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1. Introduction 

As the world is facing ever increasing demands for energy, the importance 

of meeting those demands in a sustainable way is growing larger all the 

time. Various renewable forms of energy production have enjoyed 

substantial progress technologically and economically during the last 

decade, but much still needs to be done to ensure that our energy 

infrastructure can stay on a sustainable footing. This cannot be achieved 

through one technological solution alone, but rather requires the utilization 

of a number of energy production technologies and measures to improve 

energy efficiency. 

Energy harvesting is a term used for a number of technologies that utilize 

ambient energy sources or waste energy and convert them into electricity to 

power a variety of wireless applications. Examples of energy harvesting 

technologies include photovoltaics (converting light into electricity), 

piezoelectric devices (capable of generating electricity from mechanical 

strain) and thermoelectric generators, which can convert waste heat into 

electricity. These methods of energy harvesting could, if employed on a 

large scale, lessen the burden of conventional energy production systems by 

improving energy efficiency in existing applications or even through the use 

of concentrated energy harvesters for power generation. Photovoltaics have 

already reached a level of wide-spread applicability, but of the other energy 

harvesting technologies thermoelectricity has the best potential to 

significantly improve the state of our energy use and production. 

Thermoelectric generators are capable of using any sort of heat source, 

from low-temperature sources like the human body to high-temperature 

industrial processes, to generate electricity. This opens up a huge reserve of 

untapped energy in the form of waste heat that can be utilized for useful 

purposes. Since waste heat forms by far the largest part of our energy losses 

at every stage of the energy supply chain, from generation to transmission 

to end-use, the conversion of even a small part of this heat back into usable 

electricity could lead to large reductions in our energy use. Thermoelectric 

generators do not have any moving parts, making them extremely robust 

and reliable, and they can be easily scaled up or down to fit applications of 
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all sizes. However, the use of these generators has been held back by the 

low conversion efficiency that can be achieved with state-of-the-art 

thermoelectric materials, making many potential applications for the 

technology economically unviable. Therefore, the development of better 

thermoelectric materials is a must for realizing the full potential offered by 

the technology. 

The challenges involved in improving the performance of thermoelectric 

materials, unfortunately, are formidable. Because the main physical 

properties affecting the performance of thermoelectric materials usually 

cannot be independently controlled, novel materials design approaches are 

needed in order to circumvent, to some extent at least, the physical 

limitations of the materials. This has led to the use of a number of materials 

with complex structures from skutterudites1 to clathrates2 and layered oxide 

materials,3,4 but the approach with the most potential is nanostructuring, 

where the material is controlled at the nanometer scale to create structures 

with unusual physical properties.5-9 

In addition to performance, there are other factors to consider when 

choosing materials for a thermoelectric generator such as price, toxicity, 

environmental impact and availability that make the choice of materials 

somewhat complicated. Another factor is the temperature range where a 

generator is to be used, because thermoelectric materials typically perform 

better as the temperature gets higher. Current state-of-the-art 

thermoelectric materials are heavily based on tellurium compounds,10,11 

which raises concerns about the availability of tellurium should 

thermoelectric energy harvesting become truly widespread.  

Oxides are a relatively new class of materials to be investigated for their 

thermoelectric properties. Their performance does not yet quite match that 

of the more traditional materials used, but their advantage is in their 

generally excellent raw material availability, low price, non-toxicity and 

capability of withstanding higher temperatures.4,12 Zinc oxide is one of the 

more promising thermoelectric oxides due to the very high thermoelectric 

figure of merit measured for its cation-doped variants at 1000 °C.13-15 With 

further improvements that could be achieved with nanostructuring 

techniques, ZnO’s performance could be improved further and it could be 

made applicable at lower temperatures as well. 

Atomic layer deposition (ALD) is a chemical thin-film deposition 

technique that can offer excellent control over the deposition process, 

enabling the fabrication of high-quality, conformal thin films with precisely 

determined structures and thicknesses. It is ideal for the fabrication of 

layered nanostructures, because the self-limiting nature of the ALD 

reactions enables the deposition of even single layers of a material on a 
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variety of substrate shapes and sizes.16,17 Another feature of the technique is 

the possibility of depositing entire molecules instead of atoms, in which 

case another name for the technique is usually used: molecular layer 

deposition (MLD). By combining ALD and MLD, it is possible to deposit 

thin films of hybrid materials consisting of alternating layers of inorganic 

and organic materials.18 These hybrid materials have the potential to 

combine properties of inorganic and organic materials in novel ways, 

creating new combinations of properties that can be used in applications 

such as transparent conductors, gas-permeation barriers and thin-film 

transistors.  

This thesis presents work done with the objective of investigating and 

improving the thermoelectric properties of ZnO thin films using the ALD 

technique. The main aim of the study was to determine the effects of 

inorganic dopants and organic layers on these properties and compare their 

effectiveness. The existing research on the deposition of ZnO with ALD was 

extensively reviewed.I The influence of the deposition temperature during 

the ALD process and the effects of two different cation dopants, aluminum 

and phosphorus, on ZnO’s thermoelectric properties were investigated.II,III 

Three different organic molecules, hydroquinone, 1,4-aminophenol and 

oxydianiline, were used in conjunction with the ZnO ALD process to 

fabricate hybrid thin films and the consequent formation of hybrid 

superlattice structures was demonstrated.IV,VI The effects of co-doping ZnO 

with both inorganic and organic layers was also investigated and found to 

hold potential benefits for the material’s thermoelectric performance.V 
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2. Thermoelectric Materials 

The thermoelectric effect describes the direct conversion processes between 

thermal and electrical energy, and consists of three closely related physical 

phenomena: the Seebeck effect, the Peltier effect and the Thomson effect. 

The Seebeck effect describes the generation of electricity from a 

temperature gradient, while the Peltier effect details the creation of a 

temperature gradient with electric current, and the Thomson effect defines 

the generation of heat in a current-carrying conductor where a temperature 

gradient is present. The Seebeck effect is the basis of thermocouples and 

can also be used for small-scale electricity generation, and the Peltier effect 

can be used to construct solid-state cooling and heating devices. Some of 

the advantages of using thermoelectric materials in these applications 

include their very good scalability and durability due to the lack of moving 

parts, but their biggest disadvantage is their often very low efficiency, for 

which better thermoelectric materials need to be developed. 

All materials can be thought to have some thermoelectric character (albeit 

in most cases very weak), but generally the term is only used for the best 

materials. There is a variety of different material and structure types that 

can lead to good thermoelectric properties, but all the best thermoelectric 

materials can be classified as semiconducting due to the fact that they have 

a carrier concentration in the optimal range for maximizing a material’s 

thermoelectric performance.6,19 

 

2.1 Seebeck Effect 
 

The Seebeck effect is a physical process whereby a voltage is generated 

between two ends of a thermoelectric material when a temperature gradient 

is applied over it. This electromotive force causes the movement of charge 

carriers from the hot end to the cold, and the direction of the corresponding 

electric current depends on the type of charge carrier that is dominant in 

the material. Therefore, by combining n-type and p-type thermoelectric 

materials in an appropriate way it is possible to construct an electric circuit. 
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An illustration of a typical setup for using thermoelectric materials to 

exploit a heat source is presented in Figure 1. 

