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Abstract

Aluminium thin films exhibit excellent coating prepies suitable for optical,
microelectronics, telecommunications and constonetistructural applications. Thin
aluminium film deposition is mainly accomplishedavphysical or chemical methods at
varying deposition conditions, parameters and satest. This study focuses on thin
aluminium films prepared using physical methodsotiave superior properties to chemical
methods and are extensively researched in theghddliliterature. The review discusses the
properties of thin aluminium films and their complieteractions with process parameters.
The properties of thin films depend on the depositparameters which include substrate
temperature, deposition rate, power, process piessubstrate surface finish, and target
temperature. Post-deposition treatment of the fiéamd the type of substrate also influence
the properties of thin films. This review therefdrighlights the significance of optimising
the deposition methods and identifies research maje published studies. The work can be
a primary resource for selection of essential psgearameters during physical deposition
aluminium films.

Keywords: aluminium, thin films, corrosion, electrical, aml, physical deposition,
properties

1.0 Introduction

Pure aluminium (Al) films find application in the ptical, microelectronics,
telecommunications and construction/structural stdes due to their excellent properties
such as high conductance, low resistivity, higHestnce, better adhesion, resistance to
oxidation and corrosion [1]. The naturally formédhtlayer of oxide on pure aluminium film
further imparts optical, thermal, electrical ancticiical enhancing properties to the coating.
Aluminium thin films continue to receive high inddal and research interest because,
successful depositions have been achieved usinga spectrum of substrates including
mild steels, stainless steel, titanium, silvericsit (100), Polyethylene Terephthalate (PET),
polycarbonates, and glass [1, 2]. Thin aluminiulm,fthe deposition paramaters of which
make tuning them for specific applications possibte achieved through physical and
chemical methods. The existing literature showgaificant preference for physical methods
which mainly include thermal and vapour depositidPhysical deposition methods produce
higher adhesion, lower substrate temperaturesaendnvironmentally cleaner [3]. The main
drawback of chemical techniques is the use of taxilvents such as hydrazine which is
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environmentally unfriendly [4]. Furthermore, degmsi of thinner and metastable films and
control of stress states are possible using phydegosition methods [3]. Because of these
advantages, there exists considerable volumes safareh on physical deposition of thin
aluminium films.

This paper reviews the properties of physicallyas#ged thin aluminium films in relation to
deposition parameters and conditions as reportedthm literature. It provides a
comprehensive resource for preliminary selectiopafimetric conditions for optimising the
process of thin aluminium film preparation, andmsito highlight the significance of the
different process parameters during the physicpbsiéion of the films to gain new research
insights for improved properties and industrial laggtions., This review counts among a few
of its kind which specifically focus on the propes of thin aluminium film prepared by
physical methods, and is therefore novel. The wef&rences a wide spectrum of published
journals on thin aluminium films prepared throudtygical deposition methods. The existing
literature indicates that the preparation, propsréind applications of aluminium coatings can
be summarised according to Figure 1.

This review firstly examines the structural propetof thin films with an emphasis on
microstructure, hillocks, texture and mechanicalpgrties in section 2.1. In section 2.2, the
corrosion properties essential for application negments and conditions of thin aluminium
films are reported. Electrical and optical propstiare discussed in section 2.3 and 2.4
respectively. The identified literature gaps atenmarised in section 3.0.

Physically deposited

Al coatings

\ v

PVD Thermal
depositions depositioms
Non-metallic Metallic

Suystrates ( substrates 3

Electrical, Corrosion
microelectronts Microstructure, protection and
and optical strength and surface electronics

applications E properties a applications

Figure 1. Summary of the information from the drigtiiterature on physically deposited aluminiunatings

2.0 Properties of Aluminium thin film coatings
2.1 Structural and morphological properties

Page2 of 45



To understand and evaluate the suitability of #dirminium films for different applications,

their structural features need to be investigaded,there is a wealth of information available
on the structural properties of thin aluminium frfil, 5, 6, 7, 8, 9]. The properties are
characterised in relation to the mechanical armbltvgical features of the films. Figure 2
presents a summary of how the existing literat@meorts on the structural properties of
physically deposited thin aluminium films.. The ults also show that the tribological
properties depend on the mechanical propertiebefilms. Experimental evidence is also
available on the effects of the mechanical andkodpical loading on the microstructure of
these films. The review is therefore is based @ndinuctural properties of thin aluminium
films as shown in Figure 2.

2.1.1. Microstructure and deposition conditions

A microstructural examination involves using oplticecanning and transmission electron
microscopy (SEM and TEM), x-ray diffractions (XRDgnd Raman spectroscopy among
other techniques to study the various microstrattieatures of the thin films [10, 11].

Topographical studies of thin films involve an exaation of the surface of the film with

techniques such as atomic force microscopy (AFMJ aocanning tunnelling microscopy
(STM) [12].

Microstructural investigations

Morphology, topography, crystallinity,
grain size and distribution, grain
growth, recrystallisation, defects,
hillocks dislocations and porosity,

texture, twin

Tribological properties
Mechanical properties

Scratch
Strength
Hardness
Creep
) Erosion/wear
Fatigue

-

Figure 2. Structural properties and interrelatiops of thin Al films as reported in the literature

Microstructural examination of thin aluminium filmhrough SEM and TEM involves
studying morphology, porosity, defects and struettypes on the surface and across the
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Al/substrate interface [13]. For instance, thro®BM characterisations, Garbacz et al. [14]
revealed that the surface of thin Al films depasiten a Ti6Al4V substrate through vacuum
evaporation has higher porosity, more cracks amdhmmogenous microstructure than those
deposited through magnetron sputtering on the ssmfstrate. Thickness measurement,
phase identification, and percentage quantificatibporosity across the interface of thin Al
films have been investigated through SEM studigsXRD, on the other hand, is used to
study crystallinity/orientation [15], and texturedastresses [14, 16] on the surface of the
deposited films. For instance, through XRD, therrtiad stability of Al-Mo films prepared
through sputtering was reported and shown thatlgtael of crystallinity depends on the
applied temperature [17].

The structure of thin Al flms depends on depositaonditions [18, 19] such as rates of
deposition [20, 21, 22, 23], aluminium alloy comipios [24], substrate type [11], substrate

temperature, substrate roughness [1, 25], appkéerreal stress [26] and electrical current
[27]. The structural properties of thin Al filmsvealso been shown to depend on type of
deposition technique [28], film thickness and atingatemperatures [29]. As such, several
studies have reported microstructural propertiesditierent conditions. Table 1 illustrates

the microstructural properties of thin Al films degited at different conditions and substrates.

Table 1 Microstructural properties of thin Al filndeposited at different conditions and substrates

Ref. | Film/Substrate Physical Conditions Characterisation | Conclusions
method techniques
[6] | Al/Silicon (100) | Vacuum Film Grazing XRD;| Increase in film
evaporation | thickness AFM thickness, mair
range0.06-3 peak (111)
pHm dominates both
Substrate- parallel and
source perpendicular
distance: 120 directions
mm
[30, | Al- Rf Argon Rutherford -RBS shows that
31] | 4wt.%Cu/SiQ/Si | Magnetron | pressuré&mT | backscattering Cu concentration
(100) sputtering | orr spectroscopy increases with bias
Target input] (RBS), TEM, EDX| voltage
power7kW and XRD analysis| -Increase in bias
Rf bias voltage increase the
voltage:0-200 number of particles
V at the interface
particles width
increases with bias
voltage
-XRD;
predominant
orientation wasg
(111)
[32] | Al/Silicon Magnetron | Bias voltage] XRD Preferred
sputtering | 0-150 V orientation (111)
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[33] | Al- DC Deposition AFM, XRD, TEM, | -Lower hillock
2.0at%Ta/Glass; | magnetron | rate: 2.5| SEM-EDX density for Al-
Al-2.0at. sputtering | nm/s, Base 2.0at%Nd film
%Nd/Glass pressure: -Hillock  density

1.0x10* increased with
Annealing annealing
temperature: temperature for Al
100°C-500°C 2.0at% Ta; nearly
constant for Nd-
doped Al film
-Rare change o
microstructure  of
Al-2.0at. %Ta
films on annealing
-Surface stres
decreased with
annealing
temperature

