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Abstract 

 
Titanium dioxide (TiO2) can be used as a photocatalyst for applications such as disinfection and 
water splitting. The main limitation is that TiO2 has low absorbance for visible light and generally 
requires UV radiation, which only comprises a small part of the solar radiation. Increasing the 
visible light absorbance of TiO2 would significantly improve the efficiency of photocatalysis. 
 
One method of increasing the visible light absorbance of TiO2 is adding organic components to the 
structure. Atomic/molecular layer deposition (ALD/MLD) combines inorganic and organic 
components in a highly controllable manner. Therefore, creating TiO2‒organic superlattice 
structures with ALD/MLD could increase the visible light absorbance. 
 
In this work, superlattice structures were created with TiO2 and four different organic precursors: 
hydroquinone (HQ), 1,4-diaminobenzene (DAB), 2-aminoterephthalic acid (A-TPA), and 
terephthalic acid (TPA). The samples were deposited on silicon and glass, in 220 °C, with 3‒56 
organic cycles in 1000 or 2000 total cycles. The samples were analyzed with x-ray reflection (XRR), 
Fourier transformation infrared spectroscopy (FTIR), grazing incidence x-ray diffraction (GIXRD), 
and UV‒Visible spectrophotometry to investigate their structure and absorbance. In addition, some 
mechanical testing was done. 
 
Based on the results, the intended superlattice structures were successfully fabricated. The bonding 
mode of A-TPA and TPA with TiO2 was bidentate. Crystallinity depended on the number of organic 
layers, with higher number of organic layers leading to amorphous samples. The effects of organic 
components on absorbance were varying but mostly negative. The HQ samples generally had the 
highest absorbance, while A-TPA had consistently higher absorbance than TPA. Adding organic 
layers also increased the mechanical flexibility of the samples. 
 
While HQ‒TiO2 superlattices had previously been made, DAB, A-TPA and TPA had never been used 
in ALD/MLD with TiO2 before. This work provides basic data on these new structures and opens up 
opportunities for further research. 
 

Keywords  TiO2, ALD/MLD, superlattices, photocatalysis, absorbance 
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Tiivistelmä 

 
Titaanidioksidia (TiO2) voidaan käyttää fotokatalyyttina sovelluksissa kuten desinfioinnissa ja 
veden hajottamisessa. Tärkein rajoite on, että TiO2:lla on matala näkyvän valon absorbanssi, joten 
se yleensä vaatii UV-säteilyä, joka muodostaa vain pienen osan auringon säteilystä. TiO2:n näkyvän 
valon absorbanssin kasvattaminen tehostaisi fotokatalyysia huomattavasti. 
 
Eräs tapa kasvattaa TiO2:n näkyvän valon absorbanssia on orgaanisten komponenttien lisääminen 
rakenteeseen. Atomi/molekyylikerroskasvatus (ALD/MLD) yhdistää epäorgaanisia ja orgaanisia 
komponentteja hyvin tarkasti hallittavalla tavalla. Täten TiO2‒orgaanisten superhilarakenteiden 
luominen ALD/MLD:llä voisi lisätä näkyvän valon absorbanssia. 
 
Tässä työssä luotiin superhilarakenteita käyttäen TiO2:a ja neljää eri orgaanista lähtöainetta: 
hydrokinoni (HQ), 1,4-diaminobentseeni (DAB), 2-aminotereftaalihappo (A-TPA) ja 
tereftaalihappo (TPA). Näytteet päällystettiin piin ja lasin pinnalle 220 °C lämpötilassa, ja niissä oli 
3‒56 orgaanista sykliä yhteensä 1000 tai 2000 syklistä. Näytteet analysoitiin röntgenheijastuksella 
(XRR), Fourier-muunnosinfrapunaspektroskopialla (FTIR), hipovan osumisen röntgendiffraktiolla 
(GIXRD) sekä UV- ja näkyvän valon spektrofotometrialla. Lisäksi tehtiin mekaanista testausta. 
 
Tuloksista päätellen halutut superhilarakenteet luotiin onnistuneesti. A-TPA:n ja TPA:n 
sitoutuminen TiO2:n kanssa oli kaksihampaista. Kiteisyys riippui orgaanisten kerrosten määrästä, 
ja suurempi määrä orgaanisia kerroksia johti amorfisiin näytteisiin. Orgaanisten komponenttien 
vaikutus absorbanssiin oli vaihteleva mutta enimmäkseen negatiivinen. HQ-näytteillä oli yleisesti 
korkein absorbanssi, ja A-TPA:lla oli konsistentisti korkeampi absorbanssi kuin TPA:lla. 
Orgaanisten kerrosten lisääminen lisäsi myös näytteiden mekaanista joustavuutta. 
 
HQ‒TiO2-superhiloja oli tehty aikaisemmin, mutta DAB:tä, A-TPA:ta ja TPA:ta ei ollut käytetty 
ALD/MLD:ssä TiO2:n kanssa koskaan ennen. Tämä työ tarjoaa perusdataa näistä uusista 
rakenteista ja avaa mahdollisuuksia tulevalle tutkimukselle. 
 

Avainsanat  TiO2, ALD/MLD, superhilat, fotokatalyysi, absorbanssi 
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Symbols and abbreviations 

ATA  2-aminoterephthalic acid (alternate abbreviation) 

A-TPA  2-aminoterephthalic acid 

ALD  atomic layer deposition 

ALD/MLD atomic/molecular layer deposition 

AP  4-aminophenol 

BDT  1,4-benzenedithiol 

CVD  chemical vapor deposition 

DAB  1,4-diaminobenzene 

ED  ethylenediamine 

EG  ethylene glycol 

eV  electronvolt 

FTIR  Fourier transformation infrared spectroscopy 

GIXRD  grazing incidence x-ray diffraction 

GL  glycerol 

GPC  growth per cycle 

HDD  hexa-2,4-diyne-1,6-diol 

HOMO  highest occupied molecular orbital 

HQ  hydroquinone 

LMCT  ligand-to-metal charge transfer 

LUMO  lowest unoccupied molecular orbital 

MLD  molecular layer deposition 

MOF  metal‒organic framework 

ODA  4,4’-oxydianiline 



 

[Org]  organic component 

PPDA  p-phenylenediamine (another name for 1,4-diaminobenzene) 

Ti-MOF titanium-based metal‒organic framework 

TPA  terephthalic acid 

TTIP  titanium tetraisopropoxide 

UV  ultraviolet 

UV‒Vis  ultraviolet‒visible (spectrophotometry) 

XRD  x-ray diffraction 

XRR  x-ray reflection 

Å  Ångström (10-10 m, 0.1 nm) 

νas  asymmetric stretching 

νs  symmetric stretching 
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1 Introduction 

Titanium dioxide (TiO2) is a versatile chemical compound and a well-known 

photocatalytic material. TiO2-based photocatalysts could potentially be used for 

degradation of impurities, disinfection by destroying harmful microorganisms, and 

even photocatalytical water splitting, producing hydrogen from water and sunlight as 

a part of clean energy production. A major challenge in using TiO2 as a photocatalyst 

is that the material utilizes ultraviolet radiation, which is only a small part of the solar 

spectrum, leaving most of the energy in sunlight unused. Therefore, modifying TiO2 

to absorb more abundant visible light is a step towards more efficient photocatalysis. 

 

Atomic/molecular layer deposition (ALD/MLD) is a highly controllable thin film 

fabrication method that can combine inorganic and organic components. ALD/MLD 

is useful for creating superlattice structures with precisely controlled numbers and 

locations of organic layers between layers of inorganic material. The combination and 

interaction of inorganic and organic structures can form functional materials with a 

beneficial set of properties. 