 

 

Figure 1  A setup for using two thermoelectric materials to generate a current from a heat 
source. 

 

The design in Figure 1 is the most common way to construct a 

thermoelectric harvester; this way the n and p “legs” are connected parallel 

to each other in terms of the temperature gradient but in series in terms of 

the electric circuit. Any number of these pairs can be connected to create a 

device that takes full advantage of any temperature gradient over it.  

 

2.2 Thermoelectric Figure of Merit 
 

The magnitude of the Seebeck effect in a given material is described with 

the Seebeck coefficient, S, which is defined as the generated voltage 

difference per degree of temperature difference and is usually given in 

μV/K. When evaluating the potential of a thermoelectric material, it is 

customary to use the figure of merit, Z, which is defined according to the 

following equation: 
2SZ                   (1) 

where σ is the electrical conductivity and κ is the thermal conductivity of 

the material. The rationale behind the definition is the desire to have a 

material where the current can flow easily (high electrical conductivity) and 

where the temperature gradient can be maintained as large as possible (low 

thermal conductivity). Often the figure of merit is multiplied with the 

temperature to get the dimensionless ZT value. The best thermoelectric 

materials have ZT values of over 1 and the very best have reached 2, but the 

majority of materials still have values well below those levels.6,19,20  

Another term that is often used when comparing thermoelectric materials 

is the power factor, which is defined as the top part of Equation (1), i.e. σS2. 
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The reason for using the power factor instead of ZT is that often it is very 

challenging to measure thermal conductivity reliably, so the power factor 

presents a simpler, albeit less accurate, standard for comparing 

thermoelectric materials. 

Improving the figure of merit outlined in Equation 1 is challenging 

because the terms in the equation are not completely independent of one 

another. For one, they are all directly related to the charge carrier 

concentration of the material, but while a large carrier concentration will 

lead to high electrical and thermal conductivities, it will also reduce the 

Seebeck coefficient. Therefore, a compromise has to be made between the 

parameters, meaning that semiconductors have the optimal carrier 

concentration for maximizing ZT. 

A common strategy for improving thermoelectric performance has been to 

try and reduce the thermal conductivity of the material and specifically the 

lattice thermal conductivity, κL. The Wiedemann-Franz law states that 

electrical and thermal conductivity due to electrons are inextricably linked 

through the following relation: 

LTe                   (2) 

where L is the Lorentz number, 2.44 × 10-8 WΩK-2. This means that the 

effect of any changes in the electronic thermal conductivity on the ZT value 

will be offset by a corresponding change in electrical conductivity. The 

lattice thermal conductivity, though, is free from such constraints and 

minimizing it is a good way to improve ZT. This has led to the introduction 

of a number of complex structures such as skutterudites and half-Heusler 

compounds where the intricate lattice contributes to the reduction of 

thermal conductivity.1,6,19,20 

 

2.3 State-of-the-Art Thermoelectric Materials 
 

By far the most commonly used thermoelectric materials are Bi2Te3 and 

Sb2Te3, along with a number of other telluride compounds. Alloys of Bi2Te3 

and Sb2Te3 are capable of reaching a ZT value of 1 at temperatures up to 

200 °C, and at higher temperatures tellurides such as PbTe and alloys of Te, 

Ag, Ge and Sb (the so-called TAGS) form some of the best performing 

materials. As well as these tellurium materials perform though, their ZT 
values are still not high enough for the widespread adoption of 

thermoelectric modules in a variety of applications, so other material 

groups have emerged with the potential to surpass the performance of 

tellurides.6,19,20 
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Many of the more researched thermoelectric materials can be classified as 

skutterudites or clathrates, which are structures with voids in them, into 

which doping cations can be inserted. These cations have quite a lot of 

room to move and can therefore “rattle” within the structure, acting as a 

phonon scattering center and decreasing the thermal conductivity of the 

material. Examples of these types of materials include materials based on 

CoSb3 and various complex structures based on Si, Ge or Sn.6,19,20 

Oxide materials generally cannot match the ZT values of the 

aforementioned materials, but they have a number of other advantages that 

make up for that deficiency, such as abundance of raw materials, non-

toxicity and the ability to withstand very high temperatures. The most 

researched oxide materials are NaxCoO2, Ca3Co4O9 and ZnO, which have 

reached ZT values of 0.6-1.2.4,6,19,20 

 

2.4 Nanostructuring 
 

While great improvements in ZT have been achieved with conventional 

materials design approaches, there is a limit to how far they can go, so 

many research efforts have turned to nanostructuring in order to achieve 

even greater improvements in thermoelectric performance. There are many 

benefits to fabricating nanostructured versions of thermoelectric materials, 

which can range from nanoscale particles7,9,21-23 to superlattice structures 

consisting of extremely thin layers of one material within thicker layers of 

another and even 1- and 0-dimensional structures.9, 24-26 When electrons are 

constrained to such low dimensions, the distribution of their density of 

states changes in a way that could theoretically lead to huge improvements 

in the material’s Seebeck coefficient.5,27-30 Another effect from nano-

structuring is the reduction of thermal conductivity from either the 

increased number of grain boundaries or from the variation of the material 

layers in a superlattice.31,32 In this case the dimensions of the particles or 

layers can be made shorter than the mean free path of phonons so that their 

propagation is inhibited without affecting electron transport too much. 
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3. Thermoelectric Properties of ZnO 

Zinc oxide is a semiconductor with a number of useful properties that have 

made it a subject of intensive research in recent decades. The high 

transparency of ZnO to visible light combined with its tunable electrical 

conductivity enable its use in applications ranging from thin film 

transistors to the buffer layers of solar cells. ZnO’s direct band gap of 3.37 

eV at room temperature also means that it can be used in optoelectronic 

applications in the near-UV spectral range, including light-emitting diodes 

and photodetectors. Due to its piezoelectric properties, ZnO is also used in 

applications such as micro-electromechanical systems and sensors for 

detecting chemicals or gases. ZnO has also turned out to be one of the most 

promising thermoelectric oxide materials, especially at high 

temperatures.33-35 

Zinc oxide crystallizes in the hexagonal wurtzite structure and displays an 

intrinsic n-type conductivity which was originally attributed to oxygen 

vacancies and Zn interstitials formed during the synthesis process, but has 

since been shown to be caused by other unintentional impurities 

incorporated into the material during synthesis.36-38 Partly because of the 

strong n-type character of undoped ZnO, it has proven difficult to induce p-

type conductivity in the material through the introduction of acceptor 

impurities. There are several reports of p-type conductivity achieved in ZnO 

by doping it with for instance P or N,39-41 but the reproducibility and 

durability of this p-type doping are still problematic. Moreover, the 

thermoelectric performance of p-type ZnO has not been determined as of 

yet. The lack of p-type ZnO materials is hindering the applicability of ZnO 

in thermoelectric modules and p-n junctions, so a solution to the p-type 

doping problem is one of the major challenges of ZnO research. 

