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1. Introduction 

Today’s world is undergoing a transformation driven by the need to reduce waste and air 
pollution all over the planet. The problem reaches into every aspect of our society and even 
small contributions combine to improve the situation. Waste heat is one of the main 
contributors to pollution in the world today. A major part of the energy that is produced is 
dissipated as heat is generated when machines or electronics generate work. Up to 79% of the 
energy produced for household use is used for ambient and water heating while in the industry, 
around 70% of the energy goes into heating spaces and equipment. Reducing both energy 
demand and waste as well as utilising fewer polluting materials will directly affect the needed 
energy, lowering the energy production need to further reduce the pollution.  

When producing and utilising energy, the recovery of waste heat is one of the easier solutions 
that will help to achieve the goal of waste reduction. Cogeneration is the method used during 
energy production to improve efficiency and directly reduce waste heat.1,2 Even when the 
process is as efficient as possible, some heat will always be dissipated by hot surfaces. 
Thermoelectrics are materials that can convert a temperature difference into electricity, 
effectively recuperating the otherwise wasted heat. Most of the thermoelectric materials are 
bulk ceramics, typically operating at high-temperature gradients to maximise heat conversion. 
These materials (Bi2Te3, SnSe, SiGe, In4Se3, etc.)3 find use in devices of varying sizes applied to 
industrial exhausts,4,5 automotive6,7 and down to portable devices.8 High conversion efficiency 
cannot be achieved with thermoelectrics, the best materials can achieve around 15% 
efficiency.3,9 Any heat that is recovered contributes to the total reduction of the waste and, cost 
permitting, should not be disregarded.  

Traditional bulk thermoelectrics are not easily scaled to small dimensions and are typically 
not flexible. The use of small, flexible, and potentially transparent thermoelectric materials 
could find applications in low power, wearable electronics. Flexibility and small dimensions 
require a different approach than bulk fabrication, creating the need for thin films. Thin films 
are a layer of material in the μm or nm range deposited directly on a substrate. The small 
thickness allows for the miniaturization of devices, exploits novel properties of materials, and 
enables flexibility and process integration with semiconductor electronics. The most ambitious 
use of thin films to fabricate thermoelectrics is found in devices on textiles that harvest human 
body heat to produce electricity. To fabricate such devices, the thermoelectric material needs 
to be deposited all around the single fibres. Many different techniques are used, from liquid-
phase for organic polymers10–12 to gas-phase chemical deposition for both inorganic and 
organic materials. Atomic layer deposition (ALD) is the gas phase technique of choice in this 
thesis work because of the flexibility that it offers when coating a wide variety of substrates 
with both inorganic and organic films. 
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The unique characteristics of ALD are exploited in this thesis work to deposit thermoelectric 
thin films as well as barrier coatings. The possibility to deposit on novel substrates can be 
utilized to reduce waste and to enable cost reduction and personalised fabrication of 
equipment. The same conformality needed to coat fibres will come in use in different 
applications, one example being the coating of porous and uneven 3D printed plastics, which 
is the focus of the second part of this thesis work. The use of additive manufacturing to produce 
laboratory equipment can reduce both cost and waste since only the needed material is used.13 
Previous examples of the use of 3D printing to produce laboratory equipment exist, while there 
are only a few studies published on the investigation of vacuum compatible 3D printed tools.14–

18 The main issue that prevents 3D plastic materials from being used in a vacuum environment 
is the degassing, an even larger issue at higher temperatures. The degassing is caused by the 
high porosity of the printed material that will trap atmospheric gasses. When used in a vacuum 
environment, these gasses will leave the material, causing both pressure rise and potential 
contamination of the vacuum chamber. The printed part could be coated with a commercial 
vacuum seal,18 but ALD is looking like the better option as gas diffusion limiter19,20 that can be 
deposited at low temperature21,22 on polymers.23  

The leading ambition of this thesis is to investigate and demonstrate the use of ALD processes 
in novel applications that fully utilise the strengths of the technique. A slightly modified version 
of the technique, known as molecular layer deposition (MLD), is utilised for the deposition of 
organic films. The combination of ALD and MLD is used to fabricate novel inorganic-organic 
hybrid materials and to coat a variety of substrates, with the films acting as thermoelectrics 
and barrier layers. The materials that are employed are different depending on the application; 
AlOx is used as the barrier layer while ZnO serves as an example of a thermoelectric material. 
The barrier properties would open the possibility for 3D printed plastics to be used in a vacuum 
environment with the ALD layer limiting the natural degassing of the material. The 
thermoelectric properties of the ZnO could be improved by creating a hybrid inorganic-organic 
material and the possibility to coat a wide range of substrates will be used to fabricate flexible, 
transparent, and wearable thermoelectric devices. 

 

Figure 1. Unique characteristics of ALD and MLD; the ones specifically utilized in this 
work are marked in red.  
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2. Thermoelectrics 

In this chapter, a general overview of the theory behind thermoelectricity is presented, 
followed by a look into ZnO as a thermoelectric material and the general principle of 
thermoelectric devices. 

2.1 Thermoelectricity in short 

When a difference of temperature is applied to a junction between two different electrical 
conductors, a current is generated with the charge carriers (electrons) moving from the hot to 
the cold side. The two materials are called a thermocouple with the voltage generated is 
proportional to the temperature difference. The effect is called the Seebeck effect after Thomas 
Seebeck who discovered it in 182224. The opposite effect is named after Jean Peltier with the 
discovery dating back to 1834.25 The Peltier effect happens when an electrical current is applied 
to a thermocouple forming a temperature difference between the two sides of the material.  

The efficiency of these effects is rather low because of the irreversible Joule heating that 
happens when a current is flowing through the materials. With the introduction of 
semiconductor thermoelectrics, the efficiency of thermoelectric generators has been increasing 
while remaining relatively low, with the best performing materials converting up to 15-20 % of 
the thermal energy into electricity9 but with a typical device the efficiency usually being around 
5%.26  

The Seebeck coefficient (S) is defined as: 

 

when the temperature difference ΔT is small, ΔV is the generated voltage. If the sign of the 
Seebeck coefficient is positive, then the hot side of the material has the lower voltage. The 
Seebeck coefficient is dependent on both carrier concentrations and effective mass of the 
carrier, creating a situation where low carrier concentration would result in a high S but with 
small electrical conductivity. Carrier concentration ( ) relates to the electrical conduction ( ) 
according to 

                                                                             (2) 

with  being the carrier mobility. A wide range of effective masses and mobility can result in 
good thermoelectric materials like Oxides (low mobility – high effective mass) or 
Semiconductors like SiGe (high mobility but low effective-mass).  

The best compromise between thermopower and electrical conductivity is obtained when the 
thermoelectric material (TE) has the highest figure of merit  defined as: 
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with  being the thermal conductivity.27 From here, we can see that metals cannot be good 
thermoelectrics because, even though the electrical conductivity is high, so is the thermal 
conductivity resulting in a lower figure of merit. The peak of zT will fall in carrier 
concentrations around 1019 – 1021 found in heavily doped semiconductors. The  part of the 
zT is called power factor (PF) that is not dependent on the thermal conductivity. Using this 
value makes the discussion easier when the thermal conductivity is hard to measure, as the PF 
value often provides us with gives a good first indication of the thermoelectric performance of 
the material. 

The thermal conductivity  is the sum of two different contributions:  from electrons and 
holes transporting the heat and  from heat carried by phonons across the crystal lattice. The 
electronic part of k is defined as 

 
where L is the Lorenz factor (2.4 x 10-8 J2K-2C-2 for free electrons). This component of k is 
dependent on carrier concentration and mobility. The second part of the thermal conductivity 

 is the lattice thermal conductivity, higher phonon scattering in the crystal lattice 
will reduce its conductivity.27 

The room temperature figure of merit that can be achieved by the best materials is around 
0.8 – 1 for bismuth chalcogenides such as bismuth telluride (Bi2Te3) and bismuth selenide 
(Bi2Se3). The zT of these materials can be further improved by combining both materials as an 
alternating layer structure to achieve values of zT in the 2.5 range.28 Being inorganics, bismuth 
tellurides can be produced both as single crystals with higher thermoelectric performances and 
as multicrystalline with better mechanical properties. Other compounds that can achieve zT 
around or higher than 1 are other tellurides (PbTe, zT~1.5),29 Mg - group IV elements 
compounds (Mg2Si0.55−xSn0.4Ge0.05Bix, zT~1.4),30 inorganic clathrates (Ba8Ga16Ge30 zT~0.7 and 
Ba8Ga16Si30 zT~0.87),31 skutterudites (Co1−xNix(Sb1−yTey)3 zT~0.65),32 Half-Heusler alloys 
(Hf0.75Zr0.25NiSn0.99Sb0.01 zT~1) and Oxide thermoelectrics (epitaxial SrTiO3 films zT~2.4, 
layered Ca3Co4O9 zT~1.4-2.7 as well as more recent additions such as ZnO).33 

2.2 Zinc oxide as a thermoelectric material

Zinc oxide is a II-VI semiconductor with several interesting properties utilised in a wide variety 
of fields. It is transparent, cheap and from abundant elements, non-toxic and stable in air at 
high temperatures. The direct bandgap of ZnO at room temperature is 3.37 eV making it 
transparent to visible light and hence paving the way to applications in the near-UV spectrum 
optoelectronics, while so-called MEMS (microelectromechanical systems) devices and sensors 
utilise the piezoelectricity property of ZnO.  

Undoped ZnO exhibits a natural n-type electrical conductivity that, while debated in the 
literature, seems to be created by interstitial impurities, such as hydrogen, incorporated during 
synthesis.34,35 This strong n-type conductivity makes the fabrication of p-type ZnO a challenge, 
mostly in the stability of the material.36 There are examples in the literature of p-type ZnO 
being produced with a variety of techniques,37 and few examples are also found using ALD to 
deposit nitrogen-doped p-type ZnO.38–40 The difficulty of producing p-type ZnO limits the 
application of the material in n-p junctions. The crystalline structure is affecting both electrical 
and thermal conductivity and, especially in thin films, it is mainly dependent on the deposition 
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temperature. In ALD, the ZnO films are mostly deposited as polycrystalline, and a preferred 
orientation is always present with the <002> orientation being dominant at deposition 
temperatures lower than 70 °C and higher than 220 °C while the <100> dominates at 
temperatures in between.41 These orientations can also be modified with different deposition 
parameters but in a smaller degree compared to the temperature. Since many properties of the 
material depend on the crystallite orientation in the film, temperature plays an essential role 
in defining the performances for the ZnO films as a thermoelectric material. Bulk thermal 
conductivity of ZnO is around 0.6 Wcm−1K−1, while a thin film will have a κ around 40 
Wcm−1K−1 that can be reduced by changing the lattice structure of the material42 or by 
nanostructuring the material.43 The introduction of periodically repeated organic layers in the 
film can bring the thermal conductivity down to values lower than 5 Wcm−1K−1.44–46 The 
naturally n-type conductivity of ZnO can be enhanced by doping, in particular with 
aluminium,44,47,48 while also decreasing the thermal conductivity.44  

2.3 Thermoelectric devices 

A typical thermoelectric generator is built with several thermoelectric couples each composed 
of an n-type and a p-type conductor connected in series perpendicularly to the temperature 
difference.  