[34] | Al-Sn-N/Si (100);| Rf Base pressure:X-ray -Increase in Si

Al-Sn-N/SiG;, Magnetron | 10®mbar; rf-| photoelectron content results ir
sputtering | bias -60V;| spectroscopy formation of

substrate (XPS), XRD, SEM| glassy-like

temperature morphology of Al

200°C; films

Target power -XRD and XPS

0-50 W shows a singlef
phase  (wurtzite
solid solution
present

[35] | Al- Magnetron | Base pressure:AFM, cross-| -The effect of Ti
0.5wt.%Cu/Ti/Si | sputtering | 2x10°% Torr sectional TEM,| underlayer on
(100) Film XRD structure of Al-

thickness: 10+ 0.5wt.%Cu thin
1.6 um films
-Ti reduce size o
columnar grain siz¢
of AlCu
-Ti enhance exad
Al (111) texture
development

[36] | Al/SIO./Si (100) | Electron Vacuum: SEM, TEM and| -Grain size

beam 6x10°Pa; XRD increases with film

evaporation | Deposition thickness
rate:9-12 -Grain growth
nm/s; lon rate:0.07-0.16 um/
energy: 870 -Large grains ar¢
1070eV;, observed for very
power smooth
density:0.29- morphologies;
0.67 W/cnt roughness

\ A2
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decreased with
average grain size

[37] | Al/SIO; Magnetron | Varying film | Grazing-incidence| -Early stages of
sputtering | thickness; XRD, TEM and| deposition showed
varying SEM inter-connected
substrate structures and
temperatures randomly orientec
grains
-Above 100nm film
thickness, (111
texture was
observed
-Growth  hillocks
observed at 295K
substrate
temperature, No
hillocks at higher
temperature
-Grain size: 500 nm
at 295K; at 675K
grain size was 4
pm
[38] | Al/Si (100) and| DC Varying XPS, XRD, TEM,| -TEM grain size of
[39] | Al-xSc/Si(100) Magnetron | concentration | SEM, AFM film decreased with
sputtering | of dopant (Sc) addition of Sc
Vacuum -Annealing
pressure: temperature affects
1.3x10% grain growth of
Argon pure Al films
pressure: -Grain size in Sct
4x10'Pa; doped Al films
Power: 110W does not change
Annealing: considerably  with
200-500C annealing
temperature
-Hillock formation
reduces with
addition of Sc
dopant
[40] | Al/SIO; Vacuum Annealing Optical -At low
evaporation | temperature: | microscopy (OM), temperatures, there
400-660C SEM, EDX is formation of
At  different pores on thin film
annealing -Annealing leads t0
times; from 3s precipitation of
to several silicon and formg
days Si-rich clusters
[11] | Al/lLow  carbon| Thermal arg Air pressure; SEM/EDX and| Plate-like
[2] | steel spray 4-6 bars; ng XRD microstructures;
variable pores/defects  on
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parameters film; high grade
crystalline pure Al
(111) was detected;
EDX showed Al
Fe and O elements
on the film
[14] | Al/Ti6AI4V Vacuum Constant SEM/EDX and| -High porosity
evaporation | process XRD micro-cracks and
(VE) and| parameters; defects in the VE
Magnetron | comparisons samples
sputtering | of deposition -XRD texture
(MS) methods analysis  stresses
reported
[41] | AlI/STS 304 Thermal Film SEM/EDX -Plate-shaped
spray thickness: 601 structures observed
120 pm for all thicknesses

-EDX: Al, O and
Cr

-There was
relationship
between thicknes

N(

and structure

2.1.2. Hillock and defect formation
There are two important conclusions drawn from &abl Firstly, thin Al films deposited on
metallic substrates contain defects/porosities seabndly, there is the formation of hillocks
on Al films deposited on non-metallic substratescivtcracks and porosity occur when Al
films are deposited on substrates at room temper,ghamarily through evaporation method.
These defects are caused by the tensile stressesatgd in the film during cooling and
solidification [14, 42]. During rapid solidificatio of thermally sprayed Al films on steel
substrates, a splash zone forms on the surfacheofiltn [11]. Due to condensation and
coalescence during the nucleation stage, thersuially a formation of a porous region at the
interface. Based on extensive reports [11, 43254 2], the concept of porosity evolution in
thin Al films can be represented as the illustmatio Figure 3.

Splash zone (micro-
cracks, porous)

e
P —————]

Substrate

Film
Interface (porous)

Figure 3. Development of porosity across the sabstiilm section. At the top surface of the filrhete is a
thick film consisting of pores, cracks, oxides arber atmospheric impurities while at the interfélcere is a
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high concentration of porosity. These porositiess dme to condensation during nucleation, solidificaand
coalescence of the film during growth.

However, as reported by the study [25], optimisatad the deposition parameters [40],
substrate preparation and conditioning and properce of deposition methods can reduce
such defects and improve on the performance offithes. We note that more work is
necessary to detail the evolution of porosity androecracks specifically in thin Al films at
different process parameters.

Microstructural imperfections and defects occuriryiphysical deposition methods. These
defects originate from substrate imperfectionsodémn chamber impurities and during film
growth [44]. The literature reports different typgfsdefects in physically prepared thin films,
the most common being nodular and trough defedf. Buch defects reduce the capability
of the films to protect the substrate from corrosjd6]. Extensive literature is available on
the defects in different films including AD; and TiN [45, 47, 48]. Liang et al. [49] recently
studied dislocations in thin Al films before andeafelectrical current stressing. The study
reported low dislocation density before stressing high dislocation density in the order of
10'° m?and lattice distortion upon current stressing. Sdistocations decrease the electrical
conductivity of thin Al films [50, 51]. Defects ardislocations also affect the mechanical and
tribological properties of thin films. However, ig noted that scanty research exists on the
relationship between the dislocations and sucheptms.It is also noted that further work
on detailed analysis, from a crystallographic pectipe, on the mechanisms of formation of
dislocations/defects in thin Al films is necessary.

Formation of hillocks or splats occurs either dgrihe physical deposition process or the
thermal treatment of thin Al films; the formation lnillocks is driven by the differences in
thermal expansions between the film and substratenmls [51, 52, 53, 54]. Figure 4 gives a
typical example of hillocks obtained from thin Alnfis deposited through rf magnetron
sputtering on glass substrates [51]. The hillogksear as extrusions and occur on the grain
boundaries due to a microstructural mismatch ofstigstrate and the thin film [55, 56, 57,
58]. Several TEM studies showing that the hilloaks preferentially formed along the grain
boundaries are available in the published litemat{9, 60, 61, 62, 63], and that their
formation depends on the microstructure, grain amgkcrystal orientation [64, 65].

The ability of thin Al films to form hillocks is asignificant limitation to electrical
applications and research emphasis on the contrtiiese hillocks is therefore necessary.
Extensive studies on the formation of the hilloektdifferent conditions such as annealing
temperatures and deposition rates are have beeluctea to minimise these formations [66,
67, 60, 68]. Since hillocks form preferentially adp grain boundaries, their formation is
affected by grain size and orientation [69]. Stadigo the thermal behaviour of thin Al films
have shown that the growth of hillocks increaseth w&irise in temperature [70]. Increase in
annealing temperature increases the size of theckd in thin Al films [52, 53]. A study by
Arai et al. [71] in which Al-Nd films were used f&CD applications reveal that the addition
of 2 wt. % Nd to Al suppresses the formation ofdeks and whiskers in the films. Doping
Al films with copper reduces electromigration arehbe hillock formation [72], as does the
addition of transition metals such as Fe, Co and18]. The effect of capping on the hillock
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formation on Al/glass substrates by different matersuch as Ti, Mo and Sj0Owas reported
[74]. It was shown that the volume of hillocks feamples annealed for 400 minutes at
280°C, decreased with the thickness of the capping$ay@]. In a similar study, Kim et al.
[75] evaluated the effect of thickness of the passin layer (Si@) on the formation of
hillocks and reported 250 nm as the optimal thiskn® suppress their formation in thin Al
films. A study [76] in which thin Al films were c@red with sputter-deposited fine-grained
polycrystalline pure Al shows that no hillocks dogmed even after exposure to thermo-
mechanical stresses.

