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Abstract 

Nowadays, the textile industry is revolutionizing by adding special functionalities and properties to 

textiles. Especially with the emergence of COVID-19, textile functionalization has attracted the focus 

of researchers for antimicrobial applications. Cuprous oxide (Cu2O) and zinc oxide (ZnO) are two 

oxides, which are known to have antiviral and antibacterial properties, respectively.  

Atmospheric-pressure spatial atomic layer deposition (AP-SALD) is a relatively new method, which 

allows high-quality, high-throughput, conformal, pinhole-free, uniform coatings at the nanometer-

scale and eliminates the slow speed and vacuum requirements that hinder conventional atomic 

layer deposition. In this thesis, spun-bond polypropylene (PP) fabrics that are used as an outer 

layer of N95 respirators were coated with Cu2O and ZnO nanocoatings by AP-SALD. To the best of 

my knowledge, this is the first time that fabrics have been coated by AP-SALD, which is a promising 

method for mass production. An important property that textile coatings must have is good 

adhesion, which was fulfilled by AP-SALD in this work. Unlike coatings on rigid substrates, 

measuring the thickness of coatings on textiles is challenging due to the porosity and uneven 

surface of fabrics. In-situ reflectometry was utilized to study the growth rate of coatings by applying 

the Virtual Interface Method (VIM), which uses the reflectance intensity at a single wavelength over 

time. The growth rate per cycle (GPC) of depositions was estimated by analyzing the resulting 

damped oscillatory pattern.  

The purpose of coating the spun-bond PP is to use it, especially Cu2O-coated PP, for antimicrobial 

N95 respirators. For this reason, it is important to ensure that coatings do not affect the filtration 

efficiency of fabrics. Penetration percentages (100 – filtration efficiency) of coated fabrics were 

measured. Results indicate that the coatings do not have an obvious impact on the filtration 

efficiency. Finally, since it is well-known that Cu2O shows an excellent antiviral performance against 
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many viruses, including SARS-CoV-2, the cytotoxicity of Cu2O coatings deposited by AP-SALD 

against living cells was examined with Alamar blue (AB) and 5-carboxyfluorescein diacetate (CFDA) 

assays to check their compatibility for human use. Based on the results, Cu2O – coated PP fabrics 

coated at 100 °C seem to be safe for use in N95 respirators.  
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Chapter 1 

Introduction 

1.1. Motivation 

Virus outbreaks can easily and rapidly spread around the globe with different modes of 

transmission, such as droplets, fomites, and aerosol. The most recent outbreak has happened due to 

the emergence of COVID-19, which has largely impacted our society, economy, and environment in 

addition to infecting more than 230 million people globally [1-3]. This new virus, SARS-CoV-2, is a 

new version of already emerged coronaviruses (e.g., SARS-CoV and MERS-CoV). Since the virus is 

viable in aerosols and on different surfaces for up to 7 days, symptoms of viral infection can result 

from continuous contact with contaminated surfaces, which can cause the transfer of the virus to 

facial mucosa [4, 5]. Personal protective equipment (PPE), especially face masks, has been shown to 

be effective in inhibiting transmission of virus from the environment to human body [6]. However, 

there are concerns with the use of conventional face masks, such as the long lifetime of viral 

particles on the face-mask surface and fomite transmission due to contamination and disposal of 

used face masks [7]. Incorporation of antiviral properties could prevent such infections by reducing 

the lifetime of SARS-CoV-2 and other viruses on the surfaces. In the past, various nanomaterials 

have been introduced as antiviral agents for different applications [8]. However, only after the 

emergence of COVID-19 have researchers shown a huge interest in nanomaterials to fight against 

viruses and a significant number of reports have been published on nanomaterials and coronavirus 

(see Figure 1.1). 
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Figure 1.1. Publications shown on Web of Science, PubMed, Embase, and Scopus. Search words: 

“nano OR nanomaterials OR nanoparticle” and “coronavirus” [9]. 

Copper and its oxides are among those nanomaterials, which exhibit great antiviral performance, 

but they have been mostly deposited on rigid substrates [10-13]. Applications of functional textiles 

are undervalued and thus, there are limited reports on textile functionalization by metal-oxide 

incorporation. Cu/CuOx nanomaterials are a promising agent to make antiviral fabrics, especially 

face masks, which could play a critical role in limiting the spread of the virus. Zinc oxide is another 

nanomaterial that can add multiple functionalities to textiles including self-cleaning, UV protection, 

and antimicrobial activity. Different liquid as well as vapor techniques have been utilized to 

incorporate these oxides into fabrics [14].  

Applications of functional materials in textiles are still limited by challenges associated with 

technology, cost, and safety. Although copper has been approved by the US Environmental 

Protection Agency as a safe antimicrobial agent for use in human protection equipment, it still can 

be harmful, if a large amount is used and the coating has poor adhesion [15]. Furthermore, most 

technologies are designed for lab scale production, which makes the mass production very 

expensive.  
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Atmospheric-Pressure Spatial Atomic Layer Deposition (AP-SALD) is a technique that can address 

the challenges mentioned above by high-throughput, conformal deposition of coatings with 

thickness control as thin as the monolayer (atomic) level. 

 

1.2. Thesis Overview 

The main objective of this thesis work is to demonstrate the coating of fabrics with metal oxides, 

especially, Cu2O and ZnO, by AP-SALD that can be used for the functionalization of textiles. The 

adhesion of the coatings is tested by applying different mechanical tests on the coated spun-bond 

polypropylene (PP) fabric. Filtration tests are also performed to ensure that the coatings do not 

affect the filtration performance of the fabric. Furthermore, the growth rates of the coatings on the 

PP fabrics are studied by applying an in-situ virtual interface (VI) model. Lastly, the cytotoxicity of 

Cu2O-coated PP is tested to ensure that they are safe for human use so that they can be utilized in 

fabrication of antiviral N95 respirators. 

Chapter 2 of this thesis mainly focuses on literature review and summarizes the basic properties, 

especially antiviral properties for Cu2O, applications, and techniques for the preparation of Cu2O 

and ZnO. As the main synthesis technique for metal oxides in this work, the working principle and 

previous works of AP-SALD are described.  

In Chapter 3, the AP-SALD apparatus in our lab and the working principles of the material 

characterization techniques used, such as Scanning Electron Microscopy (SEM), Ultraviolet-Visible 

(UV-Vis) Spectroscopy, and X-Ray Diffraction (XRD) are briefly explained. Moreover, the procedures 

of the mechanical tests (washing, linear abrasion, tape adhesion, twisting, and bending) to test the 

adhesion of coatings are described.  
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Chapters 4 and 5 present the results and discussion of this research. In Chapter 4, coating of Cu2O 

and ZnO onto the spun-bond polypropylene fabric by AP-SALD is presented. The deposition 

parameters, characterization data and coating adhesion are discussed. Moreover, different 

approaches toward the measuring the coating thickness are presented and discussed. Chapter 5 

explains the filter test on coated fabrics and presents the results along with necessary 

interpretation. Moreover, cell viability tests were performed for Cu2O coatings for face mask 

applications.  

Finally, in Chapter 6, conclusions for each chapter are presented and ideas for future work are 

provided. 
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Chapter 2 

Literature Review 

2.1. Copper oxide (CuOx) 

2.1.1. Basic Properties of CuOx 

Copper has two main stable oxides, which are cupric (CuO) and cuprous (Cu2O) oxides. Cu2O 

crystallizes in a cubic structure. In the structure, copper cations are in face-centered cubic (fcc) 

sublattice, and oxygen anions are in a body-centered cubic (bcc) sublattice. The copper atoms are 

linearly coordinated by two closest neighboring oxygens whereas oxygens are tetrahedrally 

coordinated by copper, as shown in Figure 2.1a. On the other hand, CuO has a crystal structure in 

the monoclinic centered lattice in which copper is coordinated by four oxygen atoms and vice versa 

(Figure 2.1b) [16]. Some crystallographic properties of CuO and Cu2O are tabulated in Table 2.1 

[17]. 

As well-known p-type semiconductors due to the presence of copper vacancies, the band gap values 

are generally in the range of 2.1-2.6 eV (2.17 eV in the bulk) for Cu2O and 1.2-2.16 eV (1.2 eV in the 

bulk) for CuO. This means that Cu2O can absorb light up to the visible region whereas CuO can 

absorb up to the near infrared (IR) region. Generally, nanostructures behave differently from the 

bulk. For example, the band gap can be tuned as a result of the quantum confinement (QC) effect by 

changing the grain size [18]. Other factors, such as doping and temperature, can also alter the band 

gap of these oxides.  
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Figure 2.1. Crystal structures of (a) cubic Cu2O and (b) monoclinic CuO (red and brown spheres 

represent copper and oxygen, respectively). Reprinted figure with permission from (Gattinoni et.al. 

2015) Surface Science Reports 

The electrical conductivity and hole density depend on the copper-vacancy density of CuOx films. It 

has been shown that the conductivity increases as the temperature increases due to the increase in 

hole concentration. In addition, electrical properties of CuOx also rely on grain sizes, film thickness, 

grain boundaries, and dopants [17].  

CuOx is used in various applications ranging from optical devices to antimicrobial systems due to its 

non-toxicity, low-fabrication cost, abundance of the constitutive elements, and unique properties 

[17, 19-21]. It has also played an important role in healthcare since ancient times, which will be 

explained in detail later in the chapter. 
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Table 2.1. Crystallographic parameters of Cu2O and CuO [17]. 

 Space 

group 
Lattice Formula 

weight 
Density Melting 

Point 

Cell 

volume 

Cu2O 
Oh4 or 

𝑃𝑛3̅𝑚 

Cubic 

a = 4.2696 Å 
143.14 5.75 g cm-3 1235 ⁰C 77.83 Å3 

CuO 𝐶2/𝑐 

Monoclinic 

a = 4.6837 Å 

b = 3.4226 Å 

c = 5.1288 Å 

β = 99.54° 

α = γ = 90° 

79.57 6.52 g cm-3 1201 ⁰C 81.08  Å3 

 

2.1.2. Antiviral Properties of CuOx 

Copper has been known for its medicinal applications for thousands of years. Due to its low-cost, 

eco-friendliness, and biocompatibility, copper has been used for many different purposes, including 

sterilization, treatment of wounds, skin irritation, sore throats, eye infections, ulcers, and virus 

inactivation [22]. Similarly, its oxides have also been proven to have antiviral properties against 

several viruses, such as bacteriophages, human immunodeficiency virus (HIV), influenza virus, and 

coronavirus [23]. Humanity is facing challenges with new types of viruses every few years, which 

threaten human health and can cause pandemics, with the most recent being COVID-19. Severe 

acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the virus that causes COVID-19, has an 

extremely high transmissibility and diffusivity due to the presence of asymptomatic carriers. With 

the emergence of COVID-19, Cu and its oxides received more attention to minimize the spread of 

the virus. The virus can survive up to 7 days on many surfaces, including stainless steel, plastics, 

and face mask surfaces [24], but Cu/CuOx can reduce this time down to an hour, even less than an 

hour. For example, recently, it was shown that both CuO and Cu2O effectively inactivate 99.9% of 
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SARS-CoV-2 in 1 hour when they were applied to door handles, pens, shopping cart handles, and 

card reader buttons, which are among the most touched objects in the public places [25]. Some 

examples of common-touch surfaces coated with CuOx are presented in Figure 2.2. 

