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THE CLAIM OF THE THESIS 

The mechanical properties, i.e. hardness and, complementarily, elasticity, of atomic 
layer deposited metal oxide thin films grown to thickness markedly below 100 nm, 
can be modified in a controllable manner. Notably, the mechanical hardness can 
be engineered to gradually increase or decrease throughout the depth of the thin 
oxide film.  

The mechanical behaviour of coatings in nanoscale thickness can controllably 
be modified by adding constituents to the host material that can: (i) reinforce the 
softer functional material by restricting its deformation; (ii) induce crystalli-
zation, phase transformation, and/or preferred orientation during deposition; 
(iii) induce crystallization, phase transformation, and/or preferred orientation 
during post-deposition annealing; (iv) influence the residual stresses in the film.  
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1. INTRODUCTION 

1.1 Prospective applications of solid, hard, 
and functional thin films 

Metal oxide thin films are functional components in nanodevices such as micro-
electromechanical systems (MEMS), memristors, transistors, capacitors.  

Amorphous 5 nm thick Al2O3/Ta2O5 bilayer is applicable as the resistive 
switching medium in an analogue memristor device [1]. The thickness ratio of 
Al2O3 and Ta2O5 layers in a thin multi-layered film may allow one to modify the 
operating range and mechanisms of high voltage capacitor devices [2]. The 
highest dielectric strength has been achieved with exactly two Al2O3/Ta2O5 
bilayers [3]. Breakdown voltages and currents of the Al2O3/Ta2O5 nanocomposite 
thin films depend on the number of layers as well [3].  

Tetragonal/cubic ZrO2 thin films can possess high dielectric strength which 
makes them useful in capacitor devices [4–5]. Al2O3, alternately layered with 
ZrO2, helps to stabilize the tetragonal/cubic phases and reduce leakage currents 
[4–6]. Al2O3/ZrO2 multilayers were found suitable for memristors as well [7].  

However, if a functional thin film is prone to mechanical failure, any (in-
cluding electrical) device can remain fragile, and may not function properly. Mi-
croscale springs, beams, membranes, gears are structural components in micro-
gas turbines, micro-engines, pressure sensors, accelerometers, microswitches, 
micromirrors [8–9]. The materials in these MEMS need to resist cyclic loads, 
bending, or wear while retaining their functional properties such as electrical 
insulation, ferromagnetism, or optical transparency. The main reason for MEMS 
failure is wear [8–9]. Therefore, the mechanical properties of metal oxide thin 
films are of interest as they affect the reliability of nanodevices.  

 
 

1.2 Achievements published to date 

There are a few studies on the mechanical properties of composite thin films made 
by atomic layer deposition (ALD) published so far [10–20]. A detailed overview 
of the mechanical characterization of ALD nanocomposites is presented in 
Chapter 3.2. The properties of any composite depend on the intrinsic properties 
of its constituent materials, such as metal oxides. However, it is possible to create 
composite materials which are harder than its constituent pure oxides [20]. Often, 
the influence on the mechanical properties can be explained by the changes in the 
crystal structure of the material caused by doping or periodic layering. Layering 
can significantly reduce residual stresses [13–14]. A couple of studies have also 
noted the possibility that the deposition sequence of constituent layers can affect 
the mechanical properties of the laminate [13, 16].  
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1.3 Objectives 

The aim of this work is to study possible methods to engineer mechanical pro-
perties of atomic layer deposited metal oxide thin films. The results will add to 
the knowledge on how to increase the mechanical reliability of functional thin 
films or create hard protective thin films for MEMS. The hardness and Young’s 
modulus of the composite thin films were determined by nanoindentation.  
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2. NANOINDENTATION OF THIN FILMS 

This instrumented indentation method implements a diamond probe to apply a 
load P to a sample to initiate, first, elastic deformation, and, then additionally, 
with increasing stress, plastic deformation. The displacement h of the probe from 
the initial surface level into the sample due to the deformation is registered. A 
typical load – displacement P-h curve is depicted in Figure 1. Several parameters 
of that curve allow to determine the elastic (Young’s) modulus E and hardness H 
of the material [21].  
 

Figure 1. Load – displacement curve of a quasistatic nanoindentation test, where Pmax is 
the maximum load applied by the probe, hf is the final depth of the indent, hmax is the 
maximum displacement achieved by the probe, and S is the contact stiffness equal to 𝒅𝑷/𝒅𝒉𝒉ୀ𝒉𝒎𝒂𝒙.  
 
The hardness of the material is equal to the mean contact pressure, i.e. the ratio 
of the applied maximum load and projected area of the indent [22]:  
 𝐻 = 𝑃௠௔௫𝐴(ℎ) (1)

 
The determination of the contact area A is described in detail in section 2.2. The 
hardness measured with nanoindentation can vary compared to the traditional 
indentation techniques as the contact area is determined during loading before 
elastic recovery. The stresses in the sample must be high enough to initiate plastic 
flow in order to determine hardness at all [21–22].  

The unloading part of the P-h curve is the result of the elastic recovery after 
withdrawal of load and can be described with a power law [21, 23]: 

 
 𝑃(ℎ) = 𝛼(ℎ − ℎ௙)௠ (2)
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The exponent m varies between 1.2 and 1.6 for Berkovich tip and constant α is 
characteristic to the material. The stiffness of the contact S is defined as 𝑑𝑃/𝑑ℎ௛ୀ௛೘ೌೣand is related to the elastic modulus of contact Ec [21]: 
 𝐸௖ = √𝜋𝑆𝛽2√𝐴 (3)

 
The correction factor β accounts for the errors due to non-axisymmetry of real 
probes and for Berkovich tip the value 1.05 gives good results [21].  
Young’s moduli of the sample Es and the probe Ep, and their Poisson’s ratios are 
related to the contact modulus Ec through given relationship [21]: 
 1𝐸௖ = 1 − 𝜐௦ଶ𝐸௦ + 1 − 𝜐௣ଶ𝐸௣  (4)

 
 

2.1 Hardness and elastic modulus by dynamic 
nanoindentation 

The stiffness can be determined throughout the depth probed by applying load 
with a superimposed sinusoidal oscillation:  
 𝑃 = 𝑃଴𝑒௜ఠ௧ (5)
 
This results in an oscillating displacement signal with a slight phase difference 
due to sample and instrument damping: 
 

 
The load amplitude P0, displacement amplitude h0, and phase φ are measured with 
a certain frequency in the range from 1 to 300 Hz. Previously determined system 
parameters like transducer damping coefficient CT, transducer mass mT, trans-
ducer stiffness kT and the oscillation frequency ω influence the contact stiffness 
kstorage and the amount of sample damping Cs [24–25]:  
 