 

Methods exist to increase the visible light absorbance of TiO2, most prominently 

doping with different cations or anions. Another alternative is to add organic groups 

to the structure, creating coated particles or metal‒organic frameworks. In this work, 

using ALD/MLD to create TiO2‒organic superlattice structures is added to the pool of 

options. 

 

The main goal of this work was to attempt to increase the visible light absorbance of 

TiO2. In order to accomplish that, superlattices of TiO2 with four different organic 

components were fabricated and their structure and properties were analyzed. 

Comparisons were made between the effects of different types of organic layers and 

different layer sequences. Some additional measurements were also made to explore 

the mechanical properties of these superlattices.  
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Literature part 

2 Titanium dioxide 

Titanium dioxide (TiO2) is a widely utilized chemical compound known for its high 

refractive index (over 2.5, which is higher than diamond [1]) and bright white color. 

Titanium is the 9th most abundant element and 2nd most abundant transition metal 

in the Earth’s crust. TiO2 is produced from the minerals ilmenite (FeTiO3) and rutile 

(naturally occurring TiO2) by two main methods, sulphate process (through TiOSO4) 

or chloride process (through TiCl4). The worldwide annual production of TiO2 is in the 

range of millions of tonnes. [2] 

 

TiO2 is commonly produced as pigment-grade, with particle size of 200‒350 nm, and 

as ultrafine or nanomaterial-grade, with particle size below 100 nm. Pigment-grade 

TiO2, which accounts for 98 % of the total TiO2 production, is used for white color and 

high opacity in paints, coatings, inks, plastics, paper, cosmetics and as an additive in 

food and pharmaceuticals. Ultrafine TiO2 is used to absorb and scatter ultraviolet 

(UV) radiation in sunscreens. [3] TiO2 also has some other uses, including in ceramics, 

in corrosion protection, as well as in electronic, optical and catalytic  applications [1]. 

 

TiO2 is widely researched for photocatalytic applications, including degradation of 

organic impurities in water, air, or on surfaces, killing microorganisms, and splitting 

water into hydrogen and oxygen. This typically requires UV radiation, but TiO2-based 

materials can be modified to also utilize some visible light. [4‒6] 

2.1 Structure and properties 

Titanium dioxide can have many different crystal structures. The main polymorphs 

are rutile and anatase, but TiO2 also has other forms, such as the rarer orthorhombic 

brookite and several high-pressure forms [7]. Rutile and anatase both have tetragonal 
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structures consisting of different arrangements of distorted TiO6 octahedra. Figure 1 

shows the crystal structures of rutile and anatase. 

 

  

Figure 1. Crystal structures of rutile (left) and anatase (right) phases of TiO2 [8]. 

 

Rutile has higher density than anatase (4.24 vs 3.83 g/cm3). Both forms are wide band 

gap semiconductors, with anatase having a higher band gap (3.2 eV) than rutile (3.0 

eV). Rutile is thermodynamically stabler than anatase in bulk, but anatase has lower 

surface energy, making the smallest nanoparticles less unstable. [8] TiO2 synthetized 

at lower temperatures often forms in anatase structure, which can be transformed 

into rutile by heating [9]. 

2.2 Photocatalysis and band gap tuning 

Titanium dioxide is a well-known photocatalytic material, capable of causing chemical 

reactions when exposed to light. The energy band structure of a semiconductor 

material like TiO2 contains the valence band, which is the highest occupied energy 

level, the conduction band, which is the lowest unoccupied energy level, and the 

energy difference between them is known as the band gap. When the material 

absorbs a photon with energy exceeding the band gap, an electron is excited to the 

valence band, leaving a hole on the conduction band. The excited electron can act as 

a strong reductant and the hole as a strong oxidant, catalyzing redox reactions that 

would otherwise be energetically unfavorable. This is the basis of photocatalysis. [4] 
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Photocatalytic activity depends on not only the charge carrier generation but also the 

quantum yield and, as with all heterogenous catalysts, the active surface area. The 

electrons and holes need to be transported to the surface of the catalyst without 

recombining and dissipating the energy. Quantum yield is the fraction of charge 

carriers formed that end up catalyzing reactions. Quantum yield can be improved by 

reducing recombination, promoting the separation of charge carriers and increasing 

their mobility. Anatase has higher charge carrier mobility and slower recombination 

rate than rutile, which is why anatase generally has higher photocatalytic activity [7]. 

 

Since photoexcitation requires photon energy equal to or higher than the band gap 

energy, the band gap dictates the portion of light that can be utilized. With its wide 

band gap of 3.2 eV, regular anatase can only absorb UV wavelengths shorter than 387 

nm, accounting for less than 5 % of the solar radiation. [9] Reducing the band gap 

allows the material to utilize a wider range of wavelengths and a larger portion of 

sunlight, as seen in Figure 2. For example, the theoretical minimum energy 

requirement for water splitting is only 1.23 eV, which corresponds to near-infrared 

radiation. 

 

 

Figure 2. The absorbance of pure TiO2 (a) and TiO2 doped with Cr to increase its visible 

light absorbance (b-d), compared to the solar spectrum [8]. 
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The reactions that a material can catalyze depend on the positions of the energy 

bands. For TiO2, the conduction band is slightly above the reduction potential of 

hydrogen, and the valence band is far below the water oxidation potential, low 

enough to produce hydroxyl radicals. For water splitting applications, it would be 

most efficient to raise the valence band energy while keeping the conduction band 

energy constant. [10] There are numerous methods to change the band gap, but the 

quantum yield should always be taken into consideration. 

2.2.1 Doping 

One common method of band gap tuning is doping the structure with cations, anions, 

or co-doping with multiple different ions. The dopants typically form new energy 

levels within the band gap of TiO2, effectively reducing the photon energy required 

for excitation [11]. Figure 3 shows some elements that have been used for doping of 

TiO2. 

 

 

Figure 3. Some metals (red) and nonmetals (blue) that have been used for doping of 

TiO2 (green). 

 

TiO2 has been doped with many different cations, mainly transition metals and rare 

earth elements, including Fe3+, V5+, Cr3+, Mn2+, Ni2+, Cu2+, Zn2+, Nb5+, Ta5+, Mo5+, W6+, 

Re5+, Ru3+, Os3+, Ce3+/Ce4+, Sm3+ and Gd3+ (Fe3+ and Cr3+ seem quite common). The 
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effects have varied widely depending on the dopant and concentration, showing both 

positive and negative results. Cation doping forms energy levels below the 

conduction band of TiO2, reducing the band gap, acting as electron traps, and 

sometimes increasing the conductivity. However, the dopant cations and defects also 

act as recombination centers, reducing the quantum yield. Doping usually modifies 

the particle size and active surface area too, which affects the results. [4, 7‒9, 12‒14] 

 

The main intrinsic defects of TiO2 are oxygen vacancies and Ti3+ ions, which make TiO2 

an n-type semiconductor. TiO2 can be reduced to form so-called black TiO2, 

containing more of these defects, with effects similar to doping. Reduction is usually 

done by hydrogenation, which also creates Ti-OH groups on the surface. Reduction 

of TiO2 seems to both form energy levels below the conduction band and widen the 

valence band to reduce the band gap, though the results and their interpretation 

have varied. The visible light absorption is generally high, as evidenced by the dark 

color. However, as with cation doping, the defects also act as recombination centers, 

reducing photocatalytic activity and possibly outweighing the advantage of visible 

light absorption. [4, 10, 15‒18] 

 

