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Abstract

Antiviral properties of materials have been studied widely in several previous studies. Due to the
coronavirus pandemic, that started in 2019, the interest in the applications of said properties has
only risen. The aim of this master’s thesis was studying the potential of using ALD/MLD thin films
for these applications. In addition to ALD/MLD, spin coating was also utilized.

In the literature study part, the basics of the used thin film techniques were discussed and the
advantages and the disadvantages of the techniques compared to other thin film techniques. The
potential of utilizing ALD/MLD in antiviral thin film deposition based on previous research was also
examined. The antimicrobial properties of TiO2 and ZnO in particular have been shown to
potentially be tied to photocatalytic properties of the compound.

Spin coating was used to coat glass and silicon substrates with curcumin. After this, ALD/MLD was
used to deposit a metal oxide/hydroquinone superlattice thin film onto the sample surfaces. Lastly,
the curcumin spin coating was repeated. ALD/MLD was also used, without spin coating, to deposit
Ti/curcumin and Zn/curcumin hybrid thin films onto glass and silicon substrates. The parameters
of the ALD/MLD hybrid thin film depositions were optimized.

In order to analyse the deposited films, XRR, GIXRD, FTIR and UV-Vis spectroscopy were utilized.
XRR was used to examine the general quality and to measure the thickness of the films. GIXRD was
used  to  identify  whether  the  films  were  amorphous  or  crystalline  and  to  potentially  identify  the
phases present. FTIR was used to examine the organic compounds present in the film and to
examine their bonding. However, the intensities in the FTIR spectra were all very weak for all the
samples. UV-Vis spectroscopy was used to further confirm that the films were deposited successfully
and that they were active in the wavelengths of UV and visible light.

The films were deposited successfully and the parameters of the hybrid thin films were optimized.
Based on the results, particularly the results from UV-Vis spectroscopy, the films were shown to be
promising for antiviral applications. Combining ALD/MLD and spin coating was also shown to be
viable option.

Keywords Atomic layer deposition, spin coating, antiviral thin films, thin films
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Tiivistelmä

Materiaalien antiviraalisia ominaisuuksia on tutkittu laajalti edeltävissä tutkimuksissa. Vuonna
2019 alkaneen koronaviruspandemian takia kiinnostus näiden ominaisuuksien sovelluskohteita
kohtaan on vain noussut. Tämän diplomityön tavoite oli tutkia ALD/MLD-ohutkalvojen
potentiaalia näitä sovelluksia varten. ALD/MLD:n lisäksi työn aikana käytettiin spin coating-
menetelmää.

Kirjallisuustyöosuudessa käytiin läpi käytettyjen ohutkalvomenetelmien perusteet ja menetelmien
etuja ja haittoja verrattiin toisiin menetelmiin. Myös ALD/MLD:n käytön potentiaalia
antiviraalisten ohutkalvojen kasvatuksessa aiempien tutkimusten perusteella tutkittiin. Kyseisten
TiO2:n ja ZnO:n antimikrobiaalisten ominaisuuksien on todettu olevan potentiaalisesti yhteydessä
yhdisteiden fotokatalyyttisiin ominaisuuksiin.

Spin coating-menetelmää käytettiin päällystämään lasi- ja piisubstratit kurkumiinilla. Tämän
jälkeen ALD/MLD:tä käytettiin kasvattamaan metallioksidi/hydrokinoni-
superhilaohutkalvonäytteen pinnalle. Viimeiseksi kurkumiinipäällystys toistettiin. ALD/MLD:tä
käytettiin, ilman spin coating-menetelmää, Ti/kurkumiini- sekä Zn/kurkumiini-hybridihutkalvojen
kasvattamiseen lasi- ja piisubstraateille. ALD/MLD-hybridiohutkalvojen kasvatusten parametrit
optimoitiin.

Kasvatettujen kalvojen analysointia varten käytettiin XRR:ä GIXRD:tä, FTIR:ä ja UV-Vis-
spektroskopiaa. XRR:ä käytettiin kalvojen yleisen laadun tutkimisessa sekä kalvojen paksuuden
mittaamisessa. GIXRD:tä käytettiin tunnistamaan se, olivatko kalvot amorfisia vai kiteisiä ja
potentiaalisesti kalvojen yhdisteiden faasien tutkimisessa. FTIR:ä käytettiin kalvoissa olevien
orgaanisten yhdisteiden tutkimisessa ja niiden sitoutumisen tutkimisessa. Kaikkien näytteiden
FTIR-spektrien intensiteetit olivat kuitenkin hyvin heikkoja. UV-Vis-spektroskopiaa käytettiin
varmistamaan tarkemmin, että kalvojen kasvatus oli onnistunut ja että ne olivat aktiivisia UV:n ja
näkyvän valon aallonpituuksilla.

Kalvojen kasvatus oli onnistunut ja hybridiohutkalvojen parametrit optimoitiin myös onnistuneesti.
Tulosten, erityisesti UV-Vis-spektroskopiatulosten, perusteella kalvojen osoitettiin olevan lupaavia
antiviraalia käyttökohteita varten. ALD/MLD- ja spin coating-menetelmien yhdistäminen todettiin
myös olevan toteuttamiskelpoinen vaihtoehto.
Avainsanat Atomikerroskasvatus, spin coating, antiviraaliset ohutkalvot, ohutkalvot
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List of used symbols and abbreviations

ALD Atomic layer deposition

a.u. Arbitrary units

CVD Chemical vapour deposition

COVID-19 Coronavirus Disease 2019

DEZ Diethyl zinc

FTIR Fourier-transform infrared (spectroscopy)

GIXRD Grazing incidence X-ray diffraction

GPC Growth per cycle

HQ Hydroquinone

IR Infrared (spectroscopy)

MLD Molecular layer deposition

mRNA Messenger ribonucleic acid

PVD Physical vapour deposition

rpm Rounds per minute

SARS-COV Severe Acute Respitory Syndrome Coronavirus

SARS-COV-2 Severe Acute Respitory Syndrome Coronavirus 2

TTIP Titanium isopropoxide

UV-Vis Ultraviolet-visible (spectroscopy)

XRD X-ray diffraction

XRR X-ray reflectivity

A Absorbance

c Concentration

dhkl Inter-planar distance

I Intensity

l Length (of a beam passing through a sample)

n Order of diffraction

re Classical electron radius



e Molar absorptivity

re Mean electron density

q Angle of diffraction

l Wavelength
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1. Introduction

The  Coronavirus  Disease  2019  (COVID-19)  pandemic  has  given  rise  to  interest  in

disinfection methods, including antiviral surfaces. The virus responsible for the

pandemic, Severe Acute Respitory Syndrome Coronavirus (SARS-COV), has been

shown to be able to survive on inanimate surfaces for even nine days. However, it

has been shown that the virus is susceptible to disinfection. For example, exposure

to ethanol has shown to be effective in reducing the viral infectivity. [1]

The coronaviruses are positive-sense single strand RNA viruses that have an envelope

[2,3,4]. Severe Acute Respitory Syndrome Coronavirus 2 (SARS-CoV-2), the virus

responsible for the COVID-19 pandemic, has a diameter of about 65-125 nm [4]. The

structure has spike-like proteins on the surface of the envelope. As a whole, the virus

contains several proteins. The encoding proteins that take part in viral replication

include spike, envelope, membrane and nucleocapsid proteins, alongside multiple

accessory proteins. [4,5] The SARS-CoV-2 virus is part of subgenus sarbecovirus,

genus betacoronavirus and subfamily ortho corona virinae [3].

Although the exact source of the virus has not yet been identified, the SARS-CoV has

been suggested to have been transferred from animal reservoirs, particularly from

bats, to humans [3,4]. During the pandemic, the virus has been mutating to adapt to

new hosts. Coronaviruses can be responsible for diseases with severe symptoms,

such as in the case of the disease caused by SARS-CoV-2. However, the majority of

the coronaviruses cause only minor symptoms. [4]

Atomic layer deposition (ALD) is a thin film deposition method that could potentially

be employed to deposit antiviral thin films. ALD has an ability to form conformal thin

films on various surfaces, including metals and fabrics. When deposited onto a fabric,
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the effectiveness of the personal protective equipment, such as masks, could be

enhanced.

In the experimental part of this thesis, the potential of atomic layer deposition and,

its emerging counterpart for organic materials, molecular layer deposition (MLD) to

deposit antiviral thin films, based on curcumin and metal oxides, titanium oxide and

zinc oxide, with photocatalytic properties, is examined. Alongside the ALD/MLD

technique, spin coating is also used but the main focus is on ALD/MLD.

In the literature study, the basics and applications of ALD/MLD and spin coating are

discussed. Since the work includes a combination of two different film deposition

techniques, comparison to other thin film techniques is discussed. Particular focus of

this comparison is at what kind of organic and inorganic materials can be used in each

technique.

The basics behind the antiviral thin films are discussed in the literature study section.

This includes going through the basics of viral particles and discussing the possibilities

of using ALD/MLD in antiviral thin film deposition. In particular, the potential of

different inorganic and organic compounds for this purpose are discussed.
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Literature part

2. Atomic layer deposition, molecular layer deposition and spin coating

2.1. Basics of ALD and MLD

Thin film deposition techniques can be roughly divided into physical deposition and

chemical deposition techniques. Physical deposition is, as the name implies, based

on physical phenomena and the deposition does not involve change in the chemical

state of the precursors. Physical thin film deposition techniques include for example

pulsed layer deposition and sputtering. In contrast, chemical deposition makes use

of a chemical change to form a thin film. [6] Chemical thin film deposition techniques

include for example atomic layer deposition [6,7] and chemical vapour deposition

(CVD) [6,7]. However, the separation between physical and chemical methods is not

always clear-cut, as chemical reactions may occur during thin film deposition

processes that are usually classified as physical deposition [8].

Atomic layer deposition is based on sequential self-terminating gas-solid reactions.

The method is usually credited to be developed by Tuomo Suntola and co-workers in

Finland in 1970s. At the time the method was called atomic layer epitaxy (ALE). [9,10]

During the same time, similar methods were developed in Soviet Union by Valentin

Alekovsky and co-workers, where the method was referred to as molecular layering

(ML) [9].