In the thermoelectric couple presented in Figure 2. , the charge carriers are moving from the 
hot side to the cold side accumulating a charge (- for the n-type material and + for the p-type 
material) thus creating a voltage in the material. The couples are thermally connected in 
parallel with the temperature difference providing the voltage ( ). The power output is 
determined by the current flow that is created by the heat flow. A high ΔT will generate a higher 
voltage, and lower thermal conductivity will maintain a high ΔT. To improve the power output, 
the electrical current needs to increase and, for that to happen, the electrical conductivity – or 
resistivity,  – needs to be low. The electrical current is dependent on the heat flux 
through the material as well as the Resistance of the device. 

Figure 2. Schematic of a thermoelectric device. Temperature difference is 
generated in the vertical direction. Electricity that is generated in the material is
moving top to bottom and then on the opposite side in the other material so the 
current flow in the device moves in the longitudinal direction. 
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The efficiency of thermoelectric devices (ZT, device figure of merit) is not only dependent on 
the different zT of the materials because the material properties found in Equation 3 are 
dependent on the temperature (i.e. ,  and ). Devices using materials with high zT (such as 
Bi2Te3 with 1.1) might result in a ZT of 0.7.27 The efficiency of a thermoelectric generator η is: 

 

with the maximum efficiency being limiter by the Carnot efficiency (ΔT/Th, the subscripts h 
and c indicating the hot the cold respectively). The zT of the material needs to be tuned to have 
the highest average over the ΔT of the operating device. Compatibility issues emerge when 
different materials are combined in a device; the zT of both materials is combined in the device 
ZT at the operating ΔT. Materials with lower average zT but higher compatibility will result in 
a more efficient device. The use of ZnO for both p- and n-type legs of the device would improve 
the ZT since the zT of the materials will have similar behaviour and high compatibility. 

A wide variety of thermoelectric devices are in use today, from big, bulk-material based 
devices for industrial and automotive heat recovery to small and flexible thin-film based 
devices.49 Wide use of the thermoelectric effect is found in cooling with Peltier devices, mostly 
known in small and portable refrigerators. The focus of this work is on the thin, flexible, and 
wearable devices so some examples of the state of the art are presented below. 

A thin film based device can be based on both inorganic and organic materials. Traditional 
ceramic bismuth-telluride-based alloys are deposited by evaporation on a flexible substrate50, 
while organic thermoelectric materials material such as poly(3,4-ethylene dioxythiophene) 
polystyrene sulfonate (PEDOT:PSS) can be deposited with a roll-to-roll method to improve 
production speed and volume.51 Few examples of thermoelectric devices deposited on textiles 
are found in the literature, utilising both inorganic and organic materials. Ceramics bismuth 
tellurium (Bi1.8Te3.2) and antimony tellurium (Sb2Te3) based thermoelectric materials are 
deposited by screen-printing on textiles. The substrate in this device is not integrated in the 
active part since the TE materials are deposited on the top of the textile and not around the 
fibres. The performances are quite good compared to other TE devices on textiles with a 
maximum power output of 2 μW at 20°C ΔT.52 An example of a device with a rather large power 
output was presented by Lee et al.53 where electrospun polymeric fibres are coated with Bi2Te3 
and Sb2Te3 as the n- and p-type materials, respectively. The fibres were then woven into a 
textile to make a device that can output up to 8.6 W m−2 at a ΔT of 200 °C. This example shows 
that textile thermoelectrics can reach high power output when working at a relatively high 
temperature.  

When organic thermoelectric materials are used, the performances are usually lower. This is 
due to both the zT of the materials as well as the lower amounts that can coat the fibres. P and 
n-type materials are available and can be used in the same device. The device is assembled with 
precoated yarns, the p-type material is poly(3-hexylthiophene) or P3HT and the n-type is 
([6,6]-phenyl-C61-butyric acid methyl ester) or PCBM. The power generated by this device is 
around 0.2 nW while it is estimated by the authors that a power up to 2 μW could be achieved 
when scaling up the device.54,55 Slightly higher power was reached by the device fabricated by 
Chen et al.56 on the chest area of a t-shirt. The device consisted of 48 thermoelectric units 
occupying an area of 275 × 205 mm2. The voltage that was generated was 0.979 mV in a low-
temperature gradient environment (1-2 °C) with a power output of 2 nW. 
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3. Atomic Layer Deposition 

Atomic layer deposition (ALD) is a gas-phase thin film deposition technique based on the 
subsequent chemical reactions of two or more precursors on the surface of the substrate. It was 
invented independently by Tuomo Suntola in Finland in 197457 and by Aleskovskii and Koltsov 
in Russia in the ‘60.58 The first applications of ALD- or ALE (atomic layer epitaxy) as it was 
called at the time – were in the fabrication of electroluminescent (EL) flat panel displays in 
Finland during the ‘70s.59,60 The independent invention of a similar technique in the Soviet 
Union in the 60s, called molecular layering (ML), was not known to the western world until 
recently.61 The use of ALD was limited to the EL panels and research for a few decades during 
which it started to be also used for photovoltaic panel production. The interest in ALD from 
the semiconductor manufacturers started to appear during the ‘90s and 2000s.60 When new 
materials such as the dielectric HfO2 became fundamental for the advancement of the 
semiconductor industry,62–65 so did ALD.66,67 The push for thinner films,68–70 3D structures71,72 
and high aspect ratio structures73–75 contributed to the establishment of ALD as a necessary 
technology in the semiconductor industry as a result of the control of sub-nm thickness, film 
composition and conformality of the deposition on challenging high aspect ratio structures. 
The extensive number of possible films that ALD can deposit on a wide range of substrate 
promoted the expansion of the technology to many different fields other than IC production. 
ALD is used in MEMS to deposit solid lubricant,76 dielectric77 and protecting layers.78,79 Often 
the structures involved in MEMS fabrication are complicated and not simply planar, e.g. 
microbridges80 that can easily be coated by ALD. The barrier properties of ALD coatings are 
extensively used in industrial coatings20,81–83 as well as OLED displays84–86 and also find use in 
the cosmetic industry coating nanoparticle with UV-absorbing ZnO.87 

ALD is a modified version of chemical vapour deposition (CVD) with the main difference 
found in the sequential flowing of the precursors to the deposition chamber typical of ALD. In 
CVD, all the precursors flow into the chamber contemporaneously with reactions constantly 
happening on the surface of the substrate, where the film grows. In ALD, the precursors are 
kept separated and are never in the chamber at the same time. The precursors are pulsed in 
the chamber alternatively with a purging phase in between. For a standard ALD deposition, 
the sequence will be formed by flowing the precursor A in the chamber – purging the chamber 
– flowing precursor B – and purging again, completing an ALD cycle. Additional precursors 
can be added to expand the deposition chemistry and deposit more complicated materials.88,89 
The process is optimized for sequential deposition of non-self-reactive precursors with tuned 
chemistry to maximise reactivity toward the active groups on the surface while being stable in 
the gas phase.  
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3.1 ALD cycle and process parameters 

The time during which the precursor is let to flow into the deposition chamber is called pulse 
time. During this time - tuned according to several factors such as precursor reactivity, 
chamber design and carrier gas flow - the precursor is reacting with the active sites on the 
substrate’s surface, ideally forming a complete monolayer90 when all the active sites have been 
reacted with. The new active sites cover the surface and are ready to react with the next 
precursor. A purge of carrier gas (usually nitrogen) will then flush the chamber to remove all 
unreacted precursor and deposition products. This step is crucial to ensure the absence of side 
reactions in the gas phase between the two precursors. After a sufficiently long purge, the 
second precursor is pulsed in the chamber, forming a new monolayer. After another purge, the 
cycle is complete and a layer of the final material is formed, see Figure 3.  

Depending on the reactivity of the precursors and substrate morphology, the formation of a 
single atomic layer might require more than an ALD cycle. This is particularly true for the 
initial growth of the film on the substrate.22,91,92 The initial growth formations will happen on 
nucleation sites present on the surface, e.g. higher concentration of active sites or kinks/edges 
in the surface layer, and growth islands are formed. When the molecules from the gas phase 
adsorb on the surface, they tend to aggregate to these surface defects concentrating the growth. 
Higher reactivity precursor will have, on the right substrate, a shorter growth delay (the cycles 
needed to start the proper layer-by-layer growth) while the deposition temperature will affect 
the mobility of the adsorbed precursors leading to the faster coalescence of the islands. The 
further cycles will add materials to the islands, as well as forming new islands, to eventually 
form a complete monolayer. 

The ALD reactor used in this research work was a Picosun R-100, a shower type configuration 
where the precursors enter the deposition chamber from the sides of the chamber’s top section. 

Figure 3. Visualization of an ALD cycle for the DEZ and water reactions to deposit ZnO. From the top 
left, following the arrow, the DEZ precursor is pulsed in the chamber at it will react with the -OH
groups, the active sites on the surface. Proceeding forward, the purge removes all the unreacted DEZ
and the reaction products. The next pulse is the water that will react with the ethyl groups on the
surface. The last purge removes the excess water and by-products and completes the cycle forming one 
layer of ZnO. 
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Before reaching the substrate below, the carrier gas will better diffuse the precursors on the 
substrate area. The showerhead design should ensure an even spread of precursors with a 
positive effect on uniformity. 