 

Figure 2.2. (a) Examples of different common-touch items coated with a Cu2O/polyurethane 

coating. (b) Door handles coated with CuO (The figure (a) has been reproduced from ref. 10 and the 

figure (b) from ref. 11 with permission from the American Chemical Society). 

 Although the exact virus inactivation mechanism is unclear, it is proposed that the inactivation is 

related with the release of copper ions and the formation of reactive oxygen species (ROS). In 

recent work from our group, both Cu and Cu2O coatings demonstrated strong virucidal effects 

against coronavirus 229E, a surrogate model for SARS-CoV-2, and the virucidal activity was 

enhanced in some cases due to the delamination and accelerated dissolution of Cu films in the viral 

droplets [13]. 

Released Cu2+ ions can oxidize the cysteine residues (RSH) to form RSSR or Cu(SR)2 complex. Cu2+ 

can also inactivate double-stranded DNA (dsDNA) viruses by degrading the helical structure due to 

its interaction with viral nucleic acids. Cu+ interacts with cysteine amino acids by reacting with thiol 

(SH) and amine (NH2) groups of cysteine residues. Cu+ also leads to the formation of ROS, such as 

OH and O2-, which also inactivate the virus through oxidative disruption. First, Cu+ reduces O2 to 

form Cu2+ and O2-, which reacts with water to generate H2O2. Then, the obtained H2O2 reacts with 
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Cu+ to form OH, which further reacts with cysteine, tryptophan, and tyrosine residues [26]. This 

proposed mechanism is illustrated in Figure 2.3. 

 

Figure 2.3. Virus inactivation on (a) CuO-coated and (b) Cu2O-coated surfaces. Reproduced from 

ref. 26 with permission of Royal Society of Chemistry. 

Although both cupric and cuprous compounds have antiviral properties, cuprous compounds have 

stronger antiviral activity than cupric compounds. For example, Cu2O and Cu2S reduced the viral 

titer by 103.7-, 103.2-, and 105.8–106 -fold for influenza A virus (H1N1), MS2 bacteriophage, and Qb 

bacteriophage, at 0.5, 2, and 5 h, respectively, while CuO and CuS reduced the viral titer only around 

100.01–100.59-fold. This difference suggests that Cu2+ ions have a lower activity during the virus 

inactivation [26].  

 

2.2. Zinc Oxide (ZnO) 

2.2.1. Basic Properties of ZnO 

Another metal oxide semiconductor, which has been explored extensively is zinc oxide (ZnO). 

Depending on the conditions, ZnO can have three different crystal structures, which are wurtzite, 

zinc-blende, and rocksalt structures, which are shown in Figure 2.4 [27, 28]. The 

thermodynamically stable phase is wurtzite at ambient conditions. The rocksalt structure can be 
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formed at relatively high pressures, and the zinc blende structure can be obtained only on cubic 

substrates. In the wurtzite hexagonal structure, the lattice parameters are a= 3.25 Å and c= 5.21 Å. 

It is composed of two interpenetrating hexagonal-close-packed (hcp) sublattices of Zn and O. The 

zinc atoms are coordinated by four oxygen atoms making a tetrahedral coordination and vice versa 

[28]. 

 

Figure 2.4. Different crystal structures of ZnO [27]. 

ZnO is a n-type transparent conductive oxide with a large direct band gap of 3.37 eV, which makes it 

transparent in the visible range of the electromagnetic spectrum [27]. In addition, it has a large 

exciton binding energy of 60 meV, which is larger than the exciton binding energy of many other 

wide-bandgap semiconductors such as GaN (25meV) and ZnSe (20meV) [28]. ZnO exhibits great 

photocatalytic activity, which is depicted in Figure 2.5 along with proposed mechanism. These 

exciting properties make ZnO a promising candidate for many applications, including optical 

devices, cosmetics, sensors, and medical devices. 
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Figure 2.5. Proposed photocatalytic mechanism of ZnO [14]. 

 

2.2.2. Applications of ZnO-coated Textiles 

Modification of textile surfaces is increasing in popularity as it can provide additional functions to 

common fabrics. ZnO is amongst the materials that can provide a wide range of functions, such as 

self-cleaning, UV protection, antibacterial activity, thermal insulation, moisture management, flame 

retardancy, electrical conductivity, and hydrophobic properties (Figure 2.6). 

The photocatalytic activity of ZnO gives the fabrics capability of having self-cleaning properties. 

With this property, the fabric can decompose and remove organic dirt stains upon exposure to solar 

and UV light, without washing. In the photodegradation of stains, the reactive oxygen species (ROS) 

play an important role. Therefore, any factor that enhances the formation of ROS increases the 

photocatalytic performance. Higher ZnO concentration, surface porosity, hydrophilicity, roughness, 

and specific surface area are some examples that causes the formation of ROS, and thus increase in 

photocatalytic activity of fabric [14]. 

UV protection property of textiles is important, especially during the sunny summer days. By 

absorbing, refracting, or scattering the UV-A and UV-B radiation, textiles, especially those used in 
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clothing, block the UV light from reaching the skin. Binding agents, such as methacryloxypropyl 

trimethoxysilane and capping agents are used to enhance the adhesion of ZnO coatings [14]. 

With its high thermal stability, ZnO can also provide flame retardancy to textiles by reducing the 

heat, fuel and oxygen transfer between the flame and textile [14].  

Another very common functionality that ZnO can provide to fabrics is antibacterial activity. 

Although the exact mechanism is not clear, it is known that antibacterial activity is attributed to 

ROS generation and Zn2+ ion release. Various textiles and synthetic fibers, including cellulose, 

polyester, polypropylene, polyamide, and polyurethane, have been coated with ZnO to test 

antibacterial activity against Staphylococcus aureus Gram-positive bacteria, Escherichia coli Gram-

negative bacteria, Candida albicans, Bacillus subtilis, and many more. ZnO was one of the two 

candidates of this work as an antiviral agent, but previous work by Delumeau, Asgarimoghaddam 

and others showed that ZnO did not present any antiviral activity [13]. Being highly biocompatible, 

at least for low concentrations, ZnO is promising for the textile industry. However, high 

concentrations of ZnO in textiles can cause cytotoxicity. Therefore, controllable thickness of a ZnO 

coating is very crucial in these applications [14]. 
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Figure 2.6. Schematic representation of functionalities that ZnO can add to textiles [14]. 

 

2.3. Preparation Methods For ZnO– and CuOx – coated Textiles  

Since there has been a great deal of interest in nanostructured metal oxides lately, different 

approaches have already been implemented in preparation of these oxides. Although most of the 

works have been done on rigid substrates, some studies have been conducted on textile 

functionalization with metal oxides. With their wide range of applications, CuOx and ZnO 

nanostructures have been prepared on textiles with various liquid-phase as well as vapor-phase 

processes. 

As the name suggests, liquid-phase techniques perform the synthesis in the liquid phase. Sol-gel, 

electrodeposition, and hydrothermal/solvothermal techniques are examples of liquid-phase 

techniques [14, 17]. The drawbacks of liquid-phase processes are that too many chemicals are used, 

which makes the waste treatment difficult and thus increases the cost. They are advantageous in 

terms of simple equipment operation and application for large-scale production. For example, 

Tencel Ltd., London, UK, deposits copper into cotton fiber by wet processing method, electroless 
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plating. They soak the fibers in SnCl2 solution followed by PdCl2 solution to obtain activated fibers. 

To get Cu (II) and Cu(I) containing fibers, they expose the activated fibers to formaldehyde, CuSO4, 

and polyethylene glycol [22]. Ran et. al. utilized the hydrothermal method to coat cotton fabrics 

with ZnO as an example of a liquid-phase technique for ZnO growth on textiles [29]. In their work, 

they pre-treated the fabric surface using polydopamine (PDA) prepared by dissolving dopamine in 

a Tris buffer solution. Before growing the ZnO, they prepared a seed layer by immersing the PDA – 

templated cotton into the seed solution prepared from zinc acetate, methanol, and sodium 

hydroxide. After these steps, they immersed the fabric into the growth solution prepared by mixing 

zinc nitrate hexahydrate and hexamethylenetetramine. As seen in these examples, liquid-phase 

techniques may require multiple steps and chemicals to coat fabrics with metal oxides. 

Alternatively, we can prepare CuOx and ZnO nanostructures using vapor-phase processes, which 

can be divided into two main categories, physical vapor deposition (PVD) and chemical vapor 

deposition (CVD). PVD processes use physical forces to deposit films by sputtering or evaporating 

corresponding oxide or elemental Cu or Zn by applying laser irradiation, thermal heating, ion 

bombardment, or other ways [13,17, 30-32].  

Among PVD techniques, sputtering, such as radio-frequency (RF) and direct-current (DC) 

sputtering, is common in the deposition of metal/metal-oxide thin films, including ZnO and 

Cu/CuOx [32-34]. In a typical PVD process, a solid source material is exposed to energetic particles 

to eject the atoms. Generally, in the case of copper oxide deposition, the stoichiometry of the CuOx 

can be controlled by varying the sputtering power. Low sputtering power ejects a smaller number 

of Cu atoms, which can effectively react with oxygen and form the oxide with higher oxygen 

content, CuO. On the other hand, a high sputtering power leads to the deposition of Cu2O films and 

causes the presence of unreacted copper on the surface due to the sputtering of excessive Cu atoms 

[17]. Jung et. al. utilized DC magnetron sputtering to coat PP filters with Cu to use them in KF94 

respirators [32]. They showed that the coatings are effective against SARS-CoV-2 virus and do not 
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affect the filtration efficiency of the face mask. However, the concern is that the oxygen ion-beam 

treatment of the fabric surface that is used to increase the adhesion of the coatings could reduce the 

static electricity in the mask, which may affect the filtration efficiency. 

Another example of PVD is thermal evaporation. As its names suggests, deposition of a metal or 

metal oxide is performed by evaporating the material with heat in a vacuum or low-pressure 

environment. Recent work by our group tested the antiviral performance of various metal/metal 

oxides including Cu and Cu2O [13]. Cu coatings were made by thermal evaporation on glass and PP 

fabric, and the Cu-coated glass was oxidized to Cu2O by annealing at 225 °C. The temperature is 

essential to obtain the desired CuOx thin films in this technique. Generally, Cu2O is obtained at 

relatively lower temperatures compared to CuO. Apart from these methods, pulsed laser deposition 

(PLD) has also been used for the deposition of CuOx and ZnO films. For example, Ramamurthy et. al. 

demonstrated the deposition of ZnO as well as CuO on nonwoven PP fabrics by PLD and studied the 

antibacterial activity [30]. They perform RF plasma etching on fabrics to enhance the adhesion of 

the coatings. Some of the reports about the coating of textiles with CuOx and ZnO are summarized in 

Table 2.2. 

Chemical Vapor Deposition (CVD) is a popular vapor-phase deposition process where the volatile 

reaction precursors react in the vapor phase or on the surface of a heated substrate to form desired 

thin films. CVD methods can make high-quality coatings with excellent conformality and cover flat 

as well as complex substrate surfaces [42]. Different variants of CVD, such as plasma-enhanced 

CVD, metal-organic CVD (MOCVD) and atomic layer deposition (ALD), have been developed. Herein, 

ALD will be explained briefly, as it will be compared with the AP-SALD technique used in this work. 
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Table 2.2. Selected works on coating of textiles with CuOx and ZnO by various methods. 