The process by Suntola et al. was first developed for zinc sulphide thin film growth

[7]. The first application of this research was using ALD for electroluminescent

displays, for example for the flight-information displays at Helsinki-Vantaa airport [9,

11] which were installed in 1983 [11]. ALD has since been used in for example solar

panels [11], catalysis [9] and semi-conductor applications [11].
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Atomic layer deposition is very similar to the CVD technique but the two processes

have significant differences as well [10]. In CVD, volatile precursors react or

decompose on a substrate to form a thin film on the surface. After deposition, the

unreacted precursors and formed by-products are usually purged out. [7] In regular

CVD, the reactants placed in the reaction chamber react simultaneously. In ALD, the

reactive precursors react separately on the substrate surface. CVD precursors may

also decompose instead of reacting and are also usually less reactive than the ALD

precursors. Accordingly, the former is surface controlled method while the latter is

process parameter controlled method. [12]

When talking strictly about ALD, inorganic materials are used but the process can also

be applied to organic materials [13]. In order to form a film, the organic precursors

are usually required to have at least two functional groups that can participate in the

reaction. In this case, the method is referred to as molecular layer deposition (MLD)

[11,13]. ALD and MLD can also be used together to deposit ALD/MLD organic-

inorganic hybrid thin films. The combination of organic and inorganic materials can

add intriguing properties, such as adding flexibility in fabrication of new functional

material. These properties can be tuned by varying the composition of the film by

changing the ratios of the used compounds. [13,14] With ALD/MLD, organic-

inorganic hybrid superlattices (SL), where the layers are periodically alternated, can

be also created. With the superlattice structures, for example thermoelectric

properties of films can be adjusted. [15] The difference between the structure of

superlattices and general hybrids is presented in Figure 1.
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Figure 1. The difference between general hybrid and superlattice structures.

Atomic layer deposition has several advantages. With ALD, a continuous, pin-hole

free film can be achieved at relatively low temperatures in a controlled manner [11].

Due to it being based on self-limiting reactions, a uniform film thickness can be

achieved. ALD is capable of coating complex structures without compromising the

quality of the film. ALD, together with MLD, has also been successfully applied to

many different inorganic and organic compounds. [9] While ALD thin films are often

deposited on metal substrates, typically on silicon wafers, ALD has been utilized to

grow films on other substrates as well. This includes textiles [12,16] and even polymer

films [17,18]. This allows for the technique to be used in for example the fabrication

of smart textiles [16].

Depending on the application, the desired films can be crystalline or amorphous.

Crystalline films are used for their electrical properties. Amorphous films are used in

for example diffusion barriers. Crystalline films are not suitable for this purpose due

to the grain boundaries causing possible leakages. [19] However, for example in a

study by Li et al. [20] amorphous ALD films were shown to exhibit lower mechanical

Inorganic layer

Organic layer

Hybrid Superlattice
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and electrochemical degradation than crystalline films when used in lithium ion

batteries.

The basic ALD reaction cycle begins by pulsing reactant A to the reaction chamber. [9,

21] The self-terminating reaction takes place at the available reaction sites as

chemisorption  [9].  This  is  then  followed  by  the  removal  of  the  remaining  excess

reactants and possible by-products with purging by using an inert (argon or nitrogen)

gas or by evacuation. Reactant B is then pulsed to the reactor and its self-terminating

reaction takes place. This is then once again followed by a purge or an evacuation.

[9,21] If the film is an ALD/MLD hybrid thin film, reactant A is typically the inorganic

precursor and B the organic precursor [21]. This cycle can be repeated multiple times

to create a thin film with the desired thickness [9,21]. The basic scheme of the cycle

is presented in Figure 2.

Figure 2. A complete ALD cycle where 1) pulsing of reactant A, 2) purge or evacuation,

3) pulsing of reactant B and 4) purge or evacuation.

Due to the method being based on self-terminating reactions, there is a certain

amount of a material that is deposited per cycle. This is referred to as growth per
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cycle (GPC). GPC depends on several factors including the properties of the used

precursors, number of cycles and deposition temperature. [9]

The conditions, mainly the temperature and the timescale of the steps, can be varied.

This way, the process can be optimised. Due to the properties of different reactants,

different precursors favour certain conditions over others. The optimal temperature

is often referred as ALD window. This is the “temperature window” in which the

reaction is self-terminating. [9] The basic concept is presented in Figure 3. At lower

temperatures, the reactants condense on the surface or the reaction energy is not

high enough which results in low reaction rates. With low reaction energies, the

reaction may be slow or incomplete. At higher temperatures, the reactants

decompose which leads to additional adsorption. On the other hand, the reactants

may also desorb and therefore become unavailable for the reaction. These affect the

GPC. [21]

Figure 3. The basic concept of ALD window.

The GPC does not necessarily stay constant within the ALD window. When

temperature rises, it may also decrease, increase or increase first but then decrease

[9]. There are also reactants that are used in ALD but show non-ideal behaviour in

Growth per cycle
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Low
reaction
rate
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regards to temperature. For example, titanium nitride in certain conditions does not

have an ALD window [21]. However, the ALD window is not a necessity for successful

ALD deposition, even though having it usually makes the reproduction of the process

easier [12].

Depending on how the GPC varies during the deposition, the process can show linear

growth, substrate-enhanced growth or substrate-inhibited growth. In linear growth,

the GPC stays constant during the entire process. In substrate-enhanced growth, the

GPC is higher right at the start but goes down afterwards. This can be due to the

substrate having more reaction sites than the grown film. In substrate-inhibited

growth, the GPC is lower at the start but rises afterwards. After rising there might be

a peak in GPC before the growth settles to a slightly smaller value. [9] The linear

process is the most ideal one and the others can cause problems. The non-linear

growth makes the relationship between the film thickness and the number of cycles

more complicated and therefore, makes the thickness control more complex. It can

also cause problems with film morphology, as the surface can become rougher

because of it. [12]

Thin films can have different growth modes depending how the film forms. The

growth modes possible in ALD are the Frank-van der Meerwe growth mode, Volmer-

Weber growth mode, Stranski-Krastanov growth mode and random deposition.

Frank-van der Meerwe growth is a two-dimensional growth mode where the material

is deposited layer-by-layer onto the substrate. Each time, a complete layer of a

material is deposited without leaving unfilled surface-sites. [9,22] This is considered

the ideal  growth mode but it  is  not  always achievable.  [9]  The growth is  achieved

when the adsorbate-surface interactions are strong and the adsorbate-adsorbate

interactions close to zero [22]. In contrast, Volmer-Weber growth, isolated islands

are formed. The new layer of material prefers surface-sites where material has

already been deposited onto which causes concentrated areas of material to be

formed. [9,22] Some surface sites may not be covered at all or have a thinner film
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covering them. Volmer-Weber growth takes place when the adsorbate-adsorbate

interactions are stronger than adsorbate-surface interactions. [22] Random

deposition, as can be deduced from the name, is a growth mode where the material

is deposited to random positions with no surface site having greater chances of being

deposited onto. The random deposition is a statistical model. [9] Stranski-Krastanov

growth is a growth mode where joint islands are formed. This occurs when the

growth mode changes during the deposition from layer-by-layer deposition to

isolated island or random growth, or vice versa. [9,22]

The main disadvantages of ALD are the slow reaction times and the high costs. This

has caused problems in many applications. For example, ALD thin film solar panel

applications have proven to currently be too expensive for industrial scale production

and therefore they are not able to compete with other solar panel production

methods. [12] Due to ALD consisting of layer-by-layer deposition which also includes

purging in between, the process can be slow. The exact time the deposition takes,

depends on the used precursors, substrates and reactors. [10,12] The rate is usually

about 100 nm h-1. The slow deposition rate makes the process also expensive. [12]

Some of the used precursors can also be expensive which drives the overall costs up.

Even though ALD has been successfully applied to several elements and compounds,

it is for the cost reasons some compromises might have to be made. [10] There are

also several seminal elements and compounds that have not been successfully

applied in ALD in an efficient manner, such as germanium and metal silicides [12].

Non-ideal ALD processes can cause problems. There can be, and often is, growth with

less  than  one  monolayer  per  cycle.  This  is  caused  by  steric  hindrances  or  by  the

previous layer having too few available reaction sites. This type of growth does not

however necessarily prevent the ALD process from taking place. [10,12]



10

2.2. Spin coating

Spin coating is a film deposition technique based on coating a surface by spinning it.

A droplet of the desired coating solution is placed in the middle of a substrate. The

substrate is spun which distributes the solution onto the surface. [23] The spinning

time, the velocity of the rotations, the viscosity of the coating solution [19] and the

temperature [24] control the thickness of the thin layer. The concentration also

affects the viscosity of the solution and therefore it is also taken into account. The

speed of the angular velocity is usually 500 – 10,000 revolutions per minute (rpm).

The higher the velocities and the lower the viscosities are the thinner the resulting

films are. [23] Spin coating can be used to deposit both with inorganic and organic

materials. In particular, the technique has been used in recent times in solar cell

applications, as it can be used to deposit layers of CH3NH3I and PbI3 to form

CH3NH3PBI3 that is used in perovskite solar cells. [25]

The main advantages of spin coating are the good uniformity, the film thickness

controllability and the reproducibility. [23] The technique is also fast and usually

cheap. Spin coating can also be used to create multi-layered materials by doing

multiple depositions. [24] While spin coating is typically used with metal substrates,

like all film deposition methods usually are, the method has been utilized with flexible

materials, such as polyurethane, as well [26].

The main disadvantage is the size of the usable substrates. Spin coating can only

cover relatively small substrates [23]. Spin coating also wastes some of the coating

material [22, 24] as the excess coating is discarded when spun.

Spin coating can also be used in conjunction with ALD. For example Wilson et al. [27]

have used ALD to deposit Al2O3 thin films and spin coating to deposit various polymer

films such as poly(methyl methacrylate) and polypropylene. This achieves an

inorganic-organic hybrid structure. There are organic molecules that do not currently
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have an effective MLD process, such as polymers with large molecules. Spin coating

can be utilized to form films with these materials instead.

ALD has also been used in perovskite solar cells as well. In a 2014 study by Wu et al.

[28], it was noted that spin coated TiO2 films have a much higher density of pinholes

than ALD thin films. As such, ALD appears to be better for the inorganic material

deposition for this process. However, another method has to be used for the organic

material deposition, as ALD is for the deposition of inorganic materials. This can be

achieved with MLD [29] but also with other techniques such as spin coating. Which

technique  works  the  best  depends  on  the  organic  material  as  well  as  the  desired

properties of the final film.

2.3. Comparison to other thin film techniques

In comparison to other thin film deposition techniques, ALD, MLD and ALD/MLD have

their own advantages and disadvantages. For example, the main difference between

ALD and standard CVD is that in CVD, the precursors react at the same time and may

decompose while in ALD, the precursors react separately [7]. ALD/MLD can also be

compared to other methods. Some of these can work as possible alternatives for the

method that can be used for example to bypass the limitations in material selection

of ALD/MLD. It may also be possible to utilize a combination of these methods, such

as for example of using spin coating for the organic materials and ALD for inorganic

materials [28]. The examples discussed here are sol-gel and Langmuir-Blodgett

methods.