Doping TiO2 with nonmetals reduces the band gap while causing much less charge 

carrier recombination than cation doping. The most common element for nonmetal 

doping is N, but elements such as S, C, P, F, Se, I and the metalloid B have also been 

used. Anion doping, especially with N, typically forms energy levels above the valence 

band of TiO2 to reduce the band gap. Elements such as S, C and Se can occur in both 

anionic and cationic forms. The valence bands of F and B are actually outside the band 

gap of TiO2 but they have effects such as promoting the formation of Ti3+ ions, so they 

are sometimes used as dopants or in co-doping together with N. [4, 8‒9, 19‒21] 

 

Co-doping uses multiple different dopants, which can be cations, anions or both, 

aiming to combine their advantages and cancel out disadvantages. Doping TiO2 with 

both electron donors and acceptors can reduce the band gap while reducing charged 
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defects. Charged defects cause electron-hole recombination, so co-doping to cancel 

them out aims to gain the benefits but avoid the disadvantages of cation doping. [21‒

25] 

2.2.2 Particle size 

In small enough nanoparticles, typically around 10 nm, the band gap of TiO2 and other 

semiconductors increases with decreasing particle size. This is due to a quantum 

effect where the valence and conduction bands become narrower as they approach 

the energy levels of bonding and antibonding orbitals in a molecule. [7] Coulomb 

attraction between electrons and holes trapped in close proximity to each other acts 

in the opposite direction, reducing the band gap with decreasing size. However, due 

to the high dielectric constants of semiconductor materials, this effect is usually 

minor, and the band gap overall increases with decreasing particle size. [26] 

 

Above the particle size affected by quantum effects, smaller TiO2 particles are 

typically more effective in photocatalysis. To catalyze reactions, the charge carriers 

must be transported to the surface of the particle, and this distance is shorter in 

smaller particles, reducing the risk of recombination. Also, in large particles, the 

photons might not even penetrate the whole particle, leaving the inner part of the 

particle unutilized. Thus, the optimal size for photocatalytic particles is small enough 

to have effective charge transfer and large surface area but not small enough to have 

quantum effects increasing the band gap. [12] 

2.2.3 Organic components 

A different approach to adjusting the band gap of titanium dioxide is to add organic 

components, for example by coating TiO2 particles with organic molecules or by 

constructing metal‒organic frameworks (MOFs) from titanium oxide clusters and 

organic ligands. This approach is based on ligand-to-metal charge transfer (LMCT). 
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LMCT is comparable to but more flexible than dye sensitization. In dye sensitization, 

electrons move from the highest occupied molecular orbital (HOMO) of the dye to 

the lowest unoccupied molecular orbital (LUMO) of the dye, and then to the 

conduction band of the semiconductor such as TiO2. In LMCT, electrons move directly 

from HOMO of the ligand to the conduction band of the semiconductor. These 

principles are shown in Figure 4. Thus, in LMCT, visible light absorption depends on 

the relative positions of ligand HOMO and semiconductor conduction band, and the 

ligand itself does not have to be capable of absorbing visible light like in dye 

sensitization. [27] 

 

 

Figure 4. The basic principles of dye sensitization (red arrows) and ligand-to-metal 

charge transfer (black arrow). 

 

Ligands with phenolic or carboxylic groups can easily bind to the TiO2 surface. 

Aromatic ligands on TiO2 typically have high enough HOMO energy to absorb visible 

light, while less electron-rich ligands may require UV radiation. Coating TiO2 particles 

with just one layer of a suitable ligand can significantly improve their photocatalytic 

activity. LMCT complexes have mostly been researched for pollutant degradation, but 

they should be capable of hydrogen production as well. [27‒29] The excited electron 

is located on titanium just like in pure TiO2, so the reduction potential should be the 

same. The hole is located on the organic structure, so the mechanism of 

photocatalytic oxidation is altered. The electron and hole are separated, so 

recombination is also slower. [30] 
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Metal‒organic frameworks consist of inorganic clusters linked with bridging ligands. 

The parts are usually connected by oxygen, which can bond with both inorganic and 

organic elements as a part of metal oxides and functional groups. Combining small 

metal oxide clusters with often long and rigid bridging ligands forms highly porous 

structures with various shapes depending on coordination geometry. [31‒32] 

 

Many titanium-based MOFs are based on carboxylate ligands. Ti-MOFs can be used 

for many of the same photocatalytic applications as TiO2 and adjusted by modifying 

the ligands and other conditions. Two of the most researched Ti-MOFs for 

photocatalysis are MIL-125, with terephtalic acid (TPA) ligand, and NH2-MIL-125, with 

2-aminoterephtalic acid (A-TPA) ligand. Their structure and absorption spectra are 

shown in Figure 5. Other than the added amino group, the structures of MIL-125 and 

NH2-MIL-125 are the same [33]. Band gaps of Ti-MOFs vary, from 3.6 eV (higher than 

anatase) of MIL-125, to 2.6 eV of NH2-MIL-125, to less than 2 eV. [34] While NH2-MIL-

125 absorbs visible light and has slower recombination rate due to the hole being 

located on the nitrogen atom, this can also lead to problems with the oxidation 

reaction mechanism and lower the photocatalytic activity [33, 35‒36]. 

 

  

Figure 5. The structure of MIL-125 [34] (left), and absorption spectra (measured by diffuse 

reflectance) of MIL-125 (grey) and NH2-MIL-125 (orange) [33] (right). 

 

TiO2‒organic superlattices also combine TiO2 and organic structures, often the same 

or similar to the ligands used in MOFs [37]. It stands to reason that they could be 
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similarly useful in reducing the band gap and improving the photocatalytic properties 

of TiO2. Researching this is the goal of this work. 

3 ALD/MLD 

Atomic layer deposition (ALD) is a highly controllable chemical method for production 

of high-quality thin films layer by layer. ALD has been used to produce oxides, metallic 

films, and other compounds such as sulfides, nitrides and fluorides of many elements. 

[38] Molecular layer deposition (MLD) is analogous to ALD but uses organic 

precursors to produce organic polymer materials such as polyamides, polyimides, 

polyazomethines and polyureas. ALD and MLD are highly compatible and can be used 

together to produce organic‒inorganic hybrid materials. [39] ALD is used in industrial 

applications such as electronics, most famously transistors, while ALD/MLD 

applications are mostly at research scale, such as thermoelectrics, barrier coatings 

and catalyst applications [38, 39, 40, 41]. 

3.1 Mechanism 

ALD is based on self-limiting surface reactions that ideally form one atomic layer at a 

time. A typical ALD cycle consists of four steps, as shown in Figure 6. First, a pulse of 

one precursor enters the ALD reactor and reacts on the surface of the substrate until 

the surface is covered by one atomic layer. Then, the reactor is purged with inert gas 

to remove the byproduct and excess precursor. Next, a different precursor is pulsed 

into the reactor and reacts on the surface of the previous reactant, and finally, the 

reactor is purged again. The process is repeated for as many cycles as desired. 
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Figure 6. The steps in an ALD cycle [41]. 

 

Ideally, one ALD cycle could produce one monolayer of the material, but the actual 

growth per cycle (GPC) is often much less. The steric hindrance of ligands in the 

precursors may make the surface too crowded, or there may be fewer reactive sites 

accessible than expected, which leads to a lower GPC. [42] In MLD or ALD/MLD 

combination, the organic molecules may tilt, reducing the thickness of the layer, or 

bend and react with the surface twice, which reduces the number of reactive sites, 

leading to a reduced GPC [43]. 