3.2 Organic and hybrid films

Recently, the utilization of organic molecules as precursors made possible the deposition of 
purely organic thin films93–95 as well as hybrid inorganic-organic thin films.96 When these 
precursors are in use, the deposition technique is often referred to as MLD (molecular layer 
deposition) to empathize the growth of the film in molecular rather than atomic units. ALD 
and MLD can be used in combination with each other to deposit inorganic-organic hybrid 
films. There resulting structures can vary from superlattices45,97–99 to hybrid 3D materials.99–

105 MLD is based on the same principles as ALD while utilising only organic precursors. The 
precursors are stored in solid form without solvents that would interfere with the deposition 
chemistry. The partial pressure is lower than usual ALD precursors so relatively high 
temperatures are needed for sublimation e.g. 160 °C for the hydroquinone used in this work. 
Also, the deposition temperature will need to be higher to prevent condensation of the 
precursor inside the chamber. MLD might limit the range of substrates or materials that can 
be used e.g. plastics and textiles might not be compatible with high temperature necessary to 
deposit organic films. 

3.3 Precursors

Precursors for ALD are selected with several strict requirements in mind. The main 
requirement is sufficient volatility of the precursors to be in gas form while in the deposition 
chamber and, at the same time, being relatively stable at deposition temperatures in the usual 
range of 100 to 500 °C.106 The chemical stability maintains the precursors from decomposing 
before adsorbing to the substrate surface but needs to be sufficiently low to react with the other 
precursors. To avoid CVD like growth, the precursor cannot react with itself, and material 
compatibility is needed to avoid the etching of either the substrate or the depositing film. Low 
toxicity and low prices are also welcome but not always possible when complicated, hard to 
synthesize molecules are needed. 

The ALD precursors used in this thesis work are organometallics, diethyl zinc (C2H5)2Zn 
(DEZ) and trimethyl aluminium (CH3)3Al (TMA) to deposit ZnO and Al2O3 respectively, both 
in combination with water. TMA is one of the most used precursors in ALD both because of its 
reactivity and the ease of deposition of Al2O3 in combination with several oxidants such as 
water and ozone. DEZ is the most common precursor to deposit ZnO, and it is a highly reactive 
precursor as well as making the deposition of ZnO reliable also with short, sub-second, pulses. 
Both precursors need to be stored in sealed containers because of their high reactivity with 
oxygen, they will readily catch fire if exposed to the air thus demanding careful operation. 

The combination of ALD/MLD is used extensively in this thesis work for the deposition of 
hybrid inorganic-organic superlattices with hydroquinone as the organic precursor. The 
deposition chemistry in the MLD deposition with HQ is based on the same reactions as in DEZ 
and water-based ALD process. The benzene ring and the metal atoms are bound through an 
oxygen bond when the -OH group in the hydroquinone reacts with the alkyls in the DEZ 
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molecules to form the inorganic-organic hybrid. When one cycle of water is swapped for the 
HQ, the organic layer is inserted in between ZnO layers forming a superlattice. 

3.4 Advantages of ALD over other deposition techniques

When compared with other vapour-phase deposition techniques, ALD presents some 
invaluable strength as well as cons that make the use of ALD strongly application dependent. 
Thanks to the controlled layer-by-layer growth, ALD can uniformly coat any structure, from 
planar substrates to 3D structures, trenches, and holes. Thin films deposited by ALD are 
generally pinhole-free and of good quality with little or no impurities thanks to the well-
controlled chemistry. Thickness control can be down to the atomic level enabling the 
deposition of extremely thin films, only a few atoms thick. The possibility of finely control the 
structuring of materials as well as conformality are the main characteristics of ALD used in 
most of the work in this thesis. All the superlattice hybrid strictures are only achievable by ALD 
(without breaking the vacuum, the combination of ALD with dip-coating to fabricate hybrid 
superlattices is presented in Publication I). Inserting single layers at regular intervals inside a 
material or the control of stoichiometry in hybrid inorganic-organific materials stems from the 
cyclic nature of layer growth. The sister gas-phase technique chemical vapour deposition 
(CVD) is based on similar chemical reactions at the substrate surface but in a continuous 
fashion. The control of thickness and stoichiometry is done by time and amount of the 
precursors, respectively. While modern CVD can control both thickness and stoichiometry to 
a very accurate degree,107–110 the intrinsic advantage of ALD makes it the favourite choice if a 
suitable process is available.  

These pros will not come without intrinsic disadvantages, cyclic operation opposed to the 
continuous deposition of other deposition techniques makes ALD a slow deposition method 
with a growth per cycle (GPC) in the Ångstrom range (1 Å = 0.1 nm) and cycles taking seconds 
to minutes depending on the deposition or reactor design. Because of this, ALD is a powerful 
tool that is used only when necessary.  

The conformality of ALD, and in the lesser extent CVD, is better visualised in Figure 4 where 
it is compared with the line-of-sight deposition of the physical vapour deposition (PVD) 
techniques.  
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PVD techniques differ from ALD by not being based on chemical reactions to deposit the thin 
film but rather on the physical accumulation of the material that is physically moved from a 
target to the substrate. One example of PVD is metal evaporation, used in this thesis to deposit 
copper contacts as connections in the thermoelectric devices. The deposition of metals is done 
by evaporating the target material, either with heat or a focused electron beam, that travels to 
the substrate depositing the metal layer. The conformality of the deposited thin film is low 
since the evaporated atoms will travel mostly straight from the source, and the deposition can 
be masked to create a pattern on the substrate. The ease of both depositing metals and masking 
are the reasons why PVD is the choice in specific applications. 

By contrast, ALD is a gas phase technique with the ability to coat the walls inside a hole or 
trench being limited only by the diffusion speed of the precursors. Given enough time in the 
pulse phase, the precursors can reach the bottom of the high aspect ratio structure and form 
the same monolayer in all the walls. The process gets longer with higher aspect ratios, but the 
positive trade-off overshadows the additional time required. As clearly shown in Figure 4, line-
of-sight methods can only coat the top of the structure while some material could reach the 
bottom. At the same time, there will be an accumulation of material at the entrance of the hole 
or trench that will eventually block the access to the deeper part of the structure. Coating high 
aspect ratio structures is another case where ALD becomes the necessary technique in modern 
memory fabrication. 

Figure 4. On the left the schematic of a typical PVD deposition. The
material reaches the structure from the top in a line-of-sight fashion
coating the top of the structure as well as the bottom if the hole is large 
enough. Eventually, the faster growth on the top will add enough material 
to close the hole. On the right, a typical ALD situation where the precursor 
gasses can diffuse into the hole and given enough time, uniformly coat all 
the walls. 
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4. Thermoelectric ALD/MLD ZnO-based 
coatings 

Thermoelectric zinc oxide thin films have been reported111–116 with an emphasis on Al doping 
of the ZnO to improve the figure of merit. This approach focuses on the improvement of the 
electrical conduction of the material. Another route to improve zT is to reduce the thermal 
conductivity of the material. This route is rarely studied because of the difficulty encountered 
when trying to reduce the thermal conductivity without affecting the electrical conductivity. 
Besides, the latter is easily measured, something that cannot be said for the thermal 
conductivity. Changing the structure of the film by inserting organic layers into the inorganic 
thermoelectric material is the method that is explored in this chapter. Also, the deposition of 
thermoelectric ZnO-based materials by ALD on a variety of substrates and their 
characterization is presented.  

Other thermoelectric materials are available to be deposit by ALD, the majority being the 
more traditional tellurium and bismuth compounds117,118 in combination with antimony119 and 
lead120 while more novel materials started to be investigated recently e.g. cobalt oxides121. The 
ZnO chosen for this research has the advantage of the ease of deposition, ample research 
interest and ease of inorganic-organic integration to deposit the ZnO-HQ hybrid films 

4.1 ZnO-hydroquinone superlattices

Heat is transported in the thermoelectric material by lattice vibration, phonons, as well as by 
the charge carriers, electrons, and holes. The phonons are scattered in the crystal structure of 
the material so inserting scattering layers will effectively reduce the heat transport quality of 
the material. 
Inserting a single organic layer at set intervals in the film would reduce the phonon mean free 
path because of the scattering at the organic-inorganic interfaces.44,45,98 The organic layers will 
slightly affect the electrical conductivity of the films with a higher number of organic layers 
progressively reducing it up to a point when the film loses its electrical conduction properties. 
The structure of the inorganic-organic hybrid material is created by alternating thick inorganic 
ZnO layers with single layers of organic hydroquinone in between forming the superlattice as 
presented in Figure 5. 
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In Table 1, several different superlattices and their thermal conductivity are presented. From 
the table, it is noticeable how the thermal conductivity of plain, thin film, ZnO can effectively 
be reduced by introducing different organics in between the ZnO as well as different 
superlattice structures. A higher number of organic layers in the superlattice will result in 
further reduction of the thermal conductivity even though the change is not substantial. 

 
Superlattice type κ [Wm-1K-1] 
Plain ZnO 43122 
ZnO-HQ (6 organic layers) 7.244 
ZnO-HQ (12 organic layers) 4.244 
ZnO-cellulose (3 org layers) 3.646 
ZnO-cellulose (9 org layers) 1.946 
ZnO-HQ gradient superlattice 4.645 
ZnO-HQ non-gradient superlattice 3.245 

Table 1 Examples of superlattice materials and structure to effectively reduce the thermal 
conductivity of ZnO. 

 
The superlattice configuration used in this work was chosen based on the maximum heat 

transfer reduction and minimal electrical conductivity reduction. It is composed of 99 cycles 
of ZnO and 1 cycle of HQ, this is repeated the needed number of times to reach the desired film 
thickness. The thermoelectric characteristics of the different ZnO-HQ superlattices have been 
studied in previous research in our lab.44,45,96,98 In this thesis, the work proceeded forward with 

Figure 5. Structure of the ZnO-HQ hybrid film with the ZnO block 
intervaled by the benzene layers. The heat, transported by phonons, 
is lowered at every interface while electrons are free to travel in the 
material. 
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the study of a different organic interlayer material and the applications of the ZnO-HQ 
superlattices in the fabrication of thermoelectric devices. 

4.2 ZnO–cellulose superlattices

The use of cellulose as the organic part of the superlattice was investigated in Publication I. In 
this research, the superlattices are constructed combining the ALD ZnO with cellulose layers 
deposited by dip-coating. The aim was to measure how the cellulose interlayers would affect 
the superlattice’s thermal conduction properties. MLD could not be used because 
unavailability of precursor to deposit a material such as cellulose. To combine the organic and 
inorganic film, the deposition was performed in steps taking the sample out of the ALD reactor 
after every inorganic layer deposition. The dip-coating will deposit a film of cellulose that was 
found to be a loose network of cellulose fibres with thickness in the 1-2 nm range not 
completely covering the ZnO surface. The thickness of the cellulose fibres is considerably larger 
compared to a single (or few) MLD layer of organic, usually one molecule thick. The 
superlattice formed with the cellulose layers was visible in the X-ray reflectivity patterns 
(Figure 6a), but it did not result in a well-defined stacking of different layers because of the 
incomplete covering. The ZnO-cellulose superlattice was found to suppress the thermal 
conductivity, but that is hypothesised to be due to the higher thickness of the cellulose layers 
compared to the single HQ layer.  