 

3.1 Bulk ZnO 
 

The thermoelectric properties of bulk ZnO have been the subject of a lot of 

research since the potential of Al-doped ZnO was discovered in the 1990’s, 
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when a ZT value of 0.3 was observed for the material at 1000 °C.13,14 This 

value has since been improved even further, and the current highest value 

stands at 0.65; achieved by co-doping ZnO with 2 at.% each of Ga and Al.15 

Alloys of ZnO and In2O3 are another group of materials that have often been 

studied for their thermoelectric properties, although they do not match the 

performance achieved with Al doping.42-46 Further improvement in ZnO’s 

properties through doping, however, seems difficult, so the way to raise 

ZnO’s ZT to a new record will necessarily include some sort of 

nanostructuring approaches. In fact, it has already been demonstrated that 

fabricating nanocomposites out of Al-doped ZnO can significantly improve 

the material’s figure of merit.47 

The lack of a p-type ZnO material hurts its applicability in thermoelectric 

applications, because it is always desirable to construct the n and p legs of a 

thermoelectric module out of variants of the same material if possible. This 

will minimize potential problems arising from different material properties 

such as the thermal expansion coefficient and could also simplify the 

production process. Unfortunately the reliable fabrication of p-type ZnO 

materials is challenging, and there are no reports on the thermoelectric 

properties of p-type ZnO. 

 

3.2 ZnO Thin Films 
 

Thin films of ZnO have also been investigated for their thermoelectric 

properties as early as 1979,48 but the efforts to improve them really started 

in the 1990’s. Similarly to bulk ZnO, Al,49-52 In,53-55 Ga56-58 and various 

combinations of them59-62 are common dopants that have been used to 

improve the thermoelectric performance of ZnO thin films. The values 

obtained for thin film samples are in the same range as those for bulk 

samples, although it is hard to compare their performance directly because 

thermal conductivity is seldom reported for the thin film samples due to the 

difficulties in setting up a reliable measurement. Therefore, the comparison 

typically has to be made with just the power factor. There is one study63 that 

reports a thermal conductivity value almost a magnitude lower than the 

bulk value for Al-doped ZnO, illustrating the potential of thin films in 

improving ZnO’s thermoelectric figure of merit. 

Nanostructuring is also the logical next step in improving thermoelectric 

thin films, perhaps more so than with bulk samples, and they are especially 

suited for the fabrication of superlattice structures. Alloys of In2O3 and ZnO 

(also called In-doped ZnO) spontaneously form superlattice structures 

under the right conditions and mixing ratios, and their thermoelectric 

properties have been reported for both thin films59,62 and bulk samples.46 
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There is also a report on the patterning of layers consisting of ZnO and Ga-

doped ZnO,64 but overall these types of nano- or microstructured thin films 

remain relatively unexplored in the context of ZnO’s thermoelectric 

properties.  



 

11 
 

4. Experimental Procedures 

The objective of the research presented in this thesis was the investigation 

and possible improvement of the thermoelectric properties of ALD-grown 

ZnO thin films through the introduction of inorganic and organic dopants. 

To achieve this, an extensive series of ZnO thin films with aluminum or 

phosphorus doping or hybrid superlattice structures were deposited on 

silicon and borosilicate glass substrates using two different reactor designs. 

Analysis of the samples was mainly performed on the glass-deposited 

samples, but Si substrates were used for infrared spectroscopy and X-ray 

fluorescence measurements. 

Analysis of the samples included grazing incidence X-ray diffraction 

(GIXRD) and X-ray reflectivity (XRR) for determining the structure of the 

samples, Fourier transfer infrared (FTIR) spectroscopy and X-ray 

fluorescence (XRF) for analyzing the chemical composition of the films and 

low-temperature Seebeck coefficient and resistivity measurements for 

determining the thermoelectric properties. Some of the used equipment 

and related methodology are discussed in this chapter. 

 

4.1 Atomic and Molecular Layer Deposition 
 

Atomic layer deposition (ALD) is a thin film deposition technique based on 

sequential surface reactions of gas-phase reagents that are introduced into 

the reactor one at a time. The self-limiting nature of the reactions ensures 

that only a single atomic layer is deposited at a time, enabling precise 

control of the layer structure and thickness of the deposited films through 

simple process design. Other advantages offered by ALD include the 

generally very good quality of the resultant films and conformality on even 

very high-aspect-ratio surfaces, as long as the process is designed so as to 

provide enough time for the reactants to diffuse to all the available surface 

sites. These properties have led to the adoption of ALD in a variety of 

technological applications, most prominently the microelectronics industry, 
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where ALD is playing a key role in enabling the fabrication of ever smaller 

material layers for electronic chips. 

Molecular layer deposition (MLD) is the name given to a variant of ALD 

where the aim is to deposit layers of entire organic molecules instead of 

single atomic layers. While organometallic compounds are often used as 

ALD precursors, they are designed to react with the film surface and other 

precursors in a way that leaves nothing of the organic part in the deposited 

film. In the case of MLD the organic precursors are designed to be 

deposited in their entirety, either reacting with other organic molecules to 

create a fully organic thin film or with conventional ALD precursors to 

create hybrid inorganic-organic films. The deposition of hybrid thin films 

with a combination of ALD and MLD is particularly exciting, as it can be 

used to create a huge variety of different structures with potentially unique 

combinations of material properties.65-74 There are a number of applications 

that have been proposed for such hybrid thin films, from gas permeation 

barriers to flexible conductors, and their potential for thermoelectric 

materials has also been noted.75 In particular, the high control over the 

layer structure offered by both ALD and MLD can be exploited to create 

hybrid superlattices or nanolaminates with potentially large improvements 

in their thermoelectric properties over the inorganic parent phase. 

There are many factors to consider when designing an ALD process, from 

reactor design to pulse and purge times, but the most important ones are 

the choice of precursors and precursor/deposition temperatures. Liquid 

precursors with high vapor pressures are optimal, typically requiring no 

heating and only short pulsing times, but in many cases solid precursors 

have to be used. In that case, the precursor needs to sublimate in vacuum at 

a reasonably low temperature and the required pulsing times are generally 

longer. In all cases, though, the precursors determine the range of 

deposition temperatures by their reactivity and thermal stability. If the 

temperature is too low, the precursors might not have enough energy to 

react or could even condensate on the substrate. If the temperature is too 

high, the precursors could start to break down and deposit unwanted 

compounds on the substrates or already deposited layers might sublimate 

away. All these temperature-dependent processes are reflected in the rate of 

growth of the thin film, which is usually expressed as growth per cycle 

(GPC), i.e. the thickness of a layer that is deposited by one ALD cycle, which 

consists of single pulses of each of the precursors required for the target 

compound separated by inert gas purges. Therefore, for most ALD 

processes there is a temperature range, commonly referred to as the ALD 

window, where none of the above deleterious effects take place and 

consequently the GPC value stays more or less constant. It is usually 
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desirable to find the ALD window for a given process and perform the 

depositions within that range, but good quality films can usually be 

obtained outside the ALD window as well if the application requires it. 