 
Errors from the machine compliance and sample damping can be considered with 
the complex stiffness: 

ℎ = ℎ଴𝑒௜(ఠ௧ାఝ) (6)

𝑘௦௧௢௥௔௚௘ = 𝑃଴ℎ଴ 𝑐𝑜𝑠𝜑 + 𝑚்𝜔ଶ − 𝑘் (7)

  𝐶௦ = 𝑃଴ℎ଴ 𝑠𝑖𝑛𝜑𝜔 − 𝐶் (8)
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𝑘௖௢௠௣௟௘௫ = 11ට𝑘௦௧௢௥௔௚௘ଶ ± (𝜔𝐶௦)ଶ − [𝑀𝐶] (9)

 
Machine compliance can be determined with a calibration procedure, however, it 
contributes a significant contribution to the measurements only at higher loads 
(>5 mN) [21]. Sample damping Cs or loss stiffness kloss=ωCs describe the creep 
properties of viscoelastic materials. Storage, loss, and complex moduli of the 
contact can be determined with equation 3. For fully elastic materials storage and 
complex moduli coincide [24–25]. Dynamic nanoindentation measurement is 
called continuous stiffness measurement (CSM) as elastic modulus and hardness 
can be found from stiffness values determined through the probed thickness.  
 
 

2.2 Contact area function 

The main advantage of nanoindentation before other indentation techniques is the 
determination of the contact area projection from the load – displacement graph. 
The contact area function A(h) describes the relationship between projection of 
the contact area between probe and sample (depicted in Figure 2) and the 
displacement of the probe detected by the transducer. The function depends on 
the geometry (sphere, cone, pyramid) of the probe. The Berkovich tip, which is 
common in nanoindentation and also used in this work, is a symmetric three-sided 
pyramid with a 65.27° face angle (Figure 2). For ideal geometry of the tip the 
contact area function would be as follows [22]:  
 𝐴 = 24.5ℎ௖ଶ (10)
 
Contact displacement hc is less than the maximum probe displacement hmax as 
elastic deformation causes the initial surface around the probe to sink-in (Figure 2). 
The level of sink-in hs depends on the applied load, stiffness of the material, and 
probe geometry. Meaning, the contact displacement can be found with equation 
[21]: 
 ℎ௖ = ℎ௠௔௫ − 0.75𝑃௠௔௫𝑆  (11)

 
The influence from the roundedness of a real tip is considered by performing 
indentations on a reference sample and fitting the results to a polynomial area 
function [21]:  
 𝐴 = 𝜋4 ൬ 𝑆𝐸௖൰ଶ (12)
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𝐴(ℎ) = 𝐶଴ℎଶ + 𝐶ଵℎ + 𝐶ଶℎଵଶ + 𝐶ଷℎଵସ + 𝐶ସℎଵ଼ + 𝐶ହℎ ଵଵ଺ (13)
 
Stiffness S is measured on fused quarts with contact modulus of 69.6 GPa at 
various displacements and constants C0–C5 are found by curve fitting to the 
results. The accuracy of the contact area function can be enhanced by restricting 
the fitting displacement range [21].  

Plastic flow of sample material around the probe can cause pile-up instead of 
sink-in, which can cause overestimation of both hardness and Young’s modulus 
by 50% with incorrect contact area [26]. Pile-up depends on the yield strength to 
elastic modulus ratio and strain hardening behaviour of the material. It has been 
shown that hf/hmax ratios below 0.7 indicate the absence of pile-up [26]. Other-
wise, other methods than given above have to be implemented to determine the 
correct values for hardness and modulus. Pile-up can be a bit more prevalent in 
thin-film-substrate systems when the downward plastic flow of the more softer 
film material is restricted by the substrate [27–28].  

In addition to predicting pile-up, the parameter hf/hmax is related to H/E ratio 
that describes the tribological properties of the material. Higher values for H/E 
indicate to higher contact elasticity between surface asperities, while higher 
values for hf/hmax ratio indicate to higher plasticity [29]. 
 

Figure 2. Descriptive cross-section of probe – sample contact under maximum load 
applied. Maximum, contact, and sink-in displacements are depicted by hmax, hc, and hs, 
respectively.  
 
 

2.3 Hardness of thin-film-substrate composite 

Substrate influences nanoindentation measurements of a thin film. This results in 
measured composite hardness Hc at displacements that exceed a critical fraction 
of the film thickness. The critical fraction ranges between 0.07 and 0.5, dependent 
on the difference in the mechanical properties of the substrate and coating [27–
28]. One of the models that describes the relationship of composite hardness and 
displacement was developed by Puchi-Cabrera et al. [30]. Composite hardness is 
dependent on the hardness of the substrate Hs, thickness tf and hardness of the 
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film Hf or thickness tf,i and hardness Hf,i of individual layers in a multi-layered 
thin film. The model is based on linear (Voight) law of mixtures: 
 𝐻஼ =෍𝑎௙,௜𝐻௙,௜ே

௜ୀଵ + 𝑎௦𝐻௦ (14)

 
For a multi-layered thin film, with N number of layers, the volume fractions af 
affecting Hc at a given displacement can be found: 
 𝑎௙,௝ = 1 −෍𝑎௙,௜௝ିଵ

௜ୀଵ  if        ℎ < ∑ 𝐾௙,௜𝑡௙,௜௝௜ୀଵ  (15)

 𝑎௙,௝ = 𝑒𝑥𝑝 ቎−൭ℎ − ∑ 𝐾௙,௜𝑡௙,௜௝௜ୀଵ𝛽௝ ∑ 𝑡௙,௜௝௜ୀଵ ൱ଶ቏ −෍𝑎௙,௜௝ିଵ
௜ୀଵ  otherwise (16)

 
 
Fitting parameters K and β represent, respectively, the critical thickness fraction 
and displacement-to-thickness ratio when (Hc-Hs)/(Hf-Hs) becomes constant with 
further increase of displacement. The model has been derived for Vickers inden-
ter and analysed for coatings with thicknesses at least several micrometers [30].  
 