Figure 4. Hillocks (indicated ds) at the surface of a 30,08Q@hick film deposited at a substrate temperature of
300°C at a rate of 200D per min (Adapted from D’ Heurle 19781])

Resnik et al. [77] investigated the effect of theget composition, thermal treatment and
deposition temperature on the hillock formationD&8 magnetron-sputtered Al films. They
concluded that films deposited from Al-Si-Cu tagyetsulted in a lower density of hillocks
compared with those sputtered from Al-Si targetge $tudy illustrated that hillock formation
was strongly dependent on the deposition temperaither than the annealing temperature.
Smaller sizes of hillocks resulted when Al layeresrevsputtered on an Si substrate than when
deposited on SiPsubstrates. This observation was attributed tol=ltexture in the Si©
substrate which is prone to hillock formation. Tftect of diffusion-fatigue on the formation
of hillocks on thin Al films, when exposed to thexhtycles, has been discussed by Ri and
Saka [78]. Zaborowski and Dumania [56] reportedtmkinetics of hillock growth and the
distribution of thin Al films. Both reports showéahstress relaxation in thin Al films occurs
through the formation of hillocks, creep and adjestts in the microstructure. A study [79]
which investigated the effect of annealing condii@on the formation of hillocks for Al films
deposited through thermal evaporation on sapphibstsates, reported that hillocks form
when annealing is carried out in the presence pjew/air.

Smith et al. [80] observed three phenomena on letcass relaxation of thin Al films formed
on silicon substrates through electron beam evéparaeand magnetron sputtering. At
elevated temperatures, the compressive stressdbeofilms were relaxed through the
formation of hillocks. The mechanism for hillockrifieation was also observed in situ
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SEM/TEM studies which showed that the tensionedsses on the films were relieved
through the “collapsing” of singular Al grains [8ylner and Mattson [81] undertook a
real-time observation of the initial formation oflitcks in Al films deposited through
electron beam evaporation on silicon wafers aedsffit heating rates, and reported that the
density of hillocks increased rapidly with an irese in temperature, especially for higher
heating rates. The effect of grain boundary migratn the formation of hillocks for un-
passivated thin aluminium films under thermal cgclas also been reported; films which
experience grain growth during thermal loading formare hillocks [82]. Similar results for
Al-Cu and pure aluminium deposited on silicon waféirough electron beam evaporation
were observed in another study [83] .

From these findings, two significant paths of reskaare evident: (1) Hillock formation is

driven by stress relaxation and depends on tempetasubstrate type, and annealing
conditions. However, information on the relatiomskietween films’ grains (which play a

significant role during stress relaxation) and duk evolution is scarce which begs the
guestion: What is the relationship between hillgc&wth and grain boundary energy in Al
films? (2) The use of dopants and capping inhibiteock formation, but the mechanisms
involved reducing hillocks through capping and agpmethods are not fully understood.
What then are the criteria for choosing differeapaints for thin Al films? Extensive data on
the effect of a wide range of dopants is requicedrtswer this question.

2.1.3. Formation of structures in film growth

The microstructure evolution during film growth ptire metallic films deposited through
physical methods for different conditions is wetpiined with regards to the atom mobility
described in the structure zone model (SZM) [12je BZM has three zones, namely zone |,
transition zone T and zone |l as illustrated byr®eet al. [84] in Figure 5. Generally, at low
substrate temperatures {zone 1), the adatom mobility is low, and the rogtructure of thin
films consists of fine fibre, porous or even amanh texture; it contains small and
significant equiaxed grains. In the transition zdnehere is a higher diffusion of adatoms
which leads to the formation of a coarser structlre¢his zone competitive grain growth and
a preferred crystallographic orientation with regge the film thickness are likely to occur
[85, 86]. At a higher substrate temperature in Zdniere is bulk mobility of adatoms, grain
growth and recrystallisation leading to a coarsdwmnar structure. The structure zone
model is an ideal illustration of microstructureokuion during film growth because it does
not incorporate the effect of impurities and otphescess parameters. However, the growth
mechanisms of thin Al films prepared through diéigtr physical methods can be explained
by using a modified SZM. For instance, thin Alnf8 deposited through high-vacuum
evaporation at ambient temperature conditions dxtabarse and columnar structures
consisting of parallel grain boundaries usuallyeotéd to the silicon wafer substrate [87].
Analogous to zone Il of the structure zone modelFigure 5, the structures extend
homogenously through the whole film thickness.
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Zone 1 Fone T | Zone I1

Increasing Substrate temperature, T:

>

Figure 5. Structure zone model idealising the eh@huof microstructure with the temperature of stdite for
thin films of pure metalf84].

Based on the existing literature on the growthhuh tAl films, the physical mechanism for
the formation of structures at different zones 8MXan be described using the Stransky and
Krastanov (S-K) model [86, 88, 89]. According t@t8-K model, a layer-by-layer mode is
responsible for nucleation and grain growth whertees formation of discrete nuclei is
responsible for film growth. Film formation occulsough nucleation, the growth of islands,
blending of the islands, the growth of polycrystedl islands and the formation of a
continuous structure, hence film thickness [86]ed#¢ mechanisms are influenced by the
deposition conditions and determine the structarestexture of thin Al films. When thin Al
films are deposited in high-vacuum (impurity-fregnditions, the structure formation is
dominated by restructuring, according to S-K modegpulting in columnar microstructures as
those described in zone Il of SZM [87, 90, 91].inmpurity-free conditions, there is high
grain boundary motion and grain growth because ioimum surface energy. These films
have fine(111l) texture and smooth surfaces [87]. The introductdrow quantities of
impurities such as oxygen during the depositioncgss, affects the Al film growth by
contaminating the grain boundaries and limitingirtimeobility. As such, the structures of
zones Il and T are characterised by smaller colurgragins and the evolution ¢111) and
(311) textures. The surfaces of the films in these zanesougher and have a higher density
of hillocks. At a very high concentration of oxyganpurities, the characteristics of zone |
are observed. According to the S-K model, the oxidase covers the {111} crystal faces so
that there is minimal nucleation, grain boundarytioro and grain formation especially
towards the surface of the thin films. There aredmsiinct crystal structures and texture
observable in such cases. This evolution has aesa beported for thin Al films co-sputtered
with other elements, and on some non-metallic satest [90, 91, 92]. Figure 6 illustrates the
S-K model for thin Al films under the influence different deposition conditions for the
three SZM zones based on the reported literatusedifierent process parameters change,
there is an evolution of other intermediate streetland textures.
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Figure 6. The microstructure evolution during pbgkdeposition of thin Al films with respect toagn size and
impurity content. The mobility of the adatoms amdig boundaries which leads to nucleation and ggainvth

according to the S-K model are functions of différdeposition parameters such as impurity conts@mber
pressure and substrate temperature.

2.1.4. Texture and texture effects

Texture influences electrical, elastic or mechdniteermal, and magnetic properties of thin
films [93, 94, 95]. For instance, the study on the effect of orientatiof Al on
electromigration behaviour reveals that <111> textis the most ideal for electronic
applications [94]. In a somewhat different studg][3he texture was shown to influence the
transport properties of M§i thin films. It was also revealed to affect th#ical performance
of AISi alloy thin films deposited on Si substratbsough DC magnetron sputtering [97].
The texture is usually represented using pole pddtKakuchi patterns from XRD and
Electron Backscatter Diffraction (EBSD). This rewviéento the existing literature on texture
studies on thin Al films deposited through physicalethods elicits two critical
considerations, namely (1) the mechanism of texforenation and (2) the texture and
process parameter relationships in physically dégubshin Al films.

The frmation of texture in thin flms depends onface energy, grain boundary mobility,
surface and lattice diffusivity [93]. These kineparameters control texture evolution from
nucleation, grain growth and film thickening. Diféat authors agree that texture formation
in thin films occurs during the coalescence ofridg thickening and the post-deposition
annealing processes in thin films. Details of #dure formation which is largely driven by
both surface and strain energy minimisations aré neported in the literature [93].. During
the physical deposition of thin Al films, theregsin growth which decreases the total grain
boundary energy. This decrease in surface andfacgerenergies enhances the preferential
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orientation of grain growth, hence texture develeptr{94]. When FCC metals such as thin
Al films are deposited on amorphous substrates1xl&xtures develop because of surface
and interface energy minimisation. The texturakotation for thin Al films in <001> and
<011> on W/MgO s attributed to strain minimisatitimough lattice matching [98]. We
observe that there is limited literature on surfacd strain energy minimisation contributions
to textural development in thin Al films.