 

Variables affecting the ALD process include the deposition temperature, reactant 

pulse and purge times and the choice of substrate. For some processes, there is a 

temperature range called ALD window, where the GPC is constant. Outside the ALD 

window, GPC may decrease due to insufficient reactivity or precursor desorption, or 

it may increase due to precursor condensation or decomposition. [43] For TiO2, the 

GPC value can either increase or decrease with increasing temperature, depending 

on the precursors used [44]. 
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The deposition temperature also affects the crystallinity, and lower temperatures 

typically leads to amorphous materials while crystalline growth requires higher 

temperatures. For TiO2, higher temperature also reduces the amount of 

crystallization-hindering impurities. [38] ALD in produces amorphous TiO2 in low 

temperatures and anatase crystal structure in higher temperatures, while more 

specialized ALD processes may be needed to produce rutile. The films can be 

annealed after deposition by heating them in a controlled atmosphere, which can 

change the film structure. [44] Annealing can also change the chemical composition, 

for example oxidizing metallic films, converting organic components into graphite or 

removing them [45‒47]. 

 

Together with temperature, the reactant pulse and purge times affect the film 

growth. A shorter pulse time may lead to only partial reaction, while a longer pulse 

time leaves more opportunity for unidealities caused by thermal decomposition or 

effects of byproducts. A shorter purge time often does not completely remove the 

byproduct and excess reactants, causing the pulses to overlap. These effects may 

make the process partially resemble non-self-limited chemical vapor deposition 

(CVD). [42, 48‒49] 

 

The substrate affects the initial growth rate, crystallinity and grain size of the films. 

The growth starts with the precursor reacting with the substrate surface on suitable 

sites. When there are few nucleation sites, the growth is island-type and results in 

large grains, while having plenty of reactive sites can lead to an even and amorphous 

layer. In some cases, using different substrates may result in different crystal 

structures and orientations. [38, 44]  

 

The advantages and limitations of ALD follow logically from its mechanism. Self-

limiting surface reactions lead to high film conformality and uniform coating even on 

surfaces with complicated shapes. Film thickness can be very accurately controlled 

by adjusting the number of cycles. Layer engineering is a natural part of ALD and MLD, 
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and complicated layered structures can be made in one process by choosing the 

material and thickness of each individual layer. The deposition conditions in ALD are 

fairly mild compared to some other thin film fabrication methods, with moderate 

temperatures and pressures, so ALD is suitable for a wide variety of substrates, 

including textiles and biological samples. [41] 

 

As a thin film technique, ALD can make controlled structures mainly in one direction, 

though area-selective ALD can be used to gain some control over the lateral 

dimension. The precursors must be gaseous or volatile enough to have a high enough 

vapour pressure in the deposition temperatures. This, for example, limits the size of 

organic precursors that can be used for MLD. The process is quite slow, especially for 

thicker films, since the deposition time is proportional to the number of ALD cycles. 

The purge steps are usually the longest, and reducing purge times to limit the 

deposition time to a reasonable length may lead to unidealities in the process. The 

film may also contain residues from the precursors or byproducts. [38, 41] 

3.2 Superlattices 

The ALD/MLD combination technique can be used to make inorganic‒organic 

superlattices. This kind of structure consists of thicker blocks of inorganic material 

with single organic layers between them. Similar structures include hybrid materials 

consisting of alternating single layers of organic and inorganic materials, as well as 

nanolaminates consisting of alternating blocks of hybrid and inorganic material. [41] 

Figure 7 shows a comparison between these structures. It is also possible to remove 

the organic component by annealing or wet-etching in order to obtain porous 

inorganic materials [43]. 
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Figure 7. The general structure of ALD/MLD hybrid material (left), superlattice 

(middle) and nanolaminate (right) [41]. 

 

 Inorganic‒organic hybrid materials and superlattices typically have some 

combination of the mechanical, electrical, optical and chemical properties of the 

inorganic and organic materials, and the components and their proportions are 

chosen to have the properties most beneficial to applications. A typical example is 

combining a large amount of inorganic material that has desired electrical properties 

with a small amount of organic material to improve its mechanical properties. [39, 

41] 

 

The layered structure with organic‒inorganic interfaces in superlattices can also 

cause other effects. One example is the possibility of quantum confinement effects if 

the layers are thin enough. Another important effect is the reduction of thermal 

conductivity caused by phonon scattering from the interfaces. Adding organic layers 

in an inorganic material can drastically reduce the thermal conductivity, while the 

electrical conductivity is affected much less. This is very useful in thermoelectric 

materials, which require the combination of a high electrical conductivity and a low 

thermal conductivity. [41, 45, 50] 

 

It seems that in TiO2‒organic superlattices, adding organic layers affects the light 

absorbance of TiO2, which is another effect of the interaction between organic and 
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inorganic layers in superlattices. The UV absorption edge of TiO2 may shift to shorter 

wavelengths with more organic layers, probably because the TiO2 is divided into 

thinner layers, and quantum effects increase the band gap within them. However, 

the interaction between TiO2 and suitable organic components also increases the 

absorption of visible light, probably caused by LMCT just like in MOFs. This work aims 

to investigate this effect. [41, 51‒53] 

3.3 Precursors 

ALD precursors need to be volatile and reactive with each other but not with 

themselves in the deposition temperature, they must not decompose thermally, and 

the byproducts of the reaction must also be gaseous. Typically used metal-based 

precursors are either metal halides or different types of metal organic compounds. 

The second precursor is usually a small inorganic molecule such as H2O, H2O2, O2, O3, 

NH3 or H2S. [38] 

 

For TiO2, the most common precursors are titanium tetrachloride (TiCl4) and water 

(H2O). These precursors can be used in a wide range of temperatures, around 100‒

600 °C. However, the process produces hydrogen chloride (HCl) as a byproduct, and 

there may be chlorine residue in the film. Alternative titanium sources include 

alkoxides such as titanium tetraisopropoxide (Ti(OiPr)4 or TTIP), alkylamides and 

heteroleptic precursors with multiple different ligands. Alternative oxidants include 

hydrogen peroxide (H2O2), ozone (O3), O2 plasma and H2O plasma. [44] 

 

Organic precursors are used in place of the nonmetal precursor in ALD/MLD 

combination process. Therefore, they must have two (or more) functional groups 

capable of reacting with the metal precursor. These are most commonly hydroxyl, 

carboxyl or amino groups. [54] Different functional groups may bond differently with 

metals: for example, a carboxyl group can form a bridging-type bond with two 

different metal atoms, while a hydroxyl group or an amino group can only bond with 

one metal atom [55]. 
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The precursors must evaporate without thermal decomposition in the temperature 

and pressure of the ALD/MLD process. This is a challenge for the organic precursors, 

since large organic molecules are difficult to vaporize. Fortunately, the low pressure, 

which is often in the range of some millibars, helps in the vaporization of precursors. 

However, the reactor configuration also affects the temperature required, so the 

same precursors and evaporation temperatures may not be practically usable in 

different reactor types. [56] 

 

In flexible organic precursors such as ethylene glycol (EG), the molecule may bend so 

that both of the functional groups react with the surface, leaving no reactive sites for 

further film growth. This can be avoided by using for example precursors with two 

different functional groups such as ethanolamine, precursors with ring-opening 

reactions, or precursors with more rigid structures such as aromatic compounds. [43, 

57] Benzene rings also tend to have relatively good electrical properties, so 

precursors containing them are often used. Some common examples are 

hydroquinone (HQ), 1,4-diaminobenzene (DAB), 4-aminophenol (AP), and 

terephthalic acid (TPA). [41] 

 

There are a number of organic precursors that have been used in ALD/MLD processes 

with titanium precursors (TiCl4 or TTIP) to produce hybrid or superlattice films. Some 

simple examples are ethylene glycol (EG) [46], glycerol (GL) [58] and ethylenediamine 

(ED) [54], which are small molecules with two or three hydroxyl or amino groups. 