There might even be benefits to performing depositions outside the ALD 

window such as the possibility to tune the electrical properties of the film 

via the introduction of impurities into it. 

 

4.2 ALD of ZnO 
 

An ALD process for ZnO was developed pretty early on, and there are a 

number of possible precursors that can be used in ALD ZnO process, but by 

far the most common Zn precursor used in ALD is diethyl zinc (DEZ) which 

reacts readily with H2O through the following mechanism: 

 

Zn(C2H5)2* + H2O(g)  ZnO* + 2C2H6(g)               (3) 

 

The reaction of DEZ with water is quite exothermic and can be used to 

deposit ZnO thin films even at room temperature. Typical deposition 

temperatures for DEZ-based ZnO deposition processes are in the range of 

100 – 200 °C, but the DEZ precursor has been successfully used at 

temperatures as high as 600 °C.76-78 

Dimethyl zinc (DMZ), which bears a close resemblance to DEZ, reacts in a 

similar way with H2O and can be used in more or less the same range of 

deposition temperatures, although the ALD window is generally reported at 

slightly lower temperatures for DMZ. In a study investigating the effect of 

the Zn precursor choice on the properties of ZnO thin films, it was found 

that DMZ results in a slightly higher growth rate compared to DEZ, and the 

orientation of the resultant ZnO thin films is also different, but otherwise 

DMZ and DEZ produce ZnO films of equal quality.79 

The ALD window for a typical ZnO ALD process using DEZ and H2O as 

precursors can be estimated to be around 110 – 170 °C. The growth per 

cycle (GPC), i.e. the thickness of the layer deposited by a single ALD cycle 

consisting of pulses of the zinc and oxygen precursors separated by purging 

steps, for a DEZ/H2O process within this window is around 1.8 – 2.0 

Å/cycle, although there is a lot of variation in the reported GPC values due 

to the effects from the reactor design and other process parameters such as 

the pulsing and purging times. The interplanar distances in the hexagonal 

unit cell of ZnO range from 2.48 Å for the (101) planes to 2.60 Å and 2.82 Å 

for the (002) and (100) planes,77 respectively, so the typical growth rates for 

ZnO within the ALD window are close to the ideal monolayer growth 

values. 
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ALD-grown ZnO crystallizes in the hexagonal wurtzite structure, and a 

high degree of crystallinity is usually obtained in the as-deposited films 

even when using relatively low deposition temperatures. The structure of 

the films can be controlled somewhat through the deposition temperature, 

which has been observed to affect the preferred orientation of the grains in 

ZnO films,80-82 but apart from that the process parameters and precursors 

have little effect on the structural properties of the ZnO films. However, the 

deposition temperature does have an effect on the stoichiometry of the ZnO 

structure, which has a large effect on the electrical properties of the films. 

Because the intrinsic n-type conductivity of ZnO originates from the 

presence of defects and impurities in the ZnO crystal, its electrical 

properties can be controlled to some extent by controlling the amount of 

these defects and impurities. In ALD processes this is most easily achieved 

by controlling the deposition temperature, since it directly influences the 

reactivity of the precursors on the film surface and thus can have an effect 

on the stoichiometry of the film. The influence of the deposition 

temperature on the electrical properties of ALD-grown ZnO is seen in the 

increase of the films’ conductivity with increasing deposition temperature, 

although at very high temperatures the films’ resistivity will start to 

increase again. The minimum values for ZnO film resistivity are typically 

achieved with deposition temperatures of 180 – 250 °C. In this temperature 

range resistivity values in the 10-3 Ωcm range have been achieved.83 

 

4.3 ALD Reactors 
 

There were two designs of ALD reactors used in this work for the 

depositions: an R-100 reactor from Picosun and an F-120 from ASM 

Microchemistry. Although they work under the same principles, the design 

of the two reactors is quite different. Pictures of the two reactors are 

presented in Figure 2. The main difference of the reactors is in the delivery 

of the precursors, particularly when using solid precursors. In the F-120 

reactor, there are eight gas lines leading into the reactor chamber and there 

is a constant flow of nitrogen gas through the lines, which is offset by the 

main N2 flow in the reactor. Solid precursor chemicals are placed into small 

“boats” within these gas lines, heated to its sublimation temperature with 

heating elements and pulsed into the reactor by increasing the flow of N2 

through the line. In the R-100 reactor, there are similar gas lines leading 

into the reactor chamber, but instead of placing the precursors inside the 

lines, they are in separate containers that are connected to the gas lines 

through valves. This design difference along with the larger size of the 

precursor container and a different placement of the thermocouple leads to 
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differences in the precursor temperature required to achieve a sufficient 

vapor pressure for pulsing significant reactant amounts into the reactor. In 

practice, it was found that the R-100 reactor required significantly higher 

settings for the precursor temperature to ensure steady film growth. 

 

 

Figure 2  The two ALD reactors used in this study: the F-120 reactor on the left and the R-
100 reactor on the right. 

 

In addition to the different precursor temperatures, there was also a slight 

difference observed in the properties of thin films deposited at the same 

temperatures in different reactors. This was not entirely surprising, since 

the electrical properties of ZnO thin films are very sensitive to the 

deposition temperature, and judging from the quite different ALD window 

temperature ranges reported for ALD ZnO processes, the design of the 

reactor also plays a role here. For the most part, though, the reactors 

produced comparable thin films of generally very good quality with only 

occasional small gradients observed in film thicknesses. 

 

4.4 X-Ray Reflectivity 
 

The X-ray reflectivity (XRR) measurement technique was used to analyze 

the thicknesses of the samples. The technique is based on X-ray diffraction 

measurements in the θ/2θ configuration, but using very low angles. The X-

ray beams reflected and refracted by a thin film and its underlying substrate 

display a variation in the observed intensities due to the phase difference in 

the beams after passing through the sample. The observed maxima in an 

XRR pattern correspond to situations where beams reflected off the thin 

film surface and ones reflected off the substrate are in phase. A number of 

these maxima, called Kiessig oscillations, can be seen in an XRR pattern, 

and it is possible to formulate a relationship between the thickness of the 
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film and the separation of the Kiessig oscillations, where the separations 

are inversely proportional to the film thickness.84,85 

The XRR technique is particularly useful for the study of superlattices, i.e. 

periodic layered structures consisting of alternating layers of two different 

materials. The additional reflection, refraction and absorption of the 

incident X-ray beams at the interfaces of the different layers results in an 

XRR pattern where low-intensity oscillation peaks are flanked by high-

intensity superlattice peaks. XRR patterns measured from thin films 

consisting of ZnO interspersed with single layers of hydroquinone are 

presented in Figure 3. 

