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THE CLAIM OF THE THESIS 

The author of the thesis claims that atomic layer deposition can be used to 
produce nanostructured composite materials with relatively high hardness and 
modulus of elasticity. 
 
Four original and published articles (denoted as I–IV) are presented to back up 
and discuss the claim. 
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INTRODUCTION 

The current work was directed to create and characterize nanostructured com-
posite hard coatings using atomic layer deposition (ALD) as the main technique. 
ALD allows to create structures with very thin film layers, even below 1 nm. The 
scientific reasoning for the research was driven by the fact that it is not clear 
how materials mechanically behave at such low scales or how the ALD thin 
films, separately or in composite structure, behave and can ALD to be used to 
produce nanostructured composites and what the mechanical properties would 
be. From the applications point of view, several materials with relatively high 
hardness and modulus were produced and described, which could be applied as 
mechanically protective coatings (for instance in micro- or nanoelectromechanical 
devices) from submicron to few microns in thickness.  

Atomic layer deposition is a modification of chemical vapor deposition 
method with broad application areas [1]. During ALD, a thin film is deposited 
on a substrate layer-by-layer, therefore allowing very precise control over 
deposition (the film thickness etc.). By the selection of deposition conditions 
and precursors, the crystallinity of a deposit can be modified and changed from 
amorphous to some crystalline phase [2]. This can be employed as a method to 
produce highly controlled and tuned nanostructures with very different com-
positions and phases. 

One of the first industrial applications of ALD was electroluminescent 
displays in 1980’s and in micro- or nanoelectronics it is exploited also today [3–
6]. Other application areas include, for instance, depositing catalytic, corrosion 
resistant or hard, mechanically protective thin films [7–9]. The latter one, i. e. 
the opening possibility to deposit very thin, but mechanically hard or elastic 
coatings, was selected as a starting point for this thesis. 

To fulfill the thesis claim, the produced materials were characterized by means 
of measuring their structure hardness and modulus of elasticity. Although there 
are several methods to describe a material behavior and response under 
mechanical influences, an instrumented depth sensing nanoindentation technique 
was selected as a characterization method [10–12]. 

Composites represent a very interesting class of materials due to the fact that 
new versatile materials can be made by combining different materials [13]. For 
instance, epoxy bonded glass fiber composites have been widely used because 
the tensile properties would be superior to steels compared to its low density, 
despite the fact that glasses are brittle and epoxies are polymers, which both do 
not resemble to steels [14]. The materials, produced in this thesis, mostly 
possessed composite structure. 
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ATOMIC LAYER DEPOSITION 

Atomic layer deposition is a chemical thin film deposition method, where 
successive precursor vapor pulses are used to deposit solids on a solid substrate 
[15–18]. The distinctive difference from a regular chemical vapor deposition is 
in its cyclic nature (Fig. 1). The first precursor is introduced in a reaction 
chamber followed by an inert gas purge pulse, which should leave only one 
monolayer of precursor molecules adsorbed (chemisorbed) on the substrate. The 
substrate should be saturated with precursor molecules as much as possible, 
although 100% coverage is usually not achieved. This means that several cycles 
are needed to gain one monolayer (or equivalent) thick solid deposit. 

The second precursor is used in the same manner. The precursors would 
react, leaving a formed solid on top of the substrate. Any other volatile com-
pounds, introduced and/or formed during the reaction, have to be evacuated 
from the reaction chamber during the second purge pulse. By starting the steps 
again from the first precursor, a layer by layer deposition is achieved.  
 
 

Deposition conditions and materials 

The conditions of ALD can vary. It has been conducted at atmospheric pressure 
[19], but usually low vacuum in several millibar range is used [20]. The 
deposition temperatures can vary from room temperature to 800 °C, possibly 
even higher [21].  

Probably the most frequently studied materials in ALD are oxides of various 
metals. Over the years (about three decades) oxides starting from those of 
magnesium and aluminum and ending with rare-earth metals have been 
deposited. The driving force here has been the ever increasing need for very 
good dielectric materials in electronic industry, which has led to several oxides 
with high permittivity constants (high-k materials). The later allows to reduce 
the size (down to several tens of nanometers or even less) of single units 
(transistors, capacitors) in electronics and therefore pack more and more 
computational power in a chip. ALD is very well suited for nanoelectronics 
because its deposition conformity and ability to build up a material layer-by-
layer, thus allowing immense control over the deposited layer thickness. 

The precursors for metal-ions for oxide deposition can be inorganic halide 
salts (i. e. chlorides, iodides, bromides) or metal-organic compounds (i. e. 
methoxides, ethoxides). Each precursor has its pros and cons. For instance, 
halides may require more heating to vaporize but can be more stable in time and 
do not go through pyrolysis during deposition at higher temperatures. Metal-
organic compounds can be usually easily volatilized but tend to decompose at 
higher temperatures and the thin films composition could turn out to include 
some carbon or other elements, which an experimenter would rather exclude 
[22].  
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The oxygen source for ALD oxides has most often been distilled water, but 
purified oxygen, ozone or even nitrous oxides have been used as well [23,24]. 
Compared to other oxidizing agents, water is cheap, abundant, easy to store and 
use. Water has vapor pressure sufficiently high, i. e. not requiring extra heating 
upon vaporization, and is also sufficiently reactive at low temperatures towards 
many metal precursors common in ALD, such as chalcogenides (halides), 
alkoxides, alkylamides and alkyls. 

In Figure 1, a schematic presentation of reaction between ZrCl4 and H2O 
during an ALD cycle is shown. The pulse times might vary and depend on used 
precursors and systems.  

Processes on solid-gas interfaces 

The property of a gaseous material to adhere on a solid surface is called 
adsorption. The opposite phenomenon, detachment of adsorbed molecules into 
gaseous phase, is called desorption. For the effective, there has to be available/ 
free solid surface, where no molecules have not adsorbed yet and the molecule 
can fit in. The interaction between a surface and a molecule has to be strong 
enough to retain it on the surface (in other words, it must be energetically favored). 
Adsorption processes can be distinguished between physical adsorption (physi-
sorption) or chemical adsorption (chemisorption).  

Chemisorption is similar to the physisorption, but the main difference is that 
a chemical bond is formed between a molecule and the surface (or between a 
molecule and a previously adhered molecule). Therefore, to reverse chemi-
sorption, an energy at least equal to the bond energy is required to brake the 
molecule loose from the surface. To put the energy levels on a scale, Table I 
was formed. 

 
Figure 1. A simplified scheme of an ALD cycle describing the deposition of ZrO2 from 
ZrCl4 and H2O as precursors with exemplified pulse timing 2/2/2/5 s. 
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Bond type Bond energy, kJ/mol 

Van der Waals 0.4–4.0 

Hydrogen bonds 12–30 

Ionic interactions 20 

Chemical bond in solid oxides 1000–2000 

 
In ALD processes, only chemical adsorption is utilized. Any physical 
adsorption could boost growth rate or interfere some other way with the pure 
ALD process. Usually the process parameters (for instance temperature, carrier 
gas flow rate) can be appropriately selected to avoid physisorption. The 
temperature should be selected to overcome the physisorption energies of a 
precursor molecules and the carrier gas molecules would remove the excess 
precursor from the surface and carry away. 

During an ALD process a molecule could adsorb-desorb more than once 
before it could go through chemical reaction on the substrate. (This applies to 
any of the reaction products also.) Every adsorbed molecule might not form a 
chemical bond in the first adsorption process. This necessitates the reason why 
ALD precursors have to be chemically aggressive – the time for forming a 
chemical bond could be very short. An aggressive precursor would react fast on 
the first impact. But still, there might not be enough energy to overcome 
chemical reaction activation energy or the steric hindrance of molecules could 
interfere the process.  

The adsorption of volatile reaction product molecules poses another threat to 
ALD process success. For instance, hydrogen chloride can form volatile 
products if it re-adsorbs on a thin film and these molecules could desorb from 
the substrate and create an etching effect, thus reducing the thin film growth 
rate. This kind of etching effect could be caused also by a precursor, TaCl5 for 
instance [27,28]. 

The temperature dependence of adsorption and desorption rate constant k 
temperature dependence can be described by the Arrhenius equation: 
 
 = × /  Equation 1 
 
A is a pre-exponential factor, Ei is the process i activation energy, R is the gas 
constant and T is the absolute temperature. In a balanced situation the adsorption 
rate constant equals the desorption rate constant, meaning that the molecules 
adsorb as fast as they desorb. Arrhenius equation can be written for any 
adsorbing-desorbing species. The equation also expresses that the chemical 
reactions would accelerate at higher temperatures. 

As for the bond formation on a substrate during ALD, three main mechanisms 
have been accepted: ligand exchange, dissociation and association (Fig. 2). 

Table I. A comparison of bond strengths according earlier works [25,26]. 
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Figure 2. Three possible chemical bond formation mechanism in ALD: a) ligand 
exchange, b) dissociation and c) association. 
 

Chemical composition of ALD thin films 

ALD thin films usually have some impurities in chemical composition. It is 
affected by chosen deposition conditions. 

One reason is the purity of precursors (or reactor). If the precursors contain 
some volatile reactive impurities, then the elements from those can later appear 
also in film composition. It is possible to get some impurities from the carrier 
gas or the deposition system itself. 

The second reason of impurities is the deposition reaction and how it is 
conducted. The ligand exchange during deposition on the substrate surface 
between precursor molecules requires infinitesimally long time to go through 
full conversion. The precursor pulse times are regularly shorter than suitable for 
that purpose. This can be somewhat regulated by choosing longer pulses, but, 
for practically reasonable conditions, some impurity usually has to be accepted.  

Again, for instance, if the purge pulses are too short, some of the volatile 
material does not have enough time to desorb from the substrate, therefore 
leaving residual material (precursor or an element it contains, reaction products) 
on the surface, which could be covered by another layer of deposit and hence 
will stay in the film.  

There is always possibility that all the reactive centers on the substrate might 
not give desired reaction and form required bonds. For instance, in AlCl3 and 
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water process, inclusions of chloride and hydrogen can be expected in the 
composition of an ALD film. 

The third way ALD film composition is affected is the selection of suitable 
deposition temperature. High temperatures can increase the content of impurities, 
especially if metal-organic (alkoxides, alkylamides etc.) precursors are used. 
The precursors could start to decompose in gas phase and uncontrollable species 
from precursor molecule deposit on the substrate. The species most likely would 
include undesired atoms, i. e. carbon, hydrogen. Although, hydrogen could be 
removed by post-deposition heat treatment, the heavier elements still remain in 
the deposit. 
 
 

Crystallinity of ALD thin films 

Depending on chosen precursors and conditions, ALD thin films can appear in 
several different crystallographic phases, which can be measured using, for 
instance, X-ray diffraction (XRD) or Raman spectroscopy [21]. The claim of 
amorphous or non-amorphous should be treated with some reservation. There is 
usually a limit, where crystals are too small (or too few) for detection with a 
method/device. In that case, if the measurement was done by XRD, the film 
rather should be called XRD amorphous. Hereinafter this idea should be 
reminded, when reading about amorphous crystallographic phases. 

In ALD, the crystallinity of the deposit can be affected by deposition 
temperature. Depositing TiO2 from TiCl4 and H2O, would give amorphous thin 
film below about 125 °C, at 150 °C anatase phase starts to form, and from 
300 °C the rutile phase starts to contribute to the phase composition [29,30]. The 
same is valid for ZrO2 and HfO2 – in certain temperature ranges certain phases 
tend to preferably appear and, sometimes, dominate. At lower temperatures 
(200 °C) the films appear as almost amorphous and begin noticeably crystallize 
at deposition temperatures of 300 °C and higher. In HfO2 the monoclinic phase 
usually prevails and in ZrO2 the mixture of tetragonal and monoclinic phases is 
more pronounced [31]. 