Dicarboxylic acid precursors fumaric acid [59] and maleic acid [60] are the trans- and 

cis-isomers of butenedioic acid, and as such they have somewhat more rigid 

structures. Hexa-2,4-diyne-1,6-diol (HDD) has been used in ALD/MLD and then 

polymerized to fabricate superlattices where the organic layers consist of 

polydiacetylene chains [61]. 
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Aromatic precursors often have two functional groups in the para-position, such as 

hydroquinone (HQ) [51], 4-aminophenol (AP) [62] and 4-aminobenzoic acid [54]. 4,4’-

oxydianiline (ODA) is a variation with two aromatic rings connected by an oxygen 

atom [49, 63]. At least these organic precursors have been confirmed to be 

compatible with TiCl4 for ALD/MLD processes. Some more specialized organic 

precursors have been used with TTIP, such as the antimicrobial natural product 

curcumin [52] as well as amino acids and nucleobases [64‒66]. 

 

Additionally, a few other aromatic precursors worth mentioning are terephthalic acid 

(TPA) [67‒69] and 2-aminoterephthalic acid (A-TPA or ATA) [70‒71], 1,4-

diaminobenzene (DAB, also known as p-phenylenediamine or PPDA) [72‒73] and 1,4-

benzenedithiol (BDT) [73]. These precursors have been used in ALD/MLD processes 

with metals other than titanium but are likely compatible with TiO2 as well. Figure 8 

shows the structures of some aromatic precursors. 

 

 

 

 

 



 

18 
 

 

Figure 8. Aromatic organic precursors for ALD/MLD: hydroquinone (HQ), 1,4-

diaminobenzene (DAB), 2-aminoterephthalic acid (A-TPA), terephthalic acid (TPA), 4-

aminophenol (AP), 1,4-benzenedithiol (BDT), and 4,4’-oxydianiline (ODA). The 

precursors in the top row were used in this work. 

  



 

19 
 

Experimental part 

4 Research goals 

The purpose of the experiments was to find out how adding layers of different organic 

molecules would affect the visible light absorbance of titanium dioxide thin films. In 

addition to measuring the absorbance, other measurements were required to 

characterize the samples and verify if the intended structures had been successfully 

formed. 

 

Aromatic precursors were chosen because of their rigidity and favorable electronic 

structure. Hydroquinone (HQ) has previously been used in superlattice structures 

with TiO2 [51], so it was chosen as one of the organics. Diaminobenzene (DAB) was 

chosen to compare with HQ, to see the effect of replacing the hydroxyl groups with 

amino groups bonding with titanium. Terephthalic acid (TPA) was chosen for its 

different functional groups, leading to different type of bonding compared to HQ. 2-

aminoterephthalic acid (A-TPA) was chosen to compare with TPA, to see the effects 

of adding an amino group, since replacing TPA with A-TPA has been shown to increase 

the visible light absorbance in case of titanium-based metal‒organic frameworks [35‒

36]. These four organics (shown in the top row of Figure 8) could be tested in the 

scope of this work. 

5 Characterization methods 

This chapter provides an overview of the main characterization methods used in this 

work. These methods include x-ray reflectivity (XRR), Fourier transformation infrared 

spectroscopy (FTIR) and grazing incidence x-ray diffraction (GIXRD) for structural 
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characterization of the samples, as well as ultraviolet‒visible (UV‒Vis) 

spectrophotometry for measuring the absorbance. 

5.1 XRR 

X-ray reflectivity (XRR) is an analytical method for investigating the thickness, lateral 

interfaces, density and roughness of thin films. The method is based on x-rays 

reflecting from interfaces between materials with different electron densities, such 

as the film surface, the film‒substrate interface, and the interfaces within a 

superlattice film. At very low angles, below the critical angle of total reflection, the x-

ray beam just reflect from the sample surface, while at slightly higher angles, some 

of the x-rays penetrate into the sample, where they may reflect from an interface 

deeper in the sample. Constructive interference between the x-rays reflected from 

different interfaces gives rise to intensity maxima, called Kiessig fringes, at certain 

angles. In superlattice structures, simultaneous reflection from all the interfaces 

forms some higher maxima, which are known as superlattice peaks. At higher angles, 

scattering starts to dominate over reflection, and therefore XRR is only used at low 

angles, usually below 2° or 3°. [74] 

 

The size and position of the Kiessig fringes depends on the sample thickness, with 

thicker film giving smaller fringes. This also limits the measurement range, so films 

thicker than a couple hundred nanometers are not measurable. The critical angle of 

reflection depends on the electron density of the film, which can be converted into 

mass density if the film composition is known. Higher electron density gives higher 

critical angle. The overall decay rate of the intensity depends on the surface and 

interface roughness, with higher roughness giving more scattering and faster signal 

decay. [74] The positions of superlattice peaks depend on the number of interfaces, 

with a higher number of interfaces giving less frequent superlattice peaks. The 

number of smaller fringes between superlattice peaks correlates with the number of 

layers in the structure, so XRR can easily be used to verify the superlattice structure. 

[75] An estimation of the film thickness is also quick to calculate, but determining the 
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thickness, density and roughness for every layer in the sample requires simulation 

that may get less accurate when there are many variables [74]. 

 

In this work, XRR was used to verify the structure, thickness and GPC of all the 

samples. For the samples with clear enough XRR patterns, full simulations were also 

done to estimate the parameters of all the layers. 

5.2 FTIR 

Fourier transformation infrared spectroscopy (FTIR) is used to analyze chemical 

bonds, mainly in organic molecules. The sample absorbs infrared photons to 

transition between vibrational states of bonds. The wavenumbers of absorbed 

photons, corresponding to the vibration frequences of bonds, give information about 

chemical bonding in the sample. Fourier transformation is used to help in interpreting 

the data. [41, 76, ch. 16A, 77, ch. 4.6] 

 

In this work, FTIR was used to verify the presence of the intended organic 

components in the samples and investigate the bonding between the organic and 

inorganic components, particularly A-TPA and TPA, since more than one type of 

bonding is possible for them. FTIR was mainly used on the samples with the highest 

organic concentrations, since lower amounts of organic components are more 

difficult to detect. 

5.3 GIXRD 

X-ray diffraction (XRD) is a common method for analyzing the crystal structures of 

materials. The method is based on x-rays scattering from crystal planes within 

crystalline materials. Constructive interference between the x-rays scattering from 

the lattice planes gives rise to peaks at angles depending on the distance between 

planes. From the XRD pattern, the crystalline phase(s) can be identified. In 
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amorphous materials, there is no continuous structure with well-defined interplanar 

distances, so the XRD data shows no clear peaks. 

 

Using XRD to characterize thin film samples may be difficult. The x-ray beam only 

travels a short distance through the film, and scattering from the substrate dominates 

over scattering from the film. To combat this, thin film samples can be measured with 

grazing incidence x-ray diffraction (GIXRD). While in normal XRD, the angle of 

incidence matches the angle of scattering, GIXRD instead uses a low, fixed angle of 

incidence of a few degrees at most. With this method, the x-rays travel a longer 

distance through the film, amplifying the diffraction pattern from the film. [74] 

 

In this work, GIXRD was used to verify the crystallinity of the samples. For all 

crystalline and some amorphous samples, a wide-range GIXRD pattern was 

measured. Meanwhile, for some amorphous samples, it was deemed sufficient to 

measure a quicker scan over the angle where the most intense reflection would be 

in crystalline samples, verifying that the samples that showed no peak were 

amorphous. 