 

 

Figure 3  XRR patterns measured from thin films of ZnO:HQ superlattices. N stands for the 
number superlattice repetitions in the structure. 

 

There is a strong correlation between the periodicity of the superlattice 

structure and the observed XRR pattern, as can be seen in Figure 3. Ideally, 

the number of smaller oscillations between the superlattice peaks would be 

equal to N – 2, where N is the number of superlattice repetitions in the film. 

In Figure 3, the observed peak counts match the expected numbers almost 

exactly, with only the N = 12 film showing a slight discrepancy in its 

pattern. The method works especially well for structures with relatively 

small N values, because signal noise that gets worse at higher incidence 

angles makes it difficult to count the exact number of oscillations for films 

with large numbers of superlattice layers.85 
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4.5 Optical Measurements 
 

Optical reflectivity measurements were utilized to analyze the changes in 

carrier concentration in samples where it was high enough to be detectable 

with the technique, i.e. the Al- and P-doped ZnO films. The measurement 

setup used a light source in the infrared wavelength range corresponding to 

an energy range of 0.06 – 1.3 eV, which was shone at a normal angle on the 

sample surface. The measurement is based on the fact that the plasma 

frequency, ωp, of a free electron gas can be seen in the reflectivity spectra of 

metals or doped semiconductors as a dip in reflectivity. The minimum point 

of this dip, called the Drude edge, determines the plasma frequency, which 

is proportional to the carrier concentration of the material according to the 

following equation based on the Drude-Lorentz model: 

2
1

2

*m
ne

p
                  (4) 

where n is the charge carrier concentration, e is electron charge, m* is the 

effective mass and ε∞ is the high-frequency permittivity. Therefore, 

reflectivity measurements can be used as a relatively straightforward 

method to evaluate changes in carrier concentration when doping a 

semiconductor. An example of how changes in carrier concentration affect 

reflectivity measurements of Al-doped ZnO thin films is shown in Figure 4. 

 

 

Figure 4  Reflectivity spectra for a series of Al-doped ZnO samples.III 

 

The arrows in Figure 4 indicate the position of the Drude edge for selected 

measurements. It should be noted that the sharp drops in reflectivity 
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observed at around 0.15 - 0.2 eV in Figure 4 do not correspond to the Drude 

edge, but are instead caused by absorption of the incident light, most likely 

by the glass substrate of the thin films. The carrier concentration of the 

samples in Figure 4 can be seen to increase with increasing Al content, as 

indicated by the shift of the Drude edge towards higher energies. The 

doping reaches a limit at 5 at.% Al and at 20 at.% Al a clear reduction in the 

carrier concentration can be observed. 

 

4.6 Thermoelectric Property Measurements 
 

Measurements of the thermoelectric properties of the various ZnO films 

were performed using two homemade probes that were capable of 

measuring either the Seebeck coefficient or the resistivity at a temperature 

range of 5 – 300 K. The temperature control was performed by lowering the 

probes, which are at the ends of approximately 1 m long poles, into a tank of 

liquid helium and taking measurements every 0.5 – 2 degrees. The Seebeck 

coefficient was measured by using silver paste to attach the sample between 

two copper plates, one of which was thermally insulated from the rest of the 

probe, and applying a temperature gradient by heating the insulated Cu 

plate with a strain gauge heater. A thermometer was placed under the probe 

approximately at the sample position to measure the probe temperature, 

while a copper-constantan thermocouple was used to determine the hot-

side temperature. Two different gradients (~0.5 and 1 degree) were applied 

and the Seebeck coefficient was calculated from the measured voltage and 

temperature difference. The resistivity measurement system was just an 

alumina sample mount with contacts for a four-point measurements and a 

thermometer underneath. Silver paste was again used for the contacts. 

Pictures of the measurement probes are provided in Figure 5. 

 

 

Figure 5  Close-ups of the Seebeck coefficient (left) and resistivity (right) measurement 
probes. 
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Samples deposited on borosilicate glass were used for these 

measurements to minimize the influence of the substrate on the 

measurements. The effect of the various probe contacts and such on the 

Seebeck coefficient value was eliminated by using a superconducting 

sample and a piece of Cu wire to prepare a ground file, which was deducted 

from the measured values. Still, bad contacts sometimes caused a 

potentially large error on the Seebeck coefficient, so most measurements 

were repeated to ensure correct values. In the case of the resistivity 

measurements, X-ray reflectivity analysis was used to determine the 

thicknesses of the samples, and the width of the samples as well as the 

distance between contacts were measured with a digital caliper. 

The uncertainty for the Seebeck coefficient measurement was determined 

by performing several measurements of samples cut from a single ZnO film 

on a borosilicate glass substrate and a standard deviation of 3.49 was 

obtained, corresponding to an error of 2.9 %. For resistivity measurements, 

the error in the measurement of the resistance of the sample was judged to 

be negligible compared to the uncertainty in measuring the dimensions of 

the sample, i.e. thickness, width and distance between contacts. The 

uncertainty in the thickness measurements was determined through 

repeated measurements and a variation of 0.01 mm was assumed for the 

digital caliper to obtain a total error of 3.6 %. When calculating the power 

factor based on the Seebeck coefficient and resistivity measurements these 

individual uncertainties result in the rather large error of 9.7 %.  
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5. Doping of ZnO Thin Films with Al 
and P 

Aluminum doping of ZnO is a common method of improving the material’s 

electrical properties, mainly for transparent conductor applications, and 

there are a large number of reports on ALD of Al-doped ZnO.86-90 The 

objective of the previous studies, however, has been either to study the 

reaction mechanisms and chemistry involved or to decrease the resistivity 

of the films as much as possible. Al doping has been shown also to improve 

the thermoelectric properties of ZnO in bulk as well as thin film form, but 

there have not been any studies on the use of ALD in optimizing the 

thermoelectric performance of ZnO.  

Phosphorus doping of ZnO has been studied mainly as a way to induce p-

type conductivity in the material, which has been achieved through the use 

of numerous synthesis methods, including ALD.91,92 However, the 

thermoelectric properties of P-doped ZnO have not been studied so far.  

In this study, ALD was used to deposit films of Al- and P-doped ZnO thin 

films and the effect of the dopants on the thermoelectric properties of ZnO 

were investigated. The depositions were all performed on the R-100 ALD 

reactor using DEZ and H2O as the ZnO precursors while trimethyl 

aluminum (TMA) and trimethyl phosphate (TMP) were used together with 

H2O to deposit the doping layers of aluminum oxide and phosphorus oxide, 

respectively. Deposition temperatures were varied between 160 °C and 220 

°C in order to elucidate the effect of deposition temperature on ZnO’s 

transport properties.II,III 

 

5.1 Chemical Composition and Structure 
 

X-ray fluorescence and optical reflectivity measurements were performed 

to verify the incorporation of aluminum and phosphorus into the ZnO 

films. The XRF analysis showed the presence of the intended dopants in all 

the films, and there was a clear correlation between the XRF signals and the 

nominal concentration of the dopants. In the case of Al, especially at higher 
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dopant concentrations, there was more Al incorporated into the film than 

would be expected from the deposition program. This is due to a 

combination of two factors, namely the etching of existing ZnO film by the 

TMA precursor pulses as well as the fact that aluminum oxide layers have 

been observed to hinder the growth of the subsequent ZnO layers.87 

Therefore, the doping percentages discussed in this work signify the 

nominal dopant content rather than the exact amount present in the films. 