Compared to the ionic metal oxides, e. g. HfO2 and ZrO2, the ALD of more 
relevant, and therefore glassy, oxides, such as Al2O3 results in highly dis-
ordered, amorphous solid films. Deposition of Al2O3 from trimethylaluminum 
Al(CH3)3 (TMA) and water, definitely results in amorphous thin films in the 
substrate temperature range of 20–400 °C. At higher temperatures, TMA 
decomposes thermally rather intensively, and the control over deposition with 
atomic layer precision becomes lost. If aluminum chloride, AlCl3, were used 
instead of TMA, the deposition temperatures could be extended to 800–900 °C, 
and some crystallization in situ, during the growth, could be considered [21].  
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Deposition rate 

It has been mentioned in previous chapters that ALD is capable of depositing 
materials in layer-by-layer manner. As the unit cell of a crystalline material size 
is well below 1 nm, the deposition rate in ALD is not very high compared to 
regular CVD, which can easily have rates 1 µm per hour or minute [32]. Some 
average growth rates for ALD oxides deposited from chlorides and water at 
300 °C are shown in Table II. 
 
Table II. Deposition rates for several single oxides deposited by atomic layer 
deposition. 

Material Rate, nm/cycle Ref. 

Al2O3 0.10 (at 280 °C) [33] 

HfO2 0.17 [34] 

Ta2O5 0.06 [35] 

TiO2 0.07 [36] 

ZrO2 0.13 [37] 

 
Considering the rates shown in the Table II, the growth of a HfO2 film to the 
thickness of 1 µm would take 18 hours to deposit using pulse times 2/2/2/5 
seconds. Under the same reactor conditions depositing the same thickness of 
TiO2 would take over 43 hours. 

The total deposition time also depends on temperature. Figure 3 can be 
reconstructed based on data from [33] and [34]. The temperature affects the 
adsorption-desorption balance, reaction speed and through that the thin film 
growth rate, which could gradually reduce at increasing temperatures (from 
instance in chloride related processes). 

 

 
Figure 3. Growth rate as function of deposition temperature in ALD [33,34]. 
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ALD “window” 

All the topics discussed so far can be gathered together to an ALD concept 
called “ALD window” (Fig. 4). A precursor can go through six stages con-
cerning the process temperature. If the temperature is too low the precursors 
might condensate on a substrate and result in uncontrolled amounts of the 
material deposited. Alternatively, at low temperatures, there might not be 
enough energy at low temperatures to activate the reaction and this could result 
in incomplete reactions. These effects can be diminished if temperature is 
increased to promote desorption and energize precursor molecules. If the 
temperature is increased too much for the given precursor, desorption may start 
to limit the deposition rate – the molecules do not stay on the substrate for time 
needed to meet and react with the second precursor. Additionally, as discussed 
above, and quite commonly in the case of alkylamide and alkoxide types of 
precursors, the precursors can start to decompose to non-volatile compounds, at 
high temperatures, which could then precipitate on the substrate and increase 
the growth rate in poorly controllable ways. 
 

 

Deposition monitoring using quartz crystal  
microbalance measurement – QCM 

The ALD window can be monitored in real time and, sometimes, even the ALD 
window can be found using quartz crystal measurement technique [38,39,30]. 
The method is based on using oscillating quartz crystal (or crystals), which is 
placed in the reactor chamber during deposition for the detection of adsorption 

 
 
Figure 4. ALD window – a region where ALD-type, i. e. substrate controlled, self-
limiting, and parameter dependent, thin film growth could be possible.  
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of monomolecular layers with masses in the order of nanograms per cycle. The 
crystal is opened from one or all sides to the gas flows in the chamber. When an 
adsorption process occurs, the resonant frequency of the crystal drops (similarly 
to the oscillation of a mechanical pendulum when it’s mass were increased 
suddenly). The change is proportionally related to the total mass of molecular 
layer on the crystal and precursor adsorption-desorption behavior, i. e. expo-
nential drop-or-rise in frequency, respectively, can be monitored. 

The condensation and decomposition of a precursor would both result in 
exponentially increasing frequency drop, although the absolute rates are usually 
different, continuous in the time scale axis. Condensation and decomposition 
are, however, not expected or desired phenomena in any well-defined ALD 
process. Figure 5 shows what happens to quartz crystal frequency signal if the 
precursors rather condense on the crystal. The increasing height of the “saw 
teeth” indicates that step-by-step the residue amount on the crystal increases.  

 

 

Figure 5. QCM measurements of 2 s TMA and 2 s water pulses during 30 cycles at 
room temperature (purges were 2 and 5 s, respectively). The increasing signal drop 
during each successive full cycle indicates that process is not going through pure ALD-
type deposition. Most likely some material is not desorbing well due to low temperature 
and exponentially increases signal change. 

 
A QCM signal during ALD using TMA and TaCl5 is shown in Figure 6. The 
graph shows 2 cycles of deposition, starting with TMA (3 s) succeeded by the 
first 2 s N2 purge pulse, 2 s TaCl5 pulse and the second 5 s N2 purge pulse. For 
the interest of accuracy 10–30 cycles are deposited and the frequency change 
calculated. Usually few cycles from the start are omitted due to the so called 
deposition incubation effect or nucleation phase [40], when the steady state 
growth is not achieved. This can appear for instance when depositing 
nanolaminates, where an oxide alternates with another or when depositing oxide 
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mixtures. It is the result of steric hindrance which prevents molecules to reach 
suitable active surface species. 
 

 
Figure 6. A quartz crystal signal during 2 cycles of ALD-type carbon deposition 
process. Notice the resemblance to exponential change in line during TMA pulse and 
second nitrogen purge pulse, but not really seen during the other pulses. 
 
The application of the QCM method involves certain complications. The 
oscillation frequency of the crystal is very sensitive to temperature changes, 
often expressed as corresponding drift in the baseline frequency, if the reactor 
temperature is not perfectly stabilized. The reactor temperature together with its 
effect to the QCM vibration frequency can, under our reactor conditions, be 
stabilized to deviations within ±0.5 Hz/min, but during the drift within the 
whole deposition process the change would still measure in hundreds of hertz’s. 
This means, in practice, that the operator has to wait until the thermal 
equilibrium is truly achieved and then start the measurements. The mechanical 
vibrations and bad electrical contacts can also give some additional noise to the 
signal reading, though.  
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NANOINDENTATION 

Hardness can be described as a material resistance to plastic deformation. In 
macroscopic level, most likely the oldest and most used hardness measurement 
scales are those of Brinell and Rockwell. In addition, Knoop and Vickers scales 
are used quite often [41]. The indentation depth after Brinell and Rockwell are 
in the range of millimeter or tenth of that and for Knoop and Vickers 
indentations, the depths are in the range of several to tens of micrometers.  

The interest, both academic and industrial, of thin functional films on a bulk 
substrate demanded for new measurement techniques to characterize mechanics 
of the films, which were in thicknesses of few microns or even thinner. 
Therefore, nanoindentation techniques were developed for the characterization 
of thin films, were the indenter (also called Berkovich indenter) tip displace-
ments could be as low as few tens of nanometers [10].  

The theoretical basis for nanoindentation techniques were presented by 
Doerner and Nix in 1986 and further developed by Oliver and Pharr in 1992, 
which is the standard approach nowadays [42,43,11,12]. The analysis of Oliver 
and Pharr was based on mathematical models for different indenter geometries, 
first analyzed by Sneddon in 1965 [44]. Their starting point was the experi-
mentally proven process taking place during indentation (Fig. 7).  

An equally 3-sided (diamond) pyramid, Berkovich indenter, with a 65.3° face 
to center line angle is displaced into a sample, reaching a total depth of hmax. As 
the loading is stopped, the material will partly recover due to elasticity and after 
removal of the tip, an indent with final depth hf is left in the sample. The value 
of hs reflects the displacement of the surface perimeter after the indentation. 

 

 
Figure 7. Graphical description of processes and properties during instrumented 
nanoindentation [11]. 
 
Parameter a is used to calculate the projected area.  
 
Oliver and Pharr indicated that the reduced modulus Er can be calculated as: 
 

 E = √ √  , Equation 2 
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where S is contact stiffness and A is the contact area at maximum P, i.e. Pmax 
(Fig. 8). The hardness H can be calculated as: 
 

 =  Equation 3 

 
S can be calculated at Pmax from indentation data and A can be determined 
through calibration using a reference material with known properties (fused 
quartz, for instance), because the results for Er should be the same for every 
indentation depth (contact area). 
 

 

Figure 8. A load-unload graph of a nanoindentation [11]. 
 
It has been found that, for perfect Berkovich indenter, A is function of hc: 
 
 = (ℎ = 24.5ℎ  Equation 4 
 
The meaning of reduced modulus is in the assumption that additionally to the 
material under investigation, the indenter material itself will deform also. To 
take this effect into account, the following equation can be used: 
 

 = +  , Equation 5 

 
where Ei and νi are the modulus and Poisson coefficient, respectively, of the 
indenter material (for diamond E=1140 GPa and νi =0.07), and E and ν are the 
same parameters for the specimen. 

Another specific instrumented nanoindentation method for measuring 
mechanical properties is continuous stiffness measurement (CSM) [45,46]. It 
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differs from regular nanoindentation in a way that the unloading part of the 
nanoindentation is actually not necessary. This is achieved by using oscillating 
loading of the sample during stiffness S measurement. If the driving force P is 
expressed as: 

 
 = (  Equation 6 
 
Pos is the applied load during an oscillation. The displacement response, h(ω), is 
written as follows: 
 
 ℎ( = ℎ ( +  Equation 7 
 
 (h0 is displacement during an oscillation) then: 
 

 ( = + + − +  , Equation 8 

 
where S is contact stiffness, Kf is the stiffness of the indenter frame, Ks is the 
spring constant of the indenter system, m is the mass of the indenter, ω is the 
oscillation frequency in radians and C is the damping coefficient due to the air 
between capacitor plate displacement system (Fig. 9). 
 

 
Figure 9. A schematic of an indenter system. 
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The oscillation force and amplitude are usually few orders of magnitude smaller 
than the total exerted force and amplitude. The exact values are matter of 
technical solutions and expertise of device developers, but possible values have 
been up to few millinewtons for force and few nanometers in amplitude. The 
oscillation frequency is usually a variable in a wide range from fractions of a 
hertz up to few kilohertz.  

The continuous stiffness method is considered to be somewhat more precise 
than that determining the modulus from single load-unload curve, because the 
evaluation of modulus is done several times per second (for every oscillation 
cycle) and there are no uncertainties related to the stiffness determination during 
the total unloading [12,42]. Still an uncertainty caused by indenter tip area has 
to be considered and, empirically, it has been concluded that the data below 50 
nm of displacement are not really trustworthy 

Another situation where using CSM is beneficial, due to possibility to 
measure properties step-by-step from outside to inside, is characterizing materials 
with gradient modulus (modulus/hardness changes from sample surface to 
inward). For a homogeneous material the stiffness is linearly correlated to the 
displacement, but for a material with softer internal regions the stiffness will 
reduce, whereas for a material stiffer in its bulk, the S will increase (Fig. 10). 
 

 
Figure 10. Correlation between contact stiffness, displacement depth and modulus. If 
the material is homogeneous, then S and h are linearly correlated, otherwise the stiffness 
will decrease with h (i. e. material is stiffer on outside) or increase (i. e. the material is 
harder inside) [45]. 
 
