 
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4.5.2.11 Summary 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 84. Summary of the performance parameters of the solar cell devices (a: short-circuit current 

density Isc; b: open-circuit voltage Voc; c: filling factor FF; d: global efficiency η) with different 

morphologies. 1. Control device with only TiO2 barrier layer; 2. Clustered nanoparticles; 3. Worm like 

structures; 4. Foam; 5. Large collapsed vesicles; 6. Small vesicles; 7. Control device with only TiO2 

barrier layer from different batch;   

 

Figure 84 summarizes the mean values of the solar cell characteristic performance parameters 

with different morphologies. Due to the device fabrication difficulty, the distribution of the data is 

broad, especially the short-circuit current (Isc) and consequently the global efficiency because the open-

circuit voltage Voc, filling factor FF have a relative narrow data distribution. For the devices from the 

first batch, the TiO2 films composed of clustered nanoparticles, worm-like structures, foam structures, 

large collapsed vesicles, and small vesicles yield an evident enhancement of the short-circuit current  
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compared to the control device with only titania barrier layer (Figure 84a). In the second batch device, 

even though generally the short-circuit current is decreased compared that of the first batch device, a 

slight increase of the short-circuit current is still observed for the device with nanowires and 

nanogranular titania films (Figure 84a). Compared to Isc, the open circuit voltage Voc does not show a 

clear modification when the additional nanostructured titania layer is introduced into the solar cell 

devices. Furthermore, there is no a clear evident correlation between Voc and the type of morphology. 

This phenomenon is reasonable because Voc is mainly dependent on the Fermi level of TiO2, which is 

influenced by the crystallinity rather than the morphology of TiO2. In the fabrication process the same 

calcination recipe is applied on all of the as-prepared titania-block copolymer composite films, as a 

result, the crystallographic lattices of the TiO2 films are generally all of anatase without a big 

difference in crystallinity. Therefore the open circuit voltage does not show an evident change along 

with the morphology. The fluctuation of the Voc value is mainly due to the technique details in the 

device fabrication. The filling factors of the devices do not show big change from morphology to 

morphology except the flakes (Figure 84c). As a result, first, the devices with additional 

nanostructured TiO2 layers exhibit an improved global efficiency compared to the control device with 

only barrier layer (Figure 84d) in both two batches; second, it seems that the morphologies of clustered 

nanoparticles, worm like structures, foam, large collapsed vesicles, and small vesicles can yield a better 

performance compared to nanowires, small vesicles, and flakes.      

Generally, TiO2 thin films with different morphologies have been successfully introduced into 

dye-sensitized solar cells. Compared to the control solar cell devices with only TiO2 barrier layer, all of 

the TiO2 nanostructured thin films help to improve the performance of the solar cell devices no matter 

what the specific morphology is. The origin of the performance improvement comes from the 

enhancement of the short-circuit current. This is reasonable because the presence of the TiO2 

nanostructured layer provide additional surface area for the adsorption of dye molecules and further 

electron transport paths compared to compact TiO2 barrier layer itself. Among all of the morphologies, 

clustered nanoparticles, worm like structures, foam, large collapsed vesicles, and small vesicles exhibit 

a relatively more pronounced improvement of the performance than the morphologies of nanowires, 

small vesicles, and flakes. This makes the above mentioned morphologies potentially interesting 

candidates for further studies on the correlation between morphology and solar cell performance.  
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Chapter5. Conclusions 

A new strategy based on good-poor solvent pair induced phase separation process has been 

developed to control the morphology of TiO2 thin films, when anphiphilic block copolymer is used as a 

templating agent, coupled with sol-gel chemistry. The amphiphilic block copolymer exploited as 

templating agents include diblock copolymers of PS-b-PEO and PMMA-b-PEO, and triblock 

copolymer of PEO-b-PS-b-PEO. 1, 4-dioxane (in PS-b-PEO and PMMA-b-PEO systems) or DMF (in 

PEO-b-PS-b-PEO system) has been applied a good solvent for both hydrophobic and hydrophilic 

blocks; concentrated HCl was used as a poor solvent for the hydrophobic block and catalyst for the sol-

gel chemistry process as well, and TTIP was used the precursor of sol-gel chemistry to introduce the 

titania species. The relative composition ratios of the solution components control the shape and size of 

the polymer micells in the solution.  