 

2.4 Microscopy of indents 

Different microscopy methods can support and supplement the nanoindentation 
results for films with the lowest thicknesses and even single layers (graphene) 
[21–22, 31]. Some indentation devices can perform scanning probe microscopy 
(SPM) with the same Berkovich tip used for indentations. The method allows to 
select exact surface feature of interest for indentation measurements and to 
procure an image of the plastic deformation mark after indentation. It is possible 
to detect pile-up [17] and cracking [III] or even establish the minimum load 
required to initiate plastic flow during indentation. In Figure 3 hardness was 
calculated from a P-h curve, while the indent cannot be discerned from the SPM 
image with certainty. Therefore, the prompt imaging of the indents after measure-
ment, could be used to detect the minimum load at which point indents are 
distinguishable and hardness can be determined correctly.  
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Figure 3. Load-displacement graph of an „indent“ visualized by SPM image on the right. 
The lateral and vertical scales of the images are not proportionate.   
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3. MECHANICAL PROPERTIES OF LAYERED THIN FILMS 

3.1 Mechanical properties of nanocomposites 

Nanocomposite coatings with various nanostructures (heterostructure, multi-
layer, nanocrystals in amorphous matrix) have been used as super hard protective 
coatings. The architecture of these nanocomposites has been shown to influence 
their mechanical properties and not always according to the mixture law of com-
posites [29].  

Influence of grain sizes on the strength and hardness is described with Hall-
Petch law (𝐻~𝑑ିଵ/ଶ) for bulk materials as well. However, when grains are about 
10 nm in size, the law breaks down as deformation mechanisms change. Addi-
tional amorphous monolayer between such nanograins increases the hardness by 
restricting plastic flow. Ultrahigh hardness (>100 GPa) can be achieved [29]. 

Heterostructures consist of less than 10 nm thick layers with sharp interfaces 
that restrict dislocation generation. When the elastic moduli of the layers differ 
significantly, the glide of dislocations from layer to layer is restricted and the 
hardness of the coating can exceed 50 GPa [29, 32]. Multilayers with rougher 
interfaces and thicker layers are more easily manufactured and possess relatively 
high hardness and toughness, suitable for cutting tool applications [29, 33]. There 
have been reports indicating the possible improvement of hardness by com-
pressive residual stresses in coatings [33].  

 
 

3.2 Mechanical properties of ALD nanolaminates 

Mechanical properties such as hardness, elastic modulus, residual stresses, and 
wear resistance of some atomic layer deposited metal oxide composites have been 
reported earlier [10–20]. Materials under investigation have been, for example, 
amorphous Al2O3, Ta2O5, SiO2 and polycrystalline ZrO2, ZnO, HfO2, TiO2. 
Constituent oxides have been stacked with variable single layer thicknesses while 
volume fraction ratio was either varied or held constant. Films deposited with the 
aim to procure bilayer thickness below 0.8 nm have been shown to possess 
isotropic structure rather than layers [34]. Such composites are commonly re-
ferred to as mixtures. The total thickness of all of these composite films has varied 
between 90 and 200 nm.  

Several groups have studied amorphous Al2O3 and crystalline/amorphous 
TiO2 nanolaminates [13–15]. Crystallinity of TiO2 layer between Al2O3 layers is 
affected by their thicknesses. The laminate is X-ray amorphous if the TiO2 layer 
thickness is below 25 nm, while reference TiO2 film deposited with the same 
process parameters shows crystallinity [13–15]. The introduction of amorphous 
Al2O3 layers into TiO2 film reduces residual tensile stresses and the level of 
reduction depends on the Al2O3/TiO2 layer thickness ratio [13–14]. Optimal 
stacking configuration was determined to be 7.7 nm of Al2O3 and 40 nm of TiO2 
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in a 200 nm thick film and the overall tensile stress reduction achieved was 
100 MPa [13]. For completely amorphous laminates, however, the tensile stress 
decreased from 430 ± 70 MPa to 260 ± 60 MPa as bilayer thickness increased 
from 0.8 nm to 50 nm [14]. In addition, at the deposition temperature of 100 ºC the 
deposition sequence of oxide layers significantly influenced the residual stress 
level [13]. In contrast, amorphous SiO2 in the TiO2 laminates did not lower the 
stress at all [13].  

Ylivaara et al. [14] reported that even as the mechanical stresses changed in 
amorphous Al2O3/TiO2 laminates, the hardness and modulus did not vary signifi-
cantly, only changing from 7.8 ± 0.1 GPa to 8.2 ± 0.2 GPa and from 145 ± 1 MPa 
to 155 ± 1 GPa, respectively. The hardness and modulus were found to decrease 
with the Al2O3 volume fraction, while tensile stresses remained unaffected. 
Nanoindentation measurements in this study were gathered at displacements of 
40 nm [14]. Another study by Coy et al. [15] on similar laminates implemented 
a more surface sensitive indentation – reliable results were gathered at displace-
ments of 20 nm [15]. Modulus reached 162 ± 2 GPa in the case of 10 nm thick 
bilayers in a 100 nm thick amorphous Al2O3/TiO2 laminate and decreased to a 
level comparable to values reported by Ylivaara et al. [14] at the displacement of 
40 nm. Hardness, as reported by Coy et al. [15], was ~ 9 GPa for the films with 
10 and 2.5 nm thick bilayers. Thicker bilayers resulted in a softer composite. 
Overall, the hardness of both the laminates and the reference oxide films reported 
by Coy et al. [15] were consistently 1 GPa higher compared to the values shown 
by Ylivaara et al. [14]. Hardness of thin films was shown to be sensitive to any 
slight changes in process parameters as both publications reported on similar 
precursors and deposition temperatures in similar reactors [14–15].  

Kilpi et al. [10] found that the amorphous Al2O3/TiO2 laminates, that were 
previously characterized by Ylivaara et al. [14], caused much less wear on a 
silicon pin in tribological MEMS tests compared to reference oxide films.  

Al2O3 interlayer was found to decrease the residual tensile stresses of HfO2 
films as well. Stress was reduced by 200 MPa when 3 nm of amorphous Al2O3 
was alternated with 7.5 nm of amorphous HfO2 in a 200 nm thick film [11]. 
This led to the improvement of the mechanical stability of a dichroic mirror 
device [11]. 

 An intermediate 10 nm thick amorphous Al2O3 layer was added to a crys-
talline V2O5/ZnO composite to induce a preferential crystallographic growth 
direction for the top ZnO layer [18]. As a result, textured ZnO layer with a lower 
surface friction coefficient was grown [18]. In addition to texture, layering ZnO 
with Al2O3, allows one to control the size of crystallites [20]. Maximum hardness 
of 11 GPa, exceeding the hardness of the reference oxide films, was achieved in 
a laminate with the average crystallite size of 10 nm. Critical crystallite size at 
which point the Hall-Petch law starts to reverse has been reported to be around 
20–5 nm [29, 35]. Volume fraction of Al2O3 in the ZnO laminates influenced the 
mode of the wear deformation as well [20]. 