Optical reflectivity measurements were used to evaluate the doping 

efficiency in a series of samples before performing more detailed transport 

property measurements. The reflectivity measurements for a series of Al- 

and P-doped ZnO films deposited at different temperatures are displayed in 

Figures 6 and 7. The appearance and shift to higher energies of the Drude 

edge is clearly visible in the reflectivity spectra for both dopants, although 

the effect is much more pronounced for P doping, indicating a higher 

degree of doping. The more subdued effect seen with Al doping at lower 

deposition temperatures could be a sign of less efficient doping, but the fact 

that ZnO itself, when deposited with ALD, has lower resistivity and hence 

higher carrier concentration at higher deposition temperatures likely plays 

a role here as well. Nonetheless, based on the reflectivity results, the 

emphasis of the transport property measurements of ZnO:Al films was 

placed on the films deposited at 220 °C due to the clearer doping effects. 

For P-doped ZnO, one of the objectives was to achieve p-type doping, so 

measurements were done mainly on the films deposited at 160 °C, where 

the intrinsic n-type doping of ZnO would be less significant.II 

 

 

Figure 6  Reflectivity spectra for a series of Al-doped ZnO films.II 
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Figure 7  Reflectivity spectra for a series of P-doped ZnO films.II 

 

GIXRD analysis of the doped film structures (Figure 8) revealed no 

changes in peak positions compared to pure ZnO, meaning that the lattice 

parameters were unchanged by the inclusion of dopants. There was, 

however, an effect on the relative intensities of the three main diffraction 

peaks of ZnO, i.e. the (100), (002) and (101) peaks. This could be a sign of 

increased grain orientation in the films, but one should not read too much 

into this, since the nature of the GIXRD measurement means that grain 

orientation cannot be reliably inferred from peak intensities, even though 

the change is systematic, especially in the case of P doping.II 

 

 

Figure 8  GIXRD patterns for doped ZnO showing variations in the diffraction intensities.II 
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5.2 Thermoelectric Properties 
 

Both Al and P doping predictably resulted in the reduction of the Seebeck 

coefficient and resistivity values of ZnO as the carrier concentration was 

increased. Room-temperature values for both properties compared to the 

nominal dopant concentrations are presented in Figure 9. Both dopants are 

quite effective in increasing ZnO’s carrier concentration with relatively 

large effect observed for low concentrations, followed by a more linear 

trend as the dopant concentration increases. The highest carrier 

concentrations for both Al and P were obtained at around 5 at.% doping, 

after which no further increase was observed, indicating that the solubility 

limit of the dopant into ZnO had been reached.II 

 

 

Figure 9  Room-temperature values for the Seebeck coefficient and resistivity of Al- and P-
doped ZnO. Circles represent Al-doped ZnO deposited at 220 °C and triangles represent P-
doped ZnO grown at 160 °C, while filled and empty symbols designate Seebeck coefficient 
and resistivity, respectively. 

 

Using the values from Figure 9, the power factors for both dopants were 

calculated and are collected in Table 1. Aluminum was found to be more 

effective in improving the thermoelectric performance of ZnO with a high 

value of 0.052 mW/K2m calculated for the film containing 2 % aluminum, 

compared to 0.016 mW/K2m for the corresponding undoped ZnO film. P 

doping, on the other hand, reached a high of 0.019 mW/K2m, although the 

corresponding ZnO film deposited at 160 °C only gave a power factor of 

0.003 mW/K2m. The improvement of the power factor with both dopants is 

based on the greatly reduced electrical resistivity that compensates for the  
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Table 1  Power factor values for Al- and P-doped ZnO films calculated from data in Figure 9. 

Al doping [%] 
Power factor 

[mW/K2m] 
P doping [%] 

Power factor 

[mW/K2m] 

0 0.016 0 0.003 

0.5 0.025 1 0.016 

1 0.024 2.5 0.019 

2 0.052 5 0.009 

 

reduction in the Seebeck coefficient. Whether the doping would lead to an 

offsetting increase in thermal conductivity as well cannot be determined 

due to the difficulty of measuring thermal conductivity of thin films, but the 

significant increase observed in the power factor is very encouraging. The 

power factor values obtained for the Al-doped films are in the range 

typically reported for Al-doped ZnO thin films, although there is quite a lot 

of variation in the literature values owing to differences in deposition 

technique, deposition conditions and Al content, among other factors. 

Nevertheless, typical room-temperature values for the power factor of Al-

doped ZnO films can be estimated to be 0.01-0.15 mW/K2m, although 

values as high as 0.4 mW/K2m have been reported.51,61,93 There are no 

reports of the thermoelectric properties of P-doped ZnO to compare 

against, but the improvements observed in this work demonstrate that 

phosphorus is a viable dopant for the thermoelectric performance of ZnO. 

An effort was also made to induce p-type conductivity in the P-doped ZnO 

films by subjecting the films to rapid thermal annealing (RTA) treatments 

for 10 minutes at a temperature range of 600-850 °C in air, as this has been 

reported to led to p-type conductivity in previous studies.91,92 However, 

none of the treatments within this study was successful. All the RTA-treated 

ZnO:P samples resulted in films with extremely high resistivities, high 

enough that our Seebeck coefficient measurement system was unable to 

give any results at all. It is difficult to say for sure why the RTA-treatment 

did not work, but a strong possibility is that the annealing, even though it 

was only for a short time, caused the elimination of the intrinsic defects or 

impurities causing the high n-type carrier concentration of ZnO, resulting 

in a high resistivity value. This elimination of the n-type carriers should be 

necessary for achieving p-type conductivity, but the chemical species 

necessary for the generation of p-type carriers did not form in our ZnO:P 

films, and no p-type conductivity was observed. 
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6. ZnO-Organic Superlattice 
Structures 

The combination of ALD and MLD has been used to fabricate a number of 

different hybrid inorganic-organic structures, and as the potential of these 

thin films for various applications is realized the number of studies on them 

is sure to increase dramatically. A variety of different organic precursors 

including ethylene glycol, nylon, hydroquinone, 4,4’-oxydianiline and 

several others have already been shown to be suitable for the deposition of 

hybrid thin films with ALD/MLD.65-74 However, the emphasis in previous 

studies has been on the fabrication of hybrids with a 1:1 ratio of organic and 

inorganic layers or on so-called nanolaminates, where the ratios are varied 

to obtain thicker “blocks” of inorganic and hybrid layers stacked on top of 

each other. The ALD/MLD technique is also very well suited for the 

fabrication of hybrid superlattice structures, where single layers of the 

organic component are sandwiched between thicker layers of the inorganic 

component. These types of structures can have a huge effect on the 

material’s thermoelectric properties, which has been demonstrated for 

inorganic superlattices,25 but also predicted for hybrid superlattices.75 

Specifically, the fabrication of hybrid superlattices where the separation 

between organic layers is less than the mean free path of phonons (typically 

around 100 Å) would inhibit phonon transport and the consequent 

decrease in lattice thermal conductivity would improve the figure of merit 

of the material. 