5.4 UV‒Vis spectrophotometry 

Ultraviolet‒visible (UV‒Vis) spectrophotometry is used to measure the absorbance 

of samples for UV and visible light. A beam of light passes through the sample to the 

detector, and the absorbance is calculated based on transmittance, the fraction of 

light that reaches the detector. A wide band gap semiconductor like TiO2 absorbs 

photons with energy exceeding the band gap, exciting electrons from the valence 

band to the conduction band. Therefore, below the wavelength where the photon 

energy exceeds the band gap, the absorbance should rise sharply. With amorphous 

materials, the absorption edge is often more gradual. [74] 

 

In this work, UV‒Vis spectrophotometry was used to measure the absorbance of the 

samples, which gives an indication of how adding organic layers to the structure 



 

23 
 

affects the electronic transitions and band gap of TiO2. The goal was to increase the 

absorbance of the samples in the visible range, which would imply a narrower band 

gap due to changes in original valence or conduction band or additional energy states 

between them. 

6 Results and discussion 

This chapter explains the film deposition procedure and the measurement results. 

The measurements include structural characterization with XRR, FTIR and GIXRD, 

absorbance measurements with UV‒Vis spectrophotometry, and as additional 

measurements, some mechanical testing and measurements of electrical and 

thermal conductivity. 

6.1 Film deposition 

Thin film samples were deposited in a Picosun R-100 ALD reactor. Samples were 

either pure TiO2 films deposited from TiCl4 and H2O, or superlattices with TiO2 and 

one of the organic precursors: HQ, DAB, A-TPA or TPA. Substrates used were silicon 

wafers, borosilicate glass, and quartz, as well as Kapton tape or sapphire for some 

samples. The type and number of organic cycles varied between samples, while other 

parameters, such as deposition temperature and precursor pulse and purge times 

were kept constant for the most part. 

 

The sample deposition parameters are summarized in Tables 1 and 2. The deposition 

parameters in Table 1 were chosen conservatively enough that the differences in, for 

example, the pulse and purge times caused no discernible effect on the sample 

growth. The naming scheme of the superlattice samples contains the identity of the 

organic component, the number of organic cycles, and the total number of ALD/MLD 

cycles. For example, HQ 28/1000 refers to a sample with a total of 1000 cycles, of 

which 28 use a pulse of hydroquinone in place of water. The first inorganic block 
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typically differed slightly from the rest in order to keep total numbers of cycles 

constant. In addition to the common substrates, the 28/2000 and 56/2000 samples 

were deposited on Kapton tape for mechanical testing, and the 7/2000, 14/2000 and 

21/2000 samples were deposited on sapphire for thermal conductivity testing 

purposes. 

 

Table 1. Common deposition parameters between different samples. 

Organic None HQ DAB A-TPA TPA 

Deposition 

temperature 

220 °C, 

(200 °C and 

190 °C) 

220 °C 220 °C 220 °C 220 °C 

Organic 

source 

temperature 

- 185 °C 185 °C 220 °C 220 °C 

TiCl4 

pulse/purge 

0.2 s / 4.0 s 0.2 s / 4.0 s 0.2 s / 4.0 s 0.2 s / 3.0 s 0.2 s / 3.0 s 

H2O 

pulse/purge 

0.2 s / 5.0 s 0.2 s / 5.0 s 0.2 s / 5.0 s 0.2 s / 4.0 s 0.2 s / 4.0 s 

Organic 

pulse/purge 

- 40 s / 100 s 40 s / 100 s 20 s / 40 s 20 s / 40 s 

Substrates silicon, 

glass 

silicon, 

glass 

silicon, 

glass 

silicon, 

glass, 

quartz 

silicon, 

glass, 

quartz 
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Table 2. Deposition sequences varied between different samples. [Org] in names 

refers to the organic component in the sample. The number of cycles in the first 

inorganic block, if different, is given in parentheses. 

Name Types of 

organic 

component 

Organic layers Inorganic 

cycles  

per block 

Total cycles 

TiO2 2000 none - 2000 2000 

TiO2 1000 none - 1000 1000 

[Org] 3/1000 HQ, DAB 3 249 (250) 1000 

[Org] 7/1000 HQ, DAB,  

A-TPA 

7 124 (125) 1000 

[Org] 14/1000 HQ, DAB,  

A-TPA, TPA 

14 66 (62) 1000 

[Org] 21/1000 HQ 21 45 (34) 1000 

[Org] 28/1000 HQ, DAB,  

A-TPA, TPA 

28 34 (20) 1000 

[Org] 3/2000 HQ, A-TPA, 

TPA 

3 499 (500) 2000 

[Org] 7/2000 A-TPA, TPA 7 249 (250) 2000 

[Org] 14/2000 A-TPA, TPA 14 132 (138) 2000 

[Org] 21/2000 A-TPA, TPA 21 90 (89) 2000 

[Org] 28/2000 HQ, DAB,  

A-TPA, TPA 

28 68 2000 

[Org] 56/2000 HQ, DAB,  

A-TPA, TPA 

56 34 (40) 2000 

6.2 Structural characterization 

In this section, the structural characterization data is presented. XRR data reveals the 

density and thickness values for both organic and inorganic layers, FTIR data gives 
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information on the organic layers and bonding, and GIXRD data shows the 

crystallinity of the inorganic layers. The structural characterization results are 

generally as expected for the intended superlattice structures. 

6.2.1 XRR 

The samples deposited on silicon were measured with XRR, with measurement angle 

ranging from 0.2025° to 1.9975°, in order to verify the superlattice structures. For 

samples that showed at least one superlattice peak in the XRR pattern, simulated XRR 

patterns were matched to the experimental data in order to estimate the thickness 

and density for each layer in the structure. From these results, average density and 

GPC were calculated for the inorganic and organic layers with each organic 

component. Often, a fitting range smaller than the full measurement range was used. 

This was to more accurately fit the beginning of the pattern with less noise and 

especially the critical angle, gaining more accurate results for density at the cost of 

accuracy in roughness data. 

 

Figures 9 and 10 show measured XRR patterns and simulated fittings for samples with 

the same deposition sequence but different organic components, while Figure 11 

shows the patterns for different samples with the same organic component. Smaller 

fringes correspond to higher total film thickness, more frequent superlattice peaks 

correspond to fewer organic layers, higher critical angle corresponds to higher film 

density, and higher superlattice peaks correspond to higher density contrast between 

the TiO2 and the organic component, meaning lower organic density. Table 3 

summarizes the average results calculated from fittings of several different samples 

with the same organic component. 
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Figure 9. XRR data for 28/2000 samples of all the organics. Measured data in solid 

lines, fittings in dotted lines. 

 

 

Figure 10. XRR data for 14/1000 samples of all the organics. Measured data in solid 

lines, fittings in dotted lines. 
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Figure 11. XRR data for different A-TPA 2000-cycle samples. Measured data in solid 

lines, fittings in dotted lines. 

 

Table 3. Average properties for superlattices with each organic. 

Organic HQ DAB A-TPA TPA 

Organic 

density (g/cm3) 

1.74 1.76 1.41 1.44 

Organic 

thickness (nm) 

0.69 0.71 0.97 0.95 

TiO2 density 

 (g/cm3) 

3.49 3.78 3.64 3.69 

TiO2 GPC (Å) 0.38 0.34 0.38 0.37 

 

In the XRR patterns in Figures 9‒11, some features stand out. Most importantly, the 

patterns have clear superlattice peaks, verifying that there are layers with different 

densities in the structure and showing that the intended superlattice structures were 

successfully fabricated. It is probably safe to assume this to be true also for the 

samples where no superlattice peaks are expected to fit in the measurement range, 

such as the 28/1000 and 56/2000 samples. For these samples, the inorganic layers 
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are expected to be thinner, but the layer structure cannot be verified by XRR. For the 

samples with multiple superlattice peaks visible, such as the 7/2000 and 14/2000 

samples in Figure 11, the number of smaller peaks between two superlattice peaks is 

6 and 13, respectively. 