Graphene was found to influence the preferential orientation of ZnO as the 
relative intensity 002 reflection increased with the number of graphene layers in 
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the film [12]. The crystallite size of ZnO was decreased with each added graphene 
layer, together with the hardness and modulus of the composites. This was prob-
ably due to poor interfacial strength between the materials. Two layers of graphene 
in a 100 nm thick ZnO film resulted in the material with the highest elastic 
modulus (200 GPa) and hardness (8 GPa) out of all the studied films [12].  

Additional thin amorphous Al2O3 layer has induced phase transformation and 
produced texture in crystalline ZrO2 [19]. If the layer thickness of ZrO2 was held 
constant and volume fraction of Al2O3 increased, the laminate, eventually, be-
comes completely amorphous. There exists a critical ZrO2 layer thickness for 
which the additional Al2O3 does not impact the shape of the X-ray diffractogram. 
Neither the layer structure nor phase composition has affected the elastic modulus 
of such laminates [19]. Their hardness was estimated to rise up to 16 GPa at the 
surface and seemed somewhat dependent on the layer architecture [19]. 

In an earlier study, layered architecture of amorphous Al2O3/Ta2O5 had no 
effect on the hardness and modulus, measured as high as 7.0 ± 0.5 GPa and 
95 ± 5 GPa, respectively [16]. For ZrO2/amorphous Ta2O5 nanolaminates the 
hardness reached maximum of 7.8 GPa when single oxide layer was 2.5 nm thick, 
while the elastic modulus (110 GPa) remained unaffected by the layer archi-
tecture. In these laminates, ZrO2 became amorphous when constituent layers were 
below 5 nm, meaning the laminate that possessed maximum measured hardness 
was entirely amorphous [16]. Similarly, for crystalline HfO2/amorphous Ta2O5 
nanolaminates the hardness reached maximum of 7.4 GPa when single oxide 
layer was 15 nm thick, while the elastic modulus varied randomly between 95–
115 GPa independently from material’s structure [16]. HfO2 became amorphous 
when constituent layers were below 10 nm, meaning, unlike the ZrO2/Ta2O5 lami-
nate, HfO2/Ta2O5 laminate possessed maximum measured hardness with crystal-
line HfO2 layers [16]. In addition, the sequence of the constituent layers in the 
reported Ta2O5 laminates somewhat affected the mechanical properties [16]. 

Diffractograms of crystalline ZrO2/HfO2 laminates depended on the bilayer 
thickness and the maximum elastic modulus of 105 GPa was achieved in the films 
grown applying 8 growth cycles per constituting layer, while hardness of 10 GPa 
remained the same for films grown using 2 and 8 cycles per layer [17].  

To conclude, layered architecture, characteristic of nanolaminates, affects the 
crystallinity of the materials. Preferential orientation, phase composition, and 
crystallite size in the multilayers can be modified. Layering can reduce residual 
stresses in thin films and change the deformation modes. However, optimum layer 
structures resulting in the highest hardness and elastic modulus may not always 
coincide. Compared to elastic modulus hardness is somewhat more sensitive to 
any changes in materials’ structure.  
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4. FABRICATION AND STRUCTURAL ANALYSIS OF 
LAYERED NANOCOMPOSITES 

4.1 Atomic layer deposition 

Atomic layer deposition allows one to deposit a layer of material with accurately 
controlled thickness on arbitrarily shaped or structured substrates making the 
method crucial for the fabrication of MEMS and other nanodevices [36–37]. The 
coating conformality and control over thickness is achieved through cycled form 
of deposition with self-terminating surface reaction. Each cycle consists of: 
(i) precursor A pulse that results in chemisorption of a partial monolayer by self-
terminating gas – surface reaction; (ii) purge pulse with inert gas to remove all 
traces of the precursor A and reaction by-products; (iii) precursor B pulse that 
results in chemisorption of a secondary partial monolayer; (iv) purge pulse (see 
Fig. 2 in ref. [36]). The deposition rate is described by the average thickness of 
the material grown in one cycle – growth per cycle (nm/cycle).  

The reactions take place at a finite number of chemically active sites on the 
substrate surface, which are reactive functional groups like –OH. An abundance 
of reaction sites can lead to a two-dimensional material growth, while absence of 
sites, for example on the surface of inert graphene, can lead to nucleation and 
island growth at defects [36]. The hydrogen-terminated Si(100) surface reduces 
the growth per cycle of amorphous Al2O3 with TMA and H2O precursors com-
pared to the hydroxyl-terminated Al2O3 surface. Atomic layer deposition starting 
at a new substrate can possess variance in growth per cycle until it stabilizes by 
the 10th cycle. The substrate can affect the growth mode, growth per cycle and even 
phase composition of the thin film [37]. For example, Al2O3 grows amorphous 
on most substrates at temperatures lower than 600 ºC, but crystalline growth can 
be initiated by epitaxy on a suitably crystalline substrate like sapphire, niobium 
single crystals [38], Cr2O5 [39].  

In addition to substrate, the selection of precursors, deposition temperature 
and alloying/doping can influence the phase composition, preferred orientation 
of crystals, crystal size, and level of impurities left in the film. Even the thickness 
of the thin film that is controlled by the number of deposition cycles implemented, 
can have an effect on the structure of the film [37]. The through-thickness stable 
phase of ZrO2 film changes from cubic/tetragonal to monoclinic with the in-
creasing thickness [40].  

For crystalline growth the grain size can exceed the overall thickness of the 
films which lead to relatively high surface roughness. Post-deposition annealing 
can be implemented to crystallize amorphous films, however, the annealing tem-
perature and time needed for phase transformations is dependent on the film 
thickness [37].  

Since atomic layer deposition enables exact control over thickness and pro-
duces an uniform thickness conformally, it can be used to deposit nanolaminates 
with high quality periodicity and sharp interfaces [41–42]. Attention must be paid 
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on the adhesion, reaction sites, growth per cycle between the surfaces of the con-
stituents [36, 42]. On the other hand, alloying or doping of a film in ALD process 
will not lead to uniform distribution of alloying/doping element through the thick-
ness [43].  
 