ALD/MLD is not the only inorganic/organic hybrid thin film deposition method.

Various techniques, such as sol-gel and Langmuir-Blodgett and many others, can be

used as well  [30].  Naturally,  as  the process differs  from one to another,  so do the

advantages and disadvantages of them. Particularly, the properties of the deposited

films and the materials that can be used appear to vary.
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Sol-gel process is a method that can be used for thin film deposition but is applied to

other processes as well, such as fibre fabrication [30]. A “sol”, a colloidal solution, is

prepared from the desired precursor [30,31]. In practice, this often means that the

precursor is dissolved into an alcohol. A gel is formed from the sol via polymerization

and hydrolysis reactions. In thin film fabrication, the gel is transferred to a substrate.

This is done by using for example spin coating. [30] The gel is then dried [30,31].

Further heat-treatments can be carried out in order to turn the film to a glass or a

ceramic but if the desired thin film contains organics, the temperatures should not

be above the evaporation temperatures of the precursors [30].

The method can also be used for organic/inorganic hybrid material fabrication. There

are  several  methods  for  this  and  the  precursor  variety  is  also  large  [30,32].  The

organic and inorganic precursors can be linked via polymerization reaction, although

the formation of chemical bonds is not a necessity for sol-gel hybrid material

fabrication, as a hybrid material can be formed without it as well [32]. The organic

polymer precursors include, but are not limited to, polyimides [32,33], poly(methyl

methacrylate) [32,34] and epoxy [32,35]. Some of the used materials, such as

polyimide [36], TiO2 [37,38] and ZrO2 [39], have also been successfully used in ALD,

MLD and/or ALD/MLD.

The temperatures needed for the sol-gel process are not as high as with other

methods, which is often the main advantage of the method [32,40]. This allows for

better control of the composition and purity of the synthesized materials [32]. The

sol-gel process can also be used to fabricate complex shapes [41].

During the drying process, the gel shrinks by large amounts which can lead to cracking

[31,42]. This generally limits the thickness of the films to less than about 1 mm [31].

During the heat treatment, the material may also become denser. Another

disadvantage is that the material yield is typically not very high. [42]
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Langmuir-Blodgett process is a technique based on amphiphilic molecule precursors.

The precursors are pressed to a gas-liquid interface forming a monolayer on it. The

hydrophilic head is attracted to the liquid phase while the hydrophobic tail is

attracted to the gas phase.  A moving barrier  is  used to transfer  the film from the

formed film to a solid surface. This can be repeated to form multiple layers. [30]

A Langmuir-Blodgett thin film is held together weak van der Waals interactions which

limits their stability. There can also be some impurities present which, together with

the different boundaries present in substrate and film materials and between them,

cause imperfections in the film [42]. However, the technique allows for good control

over thickness and ordering [43].

Much like in ALD/MLD, inorganic-organic hybrid thin films can be formed with

Langmuir-Blodgett technique by using known structures [30]. For example, metal

phosphonates [30,44,45], perovskites [30,46] and polyoxometalates [30,47] have

been successfully used in hybrid Langmuir-Blodgett films. Phosphonates [48] and

perovskites [49, 50] have also been applied to ALD. It appears that polyoxometalate

ALD  deposition  has  not  been  successfully  carried  out  or  at  least  it  has  not  been

reported on. However, ALD has been used to coat a polyoxometalate structure with

Al2O3 for stabilization purposes [51].

As a whole, spin coating, sol-gel and Langmuir-Blodgett appear to be possible

alternatives for ALD/MLD but they have their own limitations. With materials that do

not have an efficient ALD, MLD or ALD/MLD process, this can be a viable option.
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3. Antiviral thin films

3.1. Basics of viruses

Viruses are small agents, that replicate in cells. Depending on their type, they can

cause various diseases. Bacteria are another common cause of diseases but they are

larger than viruses and, unlike viruses, are considered to be living organisms. Viruses

are smaller than roughly 100 nm while bacteria are smaller than 1 mm [52]. Viruses

replicate by infecting host cells. Some viruses can even infect bacteria and they are

termed as bacteriophages or as simply phages. [53]

Viruses consist of an inner nucleic acid as well as an outer protein coat, capsid meant

to protect the inner nucleic acid, and together they are termed as nucleocapsid.

Viruses have different shapes depending on the shape of the capsid. [2,54] The term

virion is used to refer to the complete infectious virus particle form [53]. The nucleic

acid in a virus can be DNA or RNA. Viruses can also be single stranded (ss) or double

stranded (ds) [2,54].

Viruses can have an envelope, not to be confused with the capsid, composed of a

lipid bilayer membrane surrounding the nucleocapsid [2,54]. Not all viruses have this

envelope, in which case they are called non-enveloped or naked. The non-enveloped

viruses are usually more resistant to most disinfection methods while the enveloped

viruses are more susceptible to it. [2,55] The envelope may also be located within the

capsid [54].

Different antiviral materials target different step or steps in virus replication. Virus

replication has seven steps. First, the virion attaches to the host cell surface. Viruses

have multiple attachment sites they use to bind to a cell using hydrogen bonding,

ionic bonding or van der Waals forces. After the attachment, the virion enters into

the cell and is uncoated. Messenger RNA (mRNA) is synthesized based on the virus

genes. This is called transcription. [54] If the virus is single stranded, it may have a
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positive or negative sense [2,54]. The mRNA always has a positive-sense and if the

virus nucleic acid has the same sequence as mRNA, it also has a positive-sense. If the

nucleic acid has sequence that is reversed in comparison to the mRNA, meaning it is

transcribed in reverse, it has a negative-sense. After transcription, the mRNA is

translated into virus proteins, usually by utilizing the host cell parts. After this, the

genetic materials are replicated. The genomes are then assembled into virions. At

last, the virions are released from the cell. [54]

Antiviral drugs often target a specific virus protein. With this approach, the drug can

act selectively without harming the host. [56] However, this also causes problems

with, for example, drug resistance and therefore broad-spectrum drugs, such as

nitazoxanide, have been developed as well [56,57].

There are several methods for virus detection. This includes virion, virus nucleic acid,

virus infectivity and virus antigen detection. The method is chosen based on the

application, as certain methods are more suitable for certain applications. For

example, if the aim is to study the infectivity of a virus, it is naturally practical to use

a virus infectivity detection method. The costs and the equipment sensitivity may also

be a factor in choosing the right method as for example virion detection methods are

expensive and have limited sensitivity. [54]

Plaque assay is a common quantitative virus infectivity detection technique. In the

method, suitable host cells, for example animal or plant cells, are grown usually on a

petri dish. A virus solution is introduced to the cells. The cells are left to incubate

during which the infected cells lyse and the infection spreads, forming a plaque. After

this, the number of plaques are counted. The concentration is counted as plaque-

forming units per millilitre (pfu/mL). [54] Plaque assay can be used in antiviral thin

films research for virus infectivity detection [58,59].
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There are multiple ways to examine the antiviral properties of a material. Generally,

when it comes to antiviral thin films, a virus stock solution is introduced to the film.

A suspension of host cells and virions is formed and diluted after which a plaque assay

is performed. This way, the concentration of the virus stock is known at the start. As

the antiviral material starts inactivating the virus particles, this concentration

declines. At certain intervals of time, the quantity is measured. A suspension of host

cells and virions is formed and diluted after which a plaque assay is performed. By

comparing these results, a logarithmic curve of the virus concentration against time

can be drawn and based on this, the antiviral properties can be evaluated. [58-60]

3.2. Possibilities of ALD/MLD in antiviral research

Antiviral thin films have been fabricated using various techniques, such as

atmospheric CVD [58], sol-gel process [58] or layer-by-layer deposition [61]. The

majority of these studies have focused on inorganic compounds, such as titanium

dioxide [58]. The possible use of organic compounds in antiviral thin films has not

been widely researched.

While ALD has not been used widely for antiviral thin film deposition, compounds

and their derivatives, that have antiviral properties [39,62-66], have been used in ALD,

MLD or ALD/MLD for their other properties, unrelated to the antiviral activity [39,67-

69]. Although, this mainly applies to the inorganic compounds, such as zinc oxide [63-

65], and not for organic compounds.

In general, using multiple compounds instead of just one, may enhance the antiviral

properties of a thin film as for example a 2008 study by Ditta et al. [58] suggests. In

the study, the antiviral properties of TiO2, CuO and TiO2/CuO thin films, deposited via

atmospheric CVD, were compared and it was found that the CuO and TiO2/CuO films

were more effective at virus inactivation than the TiO2 films. Nevertheless, it is not

clear that this type of synergistic effect applies to all thin films when it comes to
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antiviral properties. It is also not clear whether this applies to the combination of

inorganic and organic compounds.

Regardless, there are several possible precursors for antiviral ALD/MLD thin film

deposition. Out of these inorganic compounds are generally better researched than

organic compounds.

3.2.1. Inorganic materials

Titanium dioxide TiO2 is a commonly used semiconductor compound with known

antiviral and antimicrobial properties [70]. The applications of TiO2 are not limited to

just antiviral applications, as it has been used widely in various other applications,

such as in solar cells [71]. Nevertheless, the majority of the applications make use of

the material’s optical properties. This also includes the antiviral properties as the

material’s antiviral activity is linked to its photocatalytic properties under UV

radiation [70].

TiO2 has also been used widely in ALD. Possible TiO2 precursors include for example

titanium (IV) isopropoxide (TTIP) and TiCl4 [29]. With TTIP or TiCl4, TiO2 can be

deposited to a surface when the chosen precursor is made to react with water [74,

75]. Other pathways, such as using O2 plasma instead of H2O have been investigated

as well [29].

The antiviral properties of TiO2 are usually attributed to its ability to form free radicals,

for example HO· and O2·- [70].  Especially the formation of H2O2 [70] and HO· [72]

have been identified to play a key role in the antiviral properties. When

electromagnetic radiation is absorbed by a semiconductor such as TiO2, an electron

is excited from the valence band to the conduction band and a hole is formed on the

valence band. The goal is for the electrons to reduce O2 to O2·- and H2O2 which can

react  further.  This  is  the  photocatalytic  effect.  [73]  The  generation  of  active  free

radicals leads to degradation of contaminants [72].
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Pure TiO2 films have a band gap of about 3.2 eV. This can be tailored using ALD/MLD.