Texture development depends on properties suakngsetrature, substrate, power and rate of
deposition as may be inferred from Figure 6. ToanstAnd the effect of different parameters
on texture development during Al film depositiorg wught to relate these parameters to the
energy minimisations concept. Mostly, when Al filme deposited on a substrate, it results
in the growth of close-packed planes perpendictdathe substrate surface. This growth
reduces the surface, and interfacial energy ofstiestrate and texture development begins
when the surface atoms have enough energy to nwvbket low energy regions. During
physical deposition processes such as sputtetiegg is a bombardment of low-energy ions
[95]. This bombardment enhances the mobility of tawh&, increases nucleation, and
decreases the surface energy and therefore tedéwedlopment. Thus, any combination of
parameters leading to increased low-energy ion laodmbent enhances texture development
in thin films. For instance, an ncrease in rf-lj@sver and a decrease in deposition pressure
during sputtering has been reported to enhancenargfal formation <111> Al texture thin
films [95]. Very high pressure increases the enarfjjon collisions thereby reducing the
mobility of adatoms. The effects of deposition temgture, film thickness, co-deposition
impurities and substrate conditions on texture firom have also been investigated [87, 99,
35] and their effects can be related to the enarigymisation. We note that texture evolution
and its effects on mechanical properties underwdfit preparation conditions of thin Al
films is still not fully understood.

Topographical studies

Surface morphology studies through atomic forcerosicope (AFM) and scanning tunnelling
microscope (STM) are used to report on the topdgrag the surface of thin films. AFM
explicitly shows the morphology of thin films anldetroot mean square (RMS) or average
(Ra) roughness of the films [100, 101]. The RMS vatdeoughness which corresponds to
the standard deviation of tlZeheights in the AFM data, is determined by the fdarino the
following equation [101]:

Rypms = \/% f(;v{Z(x)}de Equation 1

whereN is the number of points taken for the calculatdrthe surface roughness afdis
the total area of scan within tkesampling length.

The surface roughness of thin Al films depends eresal factors [102, 103, 104] - some of
which are illustrated in Table 2.
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Table 2. Factors influencing surface roughnesgpfiysically deposited thin Al films

Reference

Film/Substrate

Physical method

Factors reported

Fidings

[6] [22]

Al/Si (100)

Vacuum
evaporation
& Magnetron
sputtering

-Film thickness
-Time (8 months)

-Surface roughness
increases linearly with
film thickness

-Increase in roughness
with film thickness is
related b)‘QRMSOChO'SS
-Roughness decreases w|
time up to a constant valu

e

D

S

[105] Al/SiO,/Si (100) | DC Magnetron Deposition time -Island size and height
sputtering (roughness) increases wit
deposition time
-Island density decreases
with deposition type
[106] AICu/Ti and Magnetron -Substrate type -Substrate type affects the
Al/TI/TIN sputtering -Deposition nucleation and grain
temperature growth of the films; Ti
substrates result in smoot
AlCu films
-Island density decreases
with deposition time
[107] AlCu/Glass Thermal Copper atomic -Increase in Cu
evaporation concentration concentrations decrease
(concentration of | the Rys roughness of
the dopant) AlCu films on glass
[108] Al/Si (100) & DC Magnetron Deposition time -The roughness increasg
[109] Al/Ti(100) Sputtering with deposition time
[110] 99.9%Al/Si Vacuum Effect of current | There is decrease in
(100) evaporation on roughness surface roughness with
applied current
[111] Al/Glass Electron beam Substrate Surface roughness
temperature on increase with substrate
roughness temperature

Most of the roughness characterisations have bagred out using Rs and R. However,
these methods are limited in illustrating the laltedistribution of the roughness over the
topographic images and therefore the informatiory mat be sufficient. Besides, skewness
and kurtosis are also used to describe the gemkstaibution and shape profile of the
surfaces of the films. Power spectral density (PP@vides detailed information about
surface roughness by using the frequency domatheotopographic images to describe the
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spatial distribution of the wavelengths. The datanf the PSD profiles is then fitted into

different models to interpret the frequency resuftgespect of surface information. PSD
method has been used in a few thin film studie® [113], but not to evaluate the effect of
different deposition parameters on surface topdgrapecause very few data points are
generated by this method. However, with the extdrggatial length technique presented by
[113], PSD can be used to study the roughnessinffitms, and should be used in future

studies including Al films.

2.1.5. Mechanical and tribological properties

Although thin Al films are mostly used for corrosjcelectrical and optical applications, their
mechanical and tribological properties are esskebia the durability of the functional
components. The most significant mechanical praggedf thin films are strength, fatigue
and creep. On the other hand, tribology is desdrtibewear, hardness and adhesion strength
[114, 115]. Both tribology and mechanical charastdions of thin Al films have been
reported on at different conditions and paramefei$, 117, 118]. However, since these
properties are dependent on the microstructuralifes described earlier, we only focus on
the critical issues relevant to thin Al films wite aim of expanding research ideas.

Strength properties such as stiffness, hardnessnatllus are easily measured through
nanoindentation techniques whereas adhesion streagheasured through a scratch test.
Fatigue, creep and wear in thin films are diffidoltcharacterise because of the nature of the
films. These properties cannot be measured usingetional standards for bulk materials.
Consequently different researchers have embarkagsioig the scratch test method to study
the fatigue and wear properties of thin films [118ftempts have also been made to develop
fatigue and wear analysis models for hard coatamgsbulk materials from scratch tests [120,
121]. We note that so far none of the scratch nsokas been applied in soft thin films such
as Al. Based on scratch test mechanics and congefite existing models, researchers are
using finite element techniques to model fatigud aear properties of thin films [122, 123,
124, 125]. Creep is significant in thin Al films ed in microelectronics applications
operating at high temperatures. Because of itsrwiting point, Al is highly sensitive to
creep and viscoelastic behaviour and is thereforeaatic [126, 127]. Creep theory in
materials is detailed elsewhere [128]. During tperation of some microelectronic devices
such as RF-MEMS, creep occurs at a low temperdtigie-stress regime. In this case creep
deformation occurs through dislocation gliding. €yeontrol can be achieved by limiting the
dislocation gliding through obstacles [129]. Theep deformation mechanism is described
by biaxial stresss, Equation 2:

o= —%Tln [exp (— %) + (Z—;) t] Equation 2
where

AF
V3t

a =
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Attimet = 0, biaxial stress ig,, 7 is the athermal flow stresk,is Boltzmann’s constant,
is the absolute temperatur®F is the activation energy;, is a quasi-constant for large
stressesk is the Young's modulus ang is Poisson’s ratio of the material.

In the equation 2 the two most important paramatethe creep of thin films are activation
energy and athermal flow stress. Activation enasgyne energy required by the dislocations
to overcome barriers within the structure of thearial. The higher the activation energy and
flow stress, the higher the creep resistant in Alifilm. The nature of the precipitates in the
microstructure of the Al alloy films can enhanceegd parameters. For instance,
Al g3 Cw saMg;1 sMng 6 thin film alloy consists of strong S-phase, coher@md highly dense
precipitates. Such precipitates increasE and 7, thereby hindering the movement of
dislocations [129]. The creep resistant can alserttenced by grain refinement enhanced by
precipitation hardening~or instance, an increase in the Mg content itMglthin films was
shown to reduce the grain size and increaseAth@ndz and hence enhance resistance to
viscoelastic relaxation and creep at both low aigth lemperatures [130]. The effect of the
thickness of Al films on stress relaxation and praeas studied by Hyun et al. [131], who
reported that creep resistance increased withhio&rtess of the film. This behaviour was
attributed to dislocation locking, meaning thategeis highly dependent on deposition
parameters such as deposition rate, temperatune, tpower and substrate conditions.
Studies relating these parameters (directly) toctieep behaviour of Al films are few, and
since creep is a highly statistical property measearch is necessary.