 

4.2 Grazing incidence X-ray diffraction 

The phase composition, crystal structure, lattice parameters, size, shape and pre-
ferential orientation of crystallites, internal stresses, and even thickness of thin 
films can be characterized by grazing incidence X-ray diffraction (GIXRD) [44–
45]. X-ray diffraction implements monochromatic (Cu Kα) radiation that inter-
feres constructively after scattering elastically, i.e. diffracting, from periodically 
spaced atoms when Bragg’s law conditions are met. Diffractograms are inten-
sity – diffraction angle 2θ graphs, where signals due to diffraction are called ref-
lections. For thin film measurements incidence angles αi, between primary beam 
and sample surface, are kept stationary and below 1º yet above the critical angle 
of total external reflection αc. Low incidence angle produces signals with higher 
intensity from the top layers of the sample as the beam length of the rays increases 
within these layers, which, in turn, increases the volume of the irradiated 
material [46]. However, low αi can also cause the position of a reflection to shift 
slightly (~0.4 deg) due to refraction [44] and nonsymmetric αi-2θ scan can cause 
changes to the relative intensities of reflections when the measured polycrystal-
line material does not possess random orientation of crystallites [46]. It is possible 
to estimate the depth of the GIXRD measurement with incidence and critical 
angles [44, 47–48]: 
 Λ = 𝜆4𝜋ඩ 2ට(𝛼௜ଶ − 𝛼௖ଶ)ଶ + 𝜆ଶ𝜇ଶ4𝜋ଶ − (𝛼௜ଶ − 𝛼௖ଶ) (17)

 
Penetration depth of X-rays Λ is the distance X-rays pass through in the material 
until the intensity has reduced by factor of 1/e. Linear attenuation coefficient µ 
can be found with atomic absorption coefficients of constituent elements. The 
critical angle of total reflection of a material can be determined with X-ray 
reflectivity measurements or calculated with the equation [47–48]:  
 𝛼௖ = ඨ𝑟௘𝑁஺𝜆ଶ𝜋 𝜌𝑀෍𝑤௓(𝑓଴௓ + Δ𝑓௓ᇱ)௓  (18)

 
Electron radius re, Avogadro’s number NA, wavelength of the diffracting beam λ 
are constants, while density ρ, molar mass M, element fraction wZ are dependent 
on the chemical composition of the material and the atomic scattering factor 
(𝑓 = 𝑓଴ + Δ𝑓′ + 𝑖Δ𝑓′′) is dependent on the element and wavelength. It is possible 



23 

to gather information about the crystalline structure of thin films at different 
depths, i.e. perform depth-profiling, by varying the incidence angle.  

Preferential crystallographic orientation of grains means that the material is 
textured, which can affect the physical properties including mechanical behavior. 
A highly textured polycrystalline material can resemble monocrystalline material 
in terms of anisotropy of its properties. Symmetrical XRD measurement can 
determine the level of texture in a material from the relative intensities of ref-
lections [46]. The non-symmetric grazing incidence method, however, complicates 
the investigation of texture and can be used to simply detect its presence [46].  
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5. EXPERIMENTAL GOALS 

The aim of the experiments was to investigate possibilities to synthesise thin solid 
materials with predeterminable mechanical characteristics, i.e. hardness and 
elasticity. The physical properties of (nano)composites are modifiable by the frac-
tion and choice of constituent materials and the artificial structure of the com-
posite. An artificial periodic nanostructure i.e. nanolaminate, can be deposited by 
atomic layer deposition as the deposition parameters allow one precise control 
over the architecture of the thin films. One should, potentially, be able to deposit 
thin films with various periodic structures over large areas on arbitrarily shaped 
substrates. In such thin composite films, the mechanical properties are influenced 
by multiple characteristics: the chemical composition, the phase composition, and 
the artificial periodic structure. The phase composition, in turn, can be influenced 
with the artificial structure and the precursor chemistry. In this work, well-estab-
lished ALD precursor chemistries were used in order to conveniently build the 
nanolaminates and study the influences from the periodicity. The mechanisms to 
modify the mechanical properties include reinforcements from the laminate struc-
ture and changes in the phase composition due to the artificial periodicity. Internal 
residual stress distribution in thin films can be modified by the architecture [13–
14]. Therefore, a set of amorphous and crystalline metal oxides were deposited 
by ALD in multiple configurations of artificial periodic structures to study the 
different mechanisms influencing the hardness and Young’s modulus of thin 
composite films.  

Aluminium(III) oxide was deposited with Al(CH3)3 and water precursors 
(further details in Chapter 6.1). It is widely studied and implemented ALD pro-
cess with highly reactive and self-limiting reactions that generate inert residual 
products with relatively high growth rate (~0.09 nm/cycle) [36]. The Al2O3 thin 
films remain amorphous at annealing temperatures up to 800 ºC [49]. The hard-
ness and the elastic modulus of amorphous Al2O3 ALD films is, respectively, 
10 ± 2 GPa and 145 ± 20 GPa according to various reports as shown in Table 1. 
Amorphous Al2O3 layers in ALD nanolaminates have shown to influence the 
crystal structure and mechanical residuals stresses of constituents [11, 13–16,  
18–20].  

Tantalum pentoxide was deposited with Ta(OCH2CH3)5 and water pre-
cursors (further details in Chapter 6.1). This is a well-established ALD process 
that allows one to produce amorphous stoichiometric Ta2O5 films with uniform 
thickness [50]. Growth rate remains around 0.04 nm/cycle [50]. Amorphous Ta2O5 
films crystallize at annealing temperatures of more than 700 ºC [51–52] and most 
likely form the orthorhombic Ta2O5 phase, instead of the hexagonal one that has 
coinciding XRD reflections, according to the selective area electron diffraction 
analysis done by Min et al. [53]. The hardness and Young’s modulus of amor-
phous Ta2O5 ALD films has been reported to be 6.7 and 96 GPa, respectively, on 
a glass substrate (Table 1) [16]. The hardness and Young’s modulus of ion beam 
sputtered amorphous Ta2O5 films were, respectively, 6.5 and 132 GPa [54]. The 
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hardness and Young’s modulus of magnetron sputtered amorphous Ta2O5 films 
were, respectively, 8.2 and 153 GPa [55]. The hardness and Young’s modulus of 
crystalline Ta2O5 films prepared by ion beam sputtering were, respectively, 
8.1 and 142 GPa [54] and by magnetron sputtering, respectively, 14.3 and 
188 GPa [55].  

Zirconium dioxide was deposited with ZrCl4 and water precursors (further 
details in Chapter 6.1). Again, the process is well-known and used to produce ZrO2 
thin films consisting monoclinic, tetragonal, and cubic phases with relatively high 
growth rates (~0.1 nm/cycle) [40]. Whereas, the phase composition has been found 
to be dependent on the deposition temperature and film thickness. Combining 
ZrO2 with Al2O3 could enable one to stabilize the tetragonal and cubic phases 
even as the film thickness increases [6], which could potentially allow one to attain 
ALD thin films with hardness’ up to 20 GPa [56–57]. Previously, the hardness 
and the Young’s modulus of ALD monoclinic ZrO2 films has been 7 and 86 GPa, 
respectively, on a glass substrate (Table 1) [16].  