With TiO2/hydroquinone (HQ) superlattice thin films a band gap of 3.75 eV has been

reached. This allows for the photocatalytic activity of the film to be expanded from

UV region to visible light region as well. [71] As one of the problems with TiO2

photocatalysis has been the limitation to the UV region, this could be used to possibly

circumvent that problem.

While TiO2 has been shown to have antiviral properties in thin film form [58,60,55],

there have not been many reported studies that have focused on depositing TiO2 via

ALD on surfaces for antiviral purposes. Previous studies on antiviral TiO2 thin films

have used other deposition techniques, such as CVD [58,60] and spin coating [55].

One of these studies was a 2011 study by Ishiguro et al. [59]. A glass was spin-coated

with TiO2 which  was  followed  by  heat  treatment  at  150  °C.  The  coated  glass  was

sterilized alongside a blank control sample. The inactivation of Qβ and T4

bacteriophages, viruses that infect bacteria, were studied by smearing the samples

with a solution containing said virus and radiating the samples with UVA radiation.

The resulting photocatalytic antiviral activity was studied. It was found that the

antiviral activity was largely dependent on UVA intensity as well as irradiation time.

The same researchers have also gotten similar results against A/H1N1 influenza virus

[76] but concluded that the antiviral activity against feline calicivirus is much smaller

[55]. As the latter is a non-enveloped virus, this was to be expected. Viruses that TiO2

films have also been found to be effective against include bacteriophage PL-1 [77,78],

influenza virus H9N2 [76, 78], hepatitis B virus [77,79] and herpes simplex virus

[77,60].

With the TiO2/hydroquinone hybrid structure achieved with ALD/MLD, the UV

radiation step would not be necessary, due to the expansion of the photocatalytic

activity to visible light region. However, this is in theory. As this has not been
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examined in practice, as of writing this thesis, it cannot be said for certain this would

work as intended.

While antiviral ALD thin films have not been reported on, it has been proven that

antibacterial thin films can be fabricated via the technique [69,70,80-83]. This gives

an indication that antiviral films could be likewise possible, as both viruses and

bacteria are microbes. Many of the studies focusing on antibacterial thin film

deposition have used zinc oxide ZnO as the inorganic material [69,70,80-83]. ZnO has

been used successfully in ALD in many applications in general, not limited to only

antibacterial films. For example, ZnO has been used in electrical applications [39,68].

In ALD, the ZnO precursor is usually a zinc alkyl, dimethyl zinc (DMZ) or diethyl zinc

(DEZ), or zinc acetate [39].

Zinc oxide has been shown to have photocatalytic properties as well, as it is a

semiconductor with a band gap of 3.3 eV [67]. This has been used for example in a

2020 study by Di  Mauro et  al.  [67],  where the effect  was used for  the purpose of

depositing ALD film that can degrade water pollutants such as methylene blue dye

and sodium lauryl sulfate. Antibacterial ZnO films often also take advantage of the

effect [70,81-83]. While generally the photocatalysis has been done by using UVA

radiation [70,81,83], ZnO nanorods deposited by using ALD have been shown to have

antimicrobial photocatalytic effects under visible light as well [82]. Like with TiO2, this

has been linked in particular to the formation of H2O2 and HO· radicals [82].

Outside ALD research, it has been proven in previous studies that ZnO has antiviral

properties [63-65]. In a 2019 study by Ghaffari et al. [63] ZnO nanoparticles were

shown to have antiviral properties not related to photocatalysis. However, the

antiviral properties do depend on the targeted virus. While ZnO nanoparticles have

shown potential against for example H1N1 virus [63], iron and silver nanoparticles

have been shown to be more effective against Chikungunya virus [64].
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Silver, in particular silver nanoparticles, is one of the most well-known antiviral

materials. Silver nanoparticles have been shown to be effective against wide variety

of viruses [84,85]. Silver ions, in the form of, for example, silver nitride, have also

shown  antiviral  activity.  However,  this  is  much  smaller  than  that  of  silver

nanoparticles. [84] The main problem with silver is the high cost which is why

alternatives can be more desirable. When dealing with nanoparticles, toxicity issues

are also present.

Silver has been successfully applied in ALD. For example, plasma enhanced ALD has

been used for silver thin film deposition [86] and regular ALD for silver nanoparticle

deposition [87]. There is a variety of possible precursors for silver thin film deposition,

including (hexafluoroacetylacetonato) silver(I) (1,5-cyclooctadiene) [87] and (2,2-

dimethyl-6,6,7,7,8,8,8-heptafluorooctane-3,5-dionato) silver(I)-triethyl-phosphine

[86].

Silver has not been widely used in antiviral thin films, most likely due to the costs. As

such, it is not widely known whether silver ALD films have antiviral properties.

However, even if the regular thin films would prove to not have such properties in

significant manner, ALD has been used for silver nanoparticle deposition [87] and as

such ALD is in theory viable for antiviral applications.

Another possible group of inorganic antiviral precursors are the copper compounds

which have been shown to have antiviral properties. Copper oxide has shown to be

effective  against  for  example  influenza  viruses  H1N1  and  H9N2  [88]  as  well  as

bacteriophage Qβ [89].

Copper oxide ALD thin films have been deposited successfully. The films have been

used for example in catalysis and solar cells. For CuO for example bis(dimethylamino-

2-propoxide) copper with ozone has been used as precursors. In general, CuO thin

films are easier to deposit than Cu2O due to latter oxidizing more easily. For Cu2O
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precursors, bis(1-dimethylamino-2-methyl-2-butoxy)copper(I) with H2O has been

used. [90]

In a 2012 study by Sunada et al. [89] particularly cuprous compounds with oxidation

state of +1 for the copper, such as Cu2O and CuCl, were shown to have significant

antiviral properties against bacteriophage Qβ in bulk form. The activity was shown to

be even higher than that of the well-known antiviral silver. Particularly, CuCl was

shown to have great potential. For compounds with oxidation state of +2, such as

CuO and CuCl2, the activity was around the same as with silver. The antiviral activity

was attributed to the direct contact with surface of cuprous compounds, rather than

reactive oxygen species or leached copper ions. It was suspected this was due to

degradation or denaturation of virus biomolecule parts upon the direct contact. This

leads to inactivation of the virus.

Similar results, that favour Cu+ over Cu2+ and Cu, were also gotten in a study by Qiu

et  al.  [91]  where  CuxO/TiO2 nanocomposites were fabricated for general

antipathogenic purposes. However, in said study, it was concluded that Cu2+ still

played a crucial role in photocatalytic visible light activation. The ratio of Cu+/Cu2+ in

CuxO was optimized to 1.3. As mentioned previously, CuO has also been used in thin

film form and proven to have antiviral properties against bacteriophage T4 in a study

by Ditta et al. [58]. Despite the fact that TiO2 thin films have shown to have higher

photocatalytic activity, the CuO and CuO/TiO2 films have been show to exhibit faster

antimicrobial rates. This was attributed to the combined effect of photocatalysis and

Cu+ and Cu2+ ion formation. Based on these two studies by Qiu et al. [90] and Ditta et

al. [58], combining titanium oxide and copper oxide, appears to be a viable option for

antiviral thin film deposition. The combination circumvents the problems TiO2 has

with visible light region photocatalysis.
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3.2.2. Organic materials

While there are organic compounds with possible antiviral properties that have been

deposited successfully with MLD or ALD/MLD, such as glycerol and 8-

hydroxyquinoline, these compounds have not been used widely in antiviral research

in general. As such, it is questionable whether they would work for this application.

MLD precursors are usually also required to be heterobifunctional, meaning it has

two functional groups that can react. Many antiviral compounds, for example ethanol

[1] and isopropanol [92], used in disinfection have only one functional group and as

such are highly unlikely to form a film in MLD.

It is also not guaranteed that using an antiviral precursor results in an antiviral MLD

thin film as the MLD deposition also changes the chemical structure of the molecule.

For example, glycerol, which has been used in ALD/MLD, has three hydroxyl groups

(Figure 4). The other precursors attach to these hydroxyl groups (Figure 5) [93-96]

and as this molecule differs from the original compound, the two do not necessarily

have the same exact properties.

Figure 4. Glycerol molecule.

Figure 5. Glycerol figuration when used in ALD/MLD (M = metal ion, e.g. Al, Ti, V)

OH

OHHO

M
…

O

O

O

M

M

…

…



23

To circumvent the problem of altered structure, other thin film methods can be

utilized. Practically any technique that does not involve chemical reactions that

modify the structure is viable. This includes for example spin coating.

If it is assumed that the compounds retain their antiviral properties after deposition

in ALD/MLD or MLD, this opens the door to some organic MLD precursors for

consideration. One way to predict possible organic precursors for antiviral ALD/MLD

thin films would be looking for compounds that have been previously successfully

deposited and examining whether they have possible antiviral properties. 2014

review article by Sundberg and Karppinen [21] included a list of the organic

precursors that had been used in MLD at the time. Although the majority of these

compounds do not have known notable antiviral properties, few compounds from

this list have shown such properties.

The previously mentioned glycerol (also known as glycerine or glycerin) is a mildly

antiviral compound. In ALD/MLD, it has been notably used together with

trimethylaluminium for aluminium glycerol deposition [93,94], as well as in metal

alkoxide “metalcone” hybrid film fabrication [95,96]. Both of these can be used in for

example lithium ion battery electrode coatings [93-96].

8-hydroxyquinoline (Figure 6) is another example of a possible organic precursor for

antiviral thin films is 8-hydroxyquinoline derivatives have been shown to have

possible antiviral properties against dengue virus and Western Nile Virus [66] and has

been used for example in ALD/MLD previously in luminescent thin films [69].
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Figure 6. 8-hydroxyquinoline molecule.

Certain precursors, such as hydroquinone, may also not directly have antiviral

properties but could in theory enhance the photocatalytic properties of known

antiviral inorganic compounds. As stated in chapter 3.2.1., hydroquinone (Figure 7),

has been shown to have a positive effect on the photocatalysis of TiO2 ALD/MLD thin

films in the visible light region [71]. As such, it may also enhance the antiviral

properties  of  said  material  and  possibly  also  those  of  other  inorganic  materials.

Notably, the enhancement of photocatalytic properties has been shown to work the

better for ALD/MLD hybrid films than for superlattices [71].

Figure 7. Hydroquinone molecule.

Utilizing compounds that can be used in disinfection is also a possible solution.