Textile 

Substrate 

Metal 

Oxide 

Preparation 

Method 

Additional 

Treatment 
Application Ref 

Polyester, 

polyamide 
CuO 

Cathodic cage 

plasma 

deposition 

-  
Novel technique 

demonstration 
[35] 

Cotton, 

polyester-

cotton 

CuO, ZnO Sonochemical - Cytotoxicity study [36] 

Cotton, 

polyester, 

latex 

CuO/Cu2O 
Electroless 

plating 
- 

Antimicrobial 

activity 
[37] 

Polypropylene Cu Spray coating 

Shellac for the 

adhesion and 

hydrophobicity 

enhancement 

Self-cleaning, 

Photoactive, 

antibacterial activity 

[31] 

Polypropylene Cu 
Thermal 

evaporation 
- Antiviral activity [13] 

Cotton ZnO In-situ sol-gel - 
Antibacterial 

activity 
[38] 

Cotton ZnO 
In-situ dip-

coating 

Hexamethyltrieth

ylenetetramine 

for ZnO 

preparation 

Antibacterial 

activity, UV 

protection 

[39] 

Polypropylene, 

Cotton 
CuO, ZnO 

Pulsed laser 

deposition 

(PLD) 

RF plasma 

treatment for 

adhesion 

enhancement 

Antimicrobial 

activity 
[30] 

Polyamide 66 ZnO 

Atomic layer 

deposition 

(ALD) 

- 
Photocatalytic and 

antibacterial activity 
[40] 

Cotton ZnO 

Atomic layer 

deposition 

(ALD)/ 

molecular layer 

deposition 

(MLD) 

Al2O3 seed layer 

deposition 

Electrical 

conductivity 
[41] 

 

ALD is a sub-class of the CVD that provides conformal coating using sequential, self-limiting surface 

reactions. As illustrated in Figure 2.7, the ALD process consists of four consecutive steps: (1) the 
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first gaseous precursor ("Reactant A”) is flowed into the reactor and chemisorbs on the substrate 

surface; (2) the reactor is purged with inert gas to remove unreacted precursor and by-products; 

(3) the second precursor (“Reactant B”) is flowed, which reacts with first precursor on the 

substrate surface; (4) similar to step 2, inert gas is purged to get rid of unreacted precursor [43]. 

These four steps result in the formation of one atomic layer (monolayer) of the desired material 

and can be repeated to produce a film with a desired thickness. The four steps are for a process 

with two precursors that form a binary compound. However, it is also possible to prepare ternary 

or quaternary thin films using additional precursors. 

 

Figure 2.7. Schematic illustration of one ALD reaction cycle. Reproduced from ref. 43 with 

permission of Journal of Applied Physics 

ALD has distinctive advantages, such as thickness control at the monolayer level, which can be 

controlled by the number of ALD cycles. Generally, the rate of the film deposition is described as 

growth per cycle (GPC), which is the thickness of material deposited on the surface by each 4-step 

ALD cycle. Limited work has been conducted on the coating of textiles by ALD. Polyamide 66 fabrics 

were coated with ZnO by ALD to study their photocatalytic and antibacterial properties, but the 

growth rate was not reported [40]. Instead, it was confirmed by studying the growth rate on silicon 

wafers. Another work was to coat a cotton fabric with ZnO to study the electrical conductivity [41]. 

No growth rate was reported in this work either. Measuring the thickness of coatings on textiles is 

very difficult as the surface is not flat and rigid. This makes the coating of textiles challenging. 
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CVD and ALD are similar techniques with some distinct differences. The main difference is that 

precursors enter the reactor separately in ALD, which eliminates the gas-phase reactions. Both 

techniques have some drawbacks, such as, precursors must be volatile at low temperatures and 

chemically stable; the substrate choice is limited; the reaction conditions can be complex, such as 

the need for a vacuum chamber; and film growth is slow [43].  

It is well-known that Cu/CuOx coatings can have poor adhesion, whereas robust coating is very 

important for mass production, especially in the textile industry since many textiles are washed. 

For this reason, additional steps have been taken to improve the adhesion of the coatings. For 

example, Karmacharya et.al. reported photoactive antiviral face masks by applying shellac/copper 

nanoparticles to surgical face masks with spray-assisted technology [31]. A main reason for using 

shellac was to strengthen the adhesion of the copper coating. Moreover, other pre-treatments 

applied to fabrics are oxygen ion beam and RF plasma etching to increase the adhesion of coatings 

[30, 32]. These additional chemicals and steps increase the cost of the production. 

 

2.4. Atmospheric Pressure Spatial Atomic Layer Deposition (AP-

SALD) 

2.4.1. Basic Principles 

Atmospheric-Pressure Spatial Atomic Layer Deposition (AP-SALD) is an emerging approach to ALD. 

Unlike in conventional ALD, precursors flow simultaneously in AP-SALD and are separated in space 

rather than flowing separately in time. This approach eliminates the need for the slow purging 

steps that slows conventional ALD and the vacuum environment that limits the scalability of 

conventional ALD. 
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AP-SALD can reproduce the ALD cycle and self-limiting reactions by moving the substrate between 

the gaseous precursor zones, resulting in monolayer-by-monolayer film deposition and excellent 

conformal coverage of the substate. On the other hand, conventional ALD completes the same 

process by keeping the substrate static and delivering the precursors sequentially in time [44].   

 

Figure 2.8. a) 3D drawing of reactor head in AP-SALD, which shows continuous flow of precursors. 

(b) Small gap between substrate and reactor head prevents mixing of the precursors in the gas 

phase whereas (c) large gap behaves like CVD process due to the mixing of precursors before 

reaching the substrate. 

In AP-SALD, the component where the precursors and inert gas are separated as parallel flows and 

delivered to the substrate is commonly called the “Reactor Head” (Figure 2.8a). As this approach 

eliminates the vacuum process and purge steps of conventional ALD and the growth rate depends 

on the substrate oscillation speed, the film deposition rate becomes significantly faster compared to 

that of a conventional ALD system. Moreover, a main advantage of AP-SALD, especially for 

industrial applications, is its operability under atmospheric pressure, which removes the substrate 

size constraint making it compatible with commercialization. Keeping the small gap between the 

substrate and the bottom of the reactor head enables the deposition under atmospheric pressure 
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because a small gap ensures that the precursors reach the substrate without mixing in the gas-

phase (Figure 2.8b). As the gap gets larger, the process starts behaving like a CVD process where 

precursors are directed into the chamber simultaneously and allowed to mix (Figure 2.8c). As a 

result, the precursors react in the gas phase before they reach the substrate. Generally, CVD exhibits 

a higher deposition rate compared to ALD (up to 2 orders of magnitude), but lower control over the 

thickness than the ALD process. 

The film deposition in AP-SALD depends on many factors, such as the substrate temperature, 

oscillation speed, gap between the substrate and reactor head, flow rates of the gases, and sequence 

of channels in the reactor head.  

 

2.4.2. CuOx and ZnO Thin Film Deposition on Rigid Substrates 

Although ZnO films have been deposited on various rigid substrates by AP-SALD and studied [45-

47], there has been limited work on the deposition of CuOx thin films by AP-SALD. Common metal 

precursors used for CuOx and ZnO are Cupraselect and Diethyl Zinc (DEZ), respectively. Cupraselect 

favors the deposition of Cu2O rather than CuO at lower temperatures (< 350 °C), but it can be 

controlled by varying the deposition parameters, especially the substrate temperature. As an 

oxygen source, the common precursor is water, and oxygen plasma and ozone are alternatives. 

According to previous reports, ZnO has a significantly higher growth rate (1.01 nm/ALD cycle) 

compared to Cu2O (0.03 nm/ALD cycle), indicating that ZnO is readily deposited under SCVD 

conditions with an AP-SALD system. Selected reports have been tabulated in Table 2.3. 

Doping can be achieved easily in AP-SALD by adding precursors to different channels. For example, 

Hoye et.al. has successfully made Mg-doped ZnO, which results in a bandgap change from 3.3 eV to 

5.5 eV, depending on the Mg content [50]. Moreover, Illiberi et.al. demonstrated the deposition of 
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Al-doped ZnO films resulting in a high carrier density, low resistivity as well as more than 85% 

optical transparency in the visible region [51]. Similar effects can be seen in CuOx films by doping 

the film with nitrogen [52] and some cations, such as Sn2+ and La3+ based on the theoretical 

calculations [53]. 

Table 2.3. Selected works on Cu2O and ZnO films by AP-SALD 

Material Precursors Oxidant 

Growth 

Rate 

(nm/ALD 

cycle) 

T (°C) Application Ref 

Cu2O Cupraselect Water 0.025 150-225 Solar Cells [48] 

Cu2O Cu(hfac)(cod) Water 0.016-0.052 180-260 Solar cells [49] 

ZnO DEZ Water 0.05-1.01 50-200 - [47] 

N-doped 

ZnO 
DEZ + NH3 Water 0.17 200 Thin Film 

Transistors 
[46] 

 

Other deposition parameters, such as deposition temperature, can also be varied to tune the 

properties of the film. For example, Sekkat et. al. showed that the bandgap of Cu2O films can be 

varied between 2.08 eV and 2.5 eV using different deposition temperatures [49].  

Since the properties of these films can be tuned depending on the intended use, they have been 

used in many different applications, such as solar cells, light emitting diodes (LEDs), and 

transparent conductors [44]. 

Despite these advantages of AP-SALD, it is worth noting the challenges and limitations of this 

technique. Generally, metal oxides have been deposited by AP-SALD. The non-oxide films are 

uncommon because exposure of films to atmosphere could negatively affect the film properties 

because of oxygen incorporation into the films. Trying to avoid this adds complexity to the system, 

which increases the cost and limits its use. Moreover, flow channels are prone to blockages as 
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deposition can occur in the channel before the precursors reach the substrate. Furthermore, 

variations in the gap spacing between the reactor head and the substrate can cause non-uniform 

film deposition. Hence, careful control of all AP-SALD system parameters is essential. For some 

precursors, such as Cupraselect, heating is required because of their low vapor pressure, which 

adds further complexity to the system.  
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Chapter 3 

Experimental Techniques 

3.1. Description of SALD System at UW 

The depositions of this work have been done using an AP-SALD system, which was designed and 

developed in our lab. One main part of this system is a gas delivery system, which includes valves, 

precursor bubblers, and mass flow controllers (MFCs). Figure 3.1 shows a simple schematic of the 

gas delivery system of our SALD technique. The precursors are stored in bubblers in either liquid or 

solid form, depending on the precursor, and kept at room temperature. However, in some cases, 

like the Cu2O deposition in this work, the precursor bubbler may need to be heated due to the low 

vapor pressure of the precursor. Gaseous precursors are carried by bubbling inert gas, nitrogen, 

through the precursors, whose flow is controlled by MFCs. Then, there is another nitrogen flow 

added to the line, which is typically used to adjust the precursor concentration before reaching the 

reactor head and substrate. It is also possible to purge the lines without flowing through the 

bubblers (to remove chemical precursors from the gas lines) by opening a purging line valve 

located immediately downstream of the bubblers. All the flowing gases are delivered to the 

component called “Reactor Head”, which is made from a stainless-steel block. By flowing through 

the reactor head, each precursor is directed to the separate slits, which are placed parallel to each 

other facing down towards a heated substrate stage that oscillates back and forth at certain speed. 
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Figure 3.1. A schematic representation of gas delivery system of SALD in our lab 

The reactor head has 4 inlets, one for nitrogen gas, one for an oxidant, and two for metal 

precursors, or one metal and one catalyst or dopant depending on the desired deposition 

composition. The outlet is divided into 21 thin slits through which precursors are delivered to the 

substrate separately in specific arrangement (Figure 3.2). The role of nitrogen gas between each 

reactant slit is to separate the gases and minimize their contact with the atmosphere. Furthermore, 

the nitrogen flow removes the unreacted precursors from the substrate. There are also exhaust slits 

available (shown in figure 3.2) to pull the unreacted and unnecessary reactants out by suction. With 

this configuration, a substrate exposes to precursor twice (since Metal 1 line is used for both CuOx 

and ZnO precursors) in 1 full AP-SALD oscillation and thus, consists of 2 ALD cycles. This is one 

advantage of AP-SALD over conventional ALD that allows faster deposition. 