The results are interesting since they show, in Figure 6(b-c) that the thermal conductivity 
suppression is caused by the organic layer thickness and not the material itself so thicker 
organic layer would benefit the thermoelectric performances assuming no changes in the 
electrical conductivity. Of course, the combination of both electrical and thermal conductivity 
is in play, when the thin film structure is moving from few organic layers in between the thicker 
ZnO layers to the full hybrid Zn-hydroquinone, the electrical conductivity is decreasing.98 
Publication I showed that the organic material is probably not a fundamental variable in the 
improvement of the thermoelectric characteristics of the superlattice. Cellulose is not the ideal 
material to be combined with ALD films because of the lack of an MLD cellulose process. A 
different organic layer can be deposited by MLD with the deposition being easier, faster and 
result in higher quality films since no break of the vacuum in-between layer will occur, 
preventing contamination. Also, when the sample is taken out of the vacuum, the surface of 

Figure 6. (a) XRR curves of the superlattices in comparison with ZnO, (b) difference in thermal 
conductivity between similar superlattice utilising cellulose or hydroquinone as organics and 
finally (c) the effect of the organic layer thickness on the thermal conductivity with the two different 
organic materials in the superlattices. 
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the ZnO is exposed to air, solvents in the organic solution and additional contaminants from 
handling the samples The structure control of ALD/MLD is down to one organic layer with full 
coverage of the ZnO surface to properly separate the inorganic layers. The slow speed of ALD 
is also not an issue compared to the time needed for depositing a film that utilises both ALD 
and another technique.  

The testing and analysis of superlattice films utilising cellulose were useful to shine a light on 
the fact that the choice of organic material might not play a fundamental role in the thermal 
conductivity reduction. That the following research could then focus on utilising the robust and 
proven44,45,98 combination of ZnO and hydroquinone to deposit thermoelectric superlattices. 

4.3 ZnO-based coatings on flexible substrates

The deposition of both ZnO and ZnO-HQ hybrids are rather straightforward with an optimised 
recipe. The substrates presented in this section are silicon and flexible substrates like plastic 
(PEN) and thin glass. The negative impact of the substrates on the ALD/MLD recipes is limited 
to the deposition temperature on the plastic, the high temperature would cause warping of the 
substrate. The depositions of ZnO were done at 160 °C where only slight warping was observed, 
not enough to affect the final samples. Higher temperature (180 °C) was needed a good 
deposition of the ZnO-Hydroquinone superlattice. This is due to the temperature required to 
sublimate the hydroquinone from the source container. The parameters for the deposition 
were o.2 s pulse - 5 s purge for DEZ and 0.5 s pulse and 5 s purge for Water. The organic HQ 
requires a longer pulse to ensure complete coverage of the surface so 10 s pulses were used 
with a 30 s purge.  

With the crystalline structure of the ZnO being dependent on the deposition temperature,123 
so are the electric and thermal conductivity. In this research, the deposition temperature was 
dictated only by the substrate limitation and not by the need to maximise thermoelectric 
performances. Further research in the fabrication of a thermoelectric device on the glass will 
be required, glass does not limit the temperature of the ALD/MLD materials. The focus at this 
point was to demonstrate the fabrication and study how films and substrates affect the 
thermoelectric voltage generation of the devices. 

4.4 ZnO-based coatings on textile

The ability of ALD of conformally coating the substrate is extensively used to coat fibres and 
textiles.124–127 Electrically conductive fibres have the potential to lead to the integration of 
electronic devices directly into wearable textiles. ALD is in a favourable position because of the 
conformality of the coating around the fibres126–130 and quality control of the deposited films. 
Zinc oxide is often chosen as the conductive material for its ease of deposition at low 
temperature,123,131,132 electrical conductivity and thermoelectricity as well as flexibility in its 
applications.133 The combination of thermoelectric materials and textile is still not explored 
enough, and only a few examples can be found. Conductive polymers like PEDOT10–12,54 are 
often the choice as p-type conductive coatings but other polymers54,55 and carbon-nanotubes134 
are also used Thin films deposition on textile is limited by the poor temperature resistance of 
most of the textile. Besides, if the film needs to be patterned, the problem of diffusion outside 
of the patterning area adds complexity to the process. The cotton textiles used in this work can 
resist to depositions up to 200 °C, but after 100 °C, the fibres start to show a yellow colouring. 
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This change of colour does not seem to affect the deposition negatively because the cotton is 
not prone to degassing if it is not burned. The depositions on textiles were performed at 100 
°C when possible, with no colouration of the fibres. The superlattice films required a higher 
temperature at 200 °C resulting in yellow coloured fibres. 

4.5 Area selective ALD 

To deposit the film in the desired pattern the ALD deposition needs to be selective. The lateral 
deposition outside of the pattern needs to be minimised. Masking and compressing the 
substrate (nonwoven fabric) is presented in the work by Sweet et al.135 where the lateral 
diffusion of precursors is slowed by compressing the fibres under the mask. The lateral 
deposition is limited, but the substrate showed bulges in the coated area because of the 
pressure. A similar method was tested selective deposit ALD films of the cotton textile.  

When the device is built directly on the substrate, the patterning of the film through a mask 
is necessary. Several mask configurations were tested to understand how they will affect the 
lateral diffusion of the film. Pulse times, hold times and the number of cycles were the other 
parameters tested. The mask was a metal piece with long and narrow holes of different sizes 
and with different spacing as presented in Figure 7a. The bottom of the mask was either a 
closed plate or a similarly open mask as the top side. The mask was built with two pieces of 
metal that were pressed together with tightening screws (Figure 7b). Compressing the textile 
between the mask did not result in reduced lateral diffusion. The textile used in this research 
had low compressibility compared to the non-woven textile in the Sweet et.al. research.135 A 
mask with the same opening on both side and one with a closed backplate were tested. The 
mask open on both sides was supposed to let the precursors through the textile, but the lateral 
diffusion was severe even with the lowest pulse time of 0.1 s, so the closed plate configuration 
was proceeding forward. A deposition with the stop-flow valve was tested by resulted in a 
similar situation, and the lateral diffusion was enough to grow the film in the area between the 
openings.  

The only way to deposit films only in the necessary areas was to use short 0.2 s pulses and 5 
s purges for both DEZ and water and the closed plate on the bottom of the substrate. Two 
different amounts of cycles were tested with the same configuration, and as visible in Figure 7, 
the difference between the lateral diffusion in the case of 1800 and 3600 cycles is not 
significative. The problem with the deposition with the closed-back was that the conductivity 
of the coated fibres was not the same on the top and bottom sides because the short pulses 
were not sufficient to coat the fibres through the whole textile thickness. The issue was solved, 
dividing the deposition into two parts of the same amount of cycles performed on both sides of 
the textile. The closed-back mask, short pulse times and depositions on both sides of the 
substrates constitute the final deposition route chosen for the fabrication of the longitudinal 
design thermoelectric devices presented in the next chapter. 
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Another method to obtain the needed pieces of coated fabric is to cut the needed parts from 
a pre-deposited textile substrate to then build the device. The textile without a pattern was 
easily deposited with the help of a stop-flow valve that would close the chamber to the exhaust 
for a certain time after the DEZ pulse lengthening the stay time of the precursors in the 
chamber. This will leave the time for the precursors to better diffuse inside the textile and 
completely coat the individual fibres. In this case, the time the deposition takes is irrelevant 
and the hold time was 10 s after a 0.2 s pulse. The purge also needs to be longer at 20 s to make 
sure that all the unreacted precursor inside the textile is removed before the next pulse. 

4.6 Characterization of thin films 

To characterise the thin film deposited in this work. several different measurement techniques 
were needed to be able to analyse both the organic and inorganic part of the materials. To 
measure the film characteristics, various methods were used, X-ray diffraction, X-ray 
reflectivity (XRR) and ellipsometry. Fourier transform infrared spectrometry (FTIR) was used 
to analyse the organic part of the superlattices mainly to confirm the presence of the organic 
layers.

Figure 7. (a) schematic drawing of the mask to test the lateral deposition of film into the 
textile; (b)assembled mask with a sample inside; (c) result of the deposition utilising the 
stop-valve pulsing (similar results observed with the open-back-plate assembly); (d) result 
of the deposition utilising the closed-back-plate assembly; (e) result of the deposition
(closed-backplate assembly) with 1800 (left) and 3600 (right) ALD cycles showing that the 
lateral diffusion is not significantly affected by the number of cycles. 
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4.6.1 Grazing angle X-ray diffraction 

To analyse the crystalline structure of a material, there is the need for the electromagnetic 
radiation with a wavelength comparable to the interatomic distances. X-rays have wavelengths 
in the nm to pm range while the interatomic distances are in the Å range. The x-rays will 
interact with the repeating crystalline structure and will be diffracted. The diffracted angle will 
depend on the inter-distance between atomic planes according to Bragg’s law: 

 
where d is the distance between atomic planes, θ is the incident angle of the x-rays and λ is the 
wavelength. From this relation, the value of d can be calculated since λ and θ are both known. 

To measure the complete structure of the crystal, all the diffracted angles need to be scanned 
with the x-ray source and detector operating in the Bragg-Brentano θ-2θ configuration. In the 
measurements, at the angles that satisfy equation (6), intensity peaks will appear, forming a 
pattern in the whole scan that is typical of the material. When the position of the peaks is 
known, the crystal structure can be derived, and the material can be identified.  

When measuring thin films, the traditional XRD configuration will result in poor intensities 
of the peaks because of the low amount of material that the x-rays are interacting with. If the 
x-rays are shined at very low angles (less than 1°), they will interact with a higher amount of 
the material resulting in higher diffracted intensities. The source angle is kept constant during 
the measurement while the detector scans the θ range. The position and intensity of the 
diffraction peaks will give information on which crystallographic planes are present in the 
sample. Since the thin films are growing as polycrystalline, there will be a preferred 
crystallographic orientation of the crystallites during the film growth. From the intensity of the 
diffraction peaks, the preferred growth orientation is known. The information from a GIXRD 
analysis is not as detailed compared to a traditional XRD because of the limited configuration, 
some of the peaks might be lost, and the preferred orientation of the crystallites will have a 
more significant impact. GIXRD is fundamental nevertheless to the analysis of thin films, when 
the crystalline structure influences the characteristics of the film or when a new material needs 
to be identified. 