This basically allows to profile the change of material properties and is 
especially useful, for instance, for analyzing alloys with hardened cases or thin 
films on a substrate [45]. 
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MECHANICAL PROPERTIES OF COMPOSITES 

In this thesis the properties of ALD thin films on glass substrates will be 
calculated as mechanical properties of a composite, where one component is the 
glass and the other is the thin film. Prior to the calculations some theoretical 
background should be introduced as follows. 

There are several ways to calculate and model mechanics of composite 
materials and some comprehensive treatments on the topic can be found in 
literature [13,47].  
 
 

The rule of mixtures in general 

The simplest models can be developed by considering a material or layers of 
materials as springs. This constitutes that if the layers are on top of each other 
and the forces are applied transversely, every layer is represented as a spring 
forming an array of parallel connected springs. Another bounding requirement 
is that the “springs” are subjected to the same strain (isostatic strain), which 
happens when all components are loaded at the same time [13 pg. 409]. This 
leads to simple linear relationship: 
 
 = ∑  , Equation 9 
 
where P is a bulk property, Pi is the property of i-th component and vi is the 
volume fraction of the i-th component: 
 
 = ⁄  , Equation 10 
 
where Vi is the volume of the i-th component and V is the total volume of the 
material under investigation. It has to be pointed out that: 
 
 ∑ = 1 Equation 11 
 
For a two component filler-matrix system the Eq. 9 reduces to: 
 
 = +  , Equation 12 
 
where f designates the respective property of the filler (fibers for instance) and 
m designates the property of the matrix material. All the rules of mixtures 
consider that Pf>Pm. It can be deduced from Eq. 4 that the properties of a 
composite will resemble to the filler in case of vm = 0 and vice versa. Equation 
12 has some use if the applied force is parallel to the fibers, for instance in a 
glass fiber polymer composite. 
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Using the analogy to springs (in series alignment in this case) a transverse 
response (transverse to fibers/layers) can be expressed as a reciprocal 
relationship: 
 

 = ∑  , Equation 13 

 
In Eq. 13 it is assumed that the stress is equally divided (isostatic stress) to each 
component. 

Again, for a two-component system the Eq. 13 can be written as: 
 

 = +  ,  Equation 14 

 
Equation 9 and Equation 13 are known as the rule of mixtures. The first 
equation for calculating material effective properties was published by Voigt in 
1889 and the second one by Reuss in 1929 [48,49]. These equations define the 
upper bound (Voigt bound) and lower bound (Reuss bound) where the 
properties of a composite structure should be as calculated for a certain filler 
and matrix volume mixtures (Fig. 11). 
 

 
Figure 11. Representation of upper and lower bounds according to Voigt and Reuss 
equations. Component A has P=10 a. u. and component B has P=50 a. u. 
 
In the laminates a property could be characterized by upper bound if the force is 
applied parallel to the layers (direction 1) and lower bound in case of transverse 
direction (in plane of directions 2–3) (Fig. 12). It should be noted that for 
symmetrical laminated system, the directions 1 and 2 coincide. If the layers are 
distributed evenly throughout the whole composite, the volume fractions of 
components in Voigt bound can be replaced with area fractions of the 
components derived from the corresponding (transverse to force) cross-section 
of the composite sample. 



26 

 
 
Figure 12. Simplistic representation of when to use Voigt or Reuss bounds in case of a 
laminated structure. A 3-axis orientation is shown also. 
 
 

Derivation of rules of mixtures for modulus of elasticity 

The derivation of rule of mixtures can be started using general Hooke’s law 
between the elements of stress σ and strain ε tensors: 
 

 =  Equation 15 
 
The constant C is called a stiffness constant which is taken here as modulus of 
elasticity E, therefore Eq. 15 takes form: 
 
 =  Equation 16 
 
In case of isostatic strain, all material components have to have the same strain 
and every component can contribute to the stress equally to its volume part, 
therefore: 
 

 = = ∑ = ∑  , Equation 17 
 
where i designates i-th component, vi and σi are respectively the volume part and 
stress of the i-th component. As stated before, the strains are all equal and 
taking into account Eq. 16, where dividing with ε will give the result as E, the 
Eq. 17 transforms for moduli to: 
 

 = ∑  Equation 18 
 
For a two-component material Eq. 18 can be rewritten as: 
 

 = +  Equation 19 
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or taking into account Eq. 11: 
 

 = +  Equation 20 
 
This is identical to Eq. 12, where properties indexed as 1 and 2 are designated 
as filler (reinforcing fibers, particles etc.) and matrix (a clue, metal or other 
compliant material), respectively. 

The same derivation can be done while isostatic stress is assumed. In this 
case all material components have to have the same stress and every component 
can contribute to the strain equally to its volume part, therefore: 

 
 = = ∑ = ∑  , Equation 21 

 
where i designates i-th component, vi and σi are respectively the volume part and 
stress of the i-th component. As stated before, the stresses are all equal and 
taking into account Eq. 16, where dividing with σ will give the result as E, the 
Eq. 17 transforms for moduli to: 
 

 = ∑  Equation 22 

 
For a two-component material Eq. 22 can be rewritten as: 
 

 = + = +  Equation 23 

 
or taking into account Eq. 11: 
 
 = +  Equation 24 

 
This is identical to Eq. 14, where properties indexed as 1 and 2 are designated 
as filler (reinforcing fibers, particles etc.) and matrix (a clue, metal or other 
compliant material), respectively. The inverse values of moduli are used here 
and subsequently sometimes Eq. 23 is called inverse rule of mixture. 

Although the rules of mixtures are simple, these are not really applicable or 
find limited use, because the bounds cover wide area and most properties of 
composites fall between narrower limits. The Voigt bound has tendency to 
overestimate and the inverse rule of mixture usually tends to underestimate the 
properties. Both theories have premises (constant stress or strain in all com-
ponents), which are not usually true (materials have different Poisson coeffi-
cients creating different stresses/strains) in real applications. Therefore, it is 
important to find tighter bounds. 
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The Halpin-Tsai relationship 

The Halpin-Tsai relationship is a semi-empirical model developed and 
published by Halpin, Tsai and Ashton in 1969 [50–52, 13 pg. 421]. It is widely 
applicable relatively simple equation for two-component systems: 
 

 =  Equation 25 

 
Here χ is:  
 

 χ =  Equation 26 

 
P is the composite property, Pm and Pf are matrix and filler property, 
respectively, and vf is the volume part of the filler. ζ is basically an arbitrary 
scaling parameter, which is used to mathematically fit a curve to the results of P 
(Fig. 13). 
 

 
Figure 13. Halpin-Tsai model showing results for several values of ζ. As a comparison 
the Voigt and Reuss bounds are shown, also seen in Figure. 
 
As it can be seen on Figure 13, the higher the value of ζ, the closer its prediction 
get to Voigt bound and if ζ=∞, the model coincides with Voigt; in case of ζ=0, 
the model coincides with Reuss bound. Therefore, it can be said that the 
predictions with Halpin-Tsai model can be calculated anywhere in-between 
Voigt and Reuss bounds, which is the reason for its wide application. 
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The ζ can be obtained from experiments, where P is substituted with 
experimental value Pex measured for a known specific volume fractions of com-
ponents and Eq. 25 is solved for unknown ζ to give: 

 

 ξ = 	(  Equation 27 

 
Once the ζ has been determined for one mixture of materials, the property P can 
be predicted for any other mixture. 

It is recognized that ζ depends on the fiber cross-section (transverse) aspect 
ratio a/b (a and b are lengths of the sides of a fiber with a rectangular cross-
section) and how the fibers are packed (i.e. a square or hexagonal array). It has 
been shown that effective shear modulus can be fit with ζ=(√3)ln(a/b) and 
transverse Young’s modulus was fit by ζ=2(a/b) for a composite with 
hexagonally packed fibers [53]. For circular fibers in hexagonal array, a ζ=1 
gives relatively good results and a ζ=2 can be used as fit for square packing 
[13 pg. 422]. 
 
 

Lewis-Nielsen relationship 

The Halpin-Tsai relationship is best suited for composites with fiber or plate-
like reinforcement. But in case of particle reinforcement, it tends to underesti-
mate Young’s modulus for particle volume fraction vf>0.4. Another drawback is 
that it does not account the fact that the fibers or particles can be used only up to 
certain amount. This comes from the possible packing density of fibers/ 
particles. For example, if the spherical particles are considered to take position 
in cube corners (similarly to cubic crystal phase), the packing density can be no 
more than vf

max=0.52, for body centered packing vf
max=0.60 and for hexagonal or 

face centered packing vf
max=0.74. In “random” packing the vf

max is taken as the 
equal mixture of all previous values, resulting in a vf

max≈2/3. This is taken into 
account in Lewis-Nielsen relationship proposed in 1970, which is given for 
lower bound as [54]: 
 

 =  , Equation 28 

 
where ζl is arbitrary fitting parameter for lower bound, vf is volume fraction of 
particles; va is average volume fraction calculated as: 
 

 = 1 +  Equation 29 

 
 
 



30 

Here χ is calculated as: 
 

 χ =  , Equation 30 

 
where P0 is the property as calculated according to Reuss model (ζ=0). 

 
Lewis and Nielsen considered as P only material bulk modulus K or shear 
modulus G. After those are found, E and ν can be calculated in accord with 
formulas: 
 

 E =  Equation 31 

 
 

 ν = (  Equation 32 
 
 

S-mixing rule 

It has turned out that Lewis-Nielsen relationship overestimates the composite 
properties at high particle concentrations. To encounter this, McGee and 
McCullough included a proportionality factor ψ into the Lewis-Nielsen model 
[55]: 
 

 =  Equation 33 

 
with 
 

 χ =  Equation 34 

 
In case of Pf>>Pm and vfζu>>1, the correction factor reduces to: 
 

 ≅ 1 + − [ + (1 − ] Equation 35 

 
φc designates a critical volume fraction, where in case of vf=φc the model 
behavior tends towards upper bound and in case of vm=φc the behavior tends to 
lower bound. 

If the critical volume fraction is given the value of “randomly” packed 
particles φc≈2/3 then: 
 

 ≈ 1 + 1 −  Equation 36 
 
For comparison, the va in Lewis-Nielsen model can be calculated as: 
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 = 1 +  Equation 37 

 
As a final note, it is again reminded that Lewis-Nielsen and its improved 
version, S-mixture model, consider the property P as bulk modulus K or shear 
modulus G. Equation 31 and Equation 32 could be used to calculate Young’s 
modulus and Poisson coefficient. 
 
 

Isotropic properties of planar alternating lamina systems 

In this chapter the derivation presented in [47 pg. 137] is shown. The materials 
are considered to be homogeneous isotropic linearly elastic materials. Geo-
metrically the structure consists two laminae of two different materials. One has 
thickness of h1 and the other h2 and the corresponding isotropic properties of E1 
h1 and E2 h2. The laminae are considered to be infinitely large so no edge effects 
could appear and are neglected. 