In the ALD process, the two half-reactions on the substrate surface need to reach equilibrium, 

which requires sufficient precursor concentration in the outlets of the reactor head, nitrogen flow 

with sufficient rate, and enough interaction time between the precursor and the substrate. The first 
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two requirements can be satisfied by tuning the flow rates and the last one by adjusting the 

oscillation speed of the substrate. However, saturation depositions must be performed before 

running the actual deposition every time the system is started to make sure the line is saturated, 

and the precursor concentration stabilizes at the reactor head outlet. The time required to reach the 

saturation depends on the system and the precursor being used. For zinc and copper precursors in 

the system I used, the saturation time is less than 20 and 30 minutes, respectively. 

With the lab-scale AP-SALD system, a maximum area of 7 cm x 5 cm can be deposited. The stage can 

be heated up to ~500 °C, but only low temperatures (<200 °C) were used in this work due to the 

low melting point of the substrate used. The substrate oscillation speed can be as high as 

300 mm/s, but most of the depositions were done at 50 mm/s or lower in this thesis. As discussed 

in Section 2.4, the gap between the reactor head and the substrate is very important and is 

manually adjusted using three micrometers. 

 

Figure 3.2. Distribution of precursors to separate slits on the reactor head. 

 

3.2. Characterization Techniques 

3.2.1. X-Ray Diffraction  

X-Ray Diffraction (XRD) is an analytical technique that is used for phase identification and analysis 

of crystal structure. Generally, XRD patterns are interpreted with “Bragg’s Law”, which is defined 

as: 
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                                                                                 𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝜃                                                                           (3.1) 

where n is an integer, 𝜆 is the wavelength of the X-Ray beam, 𝑑 is the distance between diffracting 

planes and 𝜃 is the incident angle as shown in Figure 3.3. In the process, X-Rays are generated by a 

cathode ray tube and hit the sample, which forms constructive interference and diffracted rays as 

long as Bragg’s Law is satisfied. Then, diffracted rays are detected by the detector and converted to 

a count rate, which can be seen on the screen. All possible diffraction directions are scanned by 

running the measurement over the range of 2𝜃. Each crystalline substance has a unique XRD 

pattern depending on the crystal type, atomic size, and arrangement. In addition to phase 

identification and crystal structure analysis, it is also possible to analyze the crystal quality with 

XRD. The peak widths give information about the crystallinity of the sample. Sharper peaks are 

indicative of more crystalline samples (i.e., larger crystallite sizes) whereas crystallinity decreases 

as the peaks get broadened. 

 

Figure 3.3. Schematic of Bragg’s law. 

In this thesis, Grazing Incidence XRD (GIXRD) was utilized for the analysis of thin films, as it limits 

the penetration of light into the bulk sample by using a small-incident-angle X-ray beam, and 

optimizes the intensity. All XRD patterns were collected on a PANalytical X'pert Pro MRD operating 

at 35 mA and 45 kV with a Cu anode (Kα = 1.5406 Å).  
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3.2.2. UV-Vis Spectroscopy 

UV-Visible spectroscopy is used to analyze liquid as well as solid samples. To get the absorbance 

spectrum, absorbance of light at each wavelength (in the range of 200-900 nm) is measured, which 

excites the electrons in a sample from the ground state to an excited state. This spectroscopic 

technique relies on the “Beer-Lambert Law”, which is defined as 

                                                                                𝐴 =  휀𝑏𝑐                                                                                       (3.2)                                          

where A is absorbance, 휀 is the molar absorptivity, b is the path length, and c is the sample 

concentration. Many instruments use a monochromator to separate the light coming from the light 

source (typically, deuterium or tungsten lamp) into the individual wavelengths so that the 

spectrum can be recorded wavelength by wavelength. Some instruments use a diode array detector, 

which allows measurement of absorbances at all wavelengths simultaneously. This instrument is 

faster, more efficient, and eliminates the need of a monochromator. 

It is possible to determine the bandgap of a semiconductor graphically by using a Tauc plot, which 

can be derived from a measured absorbance spectrum. The Tauc plot originates from Tauc’s law, 

which can be represented by the following equation: 

                                                                   (𝛼ℎ𝑣)1/𝑛 = 𝐵(ℎ𝑣 −  𝐸𝑔)                                                                      (3.3) 

Here 𝛼 is absorption coefficient, h is Planck’s constant (h = 6.62607004 × 10-34 m2 kg / s), and 𝑣 is a 

frequency. B is another constant, 𝐸𝑔 is the bandgap energy, and n is either 0.5 or 2 depending on the 

sample being analyzed. If the sample has a direct allowed bandgap, n is 0.5, and in the case of 

indirect allowed bandgap n would be taken as 2. From the equation above, (𝛼ℎ𝑣)1/𝑛 vs ℎ𝑣 would 

give a plot, which should have a linear region. When the linear region is extended to the x-axis, the 

x-intercept gives the optical band gap [54, 55]. 
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In this thesis, a Horiba QuantaMaster 8000 spectrometer is utilized to obtain the UV-Vis spectra of 

the samples.  

 

3.2.3. Scanning Electron Microscopy (SEM) 

SEM is a vital technique to analyze the surface morphology and composition of nanomaterials. Due 

to their shorter wavelengths, which enables better resolution, electrons rather than light are 

accelerated in this technique. A high-energy electron beam hits the sample surface (depending on 

the accelerating voltage, it can penetrate to a depth of a few microns) and produces secondary 

electrons (SE), backscattered electrons (BSE), and characteristic X-rays. Secondary electrons are 

generally formed at lower depth and thus, have relatively low energy. They are good for imaging of 

surface morphology. On the other hand, back scattered electrons have high energy and reveal heavy 

elements, which backscatter electrons more strongly compared to light elements. Thus, BSE 

imaging is great for heavy elements since they have a bright appearance in the image. When the 

primary electron beam hits the sample, it can knock off an electron from the inner shell of atoms in 

the sample, which leaves a positive electron hole. To fill the vacancy, an electron from the outer 

shell moves to the inner shell releasing energy in the form of an X-ray. The energy of the X-ray is 

different for each element and thus can be used for element identification using energy dispersive 

X-ray spectroscopy (EDX) [56]. A summary of the electron-beam interaction is shown in Figure 3.4. 

In this thesis, SEM and EDX were done either on a Zeiss LEO 1530 field or Zeiss Ultra Plus field 

emission SEM. Both secondary electron and back scattered electron modes were used for imaging 

the samples. 
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Figure 3.4. Electron beam interaction. 

 

3.2.4. X-ray Photoelectron Spectroscopy 

In this technique, X-rays with energy 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 are directed to the sample surface where electrons 

absorb the radiation. When electrons absorb enough energy (𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔), they are ejected with some 

kinetic energy (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐) and are analyzed by the detector (Figure 3.5). Elements are identified by 

their electrons’ unique binding energies, which can be determined from the following equation:  

                                                        𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 =  𝐸𝑝ℎ𝑜𝑡𝑜𝑛 −  𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 −  𝜑                                                            (3.4) 

where  𝜑 is the correction factor specific to the instrument. Since 𝐸𝑝ℎ𝑜𝑡𝑜𝑛is known and 𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐  is 

measured by the detector, 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 can be calculated from the given equation. The binding energy is 

dependent on the shell where electron is located as well as its environment. Each element, except 

hydrogen and helium, has characteristic peaks, which makes chemical analysis possible. In this 

thesis, XPS measurements were performed using a multi-technique ultra-high vacuum Imaging XPS 

Microprobe system, Thermo VG Scientific ESCALab 250 and obtained data was analyzed with 

CasaXPS software. 
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Figure 3.5. Initial (left) and final (right) state in atomic orbitals in XPS process. Reproduced from 

ref. 57 with permission of Springer Nature. 

 

3.2.5. In-Situ Reflectance Spectroscopy 

Reflectance spectroscopy is another type of spectroscopic technique, which measures the fraction 

of incident light reflected by the film surface as a function of wavelength. It is worth noting that 

reflectometry is an indirect technique, which means that it does not measure the film properties 

directly. Instead, a model-based approach must be used. The measured reflectance spectrum needs 

to be fitted to a modelled spectrum to analyze the film properties. Since the film deposition takes 

place in open air, there are two different interfaces, air-film and film-substrate. At the air-film 

interface, some part of light is reflected, and some transmits through and reaches the film-substrate 

interface where similar reflection and transmission occur. The Fresnel reflectance model is a 

suitable model to analyze the interaction of light with such interfaces with different optical media 

[58]. To apply the Fresnel model, optical properties, such as refractive index (n) and extinction 

coefficient (k) of the substrate must be known. In this work, since the substrate is a porous 

polypropylene fabric, it is hard to define accurate optical properties. Therefore, another reflectance 

model called the Virtual Interface (VI) model was used. The VI model was introduced by Breiland 
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and Killeen, who reported that there is no need for optical properties of the substrate to perform 

the measurement [59]. Unlike the Fresnel model, which fits the whole reflectance spectrum at a 

particular point in time, the VI model analyzes the reflectance at a single wavelength as a function 

of time, as shown in Figure 3.6.  

In the VI model, the following equation is used to model the reflectance intensity at a specific 

wavelength as a function of time: 

                                           𝑅(𝑡) =  
𝑅∞−2√𝑅∞𝑅𝑖𝑒−𝛾𝑡 cos(𝛿𝑡− 𝜎− 𝜑)+ 𝑅𝑖𝑒−2𝛾𝑡

1−2√𝑅∞𝑅𝑖𝑒−𝛾𝑡  cos(𝛿𝑡− 𝜎+ 𝜑)+ 𝑅∞𝑅𝑖𝑒−2𝛾𝑡                                                  (3.5) 

where R(t) is a reflectance intensity as a function of time, σ is a phase of the internal complex 

reflectance, 𝑅𝑖 and 𝑅∞ are the reflectance of the substrate and infinitely thick film, respectively. 