 

The patterns for DAB in Figures 9‒10 are most visibly different from the other 

organics, with wider fringes (lower film thickness and GPC), higher critical angle 

(higher density) and less prominent superlattice peaks (higher organic density). These 

results are also seen in Table 3. Another clear difference between organics is that the 

layers of A-TPA and TPA were significantly thicker than HQ and DAB, since the 

molecules were longer due to the carboxyl groups in A-TPA and TPA, as opposed to 

the hydroxyl groups in HQ and the amino groups in DAB. The growth of TiO2 was also 

affected by the organic components, with A-TPA and TPA leading to similar TiO2 

growth, but HQ caused the lowest TiO2 density, while DAB caused the highest density 

and lowest GPC. 

6.2.2 FTIR 

Samples on silicon were measured with FTIR in order to verify the presence of the 

organic components and investigate their bonding with TiO2 in the samples. This is 

especially important for A-TPA and TPA, since multiple different bonding modes are 

possible for them, and their spectra are generally easier to interpret. Figure 12 shows 

the FTIR data for one sample of each organic, mainly the 56/2000 samples with the 

highest organic content. The HQ 56/2000 data appeared anomalous (it is possible 

that the sample had been contaminated with TPA), so HQ 28/1000, with the same 

relative organic content, is used instead. 
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Figure 12. FTIR data for HQ 28/1000, and for 56/2000 samples of the other organics. 

 

The most notable features in Figure 12 are the intense peaks in the 1400‒1550 cm-1 

range of A-TPA and TPA spectra, corresponding to the asymmetric (νas) and 

symmetric (νs) stretching vibrations of the carboxylate groups. The distance between 

the two is (1528 – 1407) cm-1 = 121 cm-1 for A-TPA, and (1520 – 1405) cm-1 = 115 cm-

1 for TPA. The relatively low value of separation (between 50 and 150 cm-1) points to 

bidentate bonding between titanium and the carboxyl groups, as shown in Figure 13 

[78]. 

 

 

Figure 13. Bidentate bonding between TPA and TiO2. Both oxygen atoms in each 

carboxylate group form bonds to the same titanium atom. 
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Another very notable feature in Figure 12 is the extremely intense peak at 437 cm-1 

for the pure and crystalline TiO2. This peak comes from the Ti-O bonds in TiO2, and its 

intensity is significantly reduced in the superlattice samples [51]. Also visible are 

some peaks from the aromatic rings, such as around 1490 cm-1 for both the HQ and 

DAB samples (the carboxylate peaks dominate this area for A-TPA and TPA), and a 

weak signal around 838 cm-1 for all the organics, specifically from para-substituted 

aromatic rings. The broad peak around 1215 cm-1 for HQ is probably from the 

hydroquinone C-O bonds. [51‒52] The A-TPA spectrum does not have peaks from a 

free amino group clearly visible, so it is difficult to judge based on FTIR whether the 

amino group in A-TPA reacts in the process or not. 

 

Figure 14 shows how the number of organic cycles affects the FTIR spectrum in the 

series of 2000-cycle TPA samples. When the amount of organic is reduced, the 

intensity of features from TPA is also reduced, such as the carboxylate peaks. Another 

observation is the behaviour of the Ti-O peak. For the TPA 3/2000 and TPA 7/2000 

samples, the intensity is slightly reduced but remains extremely high. For TPA 

14/2000 onwards, the position of the peak shifts from 437 cm-1 to 451 cm-1, the 

intensity is drastically reduced, and remains essentially the same for the rest of the 

sample series. This appears to be related to crystallinity, since based on the GIXRD 

results, samples up to TPA 7/2000 are crystalline, and samples from TPA 14/2000 

onwards are amorphous. 
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Figure 14. FTIR data of different 2000-cycle TPA samples. 

6.2.3 GIXRD 

The samples on silicon were measured with GIXRD to determine whether they were 

crystalline or amorphous. Figure 15 shows the GIXRD patterns of samples with a low 

amount of each organic, as well as a pure TiO2 sample and an XRD pattern of anatase 

as a reference. All the samples in Figure 15 were crystalline in the anatase phase of 

TiO2, but the clarity of the pattern varied, indicating varying degree of crystallinity. 

There was no 3/2000 sample for DAB, so data for DAB 3/1000 was used, but even 

taking that into account, samples with DAB seemed to have the weakest crystallinity, 

while samples with HQ were the most clearly crystalline with clearest pattern. 
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Figure 15. GIXRD data of crystalline superlattices for each organic. 

 

The relative intensities of the reflections were mostly in line with the reference, but 

there were some differences. Figure 16 shows some relative intensities, normalized 

by the most intense (101) reflection. Most notably, the intensity of the (004) 

reflection is reduced in all the superlattice samples, especially those with HQ, while 

the effect of A-TPA and TPA is quite similar. In DAB 3/1000, most reflections, including 

(004), are not visible. It can be concluded that the HQ and DAB have different effects 

on the crystal orientation of TiO2, while the effects of A-TPA and TPA are similar. This 

explains the difference in TiO2 densities in chapter 6.2.1 Table 3, and fits with the 

conclusion in chapter 6.2.2 that A-TPA and TPA bond with TiO2 in the same way. 
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Figure 16. Part of the GIXRD patterns for crystalline samples, normalized by the 

intensity of the (101) reflection. 

 

Figure 17 shows how the number of organic layers affects the crystallinity. The GIXRD 

pattern is clearest for pure TiO2. Increasing the number of organic layers to 3/2000 

and further to 7/2000 makes the reflections in the pattern wider and less intense, 

which indicates smaller crystallite size and generally lower crystallinity. The 14/2000 

sample shows no pattern, which indicates that the sample is amorphous. 
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Figure 17. GIXRD data for different superlattices of TPA. 

 

Figure 17 uses TPA as the example, but results are similar for all the organics. All the 

pure TiO2 deposited in 220 °C were crystalline, but the crystallinity decreased with 

decreasing deposition temperature. While pure TiO2 deposited in 200 °C was still 

crystalline, the sample deposited in 190 °C was almost completely amorphous. 

Adding organic layers also reduced the crystallinity. The 3/2000, 7/2000 and 3/1000 

samples were crystalline, while the 14/2000, 7/1000 and all other samples with a 

higher number of organic layers were amorphous. 

6.3 Absorbance 

The samples deposited on glass and quartz were measured with UV‒Vis 

spectrophotometry to find their absorbance in the 200‒800 nm range. The results for 

glass and quartz were generally identical at wavelengths over 300 nm and only 

differed in the UV-range, due to the borosilicate glass substrate absorbing UV 

wavelengths. However, since the visible range is more important in this work, and 

quartz samples were made only for the A-TPA and TPA samples as well as some of 
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the pure TiO2 samples, this chapter mainly uses the data measured from the samples 

on glass. 

 

One goal of this study was to try to increase the visible light absorbance of TiO2. 

Increased absorbance of shorter wavelengths would imply a narrowed band gap. 