2.2 Corrosion properties
Extensive studies exist on corrosion tests of ahiumm films deposited on various metal
substrates through physical vapour and thermalysggehniques [2, 43, 15, 11, 42]. The
general observation from these studies is that ialum film coatings act as sacrificial
corrosion protections on metal substrates [11]citvimeans that due to the anodic nature of
aluminium its corrosion products are depositedlendoating surface and substrate, thereby
enhancing the corrosion resistance [2]. Studiese halso shown that aluminium and
aluminium-rich alloys provide effective cathodicopection to metals, especially steel, in
atmospheres with very high chloride concentratiid®2]. As such, aluminium coatings are
useful corrosion protectors for steels in marind srdustrial conditions [11]. Besides being
cathodic protectors, aluminium and its alloys faminert aluminium oxide film which acts
as a barrier to corrosive media thereby providilgrasion protection in low chloride
concentrations [42, 132]. According to the literatuthere are three corrosion techniques
used to evaluate the corrosion properties of aluminfilm coatings deposited on metal
substrates. They are: (1) electrochemical stu@®sa salt spray chamber, and (3) low/ high-
temperature oxidation [43, 15, 11]. A detailed eswiof the results obtained through each of
these techniques by different researchers is pregdelow.
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221 Electrochemical Studies
Electrochemical experiments have been used to &ealine sacrificial protection of pure
aluminium films to metal substrates using a stathdlree-electrode cell [2, 43, 11]. In this
cell, the aluminium film acts as the working eled& (WE), the saturated calomel (SCE) as
the reference electrode, and the platinum as thteo electrode (CE) [2, 11]. Figure 7
shows a schematic diagram of the three-electroleused in electrochemical experiments
according to ASTM G5-94 standards.

Potentiastat

e 0 o

L

Figure 7. Schematic diagram of standard threereléetcell for electrochemical corrosion studjgs]. The
working electrode consists of aluminium filmAl§ and the substrateS) represented as dark and white
backgrounds respectively.

In electrochemical studies the most important messants are the potential of the WE
versus the SCE plus the current densities fronthvfiafel polarisation plots are generated.
Theories on the electrochemical cell, polarisatiomves and corrosion rates are presented
elsewhere [133]. A thin film coated substrate iglda@ have higher sacrificial corrosion
resistance when its polarisation plot derived fithi electrochemical measurements gives a
higher absolute magnitude of potential and lowerent density. For instance a study by
Esfahani et al. [2], performed electrochemical meaments on 0.04C wt. % mild steel, arc-
sprayed with 99% aluminium in 3.5% NaCl electrolyfehey revealed that the Tafel
polarisation plot for the aluminium-coated steelegi a higher potential and lower current
intensity compared to that of bare steel. A sim#fardy on aluminium-dominant Al-Zn alloy
coated mild steel reported the same results: lauerent intensity and higher polarisation
potential for the coated mild steel samples [1B4f et al. [11] reported similar results for
0.240C wt. % mild steel substrate arc sprayed V@¢h95 wt. % commercially pure
aluminium. In their study the bare and coated dtadlcorrosion densities of 15.22 and 12.95
uA.cm? respectively and potentials of -0.689 and -0.71fespectively. In a related study,
[43], the effect of hydrothermal sealing of thin #lms sprayed onto the Al-6061 substrate
was studied through electrochemical measurements$, & was shown that the sealed
samples have higher absolute potential and lowgeetdensity. These findings however,
contradict the general principle that higher pwesifpotential leads to lower corrosion rates. It
is noted that bare steel has more positive poleht@a coated steel; a principle for sacrificial
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corrosion protection. This observation indicatest traluminium coating corrodes in
preference to the steel substrate, therefore prayghcrificial corrosion protection.

Another finding derived from Tafel polarisation fdoreported in the literature is that
aluminium-coated samples exhibit passive and tpassive regions whereas bare metals
such as steel, shows active regions [11]. The poesef active regions for bare steel is
attributed to the pitting corrosion which takescgeleon the surface [2, 43] whereas the
passive regions in the aluminium-coated samplesauwsed by a tendency in aluminium to
form passive corrosion products with various meBa@.instance, if electrolysed in 3.5 wt. %
NaCl at room temperature, aluminium-coated milelsterms about 30% oxides [2], which
can act as a sealant to porosity/defects [134]aand passive layer alumina §8k) which
inhibits further corrosion of the aluminium-coateteel [43, 132]. Corrosion products
consisting of passive films of hydroxide [Al(Off)and ALOs3; were reported during an
electrochemical study of hydrothermally sealed ahimmn coating sprayed on mild steel
substrate; these passive films were the reasotafge passive regions on the polarisation
curves [43]. Similarly, when pure aluminium-coatsthinless steel 304 was investigated
under natural seawater, Al(OfHvas reported as the primary corrosion product J[1B&e
corrosion products depend on the corrosive medinditiae composition of the coating. For
instance, when coated steels were exposed to atroeleemical process witBAE J2334
solution [11], which contained NaCl, CaCland NaHCQ, there was a formation of
impervious and insoluble layers of dawsonite, gigbsnd bayerite which protect the
substrate from pitting and from the formation offanm corrosion. On the other hand, for a
multi-component Al-Zn coating [134] in 3.5% NaCketrolyte, complex corrosion products
such as simonkolleite [£(OH)sCl,.H,0], zinc aluminium hydrotalcites and aluminium
chloride hydroxide hydrate [ACI3(OH):2.4H,0] are formed. These products act as self-
sealant to the pores on the coating.

The corrosion rates (CR) and polarisation resigtdRg), which further explain the corrosion
resistance of films, have also been reported frafelTpolarisation plots [11, 134]. CR is
usually calculated using Faraday’s Law illustrate&quation 3 below [136]:

CR ( um ) _ 3.27corr EW

Jear y Equation 3

whereE.W is the equivalent weight in gramg,is the density of the metal angy, is the
corrosion current density per square centimetres. te other hand, the polarisation
resistance (R which measures the resistance of flow of elestroy the electrode, can be
determined from the relationship in Equation 4 [133

2.303b,b 1 .
R, =—"%° (_) Equation 4
P bg+b, Icorr 9

whereb, and b are slopes on the anodic and cathodic Tafel sloggsectively determined
from the polarisation curves within the Tafel regide, can be computed through
extrapolation of the Tafel region as indicatedha idealised polarisation plot in Figure 8.
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Figure 8. Idealised diagram for general cathodid anodic polarisation plot for an electrochemioadrasion
experimen{133]

Through this method, the corrosion rates for bdemlsand Al-coated steels have been
calculated. Reports show that Al-coated steel bagi CR compared to bare steel [134].
Similarly, the polarisation resistances for alumimicoated steels are higher compared to
those of bare steel. Thus, aluminium coating impsothe corrosion resistance of metal
substrates [11]. Similar results have been repodadaluminium films deposited on
aluminium and magnesium substrates through a qollygprocess [136]. Table 3 shows the
key results reported in the literature on electemoital studies of thin Al films.

Table 3 Key aspects of electrochemical corrosiadies of aluminium-coated metals

Reference | Substrate | Al- Electro | Electrochemi | Corrosion Key results

/ year coating | lyte cal studies products

Lee et al. | Mild steel | Pure Al | SAE EIS, Open NaAICO;(OH), | Corrosion rate

[11]/2016 | (0.24C J2334 | circuit (Dawsonite), | (CR),

wt.%) solution | potential Gibbsite and | polarisation

(contain| (OCP), Bayerite resistance (R,
s: NacCl, | Polarisation (Al(OH)3) Tafel plots,
CaCb curves Nyquist and
and Bode plots
NaHCO
3)