Especially in the case of PS-b-PEO templating system, a ternary morphology phase diagram of 

TiO2-block copolymer composite films has been mapped where a systematic variation of the relative 

ratios among 1, 4-dioxane, HCl, and TTIP lead to a variety of different morphologies with a copolymer 

concentration fixed at 1.wt %. The influence of different parameters on the morphologies of the 

composite films have been investigated including the copolymer concentration, sol-gel reaction time, 

external humidity, calcination temperature. It has been found a morphology evolution from 

nanovesicles to lamella with increasing block copolymer concentration from 0.25 to 4.0 wt. %, which 

further proves the lyotropic templating effect of the block copolymer. The sol-gel reaction time 

experiment proved that there is no significant morphology change within 5 hours and nevertheless, an 

obvious morphology change was observed after 25 hours and even more evident after 50 hours, which 

have been confirmed by both imaging characterization and dynamic light scattering experiment. The 

calcination studies show that the nanostructured films are robust enough to survive calcination up to 

500°C, which is more stable than reports from other groups. The reason is probably due to the limited 

anisotropic shrinkage originating from the nature of the thin film. The humidity investigation shows 

that within the frame studied, the humidity does not really change the type of the morphologies, even 

though details of the structures can be changed. Further detailed structure analysis of the films with 

different morphologies has been conducted by the combination of imaging analysis and x-ray scattering 

techniques. Where three-dimension structural pictures of the films containing the vertical 
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structures normal to the substrate and corresponding horizontal structures parallel to the substrate have 

been built.  

X-ray reflectivity experiments revealed the existence of an additional thin titania layer beneath 

the nanostructured layer due to the preferential wetting of sol-gel solution on the substrate. GISAXS 

measurements provide further long range lateral structure information of the nanostructured films. 

Concerning the crystallinity, the amorphous as-prepared titania-block copolymer composite films are 

converted to anatase phase at temperatures above 400°C.  

The studies on the templating system of PMMA-b-PEO have proved that the strategy of good-

poor solvent pair induced phase separation process is generally applicable not only to PS-b-PEO, but 

also to other amphiphilic diblock copolymers. A morphology evolution from nanovesicles to 

nanoplatelets has been observed when the weight ratio of TTIP is systematically increased, which is in 

agreement with the results from the PS-b-PEO templating system. Further detailed structure analysis of 

the films by x-ray reflectivity and GISAXS were also conducted to build a three-dimensional structural 

picture of the film. 

The use of triblock ampiphilic block copolymer of PEO-PS-PEO coupled with the strategy has 

provided a new route to achieve macroporous TiO2 film, which has an extraordinary stability to survive 

calcination up to 1000°C. Therefore it allows possible to achieve ordered macroporous TiO2 films of 

both anatase and rutile phases under calcination temperatures at 550 and 1000°C respectively.  

Based on the knowledge how to control the morphologies, TiO2 nanostructured thin films with 

different morphologies in the ternary morphology phase diagram have been successfully introduced 

into dye-sensitized solar cells. It has been found that the presence of an additional nanostructured TiO2 

layer helps to improve the solar cell performance including the short-circuit-current and global 

efficiency, and maximum external quantum efficiency, no matter what the morphology it is. Especially, 

these studies have revealed that the TiO2 films composed of clustered nanoparticles, worm, foam, and 

small vesicles improve the solar cell performance more prominent than other morphologies, which 

makes these morphologies interesting for further structure tuning to optimize the solar cell performance.  
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Appendix 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S-1. Dynamic light scattering results of the solution which yields clustered nanoparticles in the 

film through spin coating. a:  lag time curve; b: size distribution curve.  Composition ratios: WTTIP, 