Some of the terms in the Equation 3.5 belong to the oscillatory pattern; γ is a decay constant, δ is a 

frequency, and φ is a phase shift term. These terms can be defined by equations consisting of n, k, 

and another important term, growth rate, G, and substituting those equations into the Equation 3.5 

makes the R(t) dependent on five unknowns, n, k, G, 𝑅𝑖, and 𝜎. Since, R(t) forms a damped 

oscillatory pattern, initial values for the five unknowns can be estimated from the plot (Figure 3.6.) 

with the following equations: 

                                                                                   𝑅∞ ≅  〈𝑅(𝑡)〉𝑡                                                                         (3.6) 

                                                                                          𝛿 ≅
𝜋

𝑇
                                                                                 (3.7)      

                                                                                    𝛾 ≅  
ln (

𝑅𝑚
𝑅𝑛𝑚

)

𝑇𝑚
                                                                            (3.8) 

                                                           𝐺 ≅  
𝜆𝛿

4𝜋
[

1+ 𝑅∞

1− 𝑅∞
− √(

1+ 𝑅∞

1− 𝑅∞
)

2
−  

𝛾2+ 𝛿2

𝛿2  ]                                                  (3.9) 

                                                                                        𝑛 ≅  
𝛿

𝐺
                                                                                (3.10) 
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                                                                                        𝑘 ≅  
𝛾

𝐺
                                                                                (3.11) 

                                                                            𝜎 ≅  𝑡𝑎𝑛−1 (
−

𝑅′(0)

𝛿

𝑅∞−𝑅(0)
)                                                              (3.12) 

                                                                          𝑅𝑖 =  
(𝑅∞−𝑅(0))2+(

𝑅′(0)

𝛿
)

2

4𝑅∞(1− 𝑅∞)2                                                               (3.13) 

Finally, a nonlinear-least square fitting method such as the Levengberg-Marquardt algorithm is 

applied to determine the true n, k, and G values of the films.  

In this thesis, an Ocean Optics QR600 reflectance probe, Ocean Optics DH-2000 UV-Vis light source, 

and Ocean Optics HDX-UV-VIS spectrometer with a range of 250 – 800 nm were used to perform in-

situ reflectance measurements. The system captures reflectance data every two AP-SALD cycles at 

the same spot on the substrate. 

 

Figure 3.6. Reflectance vs time oscillatory pattern example and the unknowns that can be 

estimated as an initial guess. Adapted from ref. [59] with permission. Copyright 1995, AIP 

Publishing. 
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3.3. Mechanical (Robustness) Tests 

Fabrics undergo different forms of mechanical impact (washing, rubbing, stretching) in 

applications, including clothing, gowns in hospitals, and even face masks. Thus, it is important that 

coatings are durable. Since we are proposing to coat outer layer of N95 respirators, removal of 

coatings may block the middle main filter (if not inhaled, which would have worse consequences) 

and thus, affect the filtration efficiency in case of poor adhesion. Moreover, if coating is peeled off 

after washing or applying external forces, such as rubbing, stretching, bending and/or twisting, it 

would lose its antiviral property in the removed regions, which is not practical. Thus, robustness 

analysis should be performed in every textile coating research. In this thesis, washing as well as 

other mechanical tests, such as linear abrasion, tape adhesion, twisting and bending tests have been 

performed to analyze the adhesion of the coatings when different external mechanical forces have 

been applied (Figure 3.7). 

 

3.3.1. Washing 

Coated fabric samples were washed with 200 mL water and 1.0 g of laundry detergent (“Gain” 

Original Liquid) with stirring (on “Torrey Pines Scientific” programmable stirring/hot plate HS61) 

at 450 rpm for 30 min at 40 °C. Then, the washed fabrics were rinsed twice within 200 mL of 

distilled water with stirring for 15 min to get rid of residual detergent particles. Finally, the fabrics 

were dried at 120 °C for 1 h on a hotplate in air. 
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3.3.2. Linear Abrasion Test 

The fabric was placed face down on sandpaper (180 grit) with an object weighing 40 g on top of it, 

as shown in Figure 3.7a. The fabric was moved 10 cm along the ruler and then the same process 

was repeated 15 times. When pulling the fabric, the same angle of ~30° was used for 

reproducibility.  

 

3.3.3. Twisting 

In this test, one end of fabric was taped to the edge of a benchtop to keep it stationary, as shown in 

Figure 3.7b. The other end was twisted 360°. The twisting was done 50 times by twisting it in the 

opposite direction every time.  

 

3.3.4. Tape Adhesion Test 

The fabric was attached to the surface of a benchtop by taping both ends to keep it static, as shown 

in Figure 3.7c. Scotch tape was placed adhesive side down on the coated fabric and force was 

applied by putting 150 g of mass on it. The same mass was used every time to keep the applied 

force similar. The same process was repeated twice for each test. 

 

3.3.5. Bending 

In the bending test, the fabric was bent around a rod with radius of 4.5 mm, which was attached to a 

benchtop. The bending of the labeled same area was repeated 300 times, as shown in Figure 3.7d. 

The labeled bent region was analyzed by SEM to observe possible damages. 
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Figure 3.7. a) Linear abrasion, b) twisting, c) tape adhesion, and d) bending tests performed on the 

coated fabrics.  
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Chapter 4 

Development of Robust Cu2O – and ZnO – coated 

Polypropylene Fabrics by AP-SALD 

4.1. Cu2O – coated PP Fabrics 

4.1.1. AP-SALD Precursors Used 

Up to now, various copper precursors have been developed for the deposition of elemental copper 

and copper oxides (CuOx) [48, 49, 60]. Copper(I) β-diketonate (𝐶𝑢𝐼 (𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒)𝐿) complexes 

are among the most widely used ones where L is a ligand that can be selected depending on the 

desired properties [61, 62]. For the deposition of Cu2O thin films, the proposed general reaction 

mechanism is as follows: 

𝐶𝑢𝐼 (𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒)𝐿𝑎𝑑𝑠 → 𝐶𝑢𝐼 (𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒)𝑎𝑑𝑠 + 𝐿(𝑔)                                                                        (4.1) 

2 𝐶𝑢𝐼 (𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒)𝑎𝑑𝑠 + 𝐻2𝑂 → 𝐶𝑢2𝑂𝑎𝑑𝑠 + 2 𝐻(𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒)(𝑔)                                                   (4.2) 

In the first step of this reaction, the precursor is adsorbed onto the substrate surface where it 

decomposes due to the heat supplied to the substrate. After the decomposition, ligand L desorbs in 

the gaseous form and is purged with the nitrogen flow. In the presence of heat and water, the 

adsorbed species further decomposes to form gaseous 𝐻(𝛽 − 𝑑𝑖𝑘𝑒𝑡𝑜𝑛𝑎𝑡𝑒) leaving Cu2O behind. 

For this work, low fabrication temperature is crucial as the substrate (polypropylene fabric) melts 

at ~170 °C. Therefore, the chosen metal source needs to satisfy the temperature condition. Kang et. 

al. reported the deposition of Cu on Si wafers coated with PVD titanium nitride by thermal ALD at 

room temperature [63]. They used Cu(hfac)2 (hfac = 1,1,1,5,5,5-hexafluoroacetylacetonate) as a 
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metal precursor (Figure 4.1a). They decreased the deposition temperature from 150 °C to room 

temperature by taking advantage of pyridine, which acts as a catalyst. In the proposed mechanism, 

the copper metal of Cu(hfac)2 interacts strongly with pyridine on the substrate surface as copper is 

known to have strong interactions with Lewis bases. Moreover, there is hydrogen bonding between 

nitrogen lone pairs of pyridine and hydrogen of the hfac ligand. The proposed mechanism is 

depicted in Figure 4.1b. Both interactions are expected to weaken Cu – O bond, based on theoretical 

calculations [63]. 

 

Figure 4.1. (a) Chemical structure of Cupraselect and Cu(hfac)2. (b) Proposed mechanism of copper 

deposition. Reprinted with permission from ref. 63. Copyright 2010 American Chemical Society 

Inspired by Kang and co-workers’ report, Cu(hfac)2 precursor was first studied in this work, as this 

precursor is less expensive than other precursors used in ALD and/or AP-SALD. In this precursor, 

both β-diketonate and ligand L are the same ligand, which is “hfac”. One disadvantage of this 

precursor is that it is solid at room temperature and needs to be heated to form some vapor. During 

the deposition, the Cu(hfac)2 bubbler temperature was set to 90 °C and the gas line was heated to 

60 °C to reduce condensation in the line before it reaches the reactor head and substrate. 

Depositions were tried at different substrate temperatures from 150 °C up to 220 °C on borosilicate 

glass substrates. Inert nitrogen gas was flowed to carry the precursor vapors and ozone generated 

from an Absolute Ozone Atlas 30 UHC model ozone generator was used as an oxidant. The flow rate 

of pyridine was set to 50 sccm, which was diluted with 200 sccm of nitrogen carrier gas. The water 
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bubbler flow rate was 200 sccm, which also flowed through the Cu(hfac)2 bubbler. It was diluted by 

180 sccm of nitrogen carrier gas. Finally, the ozone production power was set to ‘75’ to maintain 

the flow rate at ~650 sccm and separation nitrogen flow rates was set to 850 sccm. Film deposition 

was observed at 220 °C; however, the film was not uniform, and the deposition could not be 

consistently reproduced, either at similar conditions or many other experimental conditions tested. 

By considering the possibility of having nucleation/adhesion problems for the copper precursor, 

the pyridine line was replaced with DEZ line to co-deposit ZnO as a dopant. The hypothesis here is 

that ZnO could help CuOx to nucleate and deposit along with ZnO. In this approach, CuOx/ZnO 

deposition was observed at a borosilicate glass substrate temperature of 210 °C with flow rates of 

20 sccm (carrier gas at 150 sccm) for DEZ precursor, 200 sccm (carrier gas at 200 sccm) for water 

bubbler (which also flowed through the Cu(hfac)2 bubbler), and 650 sccm for separation gas and 

ozone flow rates. The Cu(hfac)2 bubbler and gas line were heated as mentioned above. However, 

the film deposition was again non-uniform. Deposition was observed only under the sides of the 

reactor head, or the deposited film was almost entirely ZnO without any CuOx visible.  

A second copper precursor, Cu(hfac)(TMVS) (TMVS = trimethylvinylsilane), which is also referred 

to as Cupraselect, was therefore tested for the deposition of CuOx. In this precursor, β-diketonate is 

“hfac” again, but ligand L is TMVS (Figure 4.1a). AP-SALD of CuOx with Cupraselect was studied 

previously [48], but it has never been used for deposition on fabrics. Cupraselect is a liquid with 

relatively low vapor pressure and thus, it was heated to 50 °C during the deposition. The low 

volatility may be because of its high molecular weight and strong intermolecular interactions. A 

disadvantage of Cupraselect is its thermally instability. Heating the bubbler enhances the 

decomposition of Cupraselect even if it is slow. As an oxygen source, water was used. Uniform CuOx 

films were obtained by setting the flow rates for the bubbler and carrier gas to 450 and 50 sccm for 

Cupraselect and 200 and 300 sccm for water. The nitrogen flow was set to 1000 sccm and the gap 

between the reactor head and substrate was 100-150 μm. Uniform CuOx films were obtained for 
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substrate temperatures ranging from 100 to 200 °C. The AP-SALD CuOx films deposited using 

Cupraselect were first characterized on the borosilicate glass substrates and then on the PP fabrics.  

 

4.1.2. Characterization of CuOx Films on Glass 

The deposition temperature is an important parameter in AP-SALD, especially for the deposition of 

CuOx films. The composition of CuOx film depends on the deposition temperature. Typically, Cu2O 

forms at low temperatures whereas CuO forms at higher temperatures as a major phase [48, 64]. It 

was also noticed that the adhesion of the AP-SALD CuOx films on glass increased with increasing 

deposition temperature. For example, there was a significant difference in adhesion for the CuOx 

deposited at 150 °C and 120 °C. The latter could be easily wiped off the glass, whereas the CuOx 

deposited at 150 °C could not be easily removed.  