To a state of plane stress, the two-dimensional conditions of interest are 
relevant. It suffices to consider the planar deformation of a two material combi-
nation with total thickness of h1+h2=h, with no surface tractions on the lateral 
surfaces. The efficient planar shear modulus can be written for parallel 
arrangement: 
 

 = (ℎ + ℎ  Equation 38 
 

For plane stress, in x-y coordinates, the general form of stress-strain relationship is: 
 

 σ = ( +  Equation 39 

and 

 σ = ( +  , Equation 40 
 
where ν is a Poisson coefficient. If εyy=0, the average stress over the double-
layer system is: 
 

 σ = ℎ + ℎ  Equation 41 

 
The appropriate statement of the effective properties related to average stress 
and strain is: 
 

 =  Equation 42 

therefore 

 = ℎ + ℎ  Equation 43 
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Equation 38, Eq. 43together with: 
 

 = (  Equation 44 

 
are sufficient to describe in-plane isotropic effective properties. It is found that: 
  

 = + + (
 , Equation 45 

 
where c1=h1/h and c2=h2/h and c=c1+c2=1.  
 
This is another variant of the rule of mixture, which also includes the Poisson 
coefficients. The volume parts v has been replaced with parts of height, which 
does not alter the calculation results if other linear measures are taken the same 
for both layers. Bearing that in mind, note that Eq. 43 is basically the same as 
the Voigt bound, except that it includes the Poisson coefficients ν, ν1 and ν2 for 
composite, material 1 and material 2, respectively. 

It is reminded here again that the Eq. 45 is derived for in-plane isotropic 
effective properties. Transverse to plane isotropic properties have to be derived 
to gain an equation suitable for nanoindentation modeling, because the force is 
applied transversely to nanolaminate during indentation. To do that, we start 
with rewriting matrixes of general Hooke’s law for strain: 

 
 =  Equation 46 

 
and the statement of the effective properties related to stress and strain changes 
to (analogous to previous derivation): 
   

 =  Equation 47 

 
It can be seen that for strain the relationship for transverse isotropic property is 
inverse to E, which leads to: 
 

 = ℎ + ℎ  Equation 48 

 
and 

 = + + (
 Equation 49 

 
If v1=v2, the term (v1–v2)

2=0 and the Eq. 45 reduces to Voigt bound and Eq. 49 
reduces to Reuss bound. This again clearly states that neither Voigt or Reuss 
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bound take difference in Poisson coefficients into account, rather presume that 
the coefficients coincide in every case, which is rarely the real situation. This 
means, in other words, that Eq. 45 and Eq. 49 should be preferred over simple 
Voigt and Reuss bounds. Although, this still indicates that Voigt and Reuss 
bounds are quite good approximations for calculating composite properties, but 
for limited occasions. For instance, if the difference in Poisson coefficients is 
0.05, the square would be 2.5×10–3, which greatly simplifies the 3rd term in 
Eq. 49. As an another example the moduli could be taken, for instance, E1=140 
and E2=70 (c1=c2=0.5, ν1=0.25, ν2=0.2) and we obtain the value for 3rd term to 
be 6.2×10–6, which is almost 1000 times smaller than first two terms. Therefore, 
it is quite safe to reduce Eq. 49 down to simple Reuss bound. The same goes for 
Eq. 48. 
 
 

Effect of porosity on composite mechanical properties 

Due to flaws in production and processing, ceramics might have some residual 
porosity in final product. Pores can be described as gas inclusions in a material. 
Gases do not possess any mechanically accountable elastic properties in 
ceramics, therefore, pores can be seen as second material phase with modulus 
and hardness being 0. Considering any of the rules of mixtures, if one 
component has mechanical properties of 0, the responding composite property 
will be lower than the pure base material and decreases linearly and sharply 
[63]. It has been found that a good approximation to take account the porosity 
for calculating elastic moduli is: 
  
 = (1 − = −  Equation 50 
 
where E0 is the Young’s modulus for a compact material, P is the volume 
fraction of porosity and b is an empirical fitting constant, which also somewhat 
takes the pore morphology into account [56]. The latter is a complex problem as 
pores could take very different geometrical shapes hindering the development of 
unified theory for modeling effects of porosity. 
 
 

Summary of theoretical introduction 

In previous chapters an overview of basic features related to atomic layer 
deposition, instrumented nanoindentation and mechanical characterization are 
given. In the last part, several theoretical approaches with different complexities 
are described, which should allow to predict composite mechanical behavior 
and could be used to optimize the properties in practical applications. Some of 
the theories were tried on CSM results published in III. 
 
 



34 

EXPERIMENTAL 

This chapter gives brief overview of the results found in I–IV and it is 
recommended to refer to articles I–IV for more complete information.  
 
 

Nanocomposite of atomic layer deposited aluminum  
oxide on γ-alumina nanofibers 

Γ-alumina nanofiber (Fig. 14) slices were coated with amorphous alumina using 
trimethylaluminum and water process [I]. The deposition temperatures were 
150 °C and 300 °C, the amount of deposition cycles was 100.  
 

 
Figure 14. Alumina nanofibers in as received form. The diameter of the fibers was 10–
40 nm. 
 
Two sets of pulse timings were used: 2/2/2/5 s and 10/10/10/30 s (corres-
ponding to TMA/N2/H2O/N2 pulses, respectively). Planar silicon pieces with 
(100) orientation were used as reference to determine the deposited film 
thickness. The coated fibers were heated at 1000 °C for 20 min and subjected to 
compaction using about 700 MPa pressure to produce compact pieces of 
alumina nanofiber reinforced alumina matrix composite. 

Characterization was done by scanning electron microscopy, spectroscopic 
ellipsometry, synchrotron radiation, X-ray diffraction and Vickers hardness 
tester. 
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Atomic layer deposited aluminum oxide and  
silicon carbide nanoparticle composite 

Silicon carbide nanopowder with average particle size of 30–40 nm was used, 
as reinforcement material, to make tablets, 11 mm in diameter and 50–250 µm 
in thickness [II]. The particles were compacted in a die with 170 MPa pressure 
forming a porous substrate. Trimethylaluminum and water based ALD process 
was used to deposit amorphous alumina matrix in the pores of SiC substrate. 
The deposition temperature was held at 300 ± 6 °C and the pressure was around 
250 Pa. The pulse times and cycle counts are shown in Table III. 
 
Table III. Pulse lengths and cycle counts during experimenting with SiC nanopowder 
tablets. 

Sample No. Pulse times, s Cycle count 

1 2/2/2/5 100 

2 2/2/2/5 350 

3 2/2/2/5 750 

4 2/2/2/5 1000 

5 5/5/5/10 100 

6 10/10/10/30 100 

 
Scanning electron microscopy, µ-Raman spectroscopy, X-ray diffraction, 
atomic force microscopy, spectroscopic ellipsometry and instrumented nano-
indentation techniques were used to describe the aspects of experimentation. 
Focused ion beam was used to cut and reveal composite layer, its inner struc-
ture, on sides of the substrates. 
 
 

Atomic layer deposited Al2O3, HfO2, ZrO2 and Ta2O5 
nanolaminate composites 

Four oxides and three composite systems were deposited: Ta2O5-Al2O3, Ta2O5-
HfO2 and Ta2O5-ZrO2 [III]. The precursors were chlorides of Ta, Hf and Zr, and 
trimethylaluminum (TMA) for Al. Water was used as oxidizer. The deposition 
temperature was 300 °C and soda-lime glass (SLG) was used as the substrate. 
The laminates were deposited starting with an under layer of one oxide and 
several alternating layers of two oxides as designated in the beginning. The first 
layer was 10 nm in thickness (if not noted otherwise) and the alternating layers 
of two oxides had combined thickness of 20 nm. For example: first layer was 10 
nm of Ta2O5 and on top of it 8 times alternating layers of 15 nm of HfO2 and 5 
nm of Ta2O5 or shortly 10 nm Ta2O5 + 8× (15 nm HfO2 +5 nm Ta2O5). The total 
coating thicknesses were around 170 nm. The cycle count in every layer was 
determined by the average deposition speed (in nm/cycle) of the deposition of 
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pure oxides. Any hindrance or enhancement effects of growth speed during 
switching from deposition of one oxide to another were not taken into account.  

The films were characterized with X-ray reflection (XRR) and (grazing inci-
dence) diffraction (GIXRD), scanning electron microscopy (SEM) with focused 
ion beam (FIB) and instrumented nanoindentation using continuous stiffness 
method. 
 
 

Atomic layer deposited alumina on modified steel 

Aluminum oxide was deposited from trimethylaluminum and water on steel 
substrates (supplied by Sandvik AB, Sweden) at 300 °C [IV]. Two sets of 
substrates were obtained – bare steel and with 200 nm SiO2 coating. The 
deposited alumina thicknesses were 18, 45 and 90 nm on both substrate types. 
The samples were characterized with X-ray reflection (XRR) and (grazing 
incidence) diffraction (GIXRD), scanning electron microscopy (SEM), time-of-
flight elastic recoil analysis (ToF-ERDA) and instrumented nanoindentation 
using continuous stiffness method. 
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RESULTS AND DISCUSSION 

Nanocomposite of atomic layer deposited aluminum  
oxide on γ-alumina nanofibers 

The structure of fibers corresponded to alumina γ-phase and the coating did not 
reveal any traces of crystallographic ordering, thus remaining amorphous. The 
results obtained by XRD and XAS measurements were consistent in this regard. 
SEM investigation revealed that the fiber thickness after coating might exceed 
expected thickness. The expectations were based on previously known growth 
rate (about 0.10 nm/cycle) measurements in similar conditions with the same 
precursors and published results [57,58]. The SEM measured fiber thickness 
after the deposition was about 20 nm in excess, giving a growth rate about 
0.15 nm/cycle. The ellipsometry, carried out on reference alumina films on 
planar Si substrates, showed average growth rate to be 0.17 nm/cycle, which 
was in good correlation with 0.15 nm/cycle. The possible reason for the 
increased growth rate was that the precursors tended to adsorb conformally 
around the fiber bundles, at least partially (specific surface area of the fibers 
was around 150 m2/g), and the purging pulses may have been too short to 
remove all the excess precursor molecules from the porous material. Thus, the 
precursors could partially mix and react also in the gas phase, and cause certain 
contribution from fast CVD-like process. This has led to the conclusion that 
special care has to be taken and more preparation might be needed when dealing 
with substrates with high specific area. 

The surface of fiber bundles could be completely coated with dense alumina 
around it, depending on the pulse times chosen. The distance between fibers 
before the coating process was about 60–70 nm. Considering the growth rate, it 
could take some 400 cycles to totally seal the gaps. Although in this work such 
high amount of cycles was not used, some regions with narrower gaps showed 
fibers “clued” together after the deposition (Fig. 15). 

The work also led to another conclusion – choosing the right pulse times 
may allow one to create a material, which has dense shell around a still porous 
core after deposition (Fig. 16). This could open up some interesting possi-
bilities. For instance, it can be utilized to make fibers coated thoroughly with 
catalytic material and sealing the outer layer of the fiber bundle, creating a tube 
with catalytic nanofibers in it. 
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Figure 15. Alumina fibers with some parts “glued” together. 
 
 

 

Figure 16. A surface of a sample with dense shell. The fibers can be seen in cracks and 
these appeared to be below the shell. The reason for cracking is unknown; one could be 
handling of the samples. 
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Compaction of the fibers with a hydraulic press was done using pure fibers, 
coated at 300 °C (pulse times 10/10/10/30 s) and at 150 °C (pulse times 2/2/2/5 s), 
Table IV. The aim was to densify nanofiber reinforced composite and then 
measure mechanical properties. The hardness test results obtained from the 
compacted fibers are presented in Table IV. 
 
Table IV. Vickers hardness test results (100 g, standard conditions) for compacted pure 
fibers and coated fibers. 