However, it is not an inherent property that disinfectants, that are generally used in

liquid form, would also exhibit antiviral properties in thin film form as states of matter

always have certain differences even if the compound remains the same. It does not

mean that there are absolutely no disinfectant materials that would not work for the

latter purpose but it is not guaranteed. Therefore, further experimental research is

needed.
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Phthalaldehyde (Figure 8a) is a compound used as a high-level disinfectant. It

eliminates almost all micro-organisms although there are still some that require

complete sterilization. However, it does have some known downsides, for example it

can cause eye irritation, it can stain proteins and it is more expensive than other more

common disinfectants. [92] As such, even in thin film form, it is likely not viable to be

used in personal protective equipment or in any other application with human

contact. Phthalaldehyde has shown antiviral activity towards hepatitis B and C viruses

[97]. While the compound appears to not have been used as a MLD precursor, other

compounds with very similar structures, such as terephthalaldehyde have been used

in polyimine thin film deposition [21]. It should also be noted that other disinfectants

are used more commonly and phthalaldehyde has not been used in disinfection very

widely in practice [92] and as such it may have other possible disadvantages that have

not been observed yet.

Similar to phthalaldehyde, glutaraldehyde (Figure 8b) is used in sterilization [92]. As

the  structure  is  simple  and  similar  to  many  pre-existing  MLD  precursors,  such  as

glutaric acid [21], it is reasonable to assume glutaraldehyde could be deposited via

MLD. It is also relatively cheap, compatible with various materials and well-studied.

However, contact with glutaraldehyde causes respiratory irritation as a gas, allergic

dermatitis upon contact among other problems. [92] Like phtalaldehyde, it is likely

not viable to be used in applications with human contact.

Figure 8. a) Phthaldehyde molecule. b) Glutaraldehyde molecule.
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One of the major problems with possible aldehyde precursors is that they may not

form the wanted ALD/MLD film. When terephthalaldehyde is used together with 1,4-

diaminobenzene and ethanedihydrazide to form polyimine films, the entire aldehyde

group is replaced by the imine group [17]. As such, even if phthaldehyde or

glutaraldehyde would be used successfully as precursors, it is unlikely, based on

previous  studies,  that  the  aldehyde  would  be  retained  and  as  such  it  is  likewise

unlikely that the resulting thin film would have antiviral properties.

Another approach for finding suitable organic precursors would be looking at pre-

existing antiviral drugs. The problem with this approach is that these molecules are

usually large and complicated. Large molecules may not be well suitable for the MLD

process. Technically for example, the antiviral drug zanamivir [56], C12H20N4O7, would

have several hydroxyl groups and an amino group where the other precursors could

attach to. Even if MLD could be used despite the large size, it has so many functional

groups that even if a MLD film could be formed, the properties of said film would be

hard to examine. Like with the disinfectants, it is also not guaranteed that compounds

that are used in antiviral drugs, that are usually used internally, would work as

materials in externally antiviral films. Experimental research is needed to make major

conclusions.

Certain natural compounds, such as curcumin, may also be viable. Curcumin is a

component of Indian spice turmeric. The molecule is depicted in Figure 9 [98]. As the

molecule is a 1,3-diketone, the molecule can tautomerize to an enol form (Figure 9b),

although this type of tautomerization usually requires a catalyst.
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Figure 9. Curcumin molecule a) keto form b) enol form.

There have been several studies that have used curcumin as an antiviral agent against

several viruses, such as hepatitis C virus and human norovirus [99-102]. The antiviral

activity has been attributed to curcumin’s ability to prevent the virion attachment

when  applied  to  a  healthy  cell  and  the  reduction  of  viral  replication  in  cells.  For

enveloped viruses, curcumin affects the lipid bilayer envelope by impairing the

elasticity, the thickness and the integrity of the envelope. The compound also affects

the expression of viral proteins used in viral replication. This is the reason it shows

antiviral potential against non-enveloped viruses as well. [102] Aside from the

antiviral properties, curcumin has been used for example in solar cells as a dye [103].

However, despite the extensive research, some of the proposed properties of

curcumin have been called into question. In a 2017 review article by Nelson et al.

[102] curcumin was declared as a pan-assay interference compound, meaning it can

give false-positive results by interfering with assay readouts. It is also rather unstable

compound [101] and can have potential toxic side effects when enough of it enters

blood plasma. Curcumin has also been known to have poor bioavailability [101, 102,

104], meaning it has problems with adsorbing when used as a drug. In previous

studies, to circumvent the problems with bioavailability, curcumin molecule has been
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modified [101, 102]. Most of the studies involving curcumin as an antiviral agent have

focused on its use as a potential drug meant to be used internally [99-102]. Purely

based on these results, without further practical research, it is difficult to predict,

how curcumin acts when used in external applications for antiviral purposes.

In previous studies where curcumin has been stabilized with divalent ions, such as

Ti2+ [103], Zn2+ [105] and Cu2+ [105], it has been proposed that the metal ions bond

to the middle diketone group (Figure 10).

Figure 10. Proposed method for metal bonding with curcumin based on previous

research.

However, in ALD/MLD, bonds typically form between the hydroxyl group and the

metal (Figure 11a). This type of structure is the most likely one as there is extensive

research results with metals bonding with hydroxyl groups like this when the

technique is utilized [21]. Another possibility is the metal attaching to the methoxy

group (Figure 11b). A combination of these, where the metal has attached to multiple

sites, such as on both the methoxy and hydroxyl groups, is also possible. Where the

bond  has  been  formed  can  be  estimated  using  FTIR.  For  example,  if  there  is  no

significant OH bend, a bond has been most likely formed between the hydroxyl group

and metal.
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11. a) Curcumin bonding with a metal oxide at the hydroxyl group. b) Curcumin

bonding with a metal oxide at the methoxy group.

As stated previously, previous studies have not used ALD/MLD for curcumin film

deposition but other techniques and precursors [103, 105]. As such, it cannot be said

for certain ALD/MLD thin films with curcumin would bond the same way when

ALD/MLD is used. Regardless of where the bonding happens, curcumin has potential

to be used in ALD/MLD due to it having organic groups where the reaction could take

place and due to the molecule not being overly large. However, it is still larger than

the molecules typically used as organic ALD/MLD precursors which may cause issues

but this can be only confirmed with further practical research.

3.3. Advantages and disadvantages of ALD/MLD in antiviral thin film deposition

When it comes to considering antiviral ALD/MLD thin films, one question that may

be  considered  is  if  ALD/MLD  is  a  practical  method  for  this  purpose.  For  organic

precursors, other methods often appear to be more practical, such as in the case of

aldehydes and large molecules, as discussed in the previous part. Inorganic

precursors on the other hand appear to be suitable for the method but can be

deposited by other methods as well. As ALD/MLD has not been widely utilized for the

application, it is unclear whether the advantages outweigh the negatives, such as the

costs.
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ALD/MLD does offer some possible advantages, such as the ability to coat textiles.

This opens up the possibility of using ALD/MLD for personal protective gear, such as

face masks. The pinhole-free materials deposited onto textiles achieved via ALD/MLD

have been shown to have reasonable mechanical properties [16]. Such properties

may be advantageous for personal protective gear as they have to be able withstand

certain amount of stress caused by the wearer moving. The films can also be flexible

[16] which is likewise important for the same reason.

The improved photocatalytic properties of certain films, such as TiO2/HQ thin films in

comparison to pure TiO2 thin films, [71] may prove to be valuable in antiviral film

deposition as well. In general, the superlattice achieved with the technique structure

has been shown to affect the electrical properties of material. However, it has been

shown that a hybrid structures may even be more advantageous than the periodical

superlattice structure [71]. Nevertheless, with ALD/MLD this type of hybrid structure

can be deposited reliably layer by layer without having to use other film deposition

methods in addition. All the depositions can be done in one reactor without having

to take out the sample upon switching to another precursor.

With the antiviral materials that cannot be utilized in MLD, a combination of different

techniques may have to be utilized. While this offers a pathway for different materials,

using multiple techniques can add more uncertainties. For example, some deposition

methods may result in rougher films than others. Due to this, certain analysis

methods cannot be used efficiently. For example, while X-ray reflectivity is often used

and works well with ALD/MLD film thickness measurements, measuring the thickness

for thicker or rougher films is usually not possible. As such, if another technique, such

as spin coating, is used for the organic layers and ALD for the inorganic layers, certain

level of uncertainties and sources of error are added.

As discussed previously, other thin film methods can be used and have been used as

well. The results from these have shown that the films deposited with these methods
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can be utilized in antiviral applications [58, 61]. Whether the antiviral films deposited

by using these methods offer significant advantages over the films deposited by using

ALD/MLD, remains to be seen, as there is not enough experimental research as of

writing this thesis to make further conclusions on said topic.
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Experimental part

4. Experimental methods and materials

The goal of the study was depositing TiO2, ZnO and curcumin based thin films for

potential antiviral applications. This was done using ALD/MLD and spin coating. The

materials were chosen due to the previous studies that have shown that they have

antiviral properties [70,63-65,99-102].

4.1. Thin film fabrication

ALD/MLD was used to deposit Ti/curcumin and Zn/curcumin thin films. The ALD/MLD

coatings were deposited onto silicon and borosilicate glass substrates using a

commercial flow-type hot-wall reactor (F-120 by ASM Ltd.). The two substrates were

placed side by side to ensure the films deposited with same parameters to both

substrates  were  as  similar  as  possible.  Titanium  (IV)  isopropoxide  (TTIP;  Sigma-

Aldrich; sublimation temperature 25 °C) was used as the precursor for TiO2 and

diethyl zinc (DEZ; Sigma-Aldrich; room temperature) for ZnO. Curcumin (Cur; Merck;

260 °C) was used as the organic precursor. The parameters of these depositions were

optimized during the research. N2 (99.999%, flow rate 300 SCCM) was used as the

carrier gas and as the purge gas. Water was also used as a co-reactant in the SL thin

film deposition.

As a solid that is not particularly sensitive to air, curcumin was placed directly to a

precursor glass boat which was then placed inside a glass tube inside the reactor.

TTIP is more sensitive to air and therefore was taken into a syringe inside a glove box.

From there the liquid injected to a boat inside a tube which was then slid inside the

reactor into a vacuum. DEZ is very sensitive to air and as such the precursor was fed

to the reactor from the DEZ cylinder. The DEZ tube was also purged before and after

the reaction to ensure that DEZ would not come in contact with air.
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The deposition parameters were optimized by keeping the other parameters

constant while varying the pulse/purge lengths. This way, the parameters at which

the surface saturation is achieved, was found out. After the surface saturation is

fulfilled, the GPC should not change in a significant manner. Based on these results,

the shortest possible pulse/purge lengths are used as shorter the lengths are, the less

precursor needs to be used.

As an alternative to the ALD/MLD hybrid films, ALD/MLD was combined with spin

coating to deposit films. Spin coating was made using a commercial spin coater (WS-

650SX-6NPP/LITE by Laurell Technologies) and ALD/MLD with previously stated

equipment.