Jiang et al.| Q235 Al-rich- | 3.5 EIS, OCP, Simonkolleite | Corrosion rate

[134]/201 | Mild steel | Zn-Si- wt.% Polarisation (Zns(OH)sCIH | (CR),

4 RE alloy | NaCl curves 20), Zinc polarisation
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solution aluminium resistance (R,
hydrotalcites, | Tafel plots,
Aluminium Nyquist and
chloride Bode plots
hydrate
Esfahani | 0.05C wt. | 99% 3.5 EIS, Al(OH)3; and Nyquist and
et al. % Commer | wt.% Polarisation | Al,O3 Bode plots,
[2]/2012 cial NacCl curves Corrosion
purity Al rates, Tafel
plots,
Polarisation
resistance (B
Carbonera| ZE41 Mg | 99.5% 3.5 Polarisation Mg(OH)./MgO | Tafel plots,
setal. Alloy pure Al | wt.% curves .H2O, Chloride | Polarisation
[137]/201 and Al- | NaCl productqgon resistance (R}
0 rich the interface)
Al/SiC and ALOs (On
alloy coating)
Han et al. | Stainless | 99.7% Sea Open Circuit | Not reported Tafel plots,
[41]/2009 | steel 304 | Al water Potential Polarisation
(OCP), resistance (R}
Polarisation
curves
Hernandez Si(100) Alumini | 3.5 Polarisation Al(OH)3z and Nyquist and
et al. um wt.% curves and EIS Al,O3 Bode plots,
[138]/199 NaCl Corrosion
5 rates, Tafel
plots,
Polarisation

resistance (R}
for different
thicknesses of
the Al films

As can be observed in the summary in Table 3, mé&tion on the effect of different
deposition variables and film microstructure toroeion is lacking. Frankel et al. [139]
investigated the effects of the vacuum pressura aputtering system on the corrosion
resistance of pure thin Al films. This study rewshlthat an increase in vacuum pressure
(lower vacuum quality) increases the corrosionstasice of thin Al films. This increase in
resistance has been attributed to the presencexygfjen and nitrogen elements in the
microstructure of the Al films [140, 141]. Thesedites imply that the deposition parameters
influence the composition and microstructure, hetiee electrochemical properties of Al
films. In slightly different studies, the microstture and composition were shown to affect
the corrosion properties of TiN142, 143]. Grain size and distribution is anotfesture
which has been shown to alter the corrosion pragsedf metals and alloys. Although there is
no direct correlation between the two factors basedhe nature of the environment, grain
size plays an important role. For instance, in @iva environment small grain sizes reduce
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the corrosion resistance and vice versa for passiwéronments [144, 145]. However, a

literature search shows that the relationship betwgrain size and corrosion behaviour of
thin Al films has not yet been fully understoodtie studies should therefore focus on the
effect of deposition parameters, microstructurempaosition and grain size on the

electrochemical properties of thin Al films.

2.2.2 Salt Spray Studies

Salt spray experiments are conducted accordingetdSTM B117 standard in which the test
samples are exposed to a high-pressure spray of $¢di@ion for a known time at room
temperature [146]. These tests are performed talatemarine and high chloride operating
atmospheres in coatings [15]. Several studies I@perted on salt spray experiments with
aluminium and aluminium-rich alloy films on differesubstrates [2, 13, 15, 42]. The general
conclusions from these studies are that when alumitoated metals are exposed to NaCl
solutions, impervious corrosion products are formwaich eventually enhance the corrosion
resistance of the aluminium coating [134]. Thesedpcts depend on the chemical
composition of the coating substrate, and conctatraf the operating medium [132, 147].

When aluminium-coated metallic substrates are eeghds salt spray conditions at room
temperature, the corrosive medium (or chloride tsmi) tends to flow through the pores,
defects or channels on the surface and the subswating interface to form oxides and
chlorides. Esfahani et al. [2] conducted a salagmxperiment on arc-sprayed aluminium-
coated mild steel in 3.5 wt. % NaCl at room temperafor up to 1500 hours. Electron
discharge spectrometer (EDS) results on the sudhti®e Al coating revealed that 39% and
1% oxygen and chlorine-rich compounds were preddns. high oxidation of the surface can
be explained by the fact that as the exposure ititr@ases, there is more deposition of the
oxides within the surface pores. The oxides aceatants to pores so that no more corrosive
mediums can infiltrate the coating. When aluminidai (Al-Zn) alloy coated mild steel was
exposed to 3.5 wt. % NaCl in a study [134], it waported that the corrosive medium
penetrated the coating through the lamellar stracto form a thick layer of corrosion
products. After longer exposure times, the stu@d[Tevealed that the whole Al-Zn coating
was covered with corrosion products which fillee thefects and porosity so that no further
attacks by the NaCl medium was possible. It cametbee be deduced that the corrosion
products formed during salt spray experimentsrfanarine conditions) enhance self-sealing
of the defects and porosity of aluminium films #igy inhibiting further corrosion of the
material. This phenomenon has been widely repantée literature and is attributable to the
corrosion resistance of aluminium-coated metals 425 132, 148].

Besides enhancing self-sealing on aluminium filthe, corrosion products formed also act as
physical barriers to corrosion of the substratee Torrosion products formed in salt spray
conditions are impervious and enhance the passataren of the aluminium coatings.
Aluminium oxide (AbOs) is a typical corrosion product formed when Al-tsshsamples are
exposed to a saline environment because of the dnghation behaviour of aluminium in
such conditions. The oxide is passive and is hygdated on the surface [149]. Usually, the
thickness of the oxide film ranges between 40 &@@i1the oxide evolves into boehmite and
bayerite with exposure time [150]. Other corrosiproducts formed include hydrates,
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hydroxides and chlorides [2, 15]. Most studies arepaluminium films exposed to 3 wt. %
NaCl media have not reported on chloride produitisesthey are usually present in low
concentrations and the XRD method cannot detech.tHa a study [2], the AD; and
Al(OH); were identified as corrosion products after 1500rk of exposure of Al-coated
mild steel in 3.5 wt. % NaCl. In a similar experimeéRodriquez et al. [42], revealed that
when a flame and arc sprayed Al-coated ASTM-288| qitate was exposed to 3.5 wt. %
NacCl, Al(OH); and AIOOH are formed as corrosion products. Howestdoride compounds
have also been reported in higher concentrationdlatl. In Al-coated low alloy steel
exposed to 5 wt. % NaCl, the AIHO, /&3 and AIOCI were identified as corrosion products
on the surface of the coating [15]. When immerse8.6 wt.% NaCl, Mg/Al alloys coated
with pure aluminium form a Mg(OH)ayer as the corrosion layer [13, 151]. These axide
and hydroxides are impervious and act as physiadaiidos to protect the substrate from
corrosion attacks by the medium [152]. However ircédated Mg/Al alloys, formation of
layers such as Mg(OHat the interface results in the detachment of ngatafter exposure in
chloride conditions for extended periods [137, 153]

When Al-coated substrates are exposed to condiabhgh chloride concentration such as a
5 wt.% NaCl medium, there is considerable ‘chlomdect’ on the coating surface [15, 13].
For instance, Al-coatings exposed to 5 wt. % Na&lt spray chambers for one month
revealed the presence of surface cavities [15]s@hmts were attributed to the presence of
chlorides observed on the surface. The chloridesecdocal breakdown and form cavities.
Due to the continued local breakdown and formatiboavities, it has been noted that more
prolonged exposure of Al-coated steels to 5 wt. &Nmnay lead to more significant pits and
eventual failure of the coating [15]. Similarlyetfiormation of cavities and eventual spalling
of the coat layer was reported by [13] on Al/SiGteanl magnesium alloys. When as-sprayed
pure aluminium coated Mg/Al alloys are exposed.®8t.% NacCl, crevice corrosion occurs
in the cavities of the aluminium coating [151, 153his crevice corrosion can also be
attributed to the chloride effect. The breakdowreleictric arc sprayed Al coatings on steels
when exposed to 3.5 wt. % NaCl medium is attributethe formation of oxides during the
deposition process; these oxides (boehmite) adetgdorm weak points on the passive layer.
The chlorides can attack the weak points in theosore environment leading to the
breakdown of the coating [42, 151]. At a low chilericoncentration atmosphere (>100 mg
CI' m? day?), aluminium and aluminium-rich alloy coatings tetwlbe passive due to the
inert aluminium oxide on its surface [132]. In suobnditions the coatings do not afford
cathodic protection to the substrates; the praiects caused by inert corrosion products
(impervious layers) formed on the surface of thatiogs. In the presence of very high
chlorides, passive layers on aluminium films teacbecome active and can react. In such
conditions the protection of the substrate is cathodic.

The behaviour of Al-coated samples can be undetstop considering the corrosion
mechanisms of bulk aluminium in chloride solutioN8hen aluminium is immersed in a
chloride solution such as NaCl, three possible raeigdms are likely to occur, namely
dissolution, solution filtration through the pores, ion transport through defects [150]. In
oxide dissolution there is adsorption of the cluerions into the surface of the 8k,
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resulting in dissolution of the passive aluminiuxide film [149]. This decomposition is
enhanced by the formation of compound anionic ligaon the surface. It is argued that the
negatively charged ligands of the oxide surfaceenthk bonds of the hydroxylated weak and
aluminium species are released into the aqueousi@ol[150] resulting in corrosion of the
aluminium. Frankel et al. [154] have also recergiplained the mechanism of localised
corrosion in thin films and similar results havebeeported.