Sample and conditions Hardness HV0.1 

Pure fibers 52 

Fibers coated at 300 °C, 10/10/10/30 s 80.5 

Fibers coated at 150 °C, 2/2/2/5 s 96 

 
It can be seen from Table IV that the coating of the fibers had some positive 
effect on hardness, but the results are not comparable to hardness of fully dense 
alumina, which might have hardness in the range of few thousands, depending 
on phases and microstructure. It was noticed that microscopic cracks appeared 
in the compacted material, which most likely affected the results. It could be 
that the heating temperature prior the compaction was not high enough, 
resulting in weak structure and low hardness. Another reason could be that there 
was some thermal shock involved during cooling of the samples creating 
stresses in the material which resulted in poor structure.  

Besides the Vickers test, no other measurements were conducted regarding 
the mechanical properties. It was recognized that simpler sample preparation 
would be beneficial, because every step in process most likely would contribute 
to errors, sophisticate the analysis etc. However, the work proved that there 
could be very interesting outcomes involving ALD treatment of three 
dimensional structures. 
 
 

Atomic layer deposited aluminum oxide and  
silicon carbide nanoparticle composite 

The phase compositions of α-SiC and Al2O3 were verified before and after 
ALD. There was no change in the XRD patterns taken before and after ALD, 
revealing that the about 100 nm thick alumina was amorphous, as expected. In 
µ-Raman spectra, some very low intensity peaks apparent in initial α–SiC were 
lost in the samples after coating with alumina, but otherwise the graphs coin-
cided. Both methods confirmed that no significant phase changes occurred 
during the ALD process. This could be expected as the temperature was only 
300 °C.  

The melting point of dense SiC is 2730 °C. For sintering, the temperature 
can be lower, usually down to 65–75% of the melting point can be used. The 
melting point for nanoparticles has been reported to be even lower than that, but 
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still markedly higher than 300 °C [59]. SiC is stable at such low temperatures, 
therefore, no phase changes could occur during ALD. This also means that no 
sintering effects could be involved, which could affect mechanical properties of 
the produced samples, therefore, any effects are derived only from deposited 
alumina and its interaction with SiC nanoparticles. 

The film thicknesses on silicon reference substrates showed a very good 
correlation between cycle count and measured thickness, indicating the average 
growth rate to be 0.09 nm/cycle.  

The surface roughness measurements with AFM showed that at least an area 
of 20×20 µm is good to get average estimation (Fig. 17).  

 

 
Figure 17. The quadratic mean roughness of a SiC-Al2O3 nanocomposite surface 
according to AFM measurements. 
 
The roughness has almost levelled at around 45 nm in scanning area of 20×20 µm, 
which indicates that increasing the area would not increase significantly the root 
mean square (RMS) roughness value. The maximum height differences found in 
corresponding areas also levelled out at around 800 nm (to be exact, 775 nm for 
20×20 µm area). This indicated that the sample surface was mostly smooth but 
some really deep trenches, holes (or high ridges) could be present. As the 
samples were used in the instrumented nanoindentation experiments as-is, 
without any polishing or other surface treatments, it was expected to have high 
deviations of hardness and modulus values. This was later confirmed. 

The instrumented nanoindentation was performed at 25, 15, 5 and 2 mN 
forces. The last value was found to be suitable to test all samples, resulting in 
indentation depths of up to 160 nm. Fused silica reference was used to calibrate 
the indentation tip up to 320 nm depth. 

The results of the indentations are gathered in Table V. It can be seen that 
the standard deviations are rather large. Nevertheless, the results indicate that 
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the samples with shorter pulses had lower moduli and somewhat lower 
hardnesses. The higher cycle count (at the same pulsing times) seemed to have 
some enhancement effect but the results were not entirely convincing yet 
(samples 1–4). It could be said that the moduli and hardness’s stayed on the same 
level. On the contrary, the longer pulse times seemed to have enhancement 
effect on formed composite hardness and modulus, even though the cycle count 
was as low as 100 cycles (samples 1, 5, 6). The hardness and moduli for pure 
ALD alumina would be 10–14 GPa and 140–180 GPa, respectively [60] and for 
pure compact SiC values of 29 GPa and 316 GPa, respectively.  

 
Table V. The results of 20 indentations of SiC-Al2O3 composite. Applied force was 2 mN. 

Sample 
No. 

Pulse times, s Average hardness 
(st. dev.), GPa 

Average modulus 
(st. dev.), GPa 

Cycle count 

1 2/2/2/5 7.7 (2.2) 46 (7) 100 

2 2/2/2/5 5.4 (1.4) 35 (8) 350 

3 2/2/2/5 6.8 (1.2) 50 (12) 750 

4 2/2/2/5 8.1 (4.0) 60 (16) 1000 

5 5/5/5/10 9.0 (1.1) 74 (9) 100 

6 10/10/10/30 12.9 (2.6) 113 (17) 100 

 
A usable conclusion could still be drawn from the results. Long precursor and 
purge pulses and high cycle count would likely to be needed to produce a hard 
nanostructured composite using pressed SiC nanopowder and atomic layer 
deposited Al2O3. 
 

 
Figure 18. Difference in correlation between pulse lengths and acquired composite 
thickness in case the TMA dosage has been increased by opening the inlet valve 2 times. 
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The graphs in Figure 18 would allow one to predict the pulsing needed to 
produce a layer with certain thickness. For instance, to make a 5-micron thick 
composite it would take about 26 s pulse of lean mixture of TMA and carrying 
gas or 35 s TMA pulse with increased concentration (calculated from the linear 
equation data). This is somewhat controversial, because one would rather expect 
getting thicker layer in case of increased TMA flow. This might happen due to 
the higher concentration of precursor nearby the surface, because the purge 
pulses might not be long enough to purge the substrate particles. Therefore, 
some CVD might occur in deeper parts of the tablet and possible blockage 
inhibits precursor molecule movement to even deeper. 

In conclusion it could be said that the work done here was a bit simpler 
compared to that carried out on fiber bundles (I), but still some very difficult 
aspect appeared. For instance, as mentioned before, the effect of residual 
porosity in the samples stayed unclear, leaving some open ends in the discus-
sion. Nonetheless, it was proved that with suitable deposition conditions and 
materials, a SiC nanoparticle reinforced nanocomposite could be produced (see 
also III for additional information about ALD alumina mechanical properties). 
 
 

Atomic layer deposited Al2O3, HfO2, ZrO2 and  
Ta2O5 nanolaminate composites 

Most of the structural and other characterization of nanolaminates, except 
mechanical, was carried out earlier (refer to III). In this work the previous 
characterization results were partially checked and confirmed, demonstrating the 
stable properties of ALD thin film structures over time. The crystallinity of 
HfO2 (Fig. 19) and ZrO2 (Fig. 20) has not changed over 20 years passed since 
the preparation of the samples. The alumina and tantala interlayer were 
amorphous. The crystallinity in HfO2 and ZrO2 could be detected in laminate 
composites starting from the single interlayer thicknesses of 5 – 10 nm. The 
laminate structure has been retained as determined by X-ray reflection (Fig. 21). 
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Figure 19. Grazing incidence X-ray diffraction patterns of ZrO2-Ta2O5 nanolaminates. 
Miller indexes of the most characteristic XRD reflections are indicated. Subscripts M, 
T, and C, denote monoclinic, tetragonal, and cubic polymorphs, respectively. The 
depositions of interlayers with their nominal thicknesses are indicated as labels [61]. 
 

 
Figure 20. Grazing incidence X-ray diffraction patterns of HfO2-Ta2O5 nanolaminates. 
Miller indexes of the most characteristic XRD reflections are indicated. Subscripts M, 
T, and C, denote monoclinic, tetragonal, and cubic polymorphs, respectively. The 
depositions of interlayers with their nominal thicknesses are indicated as labels [62]. 
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Figure 21. Representative X-ray reflection pattern from an HfO2-Ta2O5 nanolaminate, 
obtained from a film grown with the complete sequence of constituent layers with 
nominal thicknesses 10 nm Ta2O5 + 8× (10 nm HfO2 + 10 nm Ta2O5).  
 
The laminated nanostructure was also confirmed with SEM-FIB (Fig. 22) were 
the alternating layers of HfO2-Ta2O5 nanocomposite coting could be seen. For 
the sake of good quality FIB cutting a coating of platinum was also deposited 
beforehand. The total film thickness was around 165 nm. 
 

 

Figure 22. The microstructure of an HfO2-Ta2O5 nanolaminate cut revealing alternating 
layers of HfO2 and Ta2O5. The overall thickness of the nanolaminate was about 165 nm. 
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The SEM-FIB was also used to image an indentation mark in 5 nm Ta2O5 + 33× 
(2,5 nm ZrO2 + 2,5 nm Ta2O5) + 5 nm Ta2O5 nanocomposite. Several parallel 
cracks on the indentation sides can be seen. 

Another sample of a top view of an indentation is of 10 nm Ta2O5 + 8× 
(15 nm HfO2 + 5 nm Ta2O5) nanocomposite. FIB cutting region is approximately 
indicated with the white line. It seems like material has been damaged inten-
sively near indenter tip and edges. Some parallel cracks can be vaguely seen 
similarly to Figure 23 and Figure 24. 

The focused ion beam cut can be seen on Figure 25. For a good FIB cutting a 
layer of conductive platinum is applied on top of the sample. From the cross-
section a major crack can be seen at the left edge of the indent along with 
apparent delamination near it. This can be seen in more detail in Figure 26. 
Similar effects can be noticed at right also. In Figure 26, the structure near the 
indenter tip can be seen showing some voids in-between the thin film and the Pt 
layer. This could be due to some surface contamination before applying the Pt 
layer leaving residue between the thin film and platinum. 

 

 
Figure 23. Top view of Ta2O5 + 33× (2,5 nm ZrO2 + 2,5 nm Ta2O5) nanocomposite. 
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Figure 24. Top view of atomic layer deposited nanocomposite layer on glass after 
indentation. The white line approximately indicates the FIB cutting region. 
 

 

 

Figure 25. A FIB cut cross-section of an indentation. 
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Figure 26. A close-up of the FIB cut showing on top the left and right sides of the cut 
(indent left and right parts near surface), respectively, and structure near the indenter tip 
on lower panel. 
 
The summarized instrumented nanoindentation results for hardness and reduced 
modulus measurements of ALD oxides and their nanocomposites on glass are 
shown in Table VI (standard deviations showed in parenthesis). The number in 
front of oxide chemical formula shows respective layer thickness in nanometers. 

As it can be seen from the Table VI, the highest hardness results were 
obtained from single alumina and hafnia layers, while zirconia and tantala are 
rather similar to the glass substrate and not enhancing the properties that much. 
For the reduced moduli the sequence is a bit different starting with the hafnia 
having the highest modulus followed by alumina, tantala and zirconia as the 
least stiff coating. 

These results, however, cannot yet be considered as conclusive. There are 
general trends recognized how the hardness/modulus of a nanolaminate changes 
compared to the change in structure, but there are also some exceptions. As a 
general trend – the higher the content of a harder oxide, the higher the hardness 
of a composite. This sounds rather straight forward logical and could be expected. 
But this does not hold when the results of structure of 10Ta2O5 + 8× (10HfO2 + 
10Ta2O5) is reviewed. It shows hardness rather similar to glass or tantala (both 
6.7 GPa), but the modulus is considerably different from glass (67 GPa) and 
resembles to hafnia, especially when standard deviations are taken into account. 
The nanolaminate structure formula shows the ratio of single oxides to be 
almost 1:1, therefore both results could be expected to be in-between the pro-
perties of single oxides. 
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Table VI. Summarized results of nanoindentation hardness H and reduced modulus E 
of ALD deposited thin film oxides and their nanocomposites on glass substrate. The 
number before oxide chemical formula shows respective single layer thickness in 
nanometers. 