Tin dioxide was deposited with SnI4 and O3 precursors (further details in 
Chapter 6.1). This process works in a wide temperature range (200–600 ºC) with 
high growth rate (0.25 nm/cycle) [58]. The mechanical properties of atomic layer 
deposited SnO2 has not been reported on previously, however the hardness and 
elastic modulus of chemical vapour deposited (CVD) F-doped SnO2 was around 
8 and 70 GPa, respectively [59].  
 
Table 1. Hardness and Young’s modulus of reference metal oxide ALD thin films as 
reported in earlier studies and measured in this work.  

ALD 
material 

Hardness (GPa) 
reported 

Hardness (GPa) 
measured

Modulus (GPa) 
reported

Modulus (GPa) 
measured 

Al2O3 

8.8 [15] 
7.7 [20] 
12 [19] 
9.5 [16] 
9.9 [14] 

11.2 [I] 
11.1 [II] 
18* [III] 

143 [15] 
135 [20] 
150 [19] 
68 [16] 
156 [14]

154 [I] 
145 [II] 

170* [III] 

Ta2O5 6.7 [16] 8.2 [I] 
12.0* [III] 96 [16] 139 [I] 

155* [III] 

ZrO2 7.0 [16] 12.2 [II] 
11.5 [IV] 86 [16] 127 [II] 

96 [IV] 
SnO2 – 14.8 [IV] – 175 [IV] 

* after annealing 
 
Graphene is known for its good mechanical properties such as high Young’s 
modulus (1000 GPa) and strength (130 GPa) [60]. However, in practice, the grain 
boundaries developing in the material during fabrication by chemical vapour 
deposition (CVD) significantly reduce its resistance to deformation and failure 
[61–62]. 
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Constituent materials were deposited in various configurations. The exact 
number of deposition cycles with their order is shown in Chapter 6.1.  

Bilayers with constituents of equal volume fraction were deposited with amor-
phous Al2O3/Ta2O5 and crystalline ZrO2/SnO2 with the total film thickness of 75 
and 21 nm, respectively. The sequence of constituent layers was alternated. The 
mechanical properties of the chosen constituent materials varied only slightly. 
The influence of the architecture of the layers on the hardness and Young’s modu-
lus was investigated. The influence from the total film thickness on the mecha-
nical characterization was of interest, i.e. is it possible to attain credible results 
from such thin layers.  

Post-deposition annealing was implemented at 700 and 800 ºC for 10 min in 
air for the amorphous bilayers to crystallize the Ta2O5 layers. Changes to the micro-
structure of ALD nanolaminates after post-deposition annealing depend on the 
constituent materials and their layered structure. The crystallization temperature 
of ZrO2 layers increased with the decreasing layer thickness when it was alter-
nated with SiO2 layers [63]. The crystallization temperature of TiO2 layers, on 
the contrary, lowered when it was layered with Al2O3 compared to the reference 
pure oxide film [13]. After annealing only the topmost layer of HfO2 crystallized 
in La2O3/HfO2 nanolaminates [64]. Hence, the influence from the sequence of 
layers and their thickness on the phase composition and mechanical properties of 
the laminates after annealing was studied.  

Trilayers of amprhous Al2O3/Ta2O5 with alternating layer sequence and total 
thickness of 75 nm were deposited and post-deposition annealing was similarly 
implemented. The influence of a single layer thickness on the structure and mecha-
nical properties of the film were investigated. Silicon (100) substrate was used 
for all the afore mentioned layered thin films.  

Periodic doping was implemented to attain cubic ZrO2 thin films. Only a single 
deposition cycle of Al2O3 between multiple cycles of ZrO2 was done in order to 
produce uniform crystalline ZrO2 film. A single deposition cycle does not pro-
duce a distinct layer of Al2O3, however, a periodic Al2O3 concentration distri-
bution through the thickness of the film is developed, instead of an uniform che-
mical composition [43]. The number of ZrO2 cycles between Al2O3 cycles were 
increased from 2 to 19, which in turn decreased the Al2O3 amount from 24.8 to 
4.6 mol.%. The influence of cycle ratio on the phase composition and the mecha-
nical properties throughout the thickness of the films were investigated. Since 
ZrO2 thin films could be applicable in capacitor nanodevices, a common electrode 
material TiN was used as the substrate which also can affect the phase composi-
tion of the film.  

Islands of metal oxide were fabricated on polycrystalline graphene (see 
Figure 4). Graphene was fabricated by CVD method and 5 ALD cycles of Al2O3 
were done at room temperature to reduce damages to the graphene layer. Imple-
menting only 5 cycles produces islands of Al2O3 on top of the graphene rather 
than a uniform layer. The islands of Al2O3 could potentially reinforce the defec-
tive grain boundaries of polycrystalline graphene. SiO2 covered silicon substrate 
was used for graphene samples.  
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Figure 4. SEM image of 5 cycles of TMA + H2O on graphene [V].   
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6. EXPERIMENTAL DETAILS 

6.1 Atomic layer deposition 

All the thin films analysed in this work were deposited at the Laboratory of Thin 
Film Technology at the University of Tartu by atomic layer deposition. Table 2 
summarizes the used chemistry and deposition parameters.  
 
Table 2. Atomic layer deposition process parameters.  

Target 
material Precursors Reactor Pulse 

times (s) 
Deposition 
temperature

Growth rate 
(nm/cycle) Engineer 

Al2O3 Al(CH3)3 + 
H2O 

In-house built 
flow-type [65] 2-2-2-5 300 ºC 0.1 

Taivo Jõgiaas 
Helle-Mai 

Piirsoo 

Picosun R200 0.3-4-0.3-6 22 ºC – Aivar Tarre 

Ta2O5 Ta(OC2H5)5 
+ H2O 

In-house built 
flow-type 2-2-2-5 300 ºC 0.07 Helle-Mai 

Piirsoo 

ZrO2 ZrCl4 + H2O In-house built 
flow-type 4-3-2-5 300 ºC 0.07 Taivo Jõgiaas 

Aivar Tarre 

SnO2 SnI4 + O3 In-house built 
flow-type 5-2-5-5 300 ºC 0.21 Aivar Tarre 

 
Table 3 depicts the deposition cycles of different samples discussed in this work. 
Sample designation used later in the work is established in Table 3. In addition, 
Table 3 holds the initial structural characterization parameters measured with  
X-ray reflectivity (XRR). Graphene was fabricated by CVD method on Cu foil in 
an in-house built reactor and transferred onto a SiO2/Si substrate by Tauno Kahro 
(MSc). The thickness of SiO2 was 300 nm.  
 