The optical properties of the films were determined by UV-Vis spectroscopy. Figure 4.2a shows the 

CuOx thin films deposited at 100 °C, 120 °C, and 200 °C (500 AP-SALD cycles at 1.5 cm/sec 

oscillation speed) and Figure 4.2b and 4.2c show their absorbance spectra and corresponding Tauc 

plots (as described in Section 3.2.2). The direct allowed optical bandgap values for the films were 

calculated to be ~2.58 eV, suggesting the films are the higher-bandgap Cu2O. Typically, bulk Cu2O is 

known to have a bandgap value of ~2.1 eV. However, depending on the crystallinity and other 

characteristics of thin films, they can present different bandgap values. For example, Muñoz Rojas 

et. al. reported the bandgap value of Cu2O thin films as 2.52 eV [48]. In another work, Sekkat et. al. 

showed that the bandgap changes with deposition temperature [49]. The calculated bandgap values 

are consistent with the literature value of Cu2O thin films. Previous studies show that the bandgap 

depends on the morphology as well as crystallinity [65, 66]. The slightly higher bandgap observed 

for our films could be caused by a change in the point defects, which change the energy band 

structure. 
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Figure 4.2. (a) The Cu2O thin-film coatings deposited at 100 °C, 120 °C, and 200 °C, (b) their UV-Vis 

spectra, and (c) corresponding Tauc plots with calculated optical band gap energy values (Eg). 

Figure 4.3 shows the XPS spectra for the surface of the Cu2O samples deposited at 100 °C, 120 °C, 

and 200 °C. In the Cu 2p spectrum in Figure 4.3a, intense peaks corresponding to Cu 2p3/2 and Cu 

2p1/2 at 932.5 eV and 952.2 eV, respectively, confirm that Cu2O is the predominant phase in these 

films. There are also weak peaks at 933.4 eV and 953.2 eV corresponding to Cu 2p3/2 and Cu 2p1/2 

of CuO, respectively. The presence of satellite peaks in Figure 4.3a is also an indicator that some 

CuO is present [67]. Unlike XRD, XPS performs analysis mainly on the surface and thus, the surface 

atoms may have oxidized to CuO due to the exposure to air, which could explain the presence of 

CuO peaks. Moreover, the O 1s spectrum in Figure 4.3b also suggests that the atomic concentration 

of oxygen atoms corresponding to Cu2O (530.2 eV) is higher than that for CuO (531.5 eV). 
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Figure 4.3. XPS measurement of Cu2O samples showing (a) Cu 2p and (b) O 1s spectra. 

 

 

Figure 4.4. (a)XRD patterns of Cu2O thin films deposited at 100 °C, 120 °C, and 200 °C. (b) 

Deposition of reddish-brown film at 200 °C (no oscillation) 

XRD measurements of samples deposited at 100 °C, 120 °C, and 200 °C are shown in Figure 4.4a. 

Peaks corresponding to the (111), (200), and (220) planes of Cu2O (JCPDS no. 05-0667) can be 

clearly observed for all samples. Hence, all three characterization techniques are consistent with 

each other and suggest that the Cu2O is a major phase formed up to 200 °C. In the XRD pattern of 

the film deposited at 200 °C, there is a very strong peak at 50.5°, which does not belong to Cu2O, but 

could be assigned to the (200) plane of elemental copper (JCPDS no. 04-0836). A possible 
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explanation for this is that Cupraselect decomposes at high temperatures [68]. Therefore, it might 

be decomposing at the higher substrate temperature to form elemental copper instead of the 

decomposition expected in the proposed mechanism. As shown in Figure 4.4b, the formation of a 

reddish-brown film was observed at 200 °C when the substrate was kept static (no oscillation), 

indicating that elemental copper is formed along with Cu2O, which corroborates the XRD pattern. 

As 200 °C was not a suitable temperature in this work due to the low melting temperature of the 

substrate (PP), this precursor decomposition can be avoided.  

 

4.1.3. Characterization of CuOx Films on Polypropylene Fabric 

Spun-bond polypropylene fabric (50 g/m2), which is used as an outer layer of N95 respirators, was 

provided by Eclipse Automation Inc. and coated by AP-SALD. The fabrics were cut into rectangular 

pieces (8 cm x 7 cm) and attached onto the stage in tension by placing borosilicate glasses 

underneath to avoid the contamination of the stage. Depositions were performed by taping one, 

two, or three layers of spun-bond polypropylene fabric to the surface of the heated stage and 

setting the gap between the fabric and the reactor head to approximately 100-150 μm. Similar flow 

rates as those stated in Section 4.1.1 were used for the coating of fabrics. Polypropylene fabric has a 

melting point of 160-170 °C. For this reason, the deposition must be performed at low 

temperatures (less than 150 °C, as obvious damage has been observed on fabric at 150 °C). In this 

work, fabric depositions were performed at 100 °C and 120 °C. 

It is worth noting that using textiles as substrates is more challenging compared to rigid substrates. 

Textiles are typically porous materials (spun-bond PP is one of them). As a result, some of the 

precursor can flow through the textile and may be wasted unless a proper solution is found. Figure 

4.5a shows one layer of PP fabric (left), that was placed on top of glass (right) for a deposition of 

500 AP-SALD oscillations (with oscillation rate of 1.5 cm/s). It is seen that in addition to coating the 



43 
 

fabric, there is significant deposition on the glass as well. To avoid that, two or three layers of fabric 

were taped onto the glass so that multiple layers of fabric could be coated at a time and deposition 

on glass is minimized (Figure 4.5b and c). It is clearly seen in Figure 4.5b and c that the precursor 

gas flows could pass through the upper fabric layer and reach the second or third layer; however, 

the different fabric layers were not coated equally. Simultaneous coating of multiple fabric layers 

with films of similar thickness may be possible by designing a custom reactor head compatible with 

fabrics, which contains exhaust slits under the fabrics so that the flow travels through the fabric 

layers more uniformly without hitting a rigid substrate underneath. This approach is proposed for 

future work at the end of this thesis.  

It is also important that the fabric is held under appropriate tension to ensure a flat surface during 

deposition, otherwise non-uniform deposition can result. A sample of this issue is presented in 

Figure 4.6. As shown in the schematic in Figure 4.6a, two layers of fabric were placed on the glass 

for this particular deposition and at one location the fabrics did not sit flat on the substrate. Figures 

4.6b-d show the top fabric, bottom fabric, and glass. Non-uniform coating is clearly observed. 

Minimal deposition is seen on the top fabric, indicating that most of the precursor gases passed 

through the top layer and reacted near the bottom layer of fabric and glass. The bottom layer of PP 

has a region with very little coating, which was located directly above a region on the glass with a 

thicker coating. As shown in the schematic in Figure 4.6a, when the fabric is not held under suitable 

tension during the deposition, the precursor gases can flow through it, become trapped in the 

region between the fabric and the glass and deposit on the glass. On the other hand, in the regions 

where the fabric is held close to the glass surface, the precursor doesn’t have anywhere to go and 

thus, it gets trapped at the fabric-glass interface. This results in film deposition predominantly on 

the bottom fabric layer, as seen in Figure 4.6. 
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Figure 4.5. Coating of (a) one layer, (b) two layers, and (c) three layers of fabric on glass (7 cm x 7 

cm) with Cu2O. 
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Figure 4.6. Example of non-uniform fabric deposition due to insufficient tension holding the fabric. 

(a) Diagram of experimental arrangement. Deposition on (b) top fabric, (c) bottom fabric, and (d) 

glass. 



46 
 

In this work, efforts were made to tape the fabrics to the stage with suitable tension to prevent any 

bunching of the fabrics and non-uniform deposition. In a roll-to-roll manufacturing process, the 

tension of the fabric would be controlled by the positioning of the rollers.  

 

 

Figure 4.7. (a) Picture along with SEM images and (b) XRD data of PP fabric coated with Cu2O at 

120 °C. (Peaks labelled with “*” correspond to the PP). 

Figure 4.7a shows the picture of one of the coated fabrics made at 120 °C using 500 AP-SALD 

oscillations and corresponding SEM images. The SEM images show that the Cu2O conformally coats 

the fabric, forming continuous shells on the exterior of the PP fibers. Figure 4.7b shows the XRD 

measurement of the coated PP fabric. This data was collected from the bottom layer of a two-layer 

fabric deposition. The peaks in the spectrum belong to Cu2O and PP only, which is consistent with 

the XRD data of the glass samples.  
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As mentioned earlier, thickness measurement of fabric coatings is challenging. Common techniques 

to measure the thickness, such as ellipsometry, interferometry, and stylus profilometer, are not 

suitable for fabrics [69]. It is common to see the reports in the literature in which growth rates of 

fabric coatings are estimated by determining the growth rate of a coating deposited at similar 

conditions on a silicon or glass substrate. However, this approach is not accurate as silicon and 

textiles have different morphologies and thus, will result in different growth behavior. In this work, 

different methods have been applied to measure the thickness of the Cu2O coatings. 

The first attempt was to analyze the cross section of a coated fabric with SEM imaging. It is 

important to have a clean cross section surface to get good-quality images. To do this, the coated 

fabrics were immersed into liquid nitrogen to make them brittle, cut into pieces and analyzed with 

SEM. However, this was not successful as it was found that the fibers plastically deformed when cut, 

despite the use of liquid nitrogen, as shown in Figure 4.8a. Another approach was to encapsulate 

the coated fabric with epoxy to make it rigid so that it would give a clean fracture surface when 

broken or cut into pieces. In this case, it was not rigid enough to break and thus, the epoxy-encased 

fabrics were cut into pieces and analyzed with SEM. The surface was coated with gold particles to 

avoid surface charging due to the fabric and epoxy being non-conductive. SEM images of one of the 

fabrics that was coated with Cu2O at 120 °C using 600 AP-SALD oscillations is shown in Figure 4.8b. 

The images were much clearer than those from the previous approach. The coating is visible on the 

perimeter of the fiber as a change in contrast in the SEM image. The coating appears continuous and 

limited to the surface of the fiber; however, the achievable resolution does not permit accurate 

measurement of the coating thickness, presumably limited by the insulating nature of the PP fibers 

and epoxy. Finally, a VI model with in-situ reflectometry was applied to measure the thickness of 

the Cu2O fabric coatings.  
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Figure 4.8. Cross-section SEM image of Cu2O-coated PP fabric (a) after immersed in liquid nitrogen, 

and (b) after encapsulated with epoxy. 

To get an accurate fit to the VI model, the measurement must be done until at least two oscillation 

amplitudes are observed in the reflectance. The setup explained in Section 3.2.6 collects a whole 

reflectance spectrum, but reflectance data at only one wavelength is needed for the VI method. In 

this work, the VI method is modified to observe reflectance as a function of deposition cycles 

(rather than time) since the purpose is to determine the Growth Per Cycle (GPC) of the coatings. For 

the Cu2O coatings, reflectance was collected at a wavelength of 550 nm, with one reflectance 

measurement take after every 2 and 10 AP-SALD oscillations for glass and fabric substrates, 

respectively. For comparison, the measurements were done on borosilicate glass and spun-bond PP 

fabric substrates at 120 °C, both at a substrate oscillation speed of 1.5 cm/sec. The measured 
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reflectance data was fitted to the VI model by MATLAB’s built-in function “lsqcurvefit”, which is a 

nonlinear-least squares fitting method. 

 

Figure 4.9. Collected reflectance intensity (blue crosses) at λ=550 nm as a function of deposition 

cycles for Cu2O films coated on (a) borosilicate glass and (b) spun-bond PP fabric at 120 °C. The VI 

model fits to the data are shown in red. 