However, interpreting absorbance data of thin film samples with varying thickness 

and crystallinity may be difficult. Figure 18 shows the differences in absorbance 

between different samples of pure TiO2. As seen from the figure, the results were 

quite reproducible for the samples with exactly same deposition procedure (the 

2000- and 1000-cycle TiO2 samples deposited in 220 °C). On the other hand, 

especially the film thickness leads to very different curve shapes, enough that it is 

even possible to determine film thickness by optical measurements [79]. As such, 

only samples with the same number of deposition cycles, and therefore roughly 

similar thickness, are compared to each other. The 1000-cycle TiO2 deposited in 220 

°C (the same deposition temperature as the superlattice samples) was chosen as the 

reference to compare other samples with. 

 

 

Figure 18. Absorbance of pure TiO2 samples with different thicknesses and deposition 

temperatures. 
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Figures 19‒20 show the absorbances of samples with the same deposition sequence 

but different organic components, and pure TiO2 for comparison. It should be noted 

that the pure TiO2 was crystalline, while the superlattice samples were amorphous. 

While the absolute absorbance values of the superlattice samples are fairly 

unimpressive compared to pure TiO2, with only HQ 28/1000 having slightly higher 

absorbance, important observations can still be made especially from the shapes of 

the curves. The main absorption edge shifted to slightly shorter wavelengths for the 

superlattices, possibly because of quantum effects in TiO2 divided into thin layers of 

a few nanometers. This is consistent for all the superlattice samples. 

 

 

Figure 19. Absorbance of 28/1000 samples with different organics. 
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Figure 20. Absorbance of 14/1000 samples with different organics. The absorbance 

value of the DAB 14/1000 sample appears to be anomalous. 

 

The absorbance of the DAB samples only decreased with increasing wavelength, but 

the other samples showed a slight maximum within the 420-460 nm range for the 

28/1000 samples and 410-440 nm range for the 14/1000 samples (roughly 

corresponding to the wavelength of violet light). Of the three organics, the absorption 

maximum was the least pronounced and at the shortest wavelength for the TPA 

samples and the most pronounced and at the longest wavelength, even longer than 

for pure TiO2, for the A-TPA samples. However, since the curve shape is significantly 

affected by the film thickness and crystallinity, as seen from the different 1000-cycle 

TiO2 samples in Figure 18, these results should be regarded with caution. In fact, the 

amorphous sample of pure TiO2 deposited in 190 °C more closely resembles the 

amorphous superlattice samples in absorbance curve shape. 

 

By comparing samples with different numbers of layers of the same organic 

component, a few trends can be seen. Figure 21 shows the absorbances of different 

HQ samples.  The differences are fairly minor, but increasing the number of organic 

HQ layers, the absorbance first decreases from HQ 3/1000 to HQ 14/1000 and then 
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increases from HQ 14/1000 to HQ 28/1000. A-TPA, shown in Figure 22, has a different 

trend. Increasing the number of organic A-TPA layers consistently reduces the 

absorbance but shifts the absorption maximum towards longer wavelengths. 

 

 

Figure 21. Absorbance of different 1000-cycle HQ samples. 

 

 

Figure 22. Absorbance of different 1000-cycle A-TPA samples. 
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Comparing the A-TPA samples to the TPA samples, as shown in Figure 23, another 

observation can be made. For TPA alone, the trend seems similar to A-TPA, with 

additional organic layers leading to decreasing absorbance and longer-wavelength 

absorption maximum. More importantly, A-TPA samples have higher absorbance and 

longer-wavelength absorption maximum compared to corresponding TPA samples, 

apparently caused by the additional amino group in A-TPA. This is also fairly 

consistent for the 2000-cycle samples. 

 

 

Figure 23. Absorbance of 1000-cycle A-TPA samples compared to TPA samples. 

6.4 Additional measurements 

The mechanical properties of samples TiO2 2000 and TPA 56/2000 were compared by 

uniaxial tensile testing of samples deposited on Kapton substrate. The samples were 

pulled from both ends to observe the cracking with increasing strain. Compared to 

pure TiO2, the crack onset strain of TPA 56/2000 increased from 0.64 % to 0.91 %, 

and the critical bending radius, calculated from the crack onset strain and estimated 

film and substrate thicknesses, decreased from 4.0 mm to 2.8 mm. 
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The electrical conductivity was measured for samples A-TPA 7/2000 and TPA 7/2000 

on glass. The electrical conductivity was approximately three times higher for A-TPA 

7/2000, presumably due to the lone electron pair on the amino group. It should be 

noted that electrical conductivity is also proportional to film thickness, and the A-TPA 

sample had slightly higher thickness, but not enough to explain the difference in 

electrical conductivity. 

 

The thermal conductivity was intended to be measured for samples A-TPA and TPA 

7/2000, 14/2000 and 21/2000 on sapphire. Unfortunately, the results did not arrive 

in time for this thesis. The hypothesis is that there would not be much difference in 

thermal conductivity between superlattices of A-TPA and TPA. The higher electrical 

conductivity of A-TPA would increase the electronic component of thermal 

conductivity, but the lattice vibration component should be similar between A-TPA 

and TPA. If this is the case, superlattices with A-TPA could be more efficient as 

thermoelectric materials than analogous superlattices with TPA, since thermoelectric 

figure of merit is directly proportional to electrical conductivity and inversely 

proportional to thermal conductivity, and replacing TPA with A-TPA could increase 

the electrical conductivity without significantly increasing the thermal conductivity. 

7 Conclusions and further research 

Based on the structural characterization results, it appears that the intended 

superlattice structures were successfully fabricated. However, in terms of increasing 

the visible light absorbance, the results were fairly sub-par, with most samples having 

lower absorbance than pure TiO2. Since absorbance is affected by crystallinity, it 

could be interesting to try increasing the crystallinity, possibly by light post-

deposition annealing or by raising the deposition temperature. However, too high 

temperatures would cause the organic components to decompose. 
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The process parameters were not fully optimized, relying on previous experience of 

similar processes and on educated guesses. Simply taking the time to optimize 

parameters, such as source and deposition temperatures, precursor pulse and purge 

times, flow rates and other variables, might improve the sample properties or at least 

make the process more efficient. The numbers of organic cycles were also chosen 

fairly arbitrarily and focusing on easy deposition and analysis. Higher concentrations 

of organic layers would probably affect the absorbance of the samples more. In a 

previous study, a high visible light absorbance was achieved by depositing one cycle 

of HQ for every four cycles of TiO2 [51], compared to one cycle of HQ for every 34 

cycles of TiO2 in the HQ 28/2000 and 56/2000 samples in this work. 

 

Only four organics could be tested in the scope of this work: HQ, DAB, A-TPA and TPA. 

While HQ had been previously used in superlattices with TiO2 [51], the other three 

had been used in other ALD/MLD processes, but not with TiO2. There are more 

different organics that could be similarly tested, such as 1,4-benzenedithiol (BDT), 4-

aminophenol (AP), and 4,4’-oxydianiline (ODA). The latter two have been previously 

deposited as hybrid materials with TiO2 [49, 62‒63], but their absorbance has not 

been investigated. 

 

There is particularly little research on A-TPA as an MLD precursor, with only two 

previously reported processes [70‒71]. Since replacing TPA with A-TPA greatly 

increases the visible light absorbance in titanium-based MOFs [33, 36], and the 

results of this work show that this is at least somewhat applicable to superlattices 

too, further research on A-TPA superlattices would be interesting. A-TPA could also 

be replaced with 2,5-diaminoterephthalic acid, adding yet another amino group to 

the structure, to explore the limits of how this affects absorbance and other material 

properties. In addition, if the hypothesis from chapter 6.4 is true, A-TPA could also 

replace TPA in thermoelectric materials. This is not especially relevant for TiO2, which 

is not generally used in thermoelectrics, but could be applicable to other materials 
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too, such as zinc oxide (ZnO), which is an important material for thermoelectric 

superlattice materials [55, 80‒81].  
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