 

6.2 X-ray diffraction and reflection 

Crystal structures of the thin films were studied with grazing incidence XRD on 
Rigaku diffractometer. Table 4 depicts the critical angles for the studied materials 
and the used incidence angles. For some of the thin films depth-profiling was 
performed with GIXRD and, therefore, a range of angles was used. The periodic 
layered structure of laminates was determined with XRR with the same diffracto-
meter combined with AXES modelling software [45]. The thicknesses of layers 
in nanolaminates are given in Table 3.  
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Table 3. Sample designations, their ALD cycles sequences and resulting layer thick-
nesses determined by XRR (error ± 1 nm).  

Sample Cycle sequences Layered 
structure 

Si/Al2O3/Ta2O5  
Si/Ta2O5/Al2O3  
Si/Ta2O5/Al2O3/Ta2O5 
Si/Al2O3/Ta2O5/Al2O3 
Si/(Al2O3/Ta2O5)×2 

340×(Al2O3) + 470×(Ta2O5) 
470×(Ta2O5) + 340×(Al2O3) 
313×(Ta2O5)+227×(Al2O3)+313×(Ta2O5) 
227×(Al2O3)+313×(Ta2O5)+227×(Al2O3) 
2×[170×(Al2O3)+268×(Ta2O5)]

Si/38/35 nm 
Si/34/40 nm 
Si/23/24/24 nm 
Si/29/23/27 nm 
Si/19/19/19/20 

Si/SnO2/ZrO2  
Si/ZrO2/SnO2

60×(SnO2) + 150×(ZrO2) 
150×(ZrO2) + 60×(SnO2)

Si/10/11 nm 
Si/10/15 nm 

Al2O3:ZrO2 1:2 
1:4 
1:9 
1:14 
1:19 

400×[1×(Al2O3) + 2×(ZrO2)] 
240×[1×(Al2O3) + 4×(ZrO2)] 
120×[1×(Al2O3) + 9×(ZrO2)] 
80×[1×(Al2O3) + 14×(ZrO2)] 
60×[1×(Al2O3) + 19×(ZrO2)]

Si/149 nm 
Si/114 nm 
Si/80 nm 
Si/83 nm 
Si/98 nm 

Graphene/Al2O3  5×(Al2O3) – 
 
Table 4. Critical angles of total external X-ray reflection of metal oxides (calculated and 
correlated to XRR results) and used incidence angles for GIXRD measurements on the 
studied samples. Signal depth is estimated using Equation 17. Errors due to X-ray beam 
scattering of 0.04°.  

Sample Critical angle αc Incidence angle αi Signal depth (nm) 

Al2O3/Ta2O5 layers 
Al2O3 0.28 0.50 850 ± 100 

Ta2O5 0.25 0.50 77 ± 9 

Al2O3 doped ZrO2 ZrO2 0.30 

0.28 
0.30 
0.32 
0.34 
0.45

5 ± 2 
13 ± 8 
25 ± 20 
40 ± 20 

110 ± 20 
ZrO2/SnO2 layers SnO2 0.36 0.42 30 ± 5 
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6.3 Nanoindentation 

Most of the nanoindentation measurements were done in CSM mode with Bruker 
Hysitron TriboIndeter TI980. Quasistatic nanoindentation was performed to 
correlate the results with CSM mode at very low loads and displacements. The 
maximum load applied by the probe was 10 mN, however, for the thin film charac-
terization most measurements were carried out with 2 and 0.5 mN and for the 
thinnest films loads as low as 0.10 mN were implemented. On each sample about 
30 separate indents were performed (see Figure 5), with outliers removed, often 
the geometric mean and standard deviation for hardness and Young’s modulus 
were found with OriginLab software. The Young’s modulus determined is the 
complex contact modulus. For at least 10 measurements of each patch unloading 
curve fitting according to Eq. 2 was performed with Hysitron TriboScan software 
to determine the hf/hmax ratio of indents.  
 

Figure 5. SEM image of a matrix of nanoindents on a thin film.  
 
TriboIndenter implemented the Berkovich tip which was calibrated prior to the 
measurements (see section 2.2). The calibration entails the testing or renewing of 
the probe area function. For the fitting of the function ten or more CSM measure-
ments with the load decreasing from 2 mN to 0.2 mN were done on fused quartz. 
To confirm the fit of the probe area function only a few CSM tests on fused quartz 
were necessary. The displacement range where proper values for the hardness 
and modulus of quartz were obtained were deemed reliable for measurements. 
Figure 6 depicts an example of such a calibration graph. The thin films measured 
had thickness around 20 nm, so the calibrated displacement range was as close to 
the surface as possible. From Figure 6 it can be seen that the modulus and hard-
ness vary more at smaller displacements compared to at 40 nm. The irregularity 
and relatively high roundedness of the Berkovich tip, the surface roughness of 
samples and possibly the absence of plastic flow, decreased the accuracy of 
implementing the probe area function at displacements below 10 nm [66].  
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Figure 6. Results of nanoindentations on fused quartz sample with hardness 9.25 GPa 
and reduced (contact) modulus of 69.9 GPa to test the reliability of the probe area function 
in the displacement range below 40 nm [IV].   
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7. RESULTS 

7.1 Al2O3 and Ta2O5 nanolaminates 

7.1.1 As-deposited amorphous films 

The hardness of 69 nm thick as-deposited amorphous Al2O3 reference film at a 
displacement of 10 nm reached 11.2 ± 1.0 GPa, whereas for 61 nm thick as-de-
posited amorphous Ta2O5 reference film it remained 8.2 ± 0.6 GPa. The dif-
ference of 3 GPa in the hardness of these two materials remains constant to the 
depth of 40 nm as shown in the hardness – displacement dependence in Figure 7. 
The Young’s modulus of the Al2O3 and Ta2O5 were 154 ± 9 and 139 ± 5 GPa, 
respectively, at 10 nm and remained similar throughout the probed depth. The 
hardness and modulus of the Si substrate were 13.5 ± 0.4 and 147 ± 3 GPa, 
respectively [I].  
 

Figure 7. The hardness – displacement relationship of Al2O3 and Ta2O5 reference thin 
films and their laminate with four layers [I]. The thickness of single layers of the laminate 
in unstressed condition is indicated by the grey and blue horizontal arrows. 
 