Extensive studies exist on the characterisatiogonfosion pitting in thin Al films in salt
spray conditions [155, 156]. Proost et al. [15foed on the morphology of corrosion pits
in thin Al films sputtered on an SyOsubstrate after immersion in chloride-containing
electrolyte for 15 minutes. The study showed the torrosion pits exhibit different
morphologies for different substrate temperatuiesvas shown that the cavities exhibit
fractal-like patterns with a clear tendency towacdsular growth. However, the density of
the patterns was observed to increase with andaeeren substrate temperature. Zhao et al.
[158] used a light scattering technique to stuaydbpth, area, surface fractal dimension, and
density of pits in thin Al films deposited gntype Si (100). The initiation of pitting in thin
Al films in a chloride medium has been studied tigio AFM, TEM and SEM [159]. Balazs
et al. [160] examined the morphology of pittingrasion in thin Al films evaporated on glass
substrates for different compositions of @hd F&" media; they found that at different
compositions of the media, the pits formed havéoumi fractal properties.

2.2.3 Oxidation and High-Temperature Corrosion Studies

Aluminium and Al-alloy films have excellent resist& to oxidation and high-temperature
corrosion because of their tendency to form a ptote Al,O; coatings on their surfaces
[161, 162, 163, 164, 165]. In oxidation studiesintil films are exposed to a high-
temperature stream of air for a given time aftericiwha thermo-gravimetric analysis is
undertaken [166]. The corrosion of Al films to hitemperature sulphur-containing media
has also been studies [165, 166]. These studiessammntial since they evaluate and simulate
the corrosion resistance of Al films for applicaoin petrochemical plants such as heat
exchangers, coal-gasification plants, reactionelesand turbines.

The general finding from the oxidation studies asrtdd on thin Al films is that the
oxidation rates and mechanisms depend on the tamoperof oxidation. High-temperature
oxidation on thermally sprayed Al films on 0.11%i€ed has been reported [15]. The samples
in question were exposed to temperatures up to °000@th airflow of 50-ml/min at a
heating rate of 1/min. The study revealed that at high temperatgra@siual oxidation
occurs in the thin film, and after exposure toAli¥O; and FeO; dominate the coating [15].
Thomas [167] investigated the oxidation of Al filmsnealed in atmosphere at low and high
temperatures, and reported that at low tempemathere was formation of amorphous@®d
and at high temperatures accelerated oxidationltmggun the formation of structurally
ordered AJOs. In some of the oldest studies Krueger and Pol[dé8, 169] presented a
model to explain low-temperature oxidation in thAh films and reported formation of
amorphous and highly porous films. Maciel et al7(JL observed that when thermally
deposited Al film on tin oxide is annealed in airs®C0°C, there is formation of tetragonal
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Al,Os. Initial growth and oxidation of thin Al monolayersputtered on Ag (111) and
annealed up to 580 has also been reported by Oughaddou et al. [171]

2.3Electrical properties

As illustrated in Figure 1, thin Al coatings degesdi by both PVD and thermal spray
techniques find applications in electrical and métectronics fields. In these applications
pure aluminium films are deposited on non-metallibstrates such as silicon semiconductors
[172], PET and polyimide (PI) for integrated cinsui(IC) and solar cell applications.
Specifically, pure aluminium thin films in IC cirita are used to interconnect various isolated
components of a circuit on a single substrate. Téggplication in the electrical field is based
on good adhesion to substrates such as silicmofsitlioxide, and they have low resistivity
(~3 u2em) [51, 173, 174]. As such, pure aluminium films adween extensively deposited
on non-metals and metals as IC interconnectionsni©leontacts and transistors [51, 173,
175, 176]. When deposited through a vacuum evaparahethod on poly methyl meta
acrylic (PMMA) thin Al films were shown to providexcellent capacitive properties [177].

The deposition of aluminium on non-metallic subssafor semiconductor devices is
associated with challenges such as reactions, r@lssgration, corrosion and surface

reconstruction [174]). Research emphasis has tkas lbbn property-process investigations
with the objective of optimising the electrical fmemance of thin films [51, 173, 175, 178].

The electrical behaviour of thin films are usualharacterised by resistivity, resistivity ratio,

sheet resistance and capacitance.

One of the oldest studies [51] investigated theatfbf power and deposition rate on the

resistivity and resistivity ratio for rf-magnetreputtered thin aluminium films. It was shown
that an increase in rf-power and deposition ragelgally lowers the resistivity to almost that
of the bulk aluminium metal. Resistivity is a me@saf the opposition to the flow of current
by the film, while resistivity ratio is the ratiof @om temperature resistivity to measured
resistivity at a given temperature. Resistivitiad aesistance ratios were also investigated for
magnetron sputtered Al films on silicon substratds different deposition rates and
thicknesses [175], and the results were compartblhose reported bp’Heurle [51].
Another significant finding in these two studied [3.75] is that the resistivity of thin films
deposited through magnetron sputtering was negudleto that of the bulk aluminium. The
observation implies that this technique (magnesputtering) prepares films of high-purity
compared to thermal evaporation methods.

Panta and Subedi [179] studied the effect of tresknof thin Al films deposited on a glass
substrate using a PVD technique (vacuum evapopatonelectrical resistivity and sheet
resistance. The study revealed that an increaBknirthickness decreases the resistivity and
sheet resistance and increases the electrical cowitjyof the films. Zhong and Wang [180]
earlier reported on the factors affecting the umiiity of thin Al films on large wafers
deposited through PVD sputtering. They reported theget-substrate spacing and process
pressure are the most significant parameters afteetluminium film uniformity and the
sheet resistance of films. The effect of depositate and film thickness on the resistivity of
aluminium films evaporated on an unheated glasststle has also been presented [181],
and the study showed that as the deposition rateeases from 10 to 33 nm/min, the
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resistivity decreases fromx 1077 to 3 x 1078 2 m. It further showed that an increase in
film thickness decreases resistivity (although tékationship is nonlinear). Yu-Qing et al.
[182] concluded that annealing, crystallinity angistal size determine the resistivity of thin
Al films deposited on a glass substrate througmatdaser deposition.

Al thin films are ideal for integration with flexié microelectronic circuits and sensors. Silva
et al. [183] studied this effect by investigatinge trelationship between resistance and
elongation of various textile and polymeric matsriaoated with thin Al films through
magnetron sputtering. The study reported that nadgewith high stiffness, low elasticity and
uniform coatings (such as flexible textiles with ®\toatings), have low variation in
resistance to elongation. Similarly, various reslears have investigated the electrical
behaviour of aluminium coated polyester fabricsflexible solar cell applications [184, 185,
186] and reported that electrical properties, tasise, and conductivity vary with the
elasticity of the substrates.

Faraj et al. [187] compared the electrical properdf thin Al films deposited on PET by DC
magnetron sputtering and evaporation. They repotted samples prepared from DC
sputtering have lower electrical resistivity thamoge developed through evaporation.
Pakhuruddin et al. investigated the effect of alingdemperature on the sheet resistance of
thin Al films deposited through evaporation on PEBS8], and reported that the sheet
resistance of Al-coated PET decreases linearly waithincrease in annealing temperature.
This finding was attributed to the grain growth whitakes place with an increase in
temperature. Grain growth lowers the density of gnain boundaries and therefore the
number of electrons ‘lost’ within the grain boundarreduces. This means that most of the
electrons are involved in ‘electricity transporéind there is a corresponding reduction in
sheet resistance. In a current study, Faraji amahiim [189] characterised the structural
properties of Al films thermally evaporated on PBEmd polyimide (PI) substrates, and
reported that both samples could be used as batkatdayers in thin film silicon solar cells.
The crack propagation and electrical behaviourhafi tAl film sputtered on PET under
stretching were reported by Gahtar et al. [190f $tudy found that electrical resistance of
thin Al films increases with straining regardlesdilon thickness.