Spin coating was used to deposit a curcumin coating onto substrates at 2000 rpm.

For this purpose, curcumin was dissolved into 99.5 m-% ethanol (Altia). Fresh

solutions were made for each round of spin coating. For the first batch, 51.1 ± 0.1 mg

curcumin  was  dissolved  into  12  mL  ethanol,  for  the  second  51.3 ± 0.1  mg  was

dissolved into 12 mL ethanol and for the third 25.6 ± 0.1 mg was dissolved into 7 mL

ethanol. The average mass concentration of the solutions were 4.06 mg/mL. For the

last solution 25.6 mg did not dissolve into 6 mL and therefore the mass concentration

is slightly lower in comparison to others.

ALD/MLD was used to deposit TiO2/hydroquinone (HQ; Sigma-Aldrich; 90 °C) SL and

ZnO/hydroquinone SL films onto the curcumin spin coated substrates. For the

superlattice, H2O  was  also  used  for  the  TiO2 layers.  Like  curcumin,  HQ  is  not  very

sensitive to air and as such it could be placed to a boat that was taken into the reactor.

Water was fed to the system via the build-in water pipeline. After this, spin coating

was used to deposit another curcumin film on top of the ALD/MLD film.
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4.2. Analysis methods

The thickness measurements, the SL pattern verification and GPC estimation were

done using X-ray reflectivity (PANalytical X’Pert PRO Alfa 1). The crystal structure was

determined using grazing incidence diffraction (PANalytical X’Pert PRO Alfa 1) with

an incident angle of 0.5°. Fourier-transform infrared spectroscopy (Bruker alpha II)

was used to gain information on the bonding and the organic compounds present.

Ultraviolet-visible spectroscopy (Shimadzu UV-2600 with ISR-2600Plus Integrating

Sphere Attachment) was used on the glass substrates to study the optical properties

of the films and to further verify that the deposition of the intended films was

successful.

Generally, in order to examine the properties of deposited thin films, analysis has to

be carried out. This can be achieved using infrared spectroscopy and X-ray based

methods, such as X-ray diffraction (XRD) and X-ray reflectivity (XRR). Other methods

may also be used.

X-ray diffraction is an analytical method based on X-rays scattering from a crystalline

material. This is based on Bragg’s law (Equation (1)). [106,107]

2 sin θ = (1) [106,107]

Where dhkl Inter-planar distance

q Angle of diffraction

n Order of diffraction

l Wavelength of X-ray

With XRD, the crystalline phases present in a sample can be identified. XRD can also

be used to get information on the properties of said phases [106]. XRD is generally

not very surface sensitive [106,108]. Due to this, when analysing thin films, grazing

incidence X-ray diffraction (GIXRD) is  used.  GIXRD is  a  variation of  XRD where the
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used  angle  is  very  small  (0.3-5°).  [107-109]  The  length  of  the  path  X-ray  travels

through the sample is increased which leads to increased signal from the thin

film [108].

X-ray  reflectivity  is  another  common  X-ray-based  thin  film  analysis  technique.  At

small angles, X-rays can reflect from the film sample surface. [109,110] There is

interference from the X-ray reflected from the bottom and the top of the film. This

causes reflectivity of the ray to oscillate. The grazing incidence angle is varied and the

reflected X-ray intensity is measured. [110,111] This results in fringes in the

diffractogram that can be used to measure film thickness [107-109] as well as film

density [110,111] and interface/surface roughness [109,111]. The XRR pattern

follows Eq. (2).

= ( )/( ) (2) [112]

Where re Mean electron density

qc Critical angle

re Classical electron radius

Critical angle is the angle beyond which incident radiation is reflected completely.

The critical angle is the angle at 50 % from the highest intensity. While XRR patterns

are usually presented in logarithmic scale when it comes to intensity, critical angle is

usually taken with the scale set to linear scale. This is done to enhance the accuracy

of the values for the critical angle. The film thickness can be determined from the

distance  between  the  Kiessig  fringes  and  the  density  from  the  critical  angle.  The

roughness can be inferred from the decay rate, as well as from the general shape of

the curve. [113] The main difference between XRR and GIXRD is that in GIXRD sample

is kept at a constant position while the detector moves. In XRR, both the detector and

the beam are moving.
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Infrared (IR) is an analytical method used to get information about the bonds of the

functional groups present in a sample [114,115]. Out of the IR techniques, Fourier-

transform infrared (FTIR) spectroscopy is the most commonly used. In this, Fourier

transformation  is  used  to  obtain  the  IR  spectrum  from  raw  data.  [111]  IR

spectroscopy is based on the interaction between the sample and electromagnetic

radiation. The used radiation can be in near-infrared (14285-4000 cm-1), mid-infrared

(4000-400 cm-1) or far-infrared region (400-10 cm-1). [115]

In basic FTIR instrumentation, light is first directed towards Michelson interferometer

[115, 116]. Inside it, the beam first comes in contact with the beam splitter, which is

usually made out of germanium-coated potassium bromide [115]. Part of the split

beam goes to a moving mirror while the other part goes to a fixed mirror. This causes

the path the radiation travels to be varied, which in turn causes an interference,

which can be destructive or constructive, in the recombined beam. The beam travels

then to the sample cell. [115,116]

In  IR  spectroscopy,  when  the  radiation  passes  through  a  sample,  some  of  it  is

adsorbed at a certain energy which corresponds to the difference between the

ground vibrational frequency and the excited state vibrational energy of the

functional group bond present [115,116]. The vibration may be bending, stretching,

oscillating or rotating, among others [114]. The vibration caused by stretching may

be out-of-plane (asymmetrical) or in-plane (symmetrical). The vibration is shown as

a peak at a certain wavelength. For example, hydroxyl group stretching bond usually

causes a strong peak around 3450 cm-1 in a IR spectrum. [115]

In order for a bond to be shown in FTIR, it must have dipole moment [115]. In practice,

this means that asymmetrical molecules are well suited for FTIR. For symmetrical

molecules, other techniques, such as Raman spectroscopy, have to be employed

[114].
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Aside from X-ray-based methods and infrared spectroscopy, other analysis methods

can be used based on the materials and the targeted properties of the thin films. For

example, ultraviolet-visible (UV-Vis) spectroscopy can be utilized if the film is

expected to be active in the UV-Vis region, such as in the case of this study.

UV-Vis spectroscopy can be used to identify the species present in a sample and

measure  the  concentration  of  it.  Like  FTIR,  UV-Vis  is  based  on  the  interaction

between matter and electromagnetic radiation. Molecules are normally in ground

state. When targeted with electromagnetic radiation in UV or visible range an

electron is excited to the next excited energy level and energy is adsorbed. [116,117]

With UVA or UVB radiation, transitions from ground p state to excited p* state in

organic molecules are possible, while with shorter wavelengths other state

transitions become possible. If there are several conjugated bonds, the absorption is

shifted to visible region. [37] The absorption depends on the Beer-Lambert law

(Equation (3)). [116, 118]

= log = (3) [116]

Where A Absorbance

I0 Intensity of solvent

I Intensity of light transmitted through the sample

e Molar absorptivity

c Concentration of the absorbing molecule

l Length of the path light passes through

UV-Vis spectrometers are usually single- or double-beam spectrometers that operate

in 200-800 nm range. With a single-beam spectrometer, the absorbance spectrum of

the reference sample without the investigated compound is measured first, followed

by the measuring of the actual sample. In a double-beam spectrometer, there are

two beams that can measure both the spectrum of the reference and the sample at

the same time. [116]
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5. Results

5.1. Spin coated samples

For the spin coated samples, borosilicate glass and silicon substrates were first coated

with the curcumin solution. After spin coating, ALD/MLD was used to deposit a

TiO2/HQ SL film onto one spin coated glass sample and one spin coated silicon sample

and ZnO/HQ SL onto another spin coated glass sample and another spin coated

silicon sample. After this, curcumin spin coating was repeated on the samples.

The pulsing sequence for the TiO2/HQ  film  was  [(TTIP+H2O)m + (TTIP+HQ)]n +

(TTIP+H2O)m with m=50 and n=10. The pulse/purge lengths were 6 s/10 s for TTIP/N2,

3 s/7 s for H2O/N2 and 10 s/20 s for HQ/N2. The deposition was done at 120 °C and

the pressure was kept at 3-5 mbar.

The pulsing sequence for ZnO/HQ film was similar, [(DEZ+H2O)m + (DEZ+HQ)]n +

(DEZ+H2O)m with m=50 and n=5. The pulse/purge lengths were 1 s/1.5 s for TTIP/N2,

1.5 s/2 s for H2O/N2 and 10 s/20 s for HQ/N2. The deposition was done at 160 °C and

the pressure was kept at 3-5 mbar.

After the first spin coating there were no visible peaks in XRR (Figure 12). This was

most likely due to the roughness of the film.
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Figure 12. XRR pattern after curcumin spin coating.

The intensities of the peaks in the FTIR spectrum (Figure 13) were very weak. Most

notably, there was a noticeable OH bend around 4000-3300 cm-1. The peaks around

1500-1600 cm-1 can  be  assigned  to  the  aromatic  ring  stretching,  while  the  peaks

around 1100-1280 cm-1 can be possibly assigned to the C-O stretching. [118]

Figure 13. FTIR spectrum after curcumin spin coating.

In the UV-Vis (Figure 14) spectrum, there was a broad peak around 400-500 nm.

Curcumin has been shown to absorb at this wavelength in previous studies as well

[119].
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Figure 14. UV-Vis spectrum after curcumin spin coating.

With the TiO2 sample, there were visible peaks in GIXRD after the first TTIP/HQ cycle

(Figure 15). However, these are most likely caused by the silicon substrate, as silicon

typically has peaks around this region, and not film crystallinity. As such, the film can

be determined to be amorphous. In previous studies where TTIP/HQ SL have been

also shown to be mostly amorphous [71].

Figure 15. GIXRD pattern of the TiO2 sample after first TTIP/HQ SL ALD/MLD cycle.

The XRR pattern for the TiO2 sample (Figure 16) was rough. The SL pattern was also

not visible. Due to this, the thickness of the sample could not be estimated using XRR.
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Figure 16. The XRR pattern of the TiO2 sample.

With the ZnO sample, after the first DEZ/HQ cycle, there were visible GIXRD peaks

(Figure 17a). The pattern suggests that the film was crystalline. The pattern is similar

to the hexagonal wurtzite structure of ZnO [112]. The pattern did not change in any

significant manner after the second curcumin spin coating (Figure 17b).