Figure 4.9 shows the measured reflectance values as a function of the number of cycles for the Cu2O 

deposited on (a) borosilicate glass and (b) PP fabric, as well as the VI model fits (red curves). The R2 

values were calculated for each plot, which shows how good the measurement fits the model. The 

fits to the VI model indicate GPCs of approximately 0.075 nm/ALD cycle and 0.057 nm/ALD cycle 

for the Cu2O grown on borosilicate glass and PP fabrics, respectively. This value is three times 

higher than the growth rate reported before for Cu2O deposition on glass by AP-SALD, which is on 

the order of 0.025 nm/cyc [48]. The higher value in this work could originate from the inclusion of 

SCVD (as a result of an unintentional wider gap between the reactor head and the substrate), which 
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increases the growth rate. Based on the estimated growth rate value, the thickness of coating in 

Figure 4.7 would be ~50-60 nm. These data show that the Cu2O indeed has a low growth rate. It is 

interesting that the growth rates are close for glass and fabric substrates although the fabric surface 

does not have functional groups to bind the precursor, unlike glass, which has hydroxyl groups that 

can easily bind to the precursor. However, the fibrous morphology of the PP fabric may trap the 

precursors, increasing their deposition. 

 

4.1.4. Robustness 

For face mask applications, the robustness of the coatings is extremely important. Five different 

tests have been applied to the coated fabrics to test their robustness: washing, abrasion, tape 

adhesion, twisting and bending tests. The washing test is particularly important for reusable 

textiles. The samples were analyzed under SEM after each test.  
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Figure 4.10. SEM images of Cu2O – coated PP fabrics after (a) washing, (b) abrasion, (c) tape 

adhesion, (d) twisting and (e) bending tests. 
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Figure 4.10 shows the SEM images of coatings after applying the tests. Based on the SEM images, 

little damage was observed on any of the coatings. There are some white particles in Figure 4.10b 

from the abrasion test, which were verified by EDX to be aluminum pieces coming from the 

sandpaper. Only a few localized areas of damaged coating could be seen in the SEM images, several 

of which are shown in the right panel of Figure 4.10. This robustness could be associated with the 

fact that these coatings are very thin (on the nanometer scale). Another possible explanation is that 

the coatings form a continuous shell around the fibers, as can be seen in the SEM images, which it 

expected to increase the adhesion of the coatings. 

 

4.2. ZnO – coated PP Fabrics 

4.2.1. Optimization of Deposition Parameters 

As explained in Chapter 2, deposition of ZnO has been achieved by many different techniques. It is 

also among the earliest compounds deposited by ALD, which was first reported in 1985 by using 

zinc acetate (ZnAc) and water as precursors [70]. Among many precursors available, diethyl zinc 

(DEZ) is the most common precursor for both conventional ALD and SALD due to its high vapor 

pressure, reactivity as well as large range of deposition temperature, starting from room 

temperature up to 350 °C [71, 72]. Yousfi et. al. proposes an ideal mechanism for ZnO deposition 

from DEZ and water precursors based on their quantitative measurements of atomic mass 

variations as follows [73]: 

                                              𝑍𝑛(𝐶2𝐻5)2 (𝑔)  →   𝑍𝑛(𝐶2𝐻5)𝑎𝑑𝑠 +  𝐶2𝐻6 (𝑔)                                                   (4.3) 

                                              𝑍𝑛(𝐶2𝐻5)𝑎𝑑𝑠 + 𝐻2𝑂 (𝑔)  →   𝑍𝑛(𝑂𝐻)𝑎𝑑𝑠 +  𝐶2𝐻6 (𝑔)                                   (4.4) 

In this thesis, the PP fabrics have been coated with ZnO by AP-SALD at a deposition temperature of 

100 °C since it is suitable for the PP. Unlike Cupraselect, it is possible to deposit thin films without 
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heating the DEZ bubbler, even at significantly lower flow rates compared to Cupraselect. The 

depositions were performed by setting the bubbler and carrier gas flow rates to 40 and 210 sccm 

for DEZ, and 100 and 200 sccm for water, respectively. The nitrogen flow was set to 1000 sccm, the 

gap between the reactor head and substrate was 100-150 μm, and the substrate oscillation speed 

was 1.5 cm/s.  

 

4.2.2. Material Characterization 

ZnO has a white color (transparent to visible light), which makes it hard to see the coatings visually 

as the PP fabric is also white. For that reason, the deposition was confirmed by SEM and EDX. The 

deposition was performed on a single layer of fabric and thus, the deposition was also observed on 

glass underneath the fabric. Figure 4.11a and b shows the SEM image of PP fabric coated with ZnO 

at 100 °C using 100 AP-SALD oscillations. An extremely smooth, conformal coating on the fibers is 

observed. The EDX data shown in Figure 4.11c indicates that there is zinc on the fabric, which 

provides strong evidence for the presence of ZnO.  
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Figure 4.11. (a) and (b) SEM images of ZnO – coated PP fabric. (c) EDX spectrum of the coating. 

In addition to the lab-scale AP-SALD that was used in this thesis, there is also a pilot-scale AP-SALD 

available in our lab. It allows the coating of areas up to 15 cm x 15 cm in size. To demonstrate the 

possibility for upscaling, coating of the PP fabric was also demonstrated with the pilot-scale SALD. A 

single layer of PP fabric sample (15 cm x 15 cm) was taped to a glass and oscillated at a speed of 8.0 

cm/s at a deposition temperature of 75 °C for 650 AP-SALD oscillations. The precursor and carrier 

flow rates were set to 75 and 425 sccm for DEZ and 240 and 1360 sccm for water, respectively, and 

the nitrogen flow was set to 4800 sccm for the larger pilot-scale AP-SALD reactor head. The 

deposition was observed on the glass as well. Figure 4.12a and b shows the SEM images of the PP 

fabric coated with ZnO using the pilot-scale AP-SALD. Conformal coating of the PP fibers is again 

observed, but some cracks in the coatings were observed this time. It is likely that the coating 

deposited using the pilot-scale AP-SALD was thicker as more oscillations (650) were performed 
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compared to the previous lab-scale depositions (100), resulting in an accumulation of stress in the 

film and a greater likelihood of cracking due to applied strain (e.g., unintended flexing of the fabric). 

Figure 4.12c shows the EDX measurement of the coated fabric; the presence of zinc peaks again 

confirms the deposition of ZnO. 

 

Figure 4.12. (a) and (b) SEM images of PP fabric coated with ZnO at 75 °C using a pilot-scale AP-

SALD system and 650 cycles. (c) EDX spectrum of coatings. 

In-situ reflectance measurements were again performed to identify the ZnO growth rate on the 

fabrics and glass samples. The lab-scale AP-SALD system was again used and for both cases, the 

oscillation speed was 1.5 cm/sec and the deposition temperature was 100 °C. Reflectance data at a 

single wavelength of 400 nm as a function of deposition cycles are shown in Figure 4.13 for the 

depositions on (a) glass and (b) PP fabric. The oscillatory patterns were clearly observed and could 
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be fitted to the VI model (red line) after the measurement to determine the GPC. The ZnO deposited 

on borosilicate glass and spun-bond PP at 100 °C has GPC values of 0.389 nm/ALD cycle and 0.22 

nm/ALD cycle, respectively. The growth rate of ZnO by AP-SALD at 100 °C was reported as 0.255 

nm/ALD cycle in the literature, which is close to the estimated value in this work [47]. Based on the 

estimated GPC, the thickness of ZnO coating on the PP fabric shown in Figure 4.11 was calculated as 

~44 nm. Notably, the ZnO growth rate is very different on the glass and PP fabric. This is likely due 

to the different morphologies of the two substrates, which would result in different precursor flow 

patterns, and clearly demonstrates that it is not accurate to estimate the thickness of a coating on 

fabric, based on a growth rate measured on some other substrates. Hence, the in-situ reflectance 

method demonstrated here, is very valuable for accurately characterizing coating thicknesses on 

fabrics. 
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Figure 4.13. Collected reflectance intensity (blue crosses) at λ=400 nm as a function of deposition 

cycles for ZnO films coated on (a) borosilicate glass and (b) spun-bond PP fabric at 100 °C. The plot 

was fitted to VI model (red). 

 

4.2.3. Robustness 

ZnO-coated fabrics may be employed for their antibacterial [74] and UV protection properties [75]. 

For these applications, frequent washing of the fabrics is expected. Besides, other external forces 

can be applied, as mentioned before, which could damage the coatings. ZnO-coated PP fabrics were 

prepared by using the parameters given in Section 4.2.1. The depositions were performed at 100 °C 

with 100 AP-SALD oscillations. The estimated thickness of coatings is ~44 nm based on the VI 

model. Figure 4.14 shows the SEM images of ZnO-coated PP fabrics after five tests have been 
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applied: washing, abrasion, tape adhesion, twisting, and bending. Minimal damage to the coatings 

can be seen after the tests have been applied. Based on these tests, ZnO coatings also seem to be 

robust on the PP fabric.  
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Figure 4.14. SEM images of ZnO – coated PP fabrics after (a) washing, (b) abrasion, (c) tape 

adhesion, (d) twisting and (e) bending tests. 
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Chapter 5 

Other Tests 

5.1. Filter Tests 

5.1.1. Explanation of the Test and Its Importance 

N95 respirators are a key piece of personal protective equipment against viral particles. Their N95 

designation means that they have demonstrated the ability to filter at least 95% of NaCl particles 

with a median diameter of 0.075 μm [76]. The layers of face masks can be made of various 

materials, such as cotton, polyester, nylon and polypropylene [77]. Since PP is used in this work, 

this discussion will focus on mask layers made of PP. Nonwoven PP is typically used in PP-based 

masks because the fibers are arranged randomly in this system, which causes efficient filtration. 

Nonwoven PP can be processed in two main ways, which are spun-bonding (SB) and melt-blowing 

(MB). SB fibers are generally used for the outer and inner layers of respirators due to their larger 

diameters compared to MB fibers, which makes them suitable for mechanical support [78]. MB 

fibers can be used to make a middle mask layer. The middle layer plays the main filtering role due 

to the high packing density of the PP fibers as well as an electrostatic field applied during the 

manufacturing to enhance the filtration efficiency (Figure 5.1). The outer layer is the main part that 

is contacted most frequently, such as when putting the mask on and taking it off, handling it, and 

even unintentional contact when it is on your mouth. By coating the outer layer, contact-derived 

infections could be prevented. 
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Figure 5.1. SEM images of inner, filter (middle), and outer layer of N95 respirators. Reprinted with 

permission from ref. 78. Copyright 2010 American Chemical Society 

Filter tests were performed to ensure that the coatings developed in this work do not impact the 

filtering properties of the fabric layers. Filter tests were performed with the help of James Cheon 

(MASc student in Prof. Michael Tam’s group) using an Automated Filter Tester (CERTITEST , Model 

8130A, TSI, Inc.). A schematic diagram of the equipment is shown in Figure 5.2. The two most 

common aerosol particles used are NaCl and oil depending on the filter being tested. To do the 

measurement, the test filter is placed on the lower part of the filter holder. When the test is 

initiated, the pneumatic cylinder lowers the top part of the filter holder. Generated aerosols are 

neutralized and flow through the filter at a certain constant rate. Although using neutralized 

aerosols in the test defies the fact that one main way of adherence of aerosols to the fibers is 

through electrostatic interaction, this is how the National Institute for Occupational Safety and 

Health (NIOSH) tests the filters. The reason for using neutralized particles is that NIOSH considers 

the worst-case scenario, the filtration without any electrostatic interaction between filter and 
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aerosol. Thus, filtration efficiency determined with NIOSH standards may be lower than other 

standards, which use un-neutralized particles [79]. There are two light-scattering laser 

photometers, one below the filter, the other one is above the filter. The photometers measure the 

upstream and downstream aerosol concentrations at the same time. Penetration percentage (100 – 

filtration efficiency) can be calculated by taking the ratio of upstream and downstream 

concentrations.  