0.020; W1, 4-dioxane, 0.976; WHCl, 0.004.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-2. SEM image of the nanowire structure with a low magnification   
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Figure S-3. AFM height and phase images of structure evolution with increasing weight fractions of 

TTIP in TiO2 nanowire films before calcination. a1, b1, c1, d1, and e1: AFM height images; a2, b2, c2, 

d2, and e2: AFM phase images; f: compositional existence points in the phase diagram with increasing 

TTIP weight fractions from a to e (W: weight fraction). The insets in the images are FFT patterns of 

the corresponding structures. Height scale: 20nm; Phase scale: 20°.  
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Figure S-4. Low magnification SEM images of the titania film before(a) and after (b) calcination with 

a copolymer concentration of 0.25%.  
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Figure S-5. AFM height images of the nanovesicles prepared with different sol-gel reaction time from 

a stock solution of 0.25 wt. % PS-b-PEO. As-prepared film: a1, b1, c1, d1, and e1; calcined at 400°C:  
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a2, b2, c2, d2, and e2; UV degraded: a3, b3, c3, d3, and e3. Insets are corresponding FFT patterns of 

each image. Height scale: 10nm. Scale bar: 400nm.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-6. SEM images of the nanovesicles prepared with different sol-gel reaction time from a stock 

solution of 0.25 wt. % PS-b-PEO. As-prepared film: a1, b1, c1, d1, and e1; calcined at 400°C: a2, b2, 

c2, d2, and f2; UV degraded: a3, b3, c3, d3, and e3. 

 

 



142 Appendix 

 

 

 

 

 

 

 

 

 

 

 

Figure S-7. Dynamic light scattering results of the aggregate size evolution with different sol-gel 

reaction time scales in the solution of 0.25 wt. % PS-b-PEO. (a): correlation profile; (b): 

corresponding size distribution profile.  
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Figure S-8. AFM height images of the nanovesicles prepared with different sol-gel reaction time from 

a stock solution of 1.0 wt. % PS-b-PEO. As-prepared film: a1, b1, c1, d1, and e1; calcined at 400°C:  
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a2, b2, c2, d2, and e2; UV degraded: a3, b3, c3, d3, and e3. Insets are corresponding FFT patterns of 

each image. Height scale: 10nm. Scale bar: 400nm.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-9. SEM images of the nanovesicles prepared with different sol-gel reaction time from a stock 

solution of 1.0 wt. % PS-b-PEO. As-prepared film: a1, b1, c1, d1, and e1; calcined at 400°C: a2, b2, 

c2, d2, and f2; UV degraded: a3, b3, c3, d3, and e3. 
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Figure S-10. Dynamic light scattering results of the aggregate size evolution with different sol-gel 

reaction time scales in the solution of 1.0 wt. % PS-b-PEO. (a): correlation profile; (b): corresponding 

size distribution profile.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S-11. XRD result of the TiO2 films on Si (100) substrate. 
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Figure S-12. Particle analysis profiles of the AFM height image after calcination. 

 

 

 

 

 

 

 

 

 

 



Appendix  147                   

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows.  

 

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows.  

 

 

 

 

Table S-1. The whole data set of the solar cell performance with only barrier layer 

Isc (μA/cm2)  Voc  (V) FF η(%)   EQEmax (%) 

40 0.29 0.36 0.04 - 

46 0.26 0.32 0.03 0.97 

72 0.26 0.35 0.06 1.15 

27 0.25 0.38 0.02 0.45 

39 0.31 0.35 0.04 0.7 

44.8 0.274 0.352 0.038 0.82 

Table S-2.The whole data set of the solar cell performance with TiO2 clustered nanoparticles film 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 

63 0.27 0.35 0.07 2.82 

76 0.35 0.36 0.12 2.07 

64 0.23 0.36 0.07 2.06 

56 0.22 0.34 0.05 1.85 

46 0.24 0.36 0.05 2.05 

43 0.21 0.34 0.04 2.05 

47 0.21 0.33 0.04 1.87 

46 0.18 0.33 0.03 1.9 

55.1 0.239 0.346 0.059 2.08 
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Note: The highlighted data in the last row is the average value from the individual data in all ofthe 

above rows. 