Figure 17. GIXRD pattern of sample 1 a) after first DEZ/HQ SL ALD/MLD cycle, b) after

the second curcumin spin coating.
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The XRR pattern for the ZnO sample, after first ALD/MLD DEZ/HQ cycle, was rough

(Figure 18), like the pattern for the TiO2 sample. This suggests that the film surface

was rough, most likely due to the spin coating underneath. The existence of fringes

still confirms that the ALD/MLD SL deposition was successful. Due to the roughness

of the pattern, it was not possible to estimate the thickness from this pattern.

Figure 18. The XRR pattern of the ZnO sample.

The peaks in the FTIR spectra (Figure 19) were not very intense. The involvement of

two organic molecules, curcumin and hydroquinone, as well as the complexity of the

curcumin molecule in general, possibly affected the spectra. Most notably, both

spectra include a sharp peak around 1490 cm-1 that can be possibly assigned to the

curcumin olefinic C=C stretching [120]. The curcumin peaks partly overlap with HQ

peaks as both have peaks around the 1600-1000 cm-1 region due to both having

aromatic ring structures [120,121]. The peaks around 1273-1129 cm-1 can be possibly

assigned  to  C-O  stretching  [118].  Due  to  the  lack  of  intense  peaks,  making  exact

conclusions on the bonding of the compounds was not possible. However, since there

was no significant OH bend around 3400-3200 cm-1 [118], it is likely that the bonding

took place at the hydroxyl group. The TiO2 stretching  peaks  can  be  seen  at  580-

640 cm-1 [118] and ZnO stretching peaks at 400-480 cm-1 [122].
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Figure 19. a) FTIR spectrum of ZnO sample at 4000-400 cm-1, b) FTIR spectrum of ZnO

sample at 1800-500 cm-1, c) FTIR spectrum of TiO2 sample at 4000-400 cm-1, d) FTIR

spectrum of TiO2 sample at 1900-700 cm-1.

In the UV-Vis spectrum (Figure 20), TTIP/HQ ALD/MLD coating increased the intensity

of the 400-500 nm curcumin peak and slightly shifted it towards 400 nm. This is also

in line with previous studies, as TiO2/HQ thin films have been shown to have a broad

absorbance peak around the 400 nm [71]. After the second spin coating, there was a

small broad peak around 300-375 nm and a larger broad peak around 375-500 nm.

The former was most likely caused by the TiO2/HQ film and the latter by the curcumin

film. The intense peak at 210 nm was caused by the glass substrate.
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Figure 20. UV-Vis spectrum of the TiO2 sample.

After the first DEZ/HQ ALD/MLD cycle, there was an additional peak in the UV-Vis

spectrum (Figure 21) around 300-375 nm. The 400-500 nm curcumin peak also

became significantly less intense. After the second spin coating, the 300-375 nm peak

got slightly more intense and the 400-500 nm became again more intense. This

suggests that the 300-375 nm peak is caused by the DEZ/HQ film and the 400-500 nm

by the curcumin film. This is in line with previous studies where DEZ/HQ has exhibited

absorbance at 300-400 nm [123] and curcumin at 430 nm [119].

Figure 21. UV-Vis spectrum of the ZnO sample.

Main results from the two samples are summarized in Table 1.
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Table 1. Main results from the spin coated TiO2 and ZnO samples.

TiO2 sample

Structure Amorphous

Superlattice pattern Not visible

Peaks in UV-Vis spectrum after second spin

coating

300-375 nm, 375-500 nm

ZnO sample

Structure Crystalline (wurtzite structure)

Superlattice pattern Visible

Peaks in UV-Vis spectrum after second spin

coating

300-375 nm, 400-500 nm

As a whole, the utilization of spin coating and ALD/MLD was successful for the ZnO

sample. With TiO2 the SL pattern was not visible and therefore it appears that the

process was not as optimal for this sample.

5.2. ALD/MLD hybrid samples

5.2.1. Ti/curcumin hybrid

The optimization of TTIP/H2O ALD deposition process has been well documented in

previous  studies.  The  GPC  is  typically  0.1-0.6  Å  with  fewer  than  400  cycles.  With

depositions  above  this,  it  has  been  noted  that  the  film  goes  from  amorphous  to

crystalline and the GPC increases up to 1.3 Å at 260 °C. [124] Temperature has also

been shown to increase the GPC. TTIP/H2O  ALD  process  generally  prefers  the

temperature range of 200-275 °C as substrate deposition temperatures. [125] Due to

the process being well documented already, it was not necessary to optimize the

parameters of the TiO2 ALD film deposition during this study.

The Ti/curcumin hybrid depositions were done at 300 °C and at 3-5 mbar. Visually,

the films were uniform and smooth. XRR was used to measure the thickness of the



46

deposited  films.  The  average  GPC  was  gotten  by  dividing  this  thickness  with  the

number of cycles.

The Ti/curcumin hybrid film deposition was optimized to 15 s/30 s TTIP/N2

pulse/purge lengths (Figure 22a) and 6 s/15 s curcumin/N2 pulse/purge lengths

(Figure 22b). The linearity of the growth was determined by varying the amount of

cycles (Figure 22c). The thickness varied slightly but followed a roughly linear pattern

as the number of cycles was increased. The average GPC was 3.1 Å. The high GPC was

most likely due to the size of the curcumin molecule and possibly also due the high

temperature.  TiO2 films deposited using TTIP have been shown to favour deposition

temperatures that are lower than 300 °C [125]. However, during the Zn/curcumin

hybrid depositions, the film quality suffered at lower temperatures which is why the

depositions were done at this temperature.

Figure 22. Optimization of the Ti/curcumin ALD/MLD deposition parameters

a) Optimization of the TTIP pulse length, b) Optimization of the curcumin pulse length,

c) Film thickness against the number of cycles.

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

0 5 10 15 20 25

Gr
ow

th
pe

rc
yc

le
(Å

)

Pulse length (s)

a)

0
0,5

1
1,5

2
2,5

3
3,5

4
4,5

5

0 5 10 15 20

Gr
ow

th
pe

rc
yc

le
(Å

)

Pulse length (s)

b)

0

10

20

30

40

50

60

70

80

0 50 100 150 200 250

Th
ic

kn
es

s(
nm

)

Number of cycles

c)



47

XRR pattern (Figure 23a) confirmed that the Ti/curcumin hybrid film was deposited

successfully and that the film was not very rough. GIXRD pattern (Figure 23 b) showed

that the film was amorphous as there were no sharp peaks. The only broad peak,

after 50°, was most likely caused by the silicon substrate.

Figure 23. a) XRR pattern of Ti/curcumin hybrid film, b) GIXRD pattern of Ti/curcumin

hybrid thin film.

There were no strong peaks in the Ti/curcumin hybrid thin film FTIR spectra (Figure

24). This was consistent with all the curcumin films that were deposited during the

study. The peak at 610 cm-1 can be possibly assigned to the TiO2 peak [118]. The lack

of significant OH bend suggests that the curcumin bonded at this site.
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Figure 24. a) FTIR spectra of Ti/curcumin hybrid films at 4000-400 cm-1,  b)  FTIR

spectra of Ti/curcumin hybrid films at 1800-400 cm-1.

The UV-Vis spectrum was measured for all the samples during optimization. In UV-

Vis  spectrum  (Figure  25-27),  there  was  a  broad  peak  around  400-700  nm.  In

comparison to previous studies on TiO2/organic hybrid thin films, the peak is broader

but still around the same region [71]. With Ti/curcumin films, the absorbance

increased with the number of cycles. This is to be expected as generally the thicker

the film is, the more UV radiation it absorbs.

Changing the TTIP/N2 pulse lengths affected the absorbance as longer pulse lengths

increased it (Figure 25). There were some slight inconsistencies. The spectra with the

pulse/purge lengths of 6 s/10 s and 4 s/8 s, as well as 10 s/20 s and 8 s/15 s were very

similar with one another. This cannot be purely by the film thicknesses as the film

with 10 s/20 s pulse/purge lengths had a thickness of 3.7 Å and 8 s/15 s 3.4 Å. The

thickness difference, 0.3 Å, is almost the same as the difference between with the

films with the pulse/purge lengths of 8 s/15 s, 3.4 Å, and 6 s/10 s 3.04 Å and yet the

latter two have clearer differences in their spectra. Still, the thickness differences are

small and as such other minor differences in reaction conditions may affect the

results. These affects do not appear to be very large as the spectra have still similar

shape and show absorption at same wavelengths.
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Figure 25. UV-Vis spectrum of the Ti/curcumin hybrid films with different TTIP/N2

pulse lengths.

Likewise, increasing the curcumin/N2 pulse lengths generally resulted in higher

absorbances (Figure 26). Unlike with the different TTIP/N2 pulse lengths, the

inconsistencies were not present.

Figure 26. UV-Vis spectrum of the Ti/curcumin hybrid films with different

curcumin/N2 pulse times.

Increasing the number of cycles while keeping the pulse/purge lengths as 15 s/30 s

for TTIP/N2 and 6 s/15 s for curcumin/N2, resulted in increased absorbance (Figure

27). This was to be expected, as the film thickness also increased with increased

cycles.
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Figure 27. UV-Vis spectrum of the Ti/curcumin hybrid films with different amounts of

deposition cycles.

As a whole, the thin films were deposited successfully and the parameters were

optimized. There was slight variation due to temperature but this affected the results

only slightly. Most importantly, the films were visible in the UV-Vis measurements.

As the antiviral properties of TiO2 have been shown to be linked to the photocatalytic

activity, this is crucial.

Due to the slight inconsistencies, a preliminary Ti/curcumin deposition at 260 °C, with

curcumin precursor sublimation temperature set to 250 °C, respectively, was also

done with same pulse/purge lengths and the results from this were positive. The film

was deposited successfully and had comparable results to the films done at 300 °C.

The XRR pattern of the deposition done at 260 °C (Figure 28) confirmed that the films

were deposited successfully and that they were smooth. The pattern for the

deposition done at 260 °C, the pattern was very similar to that done at 300 °C. The

GPC, 3.5 Å, was also similar to films deposited at 300 °C.
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Figure 28. XRR pattern of Ti/curcumin hybrid films deposited at 260 °C and 300 °C.

The intensities of the peaks in the FTIR spectrum (Figure 29) were once again weak.

However, the peaks were in roughly at the same wavelengths in both the 260 °C and

the 300 °C film. The differences in intensities of the peaks can be explained by slightly

different spectrum modifications done when correcting the baseline, excluding the

silicon peaks and smoothing the peaks after the measurements.
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Figure 29. a) FTIR spectra of Ti/curcumin hybrid films deposited at 260 °C at 4000-

400 cm-1,  b)  FTIR spectra of  Ti/curcumin hybrid films deposited at  260 °C at  1800-

400 cm-1, c) FTIR spectra of Ti/curcumin hybrid films deposited at 260 °C and 300 °C

at 4000-400 cm-1, d) FTIR spectra of Ti/curcumin hybrid films deposited at 260 °C and

300 °C at 1800-400 cm-1.