Sample Hardness H (st. 
dev.), GPa 

Reduced modulus 
E (st. dev.), GPa 

Soda-lime-glass (SLG) 6.7(0.2) 68(5) 

Al2O3 9.5(0.5) 101(4) 

HfO2 9.1(0.7) 111(11) 

ZrO2 7.0(0.4) 86(4) 

Ta2O5 6.7(0.2) 96(3) 

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 7.0(0.4) 98(5) 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 7.4(0.5) 97(7) 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 6.7(0.2) 102(4) 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 6.8(0.2) 99(4) 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 7.4(0.3) 110(5) 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 7.2(0.3) 103(3) 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 6.7(0.3) 108(6) 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 7.3(0.4) 115(4) 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 7.3(0.7) 106(11) 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 7.2(0.3) 113(9) 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

7.2(0.3) 111(6) 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) + 5Ta2O5 7.8(0.4) 112(4) 

 
The second exception seems to be the last sample in the table with structure 
formula 5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) and hardness of 7.8 GPa. For some 
reason the hardness, as an average, is about 10% higher than other laminates 
with similar tantala-zirconia ratios (7.2 GPa). On the other hand, the moduli for 
all ZrO2-Ta2O5 laminates tend to be equally high at about 110 GPa, which is 
comparable to hafnia. Again, it would be expected to get moduli in-between 
zirconia and tantala in case of similar oxide ratios in a nanocomposite structure. 

The explanation for ZrO2-Ta2O5 laminates could be theorized to be in the 
nature of ZrO2 crystalline structure, which partially has tetragonal phase. Zirconia 
is known to shift phase from tetragonal to monoclinic under mechanical stress 
[63 pg. 103,64]. The phase change coincides with an increase in volume (≈4%) 
of the unit cell, which creates counteracting effect to the indenter during 
measurement. Of course there would be a limit of minimum mechanical stress, 
where the phase change starts to appear and in this case the effect could have 
been when the single oxide layers were about 2.5 nm thick. 

As a conclusion it can be said that, most likely, nanolaminates are the 
simplest composite structures to produce with ALD depositing thin films with 
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various mechanical properties. In this case no additional process steps before 
ALD deposition, like in papers II and III, were required to make samples. 

 
 
Atomic layer deposition of alumina on modified steel substrates 

The XRD measurements did not reveal any crystalline phases of alumina or 
silica. The ToF-ERDA results showed the SiO2 thickness to be around 200 nm. 
The CSM indentations show that deposited alumina gives distinctive rise to 
surface hardness and modulus (Fig. 27), but the results were poor for samples 
with SiO2 bottom layer (Fig. 28), resulting about two times drop in hardness and 
three times in modulus in case of samples with 90 nm alumina top layer. The 
results, including standard deviations, are gathered in Table VII. 
 

 
 

 
Figure 27. Hardness and modulus of steel samples coated with ALD alumina showing 
enhanced surface properties. The error bars, showing standard deviation, are for samples 
with 91 nm of alumina. 
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Figure 28. Hardness and modulus of steel samples coated with alumina and silica 
showing some enhancement of surface properties. The error bars, showing standard 
deviation, are for samples with 91 nm of alumina. 
 
From Figure 27 it can be concluded that the hardness and moduli results were 
identical for all Al2O3 the samples. Therefore, the reduced hardness and modulus 
of alumina could be deemed to be independent from thin film thickness and had 
values about 11.5 GPa and 260 GPa, respectively. Figure 28 shows that the 
absolute values were lower for samples with silica layer only. This can be 
considered straight forward logical, because the alumina has higher hardness 
and modulus than silica and thus, silica may not enhance the surface properties 
as much as pure alumina coating could do. Also, according to rule of mixtures, 
the combination of alumina and silica would have poorer properties, which is 
confirmed here. 
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Table VII. Abridged results of instrumented nanoindentation of steel coated with Al2O3 
and Al2O3-SiO2 layers. 

Coating structure 
H (st. dev.), GPa E (st. dev.), GPa 

Al2O3, nm SiO2, nm 

91  11.8 (1.4) 260 (18) 

45  11.4 (0.9) 286 (21) 

18  11.1 (0.7) 269 (16) 

9  11.2 (1.6) 272 (36) 

91 200 6.0 (0.8) 62 (7) 

45 200 4.5 (0.3) 46 (3) 

18 200 4.2 (0.3) 46 (6) 

9 200 3.8 (0.3) 39 (2) 

 200 3.3 (0.3) 38 (2) 
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MODELING MECHANICAL PROPERTIES  
OF NANOLAMINATES ON GLASS  

In this chapter some models are described and later used to find the mechanical 
properties of thin films, which were under investigation in III (using CSM to 
measure properties of ALD thin films on SLG). The models under discussion 
are:  
• The model of Puchi-Cabrera 
• The model of Tuck 
• Halpin-Tsai relationship 
 
The principles of the models will be described first, followed by application and 
retrieved results later. The main aim of the models would be to get the closest fit 
to the actual CSM measurement results, especially in displacement range from 
measurement maximum to 170 nm, where the thin film thickness lays. If possible, 
a model should correlate to the CSM results in wider range, preferably up to the 
maximum displacement.  

It should be noted that the measurement data used here correspond to 
reduced data. The measured properties are reduced due to the fact that during 
indentation not only the sample is deformed, but also the device itself. This is 
taken into account later after the thin film properties have determined with 
modeling. 
 
 

Model of Puchi-Cabrera 

The explanation of Puchi-Cabrera model is started with simple exponential 
approximation, which closely resembles it. 

The idea behind exponential approximation is assumption that the measured 
moduli values increase exponentially up to the true value, if indenter tip 
displacement during indentation decreases from maximum value to 0 nm. In 
other words, the indentation process is interpreted in reverse order. The tip is 
first seen to be positioned in final depth, results showing the values for the final 
depth and we start to pull out the tip. As the depth decreases, the thin film 
modulus should start to influence the results increasingly, the influence of the 
substrate is diminishing step-by-step until at the 0 nm displacement, the 
modulus value should correspond to the modulus of the coating. Starting 
interpreting from displacement of 0 nm, it could be said that a property is 
exponentially decaying. The overall measured property is considered as the sum 
of that of the glass and the increase given by the thin film to the substrate. The 
applied equation is then: 

 

 = +  , Equation 51 
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where Pc is the composite property, Pgl is the property of the glass, P is the 
increase or difference (compared to the substrate) caused by the coating, h is the 
displacement and C is the fitting parameter. The Eq. 51 can be written also as: 
 

 = +  , Equation 52 

 
where Ptf is the property of the thin film. 
 
Equation 52 is in principle analogous to model for coating hardness calculation 
proposed by Puchi-Cabrera (P-C) [65]: 
 

 = + (
 , Equation 53 

 
where H is the composite hardness, HS is the substrate hardness, HC is the 
coating hardness and ZR is the relative thickness (indentation depth divided by 
coating thickness). The constants k and n are said to be characteristic to the 
materials and related indentation process and can be used to get a good fit with 
measurement results. The main difference in Eq. 52 and Eq. 53 is how the 
fitting constants are taken into account. In simple exponential equation the n=1 
and consequently C is k divided by coating thickness. Therefore, it can be said 
that the exponential approximation is a special case of Puchi-Cabrera model and 
it might be up to measurement results, which could be applied. 

The results of P-C and exponent models applied on alumina measurement 
results is shown on Figure 29. It can be seen that the models describe the data 
points very well throughout the whole displacement range. According to Puchi-
Cabrera, the correlation coefficient for P-C model and measurement data is 
often 0.99 or better. 

It can be seen that the two calculated lines are not distinguishable and give 
almost identical results. This was later confirmed for all the other samples and 
therefore it was concluded that when modeling CSM results with Puchi-Gabrera 
formula, it is safe to take n=1 and use k to achieve a fit. If displacement is 0, the 
results for P-C and exponential model are the same. 

Figure 30 shows the effect of k to the fit. Using k=1 instead k=2 will give a 
line well above the measured data points and k=3 gives line below the points. 
(The line following the points is calculated as exponential approximation.) For 
all three k values the fit was still very good at greater indentation depths in the 
range from about 600 to the end. 
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Figure 29. Calculated lines for simulating modulus measured points of alumina on glass 
substrate according to P-C model and exponential approximation, where n=1 and k=2. 
The constant C has been taken C=0,012 for the exponent function. The inset shows 
graphs in the displacement range 0–300 nm. 
 

 
Figure 30. The effect of k in P-C model applied to alumina measurements: k=1 (upper 
panel) and k=3 (lower panel); n=1 for both cases. The line following the points is 
calculated using exponential approximation. 
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Figure 31 demonstrates the effect of n to the fit. Using n=0,5 instead n=1 will 
give a line well above the measured data points and n=1,5 gives line below the 
points. (The line following the points is calculated as exponential approxi-
mation.) For all three n values the fit was still very good at greater indentation 
depths in the range from about 600 to the end. 
 

 
Figure 31. The effect of k in P-C model applied to alumina measurements: n=0,5 
(upper panel) and n=1,5 (lower panel); k=2 for both cases. The line following the points 
is calculated using exponential approximation. 
 
There is actually a discrepancy built in the presented last three images compared 
to Eq. 52 and Eq. 53 in the theory. The equations note that the glass as a 
substrate property should be introduced into the formula, which is taken here as 
69 GPa (for reduced modulus of glass) as mentioned in previous sections. This 
also means that the modeling results should show values near 69 GPa, but in 
fact are higher. For most cases it is somewhere near 72 GPa to get a good fit 
with actual measurements and models and for pure tantala and zirconia (and 
mixtures thereof) the base value is near 83 GPa. The higher values of properties 
can be argued to be the result of the combined properties of substrate and thin 
film. It was concluded that the substrate property in P-C model (Eq. 53) should 
be redefined as a material base property: 
 

 = +  Equation 54 

 
The Pbase is defined as the average value of a property between displacements 
800–1800 nm. In case there was a creeping rise in a property, the lowest value 
after maxima were chosen as the baseline. This kind of selection might not be 
absolutely correct, because there might be some hindering effects like pile up, 
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phase changes in material or gradient changes in a property from surface to 
inside. Pile up means that some material would rather come out from sample 
and surround indenter tip, which results in increase of force needed to deform 
the additional material. This tends to show on graphs as ever increasing 
property value being highest in the final indentation depth. If a phase change 
occurs during indentation in substrate or coating, it can alter the results showing 
higher or lower values depending on the formed phase properties. 

Taking into account the given explanations, the thin film properties where 
calculated using Eq. 54 and are presented in Table VIII. The parameters in 
model were changed to get the lowest possible property value and visibly the 
best fit in the whole displacement range. 

 
Table VIII. Calculated thin film reduced properties according to model derived by 
Puchi-Cabrera. Thin film thickness 170 nm; n=1 and k=2 for all samples, if not noted 
otherwise. 

Sample P-C 

E, GPa H, GPa 

Al2O3 112 11.4a 

HfO2 128 11.1b 

ZrO2 91 7.2 

Ta2O5 104 7.0 

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 109 7.5 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 113 8.2 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 116 6.8 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 113 7.1 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 125 8.4 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 115 7.7 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 121 6.8 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 126c 8.0 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 114d 8.0 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 123e 7.6 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

125 7.6 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) 126 8.9 

a k=1.7, b k=1.3, c k=1.4, d k=1.2, e k=1.6 
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Model of Tuck 

This model was proposed by Tuck et. al. in 2000 [66]. Its expression and 
content is similar to Puchi-Cabrera: 
 

 = + (
 , Equation 55 

 
where Hc is the composite hardness, Hs is the substrate hardness, Hf is film 
hardness, ZR is the relative thickness, k and X are fitting parameters with same 
meaning as in P-C model. The main difference between these two models can 
be seen on Figure 32. 
 