4.6.2 X-ray reflectivity 

X-rays can be used to measure several properties of a thin film such as thickness, density, and 
roughness. The x-rays’ penetration depth in the material is around 10 to 100 μm while the 
typical thickness of the films is the nm or few μm range. To avoid the substrate’s interference 
in the results, the analysis needs to be performed in the grazing incidence configuration. The 
x-ray beam is directed to the sample at very low angles (starting from 0.1 °). At this low incident 
angle, the rays are completely reflected at angles lower than the critical angle θc. This value is 
a property of the material and dependent on the electron density according to:  

 

With being a constant since the λ of the x-rays is known as well as the classical electron 

radius re. From the critical angle, the electron density of the material can be calculated. With 
the formula: 
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the density of the material is calculated when the average molar mass M, the average atomic 
number Z and Avogadro number are known. Practically the critical angle is positioned where 
the intensity drop is around 50% and it is kept constant for all the different films. The 
calculation of the density is then done by fitting the measured curve until the simulated curve 
is reasonably similar, and the density value of the film is assumed as the one in the best fit. The 
precision of this method is good but cannot be taken with too many significative digits because 
the fit is never perfect, particularly for less traditional films. 

Thickness is obtained from the distance between the periodic oscillations called Kiessig 
fringes according to: 

 

where  and  are two adjacent fringes and  is the film thickness. The relation between 
fringe distance and thickness shows that a higher thickness will produce more closely spaced 
fringes. This spacing creates a limit in the thickness that can be measured with XRR when the 
fringe spacing is too small to resolve two adjacent fringes. The measurement of the thickness 
is done directly on the measured curve with the distance between the first and the second 
fringe. The software also offers the Fourier analysis where a Fourier transform is applied to the 
measured curve, and the thickness of the layer is the main peak in the resulting curve.  

When more complicated structures like the superlattices are analysed with XRR, high-
intensity superlattice peaks emerge with low-intensity oscillations between them. The number 
of low-intensity oscillation is ideally N-2 with N being the number of repetitions of the 

Figure 8. XRR curves for plain ZnO (top) and ZnO-HQ superlattice (bottom). The superlattice 
peaks are visible in the curve with 4 smaller peaks indicating that the superlattice will have 5 
organic layers in between 6 inorganic layers. 
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superlattice block as shown in Figure 8. When analysing superlattice thin film, the number of 
repetitions can then be checked counting the low-intensity oscillations between the 
superlattice peaks. To measure the thickness, the Fourier analysis is the best option since it 
can resolve both the total thickness of the thin film as well as the thicknesses of the superlattice 
blocks. The better the quality of the measured XRR curve, the easier it is to identify the 
intermediate thicknesses.  

Both surface and interface roughness of the film can be measured by XRR. Surface roughness 
is measured as r.m.s. roughness (root mean square) of the top surface of the film while the 
interface roughness is between the substrate and the film (change in density). Surface 
roughness affects the decay rate of the reflected x-rays, while the interface roughness affects 
the amplitude of the fringes. The roughness is also calculated with the software fitting of the 
measured curve. 

4.6.3 Ellipsometry 

Depending on the film structure of the type of analysis to be performed, XRR might not be 
suited, and a different method needs to be used. Ellipsometry is based on visible light and the 
change of polarization occurring upon reflection on the thin film surface. The values that are 
measured by ellipsometry are not physical quantities, and they need to be modelled to obtain 
the quantities of interest, in the case of this work, the thickness of the film. In this research 
work, the ellipsometry was necessary to measure the thickness map of films on 100 mm silicon 
wafers. XRR is not used for mapping because of the large area of the sample that will be hit by 
the x-rays in the grazing incidence configuration. In addition to the impossibility of proper 
positioning of the beam on the sample to scan the whole area. 

Ellipsometry measures in a spot that can be accurately and automatically positioned 
anywhere in the sample and automatically scan the area measuring at defined intervals. The 
analysis is straightforward when the material to measure is simple and know like Aluminium 
Oxide, and reference models are readily available to obtain the thickness. 

4.6.4 Fourier transform infrared spectroscopy 

To obtain information on the organic part of the hybrid superlattices, the XRR is not sufficient 
since only information about the film structure is provided. To confirm the presence of the 
correct organic infra-red spectroscopy is used. The light in the infrared spectrum interacts with 
the vibration modes of the atomic bonds, and it is absorbed in the frequencies corresponding 
to the bonds present in the molecule, in this case, hydroquinone.  

To confirm that the reaction of the precursors DEZ and HQ is complete and only the benzene 
is bonded with oxygen to the zinc are present, the absorption lines corresponding to the Zn-O, 
aromatic C-C, C-H and C-O bonds are present when analysing the thin film superlattice. The 
absence of an absorption peak connected to the HO- group is also an indication that no 
unreacted hydroquinone is stuck inside the film. FTIR was used only briefly to confirm that 
the superlattice depositions were functioning as expected and subsequently deposited films 
were not tested since the deposition recipe was not changed. 
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4.6.5 Thermal conductivity measurements 

To measure the thermal conductivity of thin films in the hundreds of nm range, time-domain 
thermoreflectance (TDTR) is used. The technique is based on the change in surface reflectivity 
of the material when heated up. The change in reflectivity is measure as a function of the time 
and the data are analysed by matching to a model that provides the coefficients of the thermal 
properties.  

The measurement is performed by locally heating the surface with a pulsed laser that will 
induce thermal stress affecting the reflectivity of the surface. A probe laser is used to measure 
the reflectivity change in combination with a photodiode that will be sensing the reflected 
signal created by the piezo-optic effect on the surface. The thermal conductivity is finally 
derived when the data is compared to the thermal model of the material. 

4.7 Thermoelectric performance testing 

The testing setup was composed of a hotplate and an actively cooled heatsink shown in Figure 
9. The device was placed in between the hot and cold surfaces. The temperature was measured 
with a resistive thermometer while the voltage produced by the device was plotted in a V-T 
graph. The open-circuit voltage was measured for all the devices. The voltage produced while 
a load was added to the circuit was measured only for selected cases. For the silicon, PEN, and 
glass substrates, the ΔT was too small to be measured, being only a fraction of a degree Celsius. 
In the case of the devices fabricated on textile, the temperature difference between hot and cold 
and hot side was measured with two identical resistive thermometers, and the V-ΔT curve was 
plotted. 

 
 
 
 

Figure 9. Hot plate setup for the measurement of the voltage generated by the thermoelectric 
devices. Two resistive thermometers are used to measure the ΔT while the voltage produced by the 
device is directly measure and plotted against the ΔT. The hotplate provides the heating of the 
bottom side of the device while the top side is cooled with a standard PC heatsink/cooler. 
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5. ALD/MLD Fabricated Thermoelectric 
Devices 

Few examples of thermoelectric devices on textile substrates utilising organic coatings are 
found in the literature.53,136,137 These devices are based on the integration of the active organic 
material into the substrate to create the functioning device. Traditional wearable devices would 
use traditional inorganic materials138–140 without integration with the substrate. ALD films can 
be easily integrated into the textile coating the fibres. Both ZnO and ZnO-HQ superlattices 
films were deposited on fibres but never in a complete device. The goal was to test the thin film 
in a more applied scenario and create a platform that could be then used to test and compare 
different material or novel superlattice structures.45 

This chapter focuses on the fabrication and analysis of ALD/MLD films in thermoelectric 
devices. The materials used are plain ZnO as a reference, chosen for the well-known 
thermoelectric characteristics and the ZnO-HQ inorganic-organic hybrid superlattice chosen 
to demonstrate that the hybrid approach is worth further pursuing. The structure of the hybrid 
films was decided and kept constant before the fabrication. The films were composed of 99 
ALD cycles of ZnO separated by a single MLD cycle of hydroquinone, and the superlattice block 
was repeated the necessary number of times to achieve the final film thickness. The films were 
analysed utilising XRR to obtain thickness and the structure of the superlattice, FTIR to verify 
that the correct organic groups were present and GIXRD to verify the crystallinity of the ZnO. 
The analyses were not always possible on the final substrate so only the films on silicon were 
measured. The results were then assumed similar when the films were deposited on different 
substrates. In most cases, the thicknesses are not reported because of this and only the number 
of ALD cycles used to deposit the films are reported. The analyses to fix the optimised recipes 
were done during the investigation phase and are not published.  

5.1 Initial prototypes and design optimization

The initial assumption was that the film would be the main contributing factor to the 
thermoelectric performance of the device but, as shown in Publication II, the substrates plays 
a fundamental role.  

The first prototypes were fabricated on silicon wafers for easy testing of the fabrication 
process. The design was composed of the bottom and top copper contacts with the ALD/MLD 
film in the middle, defining the thermoelectric pads. The device would operate with a 
temperature difference in the vertical direction, between the heated bottom and cooled top. 
The initial pads and contact design are shown in Figure 10 as Design 1. The TE pads were 0.5 
x 0.5 cm squares on top of bigger metal contacts. The top metal contacts are smaller than the 
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TE pad to avoid misalignment issues. The top contact would then connect to the next pad’s 
bottom contact. The design was conceived considering the alignment errors between the 
masking of the ALD layer and the masking of both the metal contacts. The metals contacts were 
deposited by thermal evaporation through a mask to define the layout. The TE layer was 
patterned by applying masking tape on and then cutting the layout by hand. The precision was 
good enough for the prototype stage and the alignment could be adjusted for each pad. The 
prototypes were tested to confirm if the working fundaments to proceed forward. The voltage 
produced by the device was around 10 μm with the bottom side kept at 120 °C and active 
cooling on the top side. 

The concept was then moved to a different substrate, flexible and transparent polyethylene 
naphthalate (PEN) plastic. Similar fabrication was employed. This prototype on plastic 
substrate showed potential as a flexible device but the design was prone to failures due to the 
stacking design of the contacts. In the next iteration, a lower number of bigger pads (16 pads 
in a 4x4 grid each square pad measuring 1 x 1 cm) was used. Figure 10 presents both old and 
new designs as well as the performance comparison. 

The old design (1) used stacked metal contact, small defects in the film - when working in a 
non-cleanroom environment, particles will always be present on the surface of the substrate – 
as well as misalignment during fabrication, would cause the metal contacts to short circuit 
through the film. Devices with a larger active area would have a higher chance of defect being 
present. The final device could be rendered useless by just a few of these defects. The improved 
design (2) did not stack the metal contacts so that defects in the film would not cause the short-
circuit. The voltage generated by the newer design (2) was also higher than the old design (1), 
probably thanks to all the pads performing as expected. Design 2 was the final iteration used 
on plastic and glass substrates. 