In this study, three different organic precursors were used in conjunction 

with the ZnO ALD process to fabricate hybrid superlattice films: 

hydroquinone (HQ), 4-aminophenol (AP) and 4,4’-oxydianiline (ODA). The 

precursors were chosen for their relatively simple structures and because of 

the expected rigidity of the benzene ring that is present in all the 

compounds. Hydroquinone can be described as a benzene ring with two –

OH groups at opposite sides of the ring, while 4-aminophenol is identical 

except for an –NH2 group replacing one of the –OH groups, and 4,4’-

oxydianiline can be thought of as two 4-aminophenol rings joined at the  
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–OH group ends of the molecules. Illustrations of the organic precursors 

are presented in Figure 10. 

 

 

Figure 10  Chemical structures of the organic precursors used in the hybrid depositions. 

 

The intention was that the –OH and –NH2 groups at the ends of the 

molecules would react first with the Zn-OH surface and then the following 

DEZ pulse to form a distinct single organic layer within the ZnO film. The 

deposition temperature was fixed at 220 °C to obtain a higher conductivity 

for the ZnO phase and ZnO to organic layer ratios between 199:1 and 14:1 

were deposited. The depositions were performed with the F-120 reactor and 

precursor temperatures for HQ, AP and ODA were 120 °C, 111 °C and 153 

°C, respectively.IV,VI 

 

6.1 Characterization of the Organic Layers 
 

The fabrication of hybrid superlattice structures was successful with all the 

tested organic precursors, as was confirmed through XRR analysis. Figure 

11 shows the XRR patterns of a number of ZnO:HQ thin films, where the 

characteristic peak patterns of superlattice structures are clearly visible. 

Moreover, considering that all depositions consisted of 600 ALD cycles, the 

number of smaller peaks visible between the superlattice peaks exactly 

matches the intended structure for ZnO:HQ ratios between 99:1 and 49:1. 

The presence of a superlattice is clear for the other ratios as well when 

compared to the pattern of pure ZnO, even though signal noise makes it 

impossible to count the number of peaks. ZnO:AP and ZnO:ODA films gave 

the same results, i.e. superlattice structures were evident in all samples and 

for the most part they matched the intended periodicity.IV,VI 
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Figure 11  XRR patterns of ZnO:HQ thin films showing the presence of superlattice 
structures.IV 

 

The XRR analysis could not tell anything about the nature of the 

superlattice layers, so to confirm that the organic precursors formed the 

intended layers FTIR spectroscopy was used. For this purpose, in order to 

increase the intensity of the organic absorption peaks, films with a 3:1 ZnO 

to organic ratio were prepared on Si substrates. The resulting FTIR patterns 

are presented in Figure 12.VI 

 

 

Figure 12  FTIR spectroscopy patterns of hybrid ZnO films with a 3:1 ZnO to organic 
ratio.VI 
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All the hybrid films show a similar FTIR pattern with a prominent 

benzene ring absorption peak at about 1500 cm-1 in addition to peaks from 

C-O, C-H and Zn-O bonds. The ZnO:HQ samples give by far the strongest 

absorption peaks, but all patterns clearly show the expected peaks. There is 

no sign of C-N or Zn-N peaks in the ZnO:AP and ZnO:ODA patterns, but 

these peaks would be expected to be found very close to the C-O and Zn-O 

peaks, so they could have merged together. 

There is also a very wide absorption peak in all the patterns at around 

2500 – 3500 cm-1, which is typical of O-H bonds. This could come from 

atmospheric moisture reacting with the films or from the presence of 

unreacted –OH groups at the interface between the organic and inorganic 

layers. In fact, films with very high organic layer concentrations were found 

to be unstable in air, presumably reacting with atmospheric moisture. 

However, to avoid this, 20 additional layers of ZnO were deposited on top 

of the films made for FTIR analysis and the measurements were performed 

immediately after removal from the ALD reactor, so there would not seem 

to be enough time for significant amounts of atmospheric moisture to react 

with the films. Therefore, the O-H bonds are thought to be unreacted –OH 

groups at the inorganic-organic interfaces. 

 

6.2 Thermoelectric Properties 
 

The effect of the organic layers on the thermoelectric properties of ZnO was 

investigated at room temperature by measuring their Seebeck coefficients 

and resistivities. The obtained values are plotted in Figures 13 and 14. The 

effects from the organic layers all have the same trend, but their magnitude 

differs somewhat. All of them have a limited effect at low concentrations of 

organic layers and cause a small dip in the Seebeck coefficient and 

resistivity values before effecting a significant rise in both values. The 

observations are consistent with an initial rise in carrier concentration 

followed by a larger decrease. The most probable cause here is that the 

introduction of organic layers into the ZnO structure increases the number 

of impurities or vacancies in the ZnO lattice, thereby increasing the carrier 

concentration slightly. This effect would be offset at higher organic layer 

concentrations by the obvious hindrance caused to electron transport by 

the organic layers. More surprising is the large difference between the 

values of ZnO:HQ and ZnO:AP films, considering that the organic 

precursors differ by only one functional group.VI 
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Figure 13  Room-temperature Seebeck coefficient values for the hybrid ZnO films.VI 

 

 

Figure 14  Room-temperature resistivity values for the hybrid ZnO films.VI 

 

The effects of the organic layers on the power factor of ZnO varied 

depending on the precursor: AP resulted in an increasing trend, HQ gave 

relatively stable values, and ODA displayed a generally decreasing trend. 

However, these effects were quite small and the trends relatively unclear, so 

the main benefit from the organic layers is expected to come from a 

reduction in the material’s thermal conductivity. 
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6.3 Hybrid Superlattices of Al-doped ZnO 
 

In order to investigate the combined effects of organic layers and inorganic 

dopants on the thermoelectric properties of ZnO, a series of depositions 

was performed on the R-100 reactor where layers of hydroquinone and 

aluminum oxide were inserted into the ZnO film at fixed intervals. The 

deposition temperature was again 220 °C, and a precursor temperature of 

160 °C was used for HQ. The chemical formula of the films could be 

described as Zn1-2xAlxHQxO, where x stands for the proportion of TMA/H2O 

or HQ cycles out of the 600 ALD cycles deposited. An additional 5 cycles of 

ZnO were also deposited on top of the film as a capping layer to avoid any 

unforeseen effects from having an aluminum oxide layer at the very top of 

the film. As a result, the x values reported are slightly higher than the actual 

dopant layer proportions, but the error was not judged to be significant 

enough to warrant adjustment of the values in the following figures.V 

Formation of the superlattice structure was observed from the organic 

layers as normal, as can be seen from the XRR patterns shown in Figure 15. 