One experimental challenge was that the original sample holder of the equipment has a diameter of 

14 cm, which means the filter must be at least 14 cm x 14 cm in order to be able to run the 

experiment. However, the lab-scale AP-SALD is only capable of coating samples up to 5 cm x 7 cm. 

Taking this into account, a custom sample holder was made from acrylic with an area of 5 cm x 5 cm 

for the filter.  

 

Figure 5.2. Schematic illustration of filter tester used (CERTITEST , Model 8130A, TSI, Inc.) 
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5.1.2. Filtration Efficiency of the Coated Fabrics 

To do the measurement, the filter was sandwiched between two acrylic plates. NIOSH uses the flow 

rate of 85 L/min to represent inhalation of a worker at high workload [79]. This flow rate 

corresponds to a face velocity of 10.6 cm/s for a typical N95 respirator with a surface area 135 cm2. 

Since the surface area exposed to the flow is smaller in this work, the flow rate was adjusted 

accordingly to keep the face velocity similar. Otherwise, face velocities, which are different from 

breathing conditions may skew the results. For that reason, the flow rate was set to 16.5 L/min to 

have a face velocity of ~11 cm/s. Generated aerosol particles had a size distribution with a count 

median diameter of 0.075 ± 0.020 μm. This size is smaller than the aerosols that carry viruses (0.25 

– 4 μm), but NIOSH considers the worst-case scenario for filter tests [80]. 

As mentioned earlier in the chapter, the outer layer is not the main filter layer in a N95 respirator, 

and thus, it is not expected to have significant filtering capabilities. Figure 5.3 shows the measured 

penetration percentage for the various fabrics studied in this work. The outer spun-bond PP layer 

without any coating gives a penetration percentage of 92%. In other words, its filtration efficiency 

is only 8%. The purpose of this test is to make sure the coatings do not affect the filtering efficiency 

of the fabric even though it is not the main filter material. As mentioned earlier, Cu2O depositions 

were performed on two layers of fabric (8 cm x 7 cm) taped to the stage by placing glass (7cm x 

7cm) underneath and thus, penetration data for both layers are shown in Figure 5.3. Penetration 

percentages for all the samples are in the 90-96% range, and are the same as the uncoated sample, 

within experimental uncertainty. Nonetheless, a few observations are worth mentioning. First, a 

majority of the coated fabrics have a slightly higher penetration than the uncoated one, which 

defies the intuition that coating the fibers would decrease the size of the pores. A possible 

explanation is that the oxide coatings make the fibers smoother, which facilitates air flow through 

the pores. Another point is that the penetration appears to decrease with the number of deposition 
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cycles, which is expected due to the larger diameter of fibers with thicker coatings. Finally, a higher 

penetration is observed for the bottom layers in the Cu2O – coated samples. It is possible that 

because the bottom layer is closer to the heating stage during the coating process, it receives more 

heat, and the morphology of its fibers are modified. While further investigation would be required 

to clarify some of these observations, these points are not critical. The important point is that this 

data demonstrates that coating the outer-layer PP fabric of a N95 respirator using AP-SALD does 

not affect the filtration efficiency of the fabric.  

 

Figure 5.3. Penetration percentage of uncoated and coated fabrics. A count median diameter of 

aerosol particle size distribution is 0.075 ± 0.020 μm. 
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5.2. Cell Viability Test 

5.2.1. Description of the Procedure 

Since this work, especially Cu2O – coated fabrics are aimed to be used in N95 respirators, cell 

viability tests are crucial to ensure the coatings do not adversely affect living cells, since skin 

contact and inhalation could occur. In this test, simple, directly applied, and noninvasive cell 

viability assays are used, which are the combination of two fluorescent dyes, Alamar blue (AB) and 

5-carboxyfluorescein diacetate (CFDA). AB takes the role of measuring cellular metabolic activity, 

whereas CFDA is used to show cell membrane integrity [81]. 

This test was done by MSc student Samantha Lum in the lab of Dr. Stephanie DeWitte-Orr at Wilfrid 

Laurier University. To do this test, the coatings were first exposed to virus-free media. Next, after 

collecting the media, serial dilutions were done and added to Hep G2 cells. To measure the cell 

viability, cells were incubated with the AB and CFDA assays for 1 hr at 37 °C followed by the 

fluorescence measurement whose intensity is directly proportional with the number of living cells. 

For example, AB contains resazurin, which has a blue color and is non-fluorescent. Living cells 

reduce resazurin to red-colored, highly fluorescent resorufin. AB is very stable and nontoxic, which 

allows it to monitor cells for a long period of time. This is one main reason of using AB assay in 

many reports instead of other assays, such as [3-(4,5- dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] (MTT). Fluorescence measurements were done with a Synergy HT 

plate reader (BioTekWinooski, VT) at the excitation/emission wavelengths of 530/590 nm and 

485/528 nm for AB and CFDA, respectively. 

 

5.2.2. Effect of Cu2O-coatings on Living Cells. 

In this test, Cu2O coatings deposited on both glass and PP fabric at 100 °C and 120 °C were tested 

along with other Cu, Cu2O and CuO samples made by Abderrahime Sekkat from Dr. Muňoz – Rojas’s 
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group (at the University of Grenoble-Alpes) for comparison. The details of the different samples 

tested are summarized in Table 5.1. 

Table 5.1. Samples tested for cell viability test 

Substrate Coating 

Deposition 

Temperature 

(°C) 

AP-SALD system 

used (in our lab 

(UW) vs 

Grenoble) 

Thickness (nm) 

Glass Cu2O 120 UW ~20 

Glass Cu 120 Grenoble 20-30 

Glass Cu2O 260 Grenoble 20-30 

Glass CuO 260 Grenoble 20-30 

PP Cu2O 100 UW 

Thickness 1 (thinner) 

Thickness 2 

Thickness 3 (thicker) 

PP Cu2O 120 UW 

Thickness 1 (thinner) 

Thickness 2 

Thickness 3 (thicker) 

PP CuO 120 Grenoble - 

 

Figure 5.4 shows the viability test results for the coatings on glass. Rather than showing the control 

sample (plain glass and PP fabric heated at corresponding temperatures) in the plot, it is reflected 

directly on the y-axis by converting the y-axis to percentage of the fluorescence intensity readings 

in the control sample. This means that any value below 100% could be an indicator of toxicity 

because there would be a smaller number of living cells than the control sample, meaning some 

cells are killed. In the AB measurements, the Cu2O sample deposited at 260 °C shows a lower 

percentage value, which could be the indication of potential toxicity of that sample. In the CFDA 

assay, all the values for all samples are lower compared to those in AB, but CuO and Cu2O at 260 °C 

show even lower values. Based on this data, it seems that the coatings produced at the higher 

deposition temperature of 260 °C show more toxicity against the living cells. 
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Figure 5.4. Cell viability of glass samples in AB and CFDA assays. Vertical axis shows the 

percentage of living cells relative to those in control sample whereas in horizontal axis, each sample 

undergoes 5 series of dilutions.  

Two deposition temperatures, 100 °C and 120 °C, were tested for Cu2O – coated fabric samples. For 

each temperature, three different thicknesses were chosen based on the color intensity of the 

coatings, as the exact thicknesses could not be measured at that time. In addition, CuO deposited at 

120 °C on PP fabric was also tested for comparison. Again, the measurements with CFDA indicate a 

lower number of cells compared to those with AB. Overall, the fabric coated with Cu2O at 100 °C did 

not show any toxicity, regardless of the coating thickness, whereas the coatings deposited at 120 oC 

could have some toxicity against living cells. This in contrast to the glass samples deposited at 120 

°C that did not show any toxicity in Figure 5.4. This difference could be related to different leaching 

rates of coatings on different substrates. Nonetheless, these results indicate that the PP fabrics 

coated with Cu2O at 100 °C do not appear to be cytotoxic and hence could be safe for use in N95 

respirators. 
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Figure 5.5. Cell viability of fabric samples in AB and CFDA assays.  
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Chapter 6 

Conclusion and Future Work 

In this thesis, it has been demonstrated, by coating spun-bond PP with Cu2O and ZnO, that textiles 

can be conformally coated by lab-scale as well as pilot-scale AP-SALD. A PP fabric was coated with 

CuOx by using Cupraselect as a precursor at a temperature of 100-120 °C, which is a suitable 

temperature for PP fabrics. The deposited CuOx coatings were confirmed to be predominantly Cu2O 

by XRD, UV-vis spectroscopy, and XPS.  

When modifications are made to the fabrics, the first thing to study is the robustness of the 

modified fabric as fabrics are generally subjected to washing and other kind of mechanical forces. 

The robustness of coatings was tested with five different mechanical tests: washing, abrasion, tape 

adhesion, twisting and bending. No significant damage to the coatings was observed after any of 

these tests were applied. Thickness measurement is another challenge with fabric coatings. After 

failing with other approaches, the growth rate of fabric coatings was estimated from in-situ 

reflectometry by applying a VI model. The GPC of Cu2O coated on PP fabric at 120 °C was estimated 

as 0.057 nm/ALD cycle whereas it was 0.1856 nm/ALD cycle for ZnO – coated PP fabrics at 100 °C. 

Since the substrate is a spun-bond PP, which is used as an outer layer of N95 respirators, filter tests 

were performed to make sure the filtration efficiency is not affected by the coatings, although it is 

unlikely due to the large pores of spun-bond PP. The uncoated fabric had a 92% +/- 2% penetration 

(filtration efficiency of 8%) and the penetration percentage of coated fabrics was in the range of 

90% to 96% indicating that the coatings do not impact the filtration efficiency.  
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Finally, the aimed application, especially for Cu2O – coated fabrics, is antiviral N95 respirators. For 

that reason, cell viability tests were performed on Cu – based coatings. It seems that increasing the 

deposition temperature also increases the likelihood of the coatings being toxic to living cells. The 

deposition temperature of 100 °C was the most ideal among the tested samples in terms of cell 

viability performance.  

Study of the antiviral performance of the coated fabrics is required next. It is worth noting that 

fabrics are generally exposed to air and moisture, especially in face mask applications since a 

person is continuously breathing. As a result, Cu2O coatings on fabrics could oxidize to CuO in long 

term, which would modify the physical, optical, as well as antiviral properties. Deeper work should 

be conducted on effect of air and moisture on Cu2O coatings. Besides, there is still more room to 

improve this work. For example, Cu2O was deposited using Cupraselect as the precursor, which is 

quite expensive. Other cheaper alternatives should be investigated. Due to the porosity of the fabric, 

the majority of the precursor gases pass through the fabric, which causes inefficiency in precursor 

usage. Better approaches, such as coating multiple layers at once, need to be designed to avoid 

precursor waste. Furthermore, the accuracy of the thicknesses measured by the VI model should be 

confirmed with other possible techniques, e.g. transmission electron microscopy. Finally, the yellow 

appearance of the Cu2O may not be appropriate for some applications. Therefore, the deposition of 

transparent Cu2O coatings could be investigated. 
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