The electrical properties of thin films of Al-dopethO are extensively discussed in the
literature [191, 192, 193, 194]; specifically tledctrical conductivity of undoped ZnO films
is lower than that of Al-doped ZnO [191]. In stusliey Ghamdi et al. [192] conducted on the
properties of Al-doped ZnO thin films deposited glass substrates through spin coating at
different Al concentrations of the films, it wasuhd that conductivity, mobility carriers and
carrier concentration increased with increasingceatration of Al in the ZnO thin films.
This indicates that pure aluminium-doped ZnO filmase excellent semiconductor properties
[195]. However, the addition of dopants to puremahium films has been shown to lower
electrical resistance in the thin films [38].

Absent in the literature are direct comparisonsvbeh the two most used methods, namely
sputtering and thermal spray. . Figure 9 showsnaparison of the resistivity values reported
at different conditions, according to these twohods. Al films prepared through magnetron
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sputtering have higher resistivity than those pregpahrough thermal methods. However,
more direct comparative experiments conductednailasi conditions need to be undertaken
to validate this observation and explain the reagonthis trend.

® Thermal Spray Evaporation .
_ [175]
- + Magnetron Sputtering
S
<
2
%‘ 0 [86, 172]
@
(%]
(&)
[a'd [179, 51]
[200, 51]
[183, 105] [31, 188] o [183] it
[188]
s & °

Deposition method

Figure 9. Comparison of resistivity values of thih films prepared by thermal spray evaporation and
magnetron sputtering methods as reported in theatitre

2.4 Optical properties
Optical reflectance, the ability to reflect lightexgy from a surface, is the most significant
property of thin aluminium films . which have a higbility to collect sunlight energy by the
use of solar concentrators [196]n extensive literature available on optical refletance
of thin Al films shows that the optical propertiesof the films are significantly influenced
by the process parameterd197, 198].[197, 198]Table 4 summarises the conclusions of
some of the most relevant studies on optical reflese for physically deposited aluminium
thin films over time.

Table 4. Factors influencing optical reflectan€alaminium thin films

Referencel/year| Film/substral Process Deposition | Conclusions
te parameters/film method
properties-
reflectance
investigated
Muralidhar et | Al/Polycarbo | Influence ofpower | DC There is no linear relationship
al. [116]/2016 | nate andargon gas flow | magnetron | between power and reflectance
on reflectance of | sputtering | at a given gas flow rate.
films at different Highest reflectance &16%
wavelengths reported aRO0O0W at all
wavelengths
Lugolole and Al/Ceramics | Influence offilm Vacuum Reflectance increases with
Obwoya (clay) thicknesson the deposition | increase in film thickness. The
[196]/2015 optical reflectance maximum reflectance &@0%
of the film was achieved for the highest
thickness of 750 nm.
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At

at

-—

Fekkai et al. Al/Glass Effect ofannealing | Vacuum Reflectance increases from
[200]/2014 onreflectanceof evaporation | 93% to 95% when the films
Al films are annealed 800°C
Jing [201]/2013| Al/Quartz Effects of Thermal With the increase in annealing
annealing airon evaporation | temperature at the constant
the reflectance of wavelength §00 nm), there is
Al films a gradual decrease in optical
reflectance. Reflectance
increases with wavelength at
constant temperature.
Pakhuruddin et | AI/PET Effects of Thermal Increase in annealing
al. [188]/2012 annealing evaporation | temperature at wide range of
temperature on wavelengths decreases the
the reflectance of reflectance of the films; at
Al films 80°C, the reflectance was
about73%, while at20¢°C,
the reflectance was abot@%
Lin et al. Al-Ti/Glass | Effects of addition | DC Doping with Ti or Cr decrease
[39]/2011 and Al- of Sc, Ti, Cuand | magnetron | the reflectivity of thin Al films.
Wodltgens et al. | Cr/Glass Cr into thin Al sputtering | Addition of Sc and Cu
[202]/2009 and films reflectance; enhances reflectance of the
Barron et al. Effect ofannealing films
[203]/2007 on reflectance
Kim et al. Al- Effect ofsurface DC For wavelength 0865 nm,
[204]/2001 1%Si/Ti/SiO | roughnesson magnetron | reflectivity decreases with
2/(100) Si reflectivity; effect | sputtering | increase in surface roughness
of time of exposure, Reflectivity changes with time
to reflectivity; of exposure of the thin Al film
effect ofcondition (higher values of reflectivity
of theunderlying were recorded aftdour (4)
SiO, on reflectivity days)
Kylner and Al/Silicon Comparative study| Thermal Over short wavelength20(-
Mattsson and on reflectance of | evaporation | 300 nm Cu-doped films
[205]/1999 AlCu/Silicon | pure Al and Cu- shows very high reflectance;
wafers doped Al films high wavelengthsabove 500
nm, the reflectance of Cu-
doped was nearly equal to tha
of pure Al films
Nahar and Al- Relationships Rf Increase in target voltage
Devashrayee | 2%Si/Silicon | amongtarget magnetron | increases surface roughness;
[206]/1985 wafers voltage surface sputtering | constant wavelength @85
roughnessand nm, reflectivity decreased witl
reflectivity roughness of the films
Kamoshida et | AlSi and Influence offilm DC Increase in film thickness
al. [207]/1985 | AICu/Silicon | thickness argon magnetron | decreases reflectivity; substra
wafers pressureand sputtering | temperature increases
substrate reflectivity; No predictable
temperature on relationship between argon
reflectance pressure and reflectivity
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According to Table 4, film thickness, substrate penature, annealing conditions, argon gas
pressure (for sputtering processes), target vqltaggace roughness, process power and
doping are among the main parameters which previeassarchers have investigated in
relation to the reflectance of thin aluminium filmiEhe effects of sputtering gas composition
and distance between target and substrate onfleetamce of the deposited films have also
been reported [199]. However, one of the conspislyomissing concepts, which has a
significant influence on thin Al films is oxygen mial pressure of the deposition process.
Oxygen has been shown to influence the optical gntegs of alumina thin films, and
therefore its effect on pure Al and alloy films shb be investigated [208]. The studies
summarised in Table 4 have not fully reported oa threct relationship between the
microstructural features and optical propertiesttoh Al films. Future studies on these
concepts are necessary for improvement and caofttbin Al films for optical applications.

3.0 Conclusion

The characterisation of structural, corrosion, agitand electrical properties for physically
deposited thin Al films is comprehensively presdnite this review. The properties of thin
films were found to depend on substrate conditipngcess parameters, and post-processing
treatments. As is evident, the existing literataomtains rich studies on the properties of
physically deposited Al and Al alloy films. Howeydour gaps for future studies have been

identified:

I. Understanding the oxidation behaviour of Al filntshegh temperatures is necessary for
its potential applications in the petrochemicalusialy and turbine coatings. Research
on the mechanisms of high-temperature oxidaticatedlto thin Al films is limited.

ii. The increasing demand for thin Al films in coatistgel pipelines and heat exchangers
makes it imperative that corrosion resulting frdre flow of high-temperature fluids
(petroleum and steam) is explored and understobdsd high-temperature systems
find applications in several inter- and multididmpry fields, and therefore provides
an opportunity for diverse and specialised studtas.clear from the literature review
that the characteristics, mechanisms, parameters@mditions influencing corrosion
of physically deposited thin Al films have not bestiensively studied.

iii. Very few comparative studies on physical depositioethods such as thermal spray
and physical vapour deposition exist. Such comspas are important for optimising
the deposition methods and preparation processeal diim. Although thermal
spraying has received a lot of research interedtparblications, studies on physical
vapour deposition are limited. The areas requinmgent attention include the
optimisation of process parameters and conditiofigencing the corrosion of thin Al
films and corrosion protection of metallic substsatduring physical vapour

deposition.

iv. Although the effect of various parameters on progerof thin Al films are reported,
the relationship between the properties and canditiof applications are widely
explored. Future studies should evaluate the effeapplied stress, current, and time
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of exposure on the properties of thin Al films undarying conditions. The influence

of fatigue, crack initiation and growth in thinrfis should also be studied. In the
marine and automotive industries where aluminiurated steel is widely used in

structural members, thin film exposure to cyclicesses is critical to assess and
comprehensively understand crack initiation antufai Extensive research is still

required in the quest for optimising design anccpss parameters.

Based on these gaps, this work will be useful ipromming research into the properties of thin
Al films prepared through physical methods whileypding a knowledge base for expanding
its applications in high-performance areas.
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