The patterns look somewhat different from the ones in Figure 11, but the 

superlattice peak patterns are clearly visible and closely match the intended 

number of organic layers in the film. It is also noteworthy that the 

aluminum oxide layers did not cause the appearance of additional peaks in 

the superlattice peak patterns, as was expected from the assumption that Al 

would neatly fit into the ZnO lattice and thus would not cause a distinct 

layer to form in the structure.V  

 

 

Figure 15  XRR patterns of a series of Zn1-2xAlxHQxO films. The inset picture shows the 
determination of the number of superlattice repetitions, N, from the x = 0.01 sample.V 



 

31 
 

 

The stability of the organic layers at high temperatures was also tested by 

taking the x = 0.01 sample and heating it for 1 hour at a time at 

temperatures ranging from 300 °C to 700 °C and checking its XRR pattern 

for any changes. The resulting XRR patterns are pictured in Figure 16. The 

patterns show little change until the heating temperature reaches 500 °C, 

and even after 500 °C the superlattice peak patterns are still visible until 

650 °C, although they are no longer as prominent as they were originally. 

Whether the organic layers are still present in their original state after 

heating at temperatures above 500 °C cannot be said from the XRR 

patterns alone, but judging from the nearly unchanged patterns obtained 

until 450 °C, it seems that the ZnO layers provide a significant 

improvement for the high-temperature stability of the hydroquinone layers, 

as they would be expected to burn in air at temperatures well below 450 

°C.V 

 

 

Figure 16  XRR patterns of the x = 0.01 sample after heating in air for one hour at a range 
of temperatures.V 

 

The effects of the aluminum and hydroquinone layers on the 

thermoelectric properties of ZnO were investigated by measuring the films’ 

Seebeck coefficient and resistivity values, which both showed a similar 

trend. The room-temperature values for both properties are shown in 

Figures 17 and 18. The combined effect of Al dopants and HQ layers results 

in Seebeck coefficient and resistivity values very close to those of Al-doped 

ZnO, with the organic layers causing an increase in both values only as x 
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reaches 0.02. In fact, the Seebeck values of the Zn1-2xAlxHQxO films in 

Figure 17 are consistently slightly lower than with Al-doping alone, 

indicating a higher degree of carrier doping into the film.V  

 

 

Figure 17  Room-temperature Seebeck coefficients for Zn1-2xAlxHQxO films.V 

 

 

Figure 18  Resistivity values measured at room temperature for Zn1-2xAlxHQxO films. 

 

Using the data in Figures 17 and 18, the power factor was calculated for 

the Zn1-2xAlxHQxO films (Table 2), and a generally decreasing trend was 

observed as x was increased. Therefore, the combination of Al doping and  
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Table 2  Power factor values calculated for the Zn1-2xAlxHQxO films. 

x 
Power factor [mW/K2m] 

Al HQ Al + HQ 

0 0.018 0.018 0.018 

0.005 0.028 0.015 0.014 

0.01 0.022 0.018 0.018 

0.0167 0.028 0.027 0.010 

0.02 0.048 0.019 0.007 

 

HQ layers does not result in a cumulative improvement in the power factor, 

but instead has a detrimental effect.  Overall, the interplay of the organic 

layers and Al dopants was not as simple as was expected, and the tested 

range of compositions was relatively small, so there is a lot of room for 

improvement here. The data on the Zn1-2xAlxHQxO films suggests that 

keeping the organic and Al dopant contents equal might not be ideal, and 

ZnO:HQ films with high concentrations of organic layers could benefit from 

a little Al doping. 

Comparison of just the power factors would suggest that hydroquinone is 

not as effective as aluminum in improving the thermoelectric performance 

of ZnO, but this does not take into account the effect the organic layers have 

on the thermal conductivity of the material. This effect could be highly 

significant, because once x reaches 0.02 the separation between layers of 

HQ (about 49 layers of ZnO/aluminum oxide, or ~9-10 nm) reaches the 

scale where phonon transport is expected to be inhibited by the organic 

layers. The resulting decrease in lattice thermal conductivity would 

significantly improve the thermoelectric figure of merit of the hybrid 

materials. Inorganic superlattices of ZnO have been shown to cause a 

reduction in thermal conductivity of up to one magnitude,46 and there is no 

reason why the organic layers would not result in equally great reductions. 

Unfortunately, due to the extremely challenging nature of reliably 

measuring the thermal conductivity of thin films, a reduction in thermal 

conductivity resulting from the organic layers could not be experimentally 

verified. 



 

34 

7. Conclusions 

In this work, atomic layer deposition was used for the first time to study the 

effects of inorganic dopants as well as hybrid inorganic-organic superlattice 

structures on the thermoelectric properties of ZnO thin films. The inorganic 

dopants were observed to improve the power factor of ZnO in a predictable 

way, with Al turning out to be more effective in improving the 

thermoelectric performance of ZnO. The first successful fabrication of 

hybrid superlattice structures of ZnO was demonstrated with three different 

organic precursors, and all were found to have a similar, slightly non-linear 

effect on the thermoelectric properties of ZnO. The combination of Al 

doping and hybrid superlattice layers, however, did not result in a 

cumulative improvement in the power factor of ZnO, resulting instead in 

somewhat decreased performance. Still, there is a lot of promise in 

combining inorganic dopants and organic layers to improve the 

thermoelectric performance of ZnO, as there is a great variety of dopant 

substances and amounts that could lead to a positive effect on the power 

factor. Moreover, considering the strong possibility that the organic layers 

will cause a reduction in the lattice thermal conductivity of ZnO films, 

appropriately spaced hybrid superlattices might be by themselves enough 

to bring about a significant improvement in the figure of merit of ZnO. 

The fabrication of the hybrid superlattice structures is also interesting 

from a theoretical viewpoint, as these types of structures have been 

researched very little so far. The observed non-linear effects on the 

transport properties of ZnO could be the result of the organic precursors 

affecting the impurities or defects causing ZnO’s unique intrinsic carrier 

doping. Perhaps the organic precursors do not form a complete layer or 

hinder the growth of subsequent ZnO layers with the result of additional 

defects that cause the observed slight increase in carrier concentration, 

which is then offset at higher concentrations by the increased hindrance to 

electron movement. Further study will be required to fully elucidate the 

interaction of the inorganic and organic phases in hybrid superlattice 

structures. 
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The priority for further studies on the thermoelectric properties of hybrid 

thin films should be in determining the effect of the organic layers on the 

thermal conductivity of the films. If the anticipated phonon hindering effect 

is real, there could be significant improvements in the figure of merit of 

ZnO, and this would have implications for the nanostructuring of other 

thermoelectric materials as well, since there is no reason why the organic 

layers would not have the same effect on a number of other materials. A 

wealth of different organic molecules and their combinations with various 

inorganic dopants remain to be investigated in this regard, and hybrid 

materials could end up having a large contribution to the field of 

thermoelectric materials research. 
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