 

Figure 32. Image visualizing the difference of models of Tuck and Puchi-Cabrera 
during first nanometers of indentation. The sample is alumina thin film on glass. 
 
Mostly the models of P-C and Tuck coincide (Fig. 33), but the latter shows 
lower drop in properties, when a measurement has been commenced. On the 
other hand, it gives lower values at 0 nm of displacement. The lower initial 
change in properties indicates that there could be a region where the substrate 
influence could be negligible. (This region will be discussed in depth later.) 

The results according to Tuck were calculated at similar conditions and are 
summarized in Table IX. 
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Figure 33. Models of P-C and Tuck applied to measurement data of alumina on glass 
sample. 
 
Table IX. Results of moduli and hardnesses according to Tuck including respective 
values for k and X. 

Sample Tuck k;X 

E, GPa H, GPa E H 

Al2O3 107 11.3 4.2;1.6 4.2;1.6 

HfO2 125 10.7 4.2;1.6 2.4;1.8 

ZrO2 89 7.2 5.5;1.6 4.2;1.6 

Ta2O5 103 7.0 4.2;1.6 4.2;1.6 

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 105 7.4 4.2;1.6 4.2;1.6 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 109 8.0 5.2;1.7 6.0;2.1 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 110 6.8 4.2;1.6 6.0;2.1 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 107 7.1 4.2;1.6 3.0;2.5 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 119 7.8 4.2;1.6 2.5;2.0 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 112 7.7 4.2;1.6 6.0;2.1 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 119 6.7 5.5;1.6 4.2;1.6 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 122 7.8 3.0;1.7 4.2;1.6 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 112 7.9 2.0;1.7 4.2;1.6 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 120 7.4 4.0;1.7 4.2;1.6 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

120 7.5 5.5;1.6 4.2;1.6 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) 119 8.3 4.0;1.7 4.0;2.1 
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Modeling with Halpin-Tsai relationship 

Previously discussed Halpin-Tsai relationship is used as possible model to 
determine the thin film properties. As a reminder, the equations to be used are 
(similar to Eq. 25): 
 

 =  Equation 56 

 
and (similar to Eq. 26): 
 

 χ =  , Equation 57 

 
where Pgl is the property of glass, Ptf is the property of thin film and vtf is the 
volume fraction of thin film. Here the main goal is first to find ξ (Eq. 27) and 
then use the value for calculating hardness and modulus at other displacements. 
The calculations for volume fractions are given by the rule of mixture model.  

It has turned out that the term ξ is not constant throughout the whole 
displacement range, varying from about 0 to 11 for alumina-glass system and 
occasionally having negative values. Therefore, the Halpin-Tsai relationship is 
not applicable on these CSM measurement data. Consequently, other models 
based on Halpin-Tsai relationship are also (partly) discredited and have to be 
excluded. 
 
 

Determination of critical displacement using rule of mixture 

The critical displacement is indentation depth, where the substrate starts to 
affect the measurement results. In other words, before reaching critical dis-
placement, the measured properties can be assimilated to the coating only. 

The Reuss bound is taken here as the starting point (Eq. 14): 
 

 = +   

 
where Ec is the composite modulus, Etf is the thin film modulus and Egl is the 
glass (substrate) modulus. The resultant Ec is considered at every measurement 
point as mixture of the coating-substrate system and accordingly Reuss bound is 
applied, because the measurements have been done transverse to the deposited 
layers. The moduli values for each system are taken from models of Puchi-
Cabrera and Tuck (Table VIII and Table IX). 

The principles for calculating volume fractions is as follows. The total 
composite volume Vc can be calculated as the sum of indented thin film volume 
fraction Vtf and glass substrate Vgl, in accord with Eq. 11: 
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 = +  
 
For Berkovich triangular pyramid indenter geometry, with ideal shape (i.e. no 
blunting of the tip or similar effects), can be written: 
 
 = 8.187 × ℎ  , Equation 58 
 
where hc is the total indentation depth (displacement). Of course, the total depth 
is the sum of the displacement into the thin film htf and the glass hgl.  
 
 ℎ = ℎ + ℎ  Equation 59 
 
Taking into account Eq. 59 and the 3rd power correlation of the volume and the 
depth, the volume of glass substrate can be calculated as: 
 
 = 8.187 × ℎ − ℎ  Equation 60 
 
The volume for thin film can be now calculated as the difference: 
 
 = − = 8.187 × ℎ − ℎ  Equation 61 
 
The volume fractions are calculated according to Eq. 10: 
 
 = ⁄  Equation 62 

and 

 = ⁄  Equation 63 
 
The vtf and vgl can be expressed also using derivation of Eq. 11 (the sum of all 
volume fractions is 1, thus, in two-component system, one fraction can be 
obtained by subtracting the other part from 1). Also, it is assumed that the 
material is well adhered to the tip and the pre-indentation surface level is 
maintained, so that the material plastic deformation is directly relatable to the 
tip geometry (volume) and displacement from surface initial level. 

The values for displacements are different from the measurement values. The 
values for hc are taken as x-axis values and were up to 1800 nm (about equal to 
that of the measurement maximum). The values for hgl is taken in accord with 
the principle that the influence of mechanical stresses start to have an effect 
after the influence on thin film is already in effect. Therefore, the values of hgl 
are smaller or “lagging” behind compared to htf. Starting with the modeling 
again from the end of the CSM graph, it has turned out that the relationship 
between htf and hgl is linear. In other words, there could be a situation where the 
indenter is already affecting the thin film, but there is no influence in the 
substrate. The displacement difference calculated from those two phenomena is 
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considered as the critical displacement depth tc. This was later confirmed in 
calculations, where the hgl in the model was already 0, but the htf was still 
reducing towards 0. The negative hgl values is neglected in this model.  

The choice of baseline is different compared to previous models. The base-
line for ROM is the respective property of glass, i.e. modulus of 69 GPa and 
hardness of 6,6 GPa. Changing the value from 69 to 73 GPa will give the base-
line suitable for previous models (dashed line in Fig. 34). The moduli values 
from Tuck were used as Etf input, because these gave higher tc values compared 
to P-C model and will be considered as the possible maxima. 

To get the horizontal line, corresponding only to the substrate, the linear 
relationship between htf and hgl has to be expressed as: 

 
 ℎ = 1 × ℎ − 0 Equation 64 
 
This means that the total volume of indenter in material is equal to the volume 
of indented glass. The volume of indented thin film is the difference between 
total volume and volume of indented glass, which results in 0 in this case. This 
can happen only if the pure substrate is indented. It would be logical to presume 
that the properties of the homogeneous substrate would be constant and thus, 
give a graph with 0 slope. Therefore, a value other than 0 could not be expected 
for intercept. 
 

 
Figure 34. The baseline for ROM: the dashed horizontal line shows the 73 GPa level, 
which would be suitable for previous models and the lower, 69GPa value, indicates the 
one used in rule of mixture model. The sample is Al2O3-SLG. 
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The next step was to manually assign the slope to position the model to the 
CSM values in-between 800–1800 nm. A value of 0.96 was suitable for  
Al2O3-SLG system (dashed line on Fig. 35). This, in principle, has the same 
effect as suggesting a substrate modulus of 73 GPa in the rule of mixture.  

Next was to increase the intercept values step-by step until best fit line to 
CSM graph shape was obtained for model. The goal was to set the lowest value, 
which corresponds to the situation during indentation where the influence of 
glass would inchoate. It would be logical to expect the glass influence to start as 
close to 0 displacement as possible. The result is shown in Figure 35 as con-
tinuous line. 

 

 
Figure 35. Evolution of rule of mixture model of Al2O3-SLG system with adjusted 
parameters. The inset shows data from 0 to 300 nm. The linear equation was htf=0.96hgl –16. 
 
It can be concluded that the glass substrate starts to have some effect on 
measurements after 16 nm of displacement.  

The same procedure was done with other moduli data and the results are 
summarized in Table X. 

It has been pointed out that, depending on the property differences of the 
coating and substrate, this region could be up to 20% of the thin film thickness, 
where the substrate does not affect the coating properties [67,68]. From another 
side, this means that it is possible to determine the displacement range, where 
the substrate effect is 0. This was later confirmed in calculations and as it can be 
seen from Table X the critical values are well below the displacements, where 
the maxima during CSM measurements appeared. Therefore, the value at 
maxima does not correspond to the real thin film property.  

 



63 

Table X. The critical displacements tc for ALD thin films on glass substrate as 
calculated from ROM model using Etf moduli from model of Tuck as input.  

Sample tc, nm

Al2O3 16 

HfO2 19 

ZrO2 12 

Ta2O5 12 

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 16 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 15 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 21 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 18 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 19 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 18 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 14 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 20 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 22 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 16 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

15 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) 16 

 
The range possibly depends on the fact how different are the thin film (ALD 
oxide) and substrate (glass) properties, thus, different values should be expected 
for different coating-substrate systems, which seems to be rather straight 
forward logical assumption. From Table X it can be seen that the tc values are 
mostly about 10% of the thin film thickness of 170 nm or less and are well 
below 20% margin. This indicates that the results from ROM correspond to 
expectable results.  
 
 

Calculation of true thin film properties 

So far, the thin film properties have been shown as reduced properties. It might 
be of some interest to know the true (absolute) properties of the films. 

To do that, the deformation of indenter tip material (diamond, νi=0.07, 
Ei=1140 GPa) was taken into account according to: 

 

 = +   

 
The final results for moduli can be seen in Table XI. 
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Table XI. Absolute values of thin film moduli (in GPa). For SLG: ν=0.22 and Etr=70 
GPa. The Poisson coefficient for all thin films was ν=0.25. 

Sample P-C Tuck Etr values 

Al2O3  112 107 116 110 

HfO2  128 125 135 131 

ZrO2  91 89 92 90 

Ta2O5  104 103 107 106 

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 109 105 113 108 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 113 109 117 113 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 116 110 121 114 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 113 107 117 110 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 125 119 131 124 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 115 112 120 116 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 121 119 126 124 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 126 122 132 128 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 114 112 118 116 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 123 120 129 125 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

125 120 131 125 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) 126 119 132 124 

 
It can be seen that for most cases the average values are 4–6 GPa higher and 
compared to as measured maxima, the values were mostly 10–15 GPa higher. 
The deviation of ±0.05 from suggested Poisson coefficient would give about ±3 
GPa change in moduli. 
 
 

Predicting properties of nanolaminates using  
single ALD oxide properties and Reuss bound 

This chapter is devoted to try Reuss bound to predict modulus of lamina built 
with two different oxides using moduli of single oxides derived from Puchi-
Cabrera model. 

The volume fraction calculations were based on the suggested layer thick-
nesses expressed in respective equations indicating the structure. The results are 
gathered in Table XII. 

It can be seen that the Reuss bound predictions for nanolaminates of two 
oxides are quite close to the values derived from Puchi-Cabrera. The largest 
disparity was in ZrO2 laminates, which showed remarkably higher values 
compared to single oxides and at some points resembled to the modulus of 
hafnia. The exact explanation still stays hypothetical and open. 
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Table XII. Volume fractions of oxides in laminates and respective prediction values. 