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows.  

 

 

 

 

 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
93 0.15 0.26 0.04 -  
36 0.23 0.36 0.04 -  
45 0.23 0.36 0.05 2.6 
47 0.20 0.33 0.04 3.03 
79 0.28 0.33 0.09 3.37 
99 0.27 0.34 0.11 3.66 
78 0.28 0.38 0.11 2.47 
55 0.28 0.35 0.07 2.77 
38 0.31 0.37 0.05 2.22 
37 0.23 0.31 0.03 2.03 
54 0.27 0.34 0.06 2.91 
52 0.25 0.34 0.05 3.06 

59.4 0.248 0.339 0.062 2.81 

Table S-3. The whole data set of the solar cell performance with TiO2 worm-like structured film 

Table S-4. The whole data set of the solar cell performance with TiO2 foam structured film 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
63 0.21 0.36 0.06 3.17 
60 0.16 0.33 0.04 3.09 
70 0.19 0.32 0.05 2.57 
77 0.16 0.32 0.05 2.75 

67.5 0.180 0.332 0.050 2.89 
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Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows.  

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows. 

 

 

 

 

 

 

 

Table S-5. The whole data set of the solar cell performance with TiO2 large collapsed vesicles 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
32 0.29 0.35 0.03 0.84 
52 0.30 0.39 0.05 1.37 
60 0.26 0.42 0.06 1.87 
87 0.27 0.42 0.09 1.95 
55 0.21 0.38 0.04 1.34 
61 0.19 0.34 0.03 1.55 
53 0.21 0.36 0.03 0.82 
50 0.23 0.38 0.04 1.56 
64 0.26 0.36 0.05 1.57 
64 0.27 0.38 0.06 1.6 

57.8 0.249 0.378 0.048 1.45 

Table S-6. The whole data set of the solar cell performance with TiO2 small vesicle film 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
46 0.23 0.39 0.05 10.12 
61 0.23 0.39 0.07 10.12 
61 0.26 0.38 0.08  
48 0.23 0.38 0.05  
67 0.19 0.34 0.06 17.89 
42 0.21 0.38 0.04 16.19 

54.2 0.225 0.377 0.058 13.58 
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Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows. 

 

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows. 

 

 

Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows. 

 

 

Table S-7.The whole data set of the solar cell performance with only TiO2 barrier layer 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
14 0.23 0.37 0.01 0.57 
15 0.22 0.33 0.01 0.34 
25 0.21 0.36 0.02 0.77 
22 0.24 0.37 0.02 0.64 

19.0 0.225 0.357 0.015 0.58 

Table S-8. The whole data set of the solar cell performance with TiO2 nanowire film 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
36 0.3 0.35 0.04 0.8 
35 0.36 0.37 0.04 1.39 
20 0.37 0.35 0.02 1.24 
18 0.39 0.34 0.02 0.82 

27.2 0.355 0.352 0.030 1.06 

Table S-9. The whole data set of the solar cell performance with TiO2 nanogranular film 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
23 0.24 0.34 0.02 1.44 
23 0.26 0.39 0.02 1.37 
17 0.28 0.35 0.02 1.03 
19 0.29 0.34 0.02 0.94 
16 0.33 0.31 0.02 0.84 

19.6 0.280 0.346 0.02 1.12 
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Note: The highlighted data in the last row is the average value from the individual data in all of 

the above rows. 

 
 
 
 
 
 

Isc (μA/cm2) Voc  (V) FF η (%) EQEmax (%) 
9 0.33 0.54 0.01 0.57 
10 0.26 0.47 0.01 0.79 
12 0.27 0.36 0.01 0.53 
15 0.4 0.45 0.03 0.87 
9 0.27 0.27 0.01 0.37 
9 0.31 0.34 0.01 0.44 
6 0.32 0.72 0.01 0.49 
12 0.34 0.52 0.02 0.28 

10.2 0.312 0.459 0.014 0.54 

Table S-10. The whole data set of the solar cell performance with TiO2 flakes film 