In the UV-Vis spectrum (Figure 30) there was a slight drop in absorbance. The

absorbance peak also shifted to slightly lower wavelengths, from 400-700 nm to 400-

600 nm, but is still within lines with previous research [71].
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Figure 30. UV-Vis spectrum of the Ti/curcumin hybrid films at 260 °C and at 300 °C.

Based on these results, the Ti/curcumin hybrid thin films could be deposited at lower

temperatures as well. Unlike with Zn/curcumin films, the quality of the films did not

appear to be compromised at a lower temperature. It is nevertheless not possible to

deviate too much from the temperatures used during the depositions as the used

precursors do not react at very low temperatures in ALD/MLD.

The main results from these depositions are summarized in Table 2.

Table 2. The main results from the Ti/curcumin hybrid thin film depositions.

Ti/curcumin thin film deposited at 300 °C

Average GPC 3.1 Å

Optimized pulse/purge lengths 15 s/30 s TTIP/N2, 6 s/15 s curcumin/N2

Structure Amorphous

Peaks in UV-Vis spectrum 400-700 nm

Ti/curcumin thin film deposited at 260 °C

Average GPC 3.5 Å

Optimized pulse/purge lengths 15 s/30 s TTIP/N2, 6 s/15 s curcumin/N2

Structure Amorphous

Peaks in UV-Vis spectrum 400-600 nm
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5.2.2. Zn/curcumin hybrid

The deposition of ZnO films using DEZ is also well documented in previous studies

[39] and as such it was not necessary to optimize the process for the pure ZnO ALD

films during the study.

Like with Ti/curcumin hybrids, the Zn/curcumin depositions were done at 300 °C and

at 3-5 mbar. The films were also visually uniform and smooth.

The Zn/curcumin hybrid film deposition was optimized to 6 s/15 s DEZ/N2

pulse/purge lengths and 2 s/3 s curcumin/N2 pulse/purge lengths (Figure 31a). The

linearity of the growth was confirmed by varying the amount of cycles (Figure 31b).

The thickness was shown to increase linearly as a function of number of cycles. With

these parameters, the GPC was 2 Å.

Figure 31. Optimization of the Zn/curcumin ALD/MLD deposition parameters

a) Optimization of the curcumin pulse length, b) Film thickness against the number

of cycles.

The XRR pattern showed that the Zn/curcumin film was deposited successfully

(Figure 32a). The GIXRD pattern showed that the Zn/curcumin hybrid structure was

amorphous (Figure 32b), similarly to the Ti/curcumin hybrid.
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Figure 32. a) XRR pattern of Zn/curcumin hybrid film, b) GIXRD pattern of

Zn/curcumin hybrid film.

For the Zn/curcumin thin films, the FTIR pattern (Figure 33) contains several peaks.

The  ZnO  peak  can  be  seen  around  400  cm-1 [122].  In  the  pattern,  there  was  no

significant OH bend around 3500 cm-1. This suggests once again that the metal

bonded to the hydroxyl group.
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Figure 33. a) FTIR spectrum of Zn/curcumin hybrid films at 4000-400 cm-1, b) FTIR

spectrum of Zn/curcumin hybrid films at 2000-400 cm-1.

UV-Vis absorbance pattern of Zn/curcumin hybrid film (Figure 34) showed a small

absorbance peak around 350-500 nm. This is similar to previous studies where zinc

based films have shown absorbance around 300-400 nm [123].

Figure 34. UV-Vis spectrum of the Zn/curcumin hybrid film.

The main results from these depositions are summarized in Table 3.

Table 3. The main results from the Zn/curcumin hybrid thin film depositions.

Zn/curcumin thin film

Average GPC 2 Å

Optimized pulse/purge lengths 6 s/15 s DEZ/N2, 2 s/3 s curcumin/N2

Structure Amorphous

Peaks in UV-Vis spectrum 350-500 nm
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The Zn/curcumin hybrid samples were also deposited successfully and the

parameters were optimized. In comparison to the Ti/curcumin hybrid films, the

Zn/curcumin hybrid films the results were very similar. However, the absorbance in

the UV-Vis spectra of the Zn/curcumin hybrid films were not as intense as with

Ti/curcumin hybrid films. This is possibly partly due to the thickness, as the optimized

Ti/curcumin films had a thickness of 3.7 Å and Zn/curcumin films 2 Å.
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6. Discussion

While organic-inorganic structures were deposited successfully using ALD/MLD

during the research, there were issues with reproducibility of the results. This was

concluded to be caused by leakage in the waterline of the reactor. However, this

problem did not affect the DEZ/HQ SL and TTIP/HQ SL depositions as the leak was not

observed to be present during said reactions. The hybrid films did not use H2O and

therefore the leak did not affect the results. The leakage was blocked by blocking the

waterline to ensure that it did not affect the vacuum. Curcumin also possibly blocked

some of the internal mechanisms in the reactor but this issue was solved by cleaning

the parts during maintenance.

The vacuum pump of the ALD/MLD reactor was also replaced during the

measurements. The pump was same for the SL films done on spin coated samples

and for the Zn/curcumin hybrid samples. The new pump was used during the

Ti/curcumin hybrid depositions. This had a slight effect on the pressure inside the

reactor as the vacuum was not as good with the new pump. Overall, this did not

appear to affect the film quality.

For the spin coating, curcumin was dissolved into ethanol. The error for the weights

was estimated to be ± 0.1 mg based on the accuracy of the used scale which means

that the error for all the weights was about 4.2%. The mass concentration also varied

slightly as curcumin dissolving completely into ethanol was the primary target. For

certain solutions, this meant adding more ethanol. The error based on the variation

from the average mass concentration (4.06 mg/mL) was about 3.2%. The error

caused by this was estimated to be minor as ethanol evaporates fast.

During the Ti/curcumin hybrid depositions done at 300 °C, there was slight variation

in GPC.  This  was likely  due to the temperature,  as  TiO2 films deposited using TTIP

have been shown to work better at temperatures lower than 300 °C. The thickness

estimation of thin films does also always involve minor uncertainties due to working
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with low thicknesses. By comparing the values of the measured film thicknesses and

the calculated values gotten if the thicknesses would have followed a linear line

(Figure 22c), the standard deviation and standard error can be calculated. For the

Ti/curcumin the standard deviation was 0.73 and standard error 18.2 % while for the

Zn/curcumin the values were 0.210 and 5.2 %, respectively.

FTIR  peaks  were  not  very  strong  in  any  of  the  films.  As  stated  previously  this  is

possibly due to the complexity and symmetry of the curcumin molecule. Therefore,

making any major conclusions from the FTIR measurements is not possible. The

results from other analysis methods were as expected.

All the deposited films showed activity in the UV-Vis spectroscopy. While the antiviral

properties were not directly examined due to lack of resources, the activity in UV-Vis

spectroscopy indicates that the films have potential to be used in antiviral

applications, as the antiviral properties of ZnO and TiO2 appear dependent on the

photocatalysis. The results showed that increasing the film thickness increased the

absorbance fairly consistently. This was the case with both increased purge/pulse

lengths and increased number of cycles.

For curcumin, UV-Vis spectrum is not as crucial, as its antiviral activity has not been

shown to be related to photocatalysis. Some of the limitations with curcumin have

been circumvented in the previous studies by modifying the molecule and as such

the ability to use the compound in ALD/MLD films can potentially have a positive

effect on the antiviral properties.

There is also a possibility that curcumin decomposed, instead of successfully being

deposited.  As the FTIR peaks were weak,  making clear  conclusions on them is  not

possible and naturally, decomposition products would have similar peak positions as

curcumin. However, as changing the pulse length of curcumin did affect the thickness

of the film, it can be determined that a hybrid thin film was formed.
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7. Conclusions and suggestions for further research

Ti/curcumin and Zn/curcumin ALD/MLD hybrid thin films were shown to be deposited

successfully and their parameters were optimized. Combining spin coating with

ALD/MLD was also shown to be viable option, at least for ZnO. With the TiO2 spin

coating sample, there were certain inconsistencies, such as the lack of SL pattern in

the XRR spectrum. This does not mean that combining spin coating and ALD/MLD is

impossible  for  all  processes  that  use  TiO2 and curcumin. It is plausible that more

consistent results can be achieved by using for example a hybrid structure rather than

a SL structure. This may even be a better option as the hybrid structures have been

shown  to  have  a  positive  effect  on  the  photocatalytic  properties,  as  discussed

previously.

It was shown that it is possible to use spin coating for curcumin deposition. As

discussed in chapter 3.2., for certain compounds, spin coating might even be a better

option than ALD/MLD. This includes for example large molecules and as the curcumin

molecule is quite large, this could be a viable option. It might also be possible to use

other inorganic and organic precursors discussed in chapter 3.2, such as copper-

based compounds. The combination of other thin film deposition techniques may

also be possible.

As there were inconsistencies due to the temperature Ti/curcumin hybrid thin films,

further research on the films with slightly lower temperatures could be valuable. As

was shown during the preliminary deposition at 260 °C, it is possible to deposit the

films at lower temperatures as well. This potentially rectifies the inconsistencies in

linearity. With Zn/curcumin hybrid thin films, these type of inconsistencies were not

detected at 300 °C. In further studies, it is recommended to use the lower

temperature with Ti/curcumin hybrid thin films.

Due to the weak FTIR spectra, further studies to confirm that curcumin can be indeed

deposited consistently with ALD/MLD, may be needed. This can be done for example
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by depositing curcumin with MLD and examining the deposited film. If this process

proves to be inconsistent or ineffective, other thin film deposition methods, such as

the spin coating, can be utilized.

Further research on utilizing ALD/MLD for the antiviral thin film deposition is needed

as the application has not been widely studied. Out of the possible inorganic

precursors zinc and titanium compounds appear to be viable based on the

experimental research done during the work. Aside from them, copper compounds

also appear to be promising for this purpose.

Based on the literature study, further studies on the organic materials in particular

for antiviral thin films are needed. In comparison to the inorganic materials, the

research done on the organic materials is lacking, not only when it comes to research

done on ALD/MLD but also thin films in general. Possible compounds for these

studies were discussed in chapter 3.2.2.

Overall, the processes used during this study appeared to be viable. ALD/MLD

appears to be a possible thin film deposition method for antiviral thin films.
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