Sample v(Ta2O5) v(oxide) P-C Reuss 

Al2O3    112  

HfO2    128  

ZrO2    91  

Ta2O5    104  

10Ta2O5 + 8× (10Al2O3 + 10Ta2O5) 0.529 0.471 109 108 

10Ta2O5 + 8× (15Al2O3 + 5Ta2O5) 0.294 0.706 113 110 

10Ta2O5 + 8× (5HfO2 + 15Ta2O5) 0.765 0.235 116 109 

10Ta2O5 + 8× (10HfO2 + 10Ta2O5) 0.529 0.471 113 114 

10Ta2O5 + 8× (15HfO2 + 5Ta2O5) 0.294 0.706 125 120 

10HfO2 + 8× (10Ta2O5 + 10HfO2) 0.471 0.529 115 115 

10Ta2O5 + 8× (5ZrO2 + 15Ta2O5) 0.765 0.235 121 101 

10Ta2O5 + 8× (10ZrO2 + 10Ta2O5) 0.529 0.471 126 97 

10Ta2O5 + 8× (15ZrO2 + 5Ta2O5) 0.294 0.706 114 94 

10ZrO2 + 8× (10Ta2O5 + 10ZrO2) 0.471 0.529 123 97 

7.5Ta2O5 + 16× (5ZrO2 + 5Ta2O5)  
+ 2.5Ta2O5 

0.529 0.471 125 97 

5Ta2O5 + 33× (2.5ZrO2 + 2.5Ta2O5) 0.515 0.485 126 97 

 
 
 

Remarks on the errors and uncertainties 

The errors, which could appear during the atomic layer deposition and nano-
indentation, are shortly discussed in this chapter. 

ALD related errors could rise from deposition chamber temperature or pulse 
timings. For instance, the crystallinity of ALD thin films could change due to 
temperature. The errors were marginal for pulse lengths considering that the 
ALD by definition requires pulse lengths to achieve growth through saturated 
surfaces and the pulse lengths in every deposition were at least twice the length 
needed. The temperature measurement accuracy and stability was kept at ±1% 
or lower. This avoids any possible deposition in regions, where, for instance, 
thin film phase composition could be altered. 

Somewhat more problematic and higher errors are related to instrumented 
nanoindentation. There are a lot of possible accuracy problems, which could 
appear during indentation and are related to one or more sources [69]: 
• Properties of the sample 
• Properties of the indenter 
• Device properties 
• Models used for data manipulation 
• Temperature changes and drifts 
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• Contact profile, including pile-up and sink-in 
• Surface forces and adhesion 
• Indentation size effect 
 
It would be beneficial to know some properties of a sample in advance, because 
it could change the ways the data are collected or interpreted. The material 
could behave like elastic-plastic material, brittle or loading could induce some 
property changes. The deformation could be more or less time dependent. The 
materials tend to act differently if there is no or some crystallinity or the sample is 
fully crystalline. This can even change during indentation and, thus, give erro-
neous results if not taken into account.  

Additionally, the sample could have considerable surface roughness. The 
indenter will become in contact with the higher asperities first and gradually 
conforms with the surface. The overall effect is like the sample has a layer of 
more compliant material on top of it. 

Likely the most important property related to indenter is its shape. This is 
calibrated usually using fused silica as it deforms during indentation similarly to 
the assumptions of theoretical models. There is no remarkable sink-in or pile-up 
effects. During the calibration the silica sample is indented in a range of depths 
and a property, for instance the hardness, should turn out the same for all depths.  

Another phenomenon which has to be taken into account is the fact that the 
indenter tip material itself will deform to some extent during indentation. In this 
work this was corrected in the chapter of calculating absolute thin film properties. 

The build of the indentation device can affect the measurements due the 
deformations in sample holder and other parts of the device. This is called 
device compliance. If lower value of compliance is used instead of the correct 
value, the results would be lower for both, modulus and hardness. If higher value 
is used, the result would be also higher. Device compliance has more influence on 
modulus than hardness and is usually larger for higher loads and stiffer samples. 

The role of theoretical models used for calculating properties is quite crucial. 
One example is the model of Oliver and Pharr, where they proposed power law 
over linear to calculate the contact stiffness. This enhanced vastly the accuracy 
of final results. 

In the last part of discussion of this work, several models were used to derive 
the properties responding only to the ALD thin films. One basis for all those 
models was the interpretation from the end towards the beginning. This was 
done because the measurement data points had lower standard deviations in the 
end, about ±3 GPa. This is believed to be the accuracy of the models, because 
the data points for models could be changed, according to measurements, to 
have values in-between those margins and would end up higher or lower 
modulus or hardness value respectively. (The measured deviations were shown 
in respective original works.) 

Materials can expand or contract due to temperature change. If this happens 
during indentation, the results would be altered. This is because the temperature 
alters the apparent contact depth and area. 
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There are materials, which deviate from ideal or easily modeled material. 
For instance, the contact area would differ for a material, which tends to come 
out from the sample and gather around (pile-up) the indenter tip. This kind of 
material are usually soft, have high ratio of elastic modulus to yield stress and 
do not strain harden. The contact area would be different also for opposite 
situation, where the material would not be around the tip tightly, showing lower 
contact area and therefore over-estimating hardness, for instance. 

The adhesion might interrupt the measurements if the loading forces are 
below several tens of micronewton. In that case the adhesive forces between tip 
and sample atoms might have relatively large effect on applied/measured force 
and therefore have to be taken into account. 

Indentation size effect (IZE) can play remarkable role in measurement error. 
This usually occurs when the indentation depths are very shallow, below 1 
micrometer. It is often observed during indenting metals and is related to 
indentation volume and dislocation count in the volume. The relation to 
dislocations is quite evident as the IZE is more significant in annealed samples 
opposed to cold-worked ones. 
 
 

Conclusions on experimental and discussion 

Experiments showed that the easiest way to gain a compact nanocomposite 
using ALD would be to deposit a laminate structure, but other possibilities to 
produce nanocomposites (i. e. nanoparticle or nanofiber filled) exist also. 

The instrumented nanoindentation showed that deposited thin films are 
relatively hard and elastic. Using nanoparticle filling in composite structure 
showed some enhanced properties compared to viewed pure ALD oxides. 

Continuous stiffness measurement technique proved to be useful at measuring 
mechanical properties of nanolaminate coatings and the results could be 
analyzed using several theoretical models (exponential, Puchi-Cabrera, Tuck, rule 
of mixture), but not all viewed models were suitable (Halpin-Tsai relationship). 

According to models, using softer substrate for a coating would lower its 
mechanical characteristics and the true properties tend to possess higher values. 

Somewhat abnormal results were gained with ZrO2 nanolaminates, in which 
case the composite structure showed enhanced properties compared to the both 
consistent single oxides. This still leaves room for research on the topic. 

Overall, the results indicated that the ALD thin films have different hardness 
and/or modulus than seen on macroscopic counter parts. It is important, for 
example, in the sense that if a harder than a metal (i. e. steel), but with similar 
modulus, ceramic coating is needed, ALD could give a solution. For instance, 
surface passivation or corrosion protection of device parts with E≈110 GPa (i. e. 
some Al-alloys) under mechanical stresses could be coated with alumina, which 
has similar modulus. 
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SUMMARY 

In this study atomic layer deposition combined with several other techniques 
was used to produce nanostructured composites. Three structure types were 
realized: fiber or particle filled and laminated structures. Mechanical properties 
(modulus and hardness) of composites were tested using instrumented 
nanoindentation. The results were analyzed in the context of several theoretical 
models where reasonable.  

Tests have shown that it is probably the easiest to prepare ALD laminated 
composites, where preparations were simple and compact sample was obtained 
without additional work techniques. The remaining types of structures likely 
need further research and optimization for best results. 

The elastic modulus measurements showed that the ALD films were not very 
rigid. For example, an amorphous Al2O3 was about 3 times less than the 
modulus of corundum-type Al2O3 (i. e. about 110 GPa versus ≈340 GPa). HfO2, 
Ta2O5, ZrO2 modules were also lower compared to bulk objects in macroscale. 

Elastic moduli of the composite laminates were intermediate between the 
values of the pure oxides, with the exception of ZrO2-Ta2O5 nanolaminates, in 
which case the moduli were larger compared to pure oxides. The exact causes of 
the phenomenon are still unaccounted for. 

The hardness of pure Al2O3 and HfO2 were nearly two times harder than 
soda-lime-glass (11–12 GPa and 6.7 GPa, respectively). Zirconium, and tantalum 
oxide were close to the hardness of glass (≈7 GPa). 

Results suggest that ALD oxide films are relatively hard materials and they 
could be matched to the different elastic moduli of other materials using various 
composite structures. The latter may be useful, for example, if it is desired to 
use the ALD films on metals or alloys (e.g. for corrosion protection). ALD films 
also allow to change mechanical properties of material surfaces that may be 
necessary in, for example, micro- or nanoelectromechanical (NEMS/MEMS) 
devices. 
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SUMMARY IN ESTONIAN 

Aatomkihtsadestatud kilede ja nanokomposiitide  
mehaanilised omadused 

Käesolevas töös kasutati aatomkihtsadestamist koos teiste töövõtetega nano-
struktuursete komposiitide valmistamiseks. Töö käigus valmistati kolme eri-
nevat tüüpi komposiite: kiud- või pulbertäitega ning laminaatsed komposiidid. 
Saadud materjalidel mõõdeti instrumentaalse nanoindenteerimisega elastsus-
moodulid ja kõvadused. Mõõtmistulemusi analüüsiti kasutades erinevaid teo-
reetilisi mudeleid. 

Katsed näitasid, et tõenäoliselt on kõige lihtsam valmistada laminaatstruk-
tuuriga komposiite, mille korral ettevalmistused olid lihtsamad ja lisatöövõtteid 
kompaktse näidise saamiseks ei olnud vaja kasutada. Ülejäänud tüüpi struk-
tuuride korral on tõenäoliselt vaja lisauuringuid ja optimeerimist parimate tule-
muste saavutamiseks. 

Elastsusmoodulite mõõtmine näitas, et aatomkihtsadestatud kiled ei ole väga 
jäigad. Näiteks oli amorfse Al2O3 moodul umbes 3 korda väiksem korundi-tüüpi 
Al2O3-st (≈110 GPa vs ≈340 GPa). HfO2, Ta2O5, ZrO2 moodulid olid samuti 
väiksemad makroskoopiliste objektidega võrreldes. 

Komposiitsetel laminaatidel jäid elastsusmoodulid puhaste oksiidide moo-
dulite väärtuste vahepeale, välja arvatud ZrO2-Ta2O5 nanolaminaatide korral, 
milledel olid elastsumoodulid suuremad võrreldes puhaste koostisoksiididega. 
Nähtuse täpsed põhjused on veel välja selgitamata. 

Kõvaduse poolest olid puhtad Al2O3 ja HfO2 peaaegu 2 korda kõvemad 
klaasist alusest (vastavalt 11–12 GPa ja 6,7 GPa). Tsirkoonium- ja tantaaloksiid 
olid klaasile lähedase kõvadusega (≈7 GPa). 

Tulemustest saab järeldada, et ALD kiled on suhteliselt kõvad materjalid ja 
neid saaks sobitada erinevate materjalide elastsusmoodulitega kasutades erine-
vaid komposiitseid kooslusi. Viimane võib olla kasulik näiteks juhul, kui soovi-
takse kasutada ALD kilesid metallide või sulamite kaitsmiseks (nt korrosiooni-
kaitse). Samuti võimaldaks ALD kilede kasutamine muuta materjalide pindade 
mehaanilisi omadusi, mis võib olla vajalik näiteks mikro- või nanoelektor-
mehaaniliste seadmete (NEMS/MEMS) korral.  
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