Figure 10. Initial designs 1 and 2 of the thermoelectric device. In design 1 the metal contacts where 
vertically stacked and any defect in the TE film could short the circuit. This was rectified in design 
2 where the contacts are shifted. The superior performances of the design 2 are shown in the graph 
on the right. 
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5.2 Flexible substrates: plastic and glass 

With the final design in place, the focus shifted onto devices on flexible plastic and flexible 
glass. The latter made the fabrication difficult because the masking tape could not be used and 
the ALD film needed to be patterned by lithography and etching. The extremely fragility also 
substantially reduced the yield of the working device, and only a few arrived at the measuring 
stage with one reported example. The fabrication routes on different substrates are shown 
below, in Figure 11.  

The ALD films on glass were patterned with lithography and etching for the optimal results. 
After the deposition of the metal contacts, the ALD/MLD film covers the entire surface of the 
substrate. A light-sensitive polymer (photoresist) is applied on top of the film and exposed with 
UV-light through a mask. The exposed areas of the photoresist are then removed in a step 
called development where the pattern is transferred on the photoresist. The areas of the thin 
film that are not protected by the photoresist are then removed with a chemical etchant and 
the pattern is finally transferred to thermoelectric film. The device is completed with the 
deposition of the top contacts again by metal evaporation.  

When using masking tape for the plastic substrate, the fabrication is different only for the 
ALD/MLD patterning while the metal contacts are deposited as before. The patterning is done 
by lift-off, the masking tape is applied on the substrate before the thermoelectric film 
deposition. The patter is made on the tape by cutting and removing the necessary areas. The 
film is then deposited, and it can land on the substrate only in the open areas on the masking 
tape. The top contacts are deposited after the tape is removed completing the electrical 
connections. 

Several devices were fabricated on the PEN substrate to test different thicknesses of both 
ZnO and the superlattice. The thicknesses are estimated from the number of cycles used to 
deposit the films; all the films were previously measured to finalise the recipes then used for 
the depositions on the devices. The thicknesses of the films vary between devices in the order 
of few nm, precise measurements of the films on all the devices were not performed or not 
published. The ZnO was deposited at 100 °C, a temperature that will not affect the plastic 

Figure 11. Fabrication routes for the thermoelectric devices on silicon, glass, and plastic. 
Lithography was used on the silicon and glass since the masking tape would break the 
substrate during removal. The plastic could easily sustain the removal of the tape, so lift-off 
was utilised. 
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substrate. The ZnO-HQ hybrid superlattice needed a deposition temperature of at least 180 °C, 
the plastic substrate would show warping, but the growth was not strongly affected. The 
expectation was of increased film thickness resulting in higher thermoelectric performance 
and, as shown in the graph in Figure 12b, the open-circuit voltage indeed increases with 
increasing film thickness. The voltage generated by the devices reached upwards of hundreds 
of μV, a promising result considering the small thicknesses of the film. 

The measurements with a small, 1.4 Ω, resistance are presented in Figure 12c with the same 
100, 300 and 500 nm thick ZnO films as well as one 100 nm thick ZnO-HQ superlattice film. 
The voltage generated was lower, few μV, and the same behaviour of higher voltage with thicker 
films was observed. The superlattice, when directly compared to plains ZnO, exhibits better 
thermoelectric performance with a threefold increment of the generated voltage with the hot 
side at 100 °C.  

Only one device on glass was successfully fabricated and measured because of the difficulty 
of completing all the fabrication steps on the thin, extremely fragile substrate. The results were 
promising; relatively high voltages were generated while the substrate was actively heated. The 
heating was then stopped when the hotplate reached the maximum temperature. A drastic 
decrease in the generated voltage was observed (Figure 13), followed by lower values 

Figure 12. (a) photo of a device fabricated on PEN; (b) open-circuit voltage of varying ZnO 
thicknesses (estimated); (c) voltage produced by the devices with a 1,4 Ω load in the circuit, the ZnO-
HQ superlattice result is shown in green. (d) A comparison between different ZnO thicknesses on 
silicon, plastic, and glass substrates. 
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throughout the cooling. This sudden drop is probably caused by the sudden removal of the 
temperature gradient due to the low thermal conductivity of the glass. The low thermal 
conductivity is beneficial while heating and less so when cooling. The lower, albeit more stable, 
voltage generation during cooling could be arising from the slowly released heat stored in the 
glass and could prove beneficial in some applications. In most of the expected use case 
scenarios, the device would operate with stable heating temperature and cooling with the 
higher voltage generated compared to other substrates 

5.3 Longitudinal configuration 

To test if a higher temperature difference across the thermoelectric could be achieved, a new 
design was prototyped. The idea was to use the longitudinal dimension of the film, in the cm 
range, instead of the vertical dimension-the thickness- in the nm range. For this configuration 
to work, the temperature difference will also be in the longitudinal direction with heating and 
cooling being separated by a considerable distance. The configuration is shown in Figure 14a. 

Figure 13. (a) photo of a device fabricated on a flexible glass substrate; (b) the open-circuit voltage
generated by the device. 

Figure 14. (a) photo of the longitudinal configuration on Si substrate with ZnO and PEDOT as n-
and p-type material respectively; (b) open-circuit voltage generated by the device, the high ΔT that 
could be maintained by the longitudinal design is also observed. 
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The hot and cold temperatures are measured from the opposite sides of the device, a ΔT up to 
60 °C is achieved. This ΔT is a remarkable improvement compared to previous prototypes 
when considering that the device is fabricated on Silicon, the material with the highest thermal 
conductivity among the substrates.  

The voltage generated by this configuration, in the mV range, was a substantial improvement 
compared to the μVs generated by the vertical configuration on PEN. A direct comparison 
cannot be made because the longitudinal device is using a combination of ZnO as n-type 
material and the conductive polymer PEDOT:PSS as the p-type. The previously fabricated 
vertical devices utilised only n-type TE pads with an expected lower thermoelectric 
performance. The higher voltage generated by the longitudinal device is a starting result, 
together with the potential higher operating ΔT. The longitudinal configuration is further 
tested on textile substrates. 

5.4 Textile substrate

The final goal of the research was to demonstrate the fabrication of a device utilising ALD/MLD 
n-type materials in combination with a p-type material (PEDOT) on textile substrates, 
presented in Publication III. The future of these devices could find application in smart, 
wearable textiles where they could power low power sensors. The combination of the TE 
generator with microbatteries104 could push the usability even more with the non-constant 
power generation of the TE device being smoothed out by a battery. 

All the devices previously fabricated utilised the plastic and glass substrate mostly as support. 
Some effect on the performances by the substrates with low thermal conductivity, glass, was 
observed. To further improve performance, the substrate is integrated into the active part of 
the device by coating with the TE material the whole substrate’s thickness instead of just the 
surface. For this, textiles are ideal because the gas precursors can diffuse inside and coat all the 
available surfaces of the fibres. Textile fibres (cotton in this research) will help to maintain a 
temperature difference between the two sides of the device because of the low thermal 
conductivity. Because of the ambitions of the goal, ALD/MLD become the sole alternative to 
conformally coating the fibres as well as controlling the film structure and deposit 
superlattices. 

The same thin film materials were chosen for the textile substrate, plain ZnO in different 
thicknesses and ZnO-HQ superlattice made with 99 ZnO layers – 1 HQ layer repeated 18 times 
both as the n-type material while PEDOT:PSS was used as the p-type material. This choice was 
driven by the fact that, as a conductive polymer soluble in water, PEDOT can easily infiltrate 
inside the textile to coat the fibres. Two configurations were tested, longitudinal and vertical. 
The longitudinal configuration was expected to maintain the higher ΔT between the cold and 
hot side while the vertical should perform better than in the previously tested substrates since 
the cotton is the worse thermal conductor, as well as the thicker one at 2 mm.  
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5.4.1 Comparison of device configurations 

The selective area deposition of the ZnO film was used in the longitudinal configuration in 
combination with the sprayed PEDOT to fabricate a device utilising two n-p TE pairs, each n 
and p-type pads measuring 6 cm in length (in the direction of the temperature gradient) and 1 
cm wide. The low number of pairs is necessary for maintaining a similar device footprint as 
before due to the bigger size of the pads. This configuration will be beneficial for maintaining 
the ΔT but detrimental to the generated voltage that is dependent on the number of TE pads. 
The deposition of the ALD film on the textile substrate was performed through a mask. The 
PEDOT was deposited by spraying the water/PEDOT solution through a mask and let it dry. 
Silver paste connected the pads, the liquid paste will diffuse and coat the fibres through the 
substrate thickness to form the connections. A picture of the finished device and the schematics 
are presented in Figure 15. The device was tested with a ΔT up to 25 °C, but higher ΔTs could 
be sustained. 

For the vertical configuration, a different fabrication route was employed to avoid the 
limitations of the area selective deposition. The textile substrate was coated before the 
assembly of the device leaving only the deposition temperature as a limiting factor to the 
ALD/MLD process. For the p-type pads, as before, the fibres were coated by immersing the 
textile in the PEDOT/water solution. The immersion time was kept constant for all the textiles. 
To assembly the device, the TE pads were cut from the coated textile and then inserted in a 
pre-cut textile substrate, as shown in Figure 176. To electrically connect the pads, while fixing 
them to the substrate, a double-sided 3M conductive tape was used. The tape was easy to apply 
and resistant to the temperature on the hot side, as high as 170 °C. To improve thermal 
connection while avoiding electrical short circuits. 2 mm thick thermal pads were attached to 
both side of the textile with the other side of the conductive tape. 

Figure 15. (a) schematic of the longitudinal design on textile; (b) photo of the device with the pale 
yellow being the ZnO coated fibres and the dark blue the PEDOT coated fibres. The metallic 
connections are made with silver paste. 
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The vertical configuration on the textile showed a remarkable capacity of maintaining a ΔT 
up to 60 °C, undermining the main reason for using the longitudinal configuration. In addition 
to the ΔT, the vertical configuration produced higher open-circuit voltage through the whole 
ΔT range, as shown in Figure 167. This is probably caused by the higher number of pads in the 
vertical configuration (16 vs 4) in the same device area. More longitudinal pads could be fitted 
in the area if the distance between them could be reduced when using pre-deposited textile 
instead of the ones produced by area selective ALD. Still, a maximum of 6 pads could fit in the 
area, and the vertical configuration would, possibly, still produce higher voltages. For this 
reason, the vertical configuration was chosen going forward.  

Figure 167. Vertical vs Longitudinal configurations on
textile. The Films are both ZnO deposited at the same 
temperature and number of cycles. 

Figure 176. (a) schematic of the vertical configuration on textile on top of a device with only the 
ZnO pads;(b) the completed device with both ZnO and PEDOT pads as well as conducting tape 
connections. 
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5.4.2 Effect of film characteristics 

The effect on the generated voltage of both thicknesses of the film and deposition temperature 
was tested starting with the plain ZnO devices. From the previous results, a higher voltage was 
expected from thicker films, and as shown in Figure 168a, the voltage generated by the 3600 
cycles film is higher than the one by the 1600 cycles film. The difference was not as significative 
as in the case of films on the PEN substrate. The voltage produced by 500 nm of ZnO on PEN 
was ten times higher than the one from 150 nm thick ZnO. The different behaviour on textile 
is thought to be caused by the thickness difference between film and fibres. The cotton fibres 
have a thickness of a few hundred μm compared to the nm of the films. The effect of the 
substrate on the thermoelectric performances is greater since the fibres are part of the 
thermoelectric generator. Further studies will be necessary to fully understand the effect on 
the voltage generated by the combination of film and substrate.  

The effect on the voltage of the deposition temperature is not as clear. The ZnO film deposited 
at 100 °C is showing excellent linearity in the generated voltage over the ΔT range while the 
film deposited at 200 °C produces a very unstable curve. The voltage oscillates between -100 
to 80 mV and stabilises at higher temperatures (Figure 18b). The rate of increase of the 
generated voltage is somewhat linear but lower than in the 100 °C film device. It is known that 
ZnO deposited by ALD grows with specific preferred crystalline directions123, but the film 
structure can be hard to verify when depositing on the fibres. On silicon, the ZnO thin films 
crystallise with a higher [002] preferred orientation that should improve the conductivity in 
the z-direction. The fact that the films grow all around the fibres might render this less relevant 
or even cause the deterioration of the performance. Further analysis of the crystallinity of the 
films on textile is necessary. The voltage oscillation might also be caused by a faulty fabrication 
of either the film or the device assembly. Again, a more thorough analysis of the behaviour of 
films in a wider range of temperatures will shed some light on the issue.  

The ZnO-HQ superlattice was also deposited at 200 °C for direct comparison with the plain 
ZnO to verify the expected superior thermoelectric performances of the hybrid material. From 
Figure 19, it is clear that the voltage generated by the superlattice is indeed higher when both 
films are deposited at the same temperature. The voltage is not appreciably higher, but the 
thickness of the superlattice is half the one of plan ZnO, similar thicknesses would be expected 
to show an even higher difference. 

Figure 18. (a) comparison of the open-circuit voltage generated by the device with films made with 
1600 cycles and 3600 cycles of ZnO both deposited at 100 °C; (b) comparison of the voltage from
devices with ZnO deposited at 100 and 200 °C and same number of cycles. 
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The superlattice material is 99% ZnO with 18 layers of organic in between the ZnO blocks 
resulting in a similar thickness of plain ZnO deposited at 100 °C. The voltage generated by the 
hybrid is lower in this case, contradicting the expectation of a higher voltage. This is a 
confirmation that 200 °C as a deposition temperature is not ideal to maximise the 
thermoelectric performances of ZnO based films. The issue arises from the superlattice 
needing a deposition temperature of at least 180 °C. Temperatures higher than 200 °C will 
push the resistance limit of the cotton substrates. A heat resistant textile could be used to test 
how higher deposition temperatures would benefit the performance of the ZnO-HQ 
superlattice compared to plain ZnO. 

5.4.3 Effect of number of thermoelectric couples 

To further test how the voltage generation is connected to a higher number of thermoelectric 
couples, some devices were fabricated with 32 TE pads instead of 16. The pads measured 1 x 
0.5 cm (half the size of the previously used pads) and were arranged in an 8 x 4 grid. The pads 
were connected and attached directly to the thermal pads with the same 3M conductive tape 
to build the device in Figure 20a. A direct comparison between the 4 x 8 and 4 x 4 arrangement 
shows clearly that the double amount of TE couples is producing higher open-circuit voltages 
with both ZnO (Figure 20b) and ZnO-HQ films (Figure 20c). The device that generated the 
highest voltage was the 4 x 8 ZnO-HQ superlattice, producing up to 150 mV with a ΔT of only 
20 °C.  

All the results point to the fact that the superlattices are promising novel thermoelectric 
material and should be further examined with optimisation of both the deposition parameters 
and the film structure. As tested with the 4 x 8 configuration samples, the devices can be 
fabricated directly on thermal pads providing an iterative fabrication route ideal for the testing 
of a variety of ALD films on textile substrates. 

 
 

Figure 19. Comparison in the generated voltage of ZnO and 
ZnO-HQ superlattice deposited at 200 °C. In addition, the
result from the ZnO of similar thickness but deposited at 100 
°C is included in blue. 
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5.4.4 Power output of the devices 

As the final step in the research, the power generated by the devices was calculated utilising 
the formula for the Pmax 

 

with the open-circuit voltage V0 and internal resistance Ri of the device. 
The highest power generated was 70 pW by the device with ZnO film (200 °C 3600 cycles) 

with 32 pads at 40 °C ΔT. The most promising result is again from the ZnO-HQ film in the 4x8 
configuration that generated 38 pW at just 20 °C ΔT. The power is extremely low, but, 
according to formula (9), by reducing the internal resistance of the devices, the output power 
will increase. The internal resistance of the devices varied between 70 and 110 MΩ. If those 
values could be lowered down to kΩs, the devices could potentially generate power in the nW 
range, starting to be powerful enough to drive low power sensors. Some IC devices need as low 
as 3 nW of power141,142with several more examples needing less than a μW.143–147 In this power 
range, the ALD thermoelectric thin films on textile might have the potential for powering small 
sensors integrated into wearable textiles with the human body heat to provide the necessary 
energy. 

Figure 20. (a) photo of a complete 4 x 8 device, the dark brown pads are coated with ZnO at 200 
°C while the blue are coated with PEDOT; (b) comparison in the generated voltage of similar 
thickness and deposition temperature ZnO in the 4 x 4 and 4 x 8 configuration; (c) similar 
comparison between the two configuration of ZnO-HQ superlattices. 
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6. ALD AlOx Barrier Coatings on 3D 
Printed Plastics 

This chapter presents the research from Publication IV and Publication V on the use of 
Aluminium Oxide, grown by ALD, as degassing barrier for 3D printed plastics. The 3D printed 
substrate presents several challenges such as rough surface, low glass transition temperature 
and the main issue that needs the barrier, degassing products from the plastic. In this study, 
several fused filament fabrication (FFF)-based 3D printer materials are tested, both clear and 
dark (containing black pigments) plastics. The black plastics were acrylonitrile butadiene 
styrene (ABS) and polycarbonate (PC) while the clear plastics were unpigmented 
Polypropylene (PP), ABS and PC. 

Considering the contribution of the author to the research, only the ALD depositions and 
analysis of the AlOx films will be described in detail. The coating of the plastic samples, 
measuring 30 x 30 x 1 mm, was done on top of a silicon wafer that was changed after every 
deposition. Each 3D printed sample was coated with three separate, 300 cycles, depositions 
with Trimethyl aluminium (TMA) and deionized (DI) water in the same Picosun R-100 reactor 
as presented in previous chapters. A new silicon wafer was used for each of the three 
depositions (labelled I, II and III) to analyse how the presence of the plastic affects both 
uniformity and thickness of the film. A control deposition was performed with a silicon piece 
with dimensions like the ones of the plastic samples. This test deposition showed that the 300 
cycles will deposit in a uniform. 50 nm thick film. The film on the plastics was expected to have 
different uniformity as well as thicknesses because of the drastically different surfaces. The 
uniformity of the film on the monitor wafer was negatively affected by the physical presence of 
the test sample. Uniformity improved with the distance from the test sample. A similar 
situation was then expected when depositing with the plastic samples on the monitor wafer, 
with the degassing effect further reducing the uniformity. 
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Figure 21. On the top a schematic of the plastic sample on top of the monitor wafer, the 
inlets of the precursors are also shown; and example of the monitor wafers pictures and 
ellipsometer thickness maps are presented for both black and clear ABS.  
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6.1 ALD on 3D printed plastic

The plastic substrates were coated with a total expected thickness of 150 nm, in three separate 
depositions, at 80 °C. The deposition temperature was chosen to be lower than the glass 
transition temperature of all the plastics. Both precursors were kept at room temperature in 
their respective containers in the reactor. Pulsing lengths were 0.2 and 0.5 s for TMA and water 
respectively with 5 s purges in between every pulse. The monitor samples were then analysed 
with XRR to obtain density and ellipsometry for the thickness map of the film across the whole 
wafer area.  

The presence of the plastic substrate in the chamber will affect the thin film deposition on 
the monitor wafer in several ways. The physical presence will disrupt the flow of carrier gas 
and precursors, the degassing of unwanted molecules in the chamber will disrupt the active 
sites on the surface. The porous surface of the plastic will trap and releasing precursors outside 
of the determined pulse times. The un-uniformity of the films is observed on the monitor 
wafers already from optical inspection and further confirmed by the ellipsometry thickness 
mapping (Figure 21). The analysis revealed thicknesses lower than the expected 50 nm, varying 
from 10 to 45 nm depending on the sample. Thicknesses higher than 50 nm (up to 80 nm) are 
observed in the areas around the position of the plastic sample. This accumulation of AlOx is 
probably caused by residual precursors trapped under and inside the sample escaping and 
reacting with the second ALD precursors outside of the planned intervals. 

When considering the positions of the precursor inlets in relation to the wafers, the higher 
thicknesses are observed in the areas near the two inlets (the remaining two inlets are for only 
carrier gas). This showing that both the presence of the sample disrupts the precursors flow as 
well as the degassing interfering with the film deposition. Since the carrier gas flow is constant 
from all the inlets during the whole deposition (the author has done a study of the gas flow 
inside the reactor in reference)148 and this will cause the degassing products to spread in the 
whole chamber. The degassing species were presumably part of the ABS, PP and PC polymer 
chains that would adsorb on the wafer surface reducing the number of active sites thus slowing 
film growth. 

The highest thicknesses of the AlOx is always observed near the TMA inlet suggesting that 
water would reach further away from the nozzle and absorb into the porous plastic during the 
pulse to then release during the TMA pulse. Both longer pulses, to reach the whole wafer 
surface, as well as longer purges, to prevent precursor accumulation, would certainly improve 
the deposition. For both black ABS and PC, the uniformity of the AlOx film improved with each 
subsequent deposition suggesting a reduction in the degassing with longer depositions. XRR 
measurements showed no discernible changes in the density of the AlOx between depositions 
suggesting the absence of incorporated organics in the film. A similar situation is observed in 
the clear ABS and PC with the thickness of the film rising slightly from deposition I to III. The 
case of clear PP is different since the thickness is reduced with subsequent depositions. Several 
variables will affect the ALD process, and further investigation with a more refined deposition 
recipe should be conducted with the tailoring of the recipe to the different plastics. 

6.2 ALD on black plastic

According to scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy 
(EDS) analysis performed on the samples by the collaborators. the AlOx grew conformally on 
the PC surface while the ABS surface had areas of missing coating. 3D growth of the ALD films 
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was observed and confirmed by checking the composition of the structures with EDS. The 3D 
AlOx structures grew vertically out from the surface with diameters of few μm. The presence of 
these structures is a further indication that precursors desorbing from the plastic are reacting 
in the next precursor pulse. This precipitate on the surface or trapped water will react with 
TMA to further grow the structures. 

EDS scans revealed the presence of AlOx at a depth of 5 μm into the polymer surface. The 
deposition of AlOx deep inside the porous structure is not unexpected as the deposition process 
is known for its ability to coat high aspect ratio structures. What was observed was that, on 
both polymers, the ALD film formed aggregates inside the porous structure of the sample, a 
longer purging time would be beneficial to remove the accumulated excess precursors from the 
porous structure before the next precursor pulse. 

6.3 ALD on clear plastic

The ALD film deposited on all the clear sample were continuous on the surface of the polymers, 
but the presence of 3D AlOx structures reappear, as in the black plastic case. The accumulation 
of AlOx (Figure 22) appeared as long rod-like structures in the PC, on ABS the accumulation 
was mostly on the irregularity of the polymer structure and on PP the growth was vertical in a 
fractal-like form that would extend for up to 5 μm.  

Issues with precursors accumulation and unwanted gas-phase reactions are the cause for the 
formation of the 3D structures on the film surface. Measurements of the thicknesses of the 
AlOx layers revealed the porosity of the plastics. The film thicknesses resulted being 2.1 ± 0-3 
μm on PC, 2.3 ± 0.2 μm on ABS and 0.88 ± 0.5 μm on PP, far greater than the expected 150 

Figure 22. Surface accumulation of AlOx on, from top to 
bottom, PC - ABS - PP 
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nm. The precursors could diffuse into the surfaces of the polymer to form the much thicker 
films. The maximum penetration of the precursors inside the polymer was measured by EDS 
line scan to obtain the depth profiles. The PC shows the deeper penetration with Al signals 
showing up at 5 μm while the PP and ABS showed less penetration at 2.5 μm but with a steeper 
decrease of Al signal already under 0.5 μm for the ABS. The deep growth of the film could not 
be avoided with an optimised deposition recipe only, but it is intrinsic to the way the plastic 
materials are and how they are printed. 

6.4 Barrier properties of the ALD film

For all the tested plastics, both black and clear, the measured barrier properties of the ALD 
coating resulted superior compared to the commercial vacuum resin Vacseal. Even though the 
ALD films grew to be non-continuous with the presence of 3D structures protruding from the 
surface, the performances were promising. The testing temperature was limited to 60 °C, in 
most cases, due to the high degree of outgassing of some samples at higher temperatures. The 
Vacseal resin needs a curing temperature of 200 °C or a long (weeks) curing time at room 
temperature. The curing temperature is higher than the glass transition temperature of all the 
plastics causing the Vacseal to not be completely cured. This might contribute to the higher 
degassing observed with some of the solvent from the resin was found as degassing products. 
These issues point to ALD as the preferred coating method that allows low temperatures and 
does not require any post-deposition curing. The need to manually apply the Vacseal coating 
can cause issues with more elaborate 3D structures or high manufacturing throughput. The 
ALD AlOx coating, if properly optimised for materials and applications, could coat conformally 
any type of structure while batch processing could coat many pieces at once while providing 
better barrier properties.  
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7. Summary and Outlook 

The unique characteristics of both atomic layer deposition and molecular layer deposition were 
utilised to fabricate thermoelectric devices on several substrates and to demonstrate the 
superior vacuum barrier performances of the ALD coatings. Simple metal oxides, ZnO and 
AlOx, were the choice as thermoelectric and barrier materials, respectively. The introduction 
of MLD made possible the deposition of ZnO-HQ superlattices that provided improved 
thermoelectric performance. 

The thermoelectric devices were fabricated on Si wafers, PEN flexible plastic, flexible glass, 
and textile. Several problems with both materials and fabrication compatibilities were solved. 
The deposition parameters were optimised for the different material-substrate combinations. 
The final device design provides a platform for testing other ALD fabricated thermoelectric 
materials. Initially, only ZnO and ZnO-HQ films were used as the n-type materials with the p-
type organic thermoelectric PEDOT introduced in the textile devices for enhanced 
performance. In the future, efforts should be made to find an ALD p-type material to replace 
the PEDOT such that the whole thermoelectric device could be fabricated through ALD/MLD. 

The compatibility of ALD with flexible substrates opens the way to the integration of 
thermoelectric devices as the power source in flexible electronics. The PEN substrate was found 
to enhance the performance of the device compared to the initial tests on silicon but limited 
the deposition temperature, restricting the deposition of ZnO-HQ superlattices. The glass 
substrate is the best alternative for high-temperature depositions but with the added 
challenges of the fabrication due to the fragility of the thin, 10-100 μm, substrate. The superior 
thermal insulation of the glass helped the ZnO-based device reach higher voltages compared 
to the devices on plastic. Finally, functioning devices were successfully demonstrated on 
textiles and, even though the cotton limits the deposition temperature, both ZnO and ZnO-HQ 
were successfully deposited and tested. The final design could sustain temperature differences 
up to 60 °C with the most performing device (utilising the ZnO-HQ superlattice) producing 
around 150 mV at 25 °C ΔT. This proved the potential of hybrid inorganic-organic materials as 
thermoelectrics. Different thicknesses and deposition temperatures were tested for ZnO with 
the expected result of higher voltage generated by thicker films. Two temperatures were tested 
with some unexpected results: the films deposited at 100 °C performed better than the ones 
deposited at 200 °C. This indicates that there is still research to be done to fully understand 
the behaviour of ALD deposited thermoelectric films on textile.  

Future research on the topic should focus on improving the deposition of both ZnO and ZnO-
HQ superlattices to be better tailored for the different substrates. Better performances could 
be achieved with films deposited at a different temperature to maximise the electrical 
conductivity while lowering the thermal conductivity with better superlattice structures. Also, 
other materials could be used instead of ZnO, combining traditional Bi, Te and Sb based ALD 
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films117–119 with organic layers could result in increased performances, given that the resulting 
inorganic-organic hybrids could be deposited on textile or flexible substrates. A device 
fabricated utilising both n- and p-type materials deposited by ALD could further increase 
performance and result in better-controlled deposition of the p-type material compare to the 
PEDOT spray or immersion coating. The study of thermoelectric devices on textile is still in its 
infancy and a lot of research on materials, depositions and substrates is available and necessary 
to push the technology forward. 

The unique capability of ALD to conformally coat the fibres through the whole thickness of 
the substrate, integrated the cotton fibres into the active part of the thermoelectric device, 
further lowering the thermal conductivity of the materials stack. Also, the deposition of 
superlattice structures combining inorganic and organic materials by ALD/MLD produced 
devices with better thermoelectric performance. 

The unique ability of ALD to yield highly conformal coatings on any surface even at low 
temperatures was the base for the second part of this thesis work. Several 3D printed plastics 
were coated with aluminium oxide to create a barrier for the degassing from the plastic. The 
effect of the plastic on the ALD growth was studied by mapping the film deposited on a monitor 
wafer under the plastic sample. It was observed that the degassing of the highly porous 
structure of the 3D printer plastics during the ALD process could affect the deposition quite 
severely. While AlOx was found to grow as a layer on the plastic’s surface, it also penetrated 
deeper into the 3D printed material. On the surface, the AlOx layer grew to form vertical 
structures, which was taken as an indication of CVD like growth presumably caused by the 
unreacted precursor molecules trapped inside the porous structure. Optimization of the ALD 
growth should be the priority in the continuation of this research. Despite the negative effect 
of the degassing on the deposition, the barrier properties of the ALD film were superior to the 
commercial vacuum resin for all the different plastic samples, proving the high potential of 
ALD in the field of 3D printed materials.  

Further research should concentrate on the optimization of the deposition of AlOx onto the 
3D plastic. More complicated 3D structures could then be tested with the optimised 
depositions. The deposition parameter optimization should focus on longer purge times to 
avoid precursors accumulation inside the porous structures. Optimised pulses for each 
precursor could also provide better coating while maximising the use of precursor. A pre-
deposition thermal treatment should reduce the degassing during the deposition. Superlattice 
materials could further improve the barrier properties of the coating adding the flexibility of 
the organic layers. The properties of the two components of the superlattice can be combined 
to enhance the barrier properties and mechanical characteristics of the films. 

In conclusion, this work demonstrated the potential of both ALD and MLD in the fabrication 
of novel material structures combining inorganic and organic materials into promising new 
devices on otherwise challenging substrate materials. Both thermoelectric devices and 
improved 3D printed parts were successfully fabricated and analysed. The ALD AlOx barrier 
coating provided improved degassing protection compared to commercial sealants even when 
the deposited layer did not fully coat the surface of the plastic. These preliminary results 
constitute an excellent starting point for the development of more optimized ALD coatings that 
could open the possibility of low-cost 3D printing laboratory equipment for use in a vacuum 
environment. The prototype thermoelectric devices fabricated on flexible plastic, glass and 
textile already provided voltages up to mV and power up to nW. The textile-based devices 
utilising the ZnO-hydroquinone hybrid films demonstrate that there is great potential for 
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improvement of the thermoelectric performances of both the thermoelectric materials and 
devices. The promising results of the ALD hybrid films further prove that wearable 
thermoelectric generators could become a future reality in harvesting body heat to provide the 
low power required by sensors or other electronics integrated into the textile. 
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