In Figure 8 the hardness – displacement relationship of as-deposited amorphous 
Al2O3 and Ta2O5 bilayers is shown. The thickness of the layers is depicted on the 
graph with gray and blue horizontal arrows. At the displacement of 10 nm the 
hardness (8.2 ± 0.6 GPa) of the bilayer with softer Ta2O5 on top resembles the 
hardness of the reference Ta2O5 film. At the displacement of 10 nm the hardness 
(10.4 ± 0.8 GPa) of the bilayer with the harder Al2O3 on top is, on average, lower 
compared to that of the reference Al2O3.  
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Figure 8. The hardness – displacement dependences of amorphous Al2O3–Ta2O5 bi-
layers [I]. The thickness of single layers in unstressed condition is indicated by the grey 
and blue horizontal arrows.  
 
The hardness – depth dependence of Al2O3/Ta2O5/Si bilayer possessed a wavy 
shape, with the maximum hardness of 10.5 GPa at 11 nm and the minimum 
hardness of 9.9 GPa at 25 nm. The hardness of the silicon substrate was 13.5 GPa 
and seemingly started to influence the measurements when the displacement into 
the film reached 25 nm, as counted from the surface, while the remaining distance 
to the film-substrate interface was still about 40 nm. The exact thickness of the 
layers under compression during the nanoindentation measurements remained 
unknown.  

For the other bilayer, Ta2O5/Al2O3/Si, the hardness increased with depth. How-
ever, the slope of the curve fractions with almost linear rise of hardness against 
depth changed twice, creating three different regions. The intercepts and slopes 
of the linear regions at the highest displacements, at around 40 nm, coincided for 
both bilayers.  

The hardness of as-deposited amorphous Al2O3/Ta2O5/Al2O3 and Ta2O5/Al2O3/ 
Ta2O5 trilayers is shown in Figure 9, where it can be seen that the hardness – 
depth relationship of the nanolaminate containing two Ta2O5 layers possessed a 
wavelike shape similar to one in the case of bilayers. The hardness reached its 
maximum of 9.6 GPa at 15 nm and the minimum, 9.3 GPa, was reached at 25 nm. 
The maximum and minimum hardness values decreased with the layer thickness 
but were still reached at the same displacements. The hardness at the displace-
ment of 10 nm was 8.7 ± 0.9 GPa which was slightly higher compared to that of 
the Al2O3/Ta2O5 bilayer with Ta2O5 layer on top.  

For the Al2O3/Ta2O5/Al2O3 trilayer, the hardness was 9.9 ± 0.4 GPa at 10 nm, 
that is lower compared to the Al2O3/Ta2O5 bilayer with the top Al2O3 layer. How-
ever, at deeper displacements the hardness of the trilayer exceeded that of the 
Al2O3/Ta2O5/Si stack. The hardness of the quad layer (four layers) in Figure 7 
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remained just slightly (~0.5 GPa) below that of the Al2O3/Ta2O5/Al2O3 trilayer 
throughout thickness.  

At the same time, the elastic moduli of Al2O3 and Ta2O5 bilayers, trilayers, and 
the quad layer remained in a rather narrow range of 145 – 156 GPa throughout 
the probed thickness.  

 

Figure 9. Hardness – displacement dependences of amorphous Al2O3–Ta2O5 trilayers [I]. 
The thickness of single layers in unstressed conditions is indicated by the grey and blue 
horizontal arrows.  
 

7.1.2 Annealing induced changes to the structure 

Annealing at 700 ºC caused changes in the microstructure of Al2O3/Ta2O5 bi- and 
trilayers, which became, besides XRD results, apparent from SEM images of the 
surfaces in Figure 10. Irregular grain-like features were observed on the surfaces 
of reference Ta2O5 film as well as Ta2O5/Al2O3/Ta2O5 trilayer. Relatively dark 
oblong surface features were also observed on the surface of the trilayer. Since 
the EDX analysis revealed a uniform distribution of elements, the image contrast 
between surface features was probably caused by different structural phases and 
the visible features are most likely crystallites of Ta2O5. On the surface of 
Al2O3/Ta2O5 bilayers, rare rectangular features with the size dependent on the 
sequence of the layers were observed, while the surface of the Al2O3/Ta2O5/Al2O3 
trilayer remained unaffected by the treatment [III]. 
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Figure 10. SEM images of as-deposited and annealed Ta2O5/Al2O3 thin films [III].  
 
Annealing at 700 ºC resulted in orthorhombic Ta2O5 (PDF 00-025-0922) in the 
reference film and in the Ta2O5/Al2O3/Ta2O5 trilayer (Figure 11). The relative 
intensities of reflections of Si/Ta2O5 and Si/Ta2O5/Al2O3/Ta2O5 samples differed, 
indicating different preferential orientations for crystallites. Nanocrystals were 
detected in the Al2O3/Ta2O5/Al2O3 trilayer while bilayers remained X-ray 
amorphous with the treatment.  

Annealing at higher temperature, i.e. 800 ºC, produced uniform surfaces for 
all the films with Ta2O5 on top (see Figure 12). The surface of reference Al2O3 
and Al2O3/Ta2O5/Si stack remained characteristic to the as-deposited materials, 
while the surface of the Al2O3/Ta2O5/Al2O3 trilayer exhibited some unique 
changes to the morphology (not shown) [III].  

 

Figure 11. Diffractograms of as-deposited and annealed Ta2O5 reference film and 
annealed Al2O3 and Ta2O5 trilayers [III]. Annealing was carried out at 700 ºC for 10 min 
in air. GIXRD incidence angle αi was equal to 0.50 degrees.  
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Figure 12. SEM images of annealed Ta2O5/Al2O3 thin films [III]. 
 
The uniform surfaces of crystallized Ta2O5 in Figure 12 exhibit cracks and more 
so in the reference Ta2O5 film. The surface of the samples was investigated with 
SPM (see Figure 13), where also the nanoindents are visible. The surface rough-
ness was higher for the reference Ta2O5 compared to the bilayer. 

Figure 13. SPM images of the surface and nanoindents of annealed Ta2O5/Al2O3 thin 
films [III].  
 
Figure 14a depicts the diffractograms for Ta2O5/Si, Ta2O5/Al2O3/Si and Ta2O5/ 
Al2O3/Ta2O5/Si samples after 800 ºC. The latter, i.e. Ta2O5/Al2O3/Ta2O5 trilayer, 
possessed slightly lower relative intensities for 001 and 1 11 1 reflections com-
pared to reference Ta2O5 and the bilayer. Figure 14b depicts the diffractograms 
for Al2O3/Si, Al2O3/Ta2O5/Si and Al2O3/Ta2O5/Al2O3/Si samples after 800 ºC. 
The relative intensity of the 001 reflection for the Al2O3/Ta2O5/Si stack was slightly 
lower compared to reference Ta2O5 and Ta2O5/Al2O3/Si stack. The diffractogram 
of the Al2O3/Ta2O5/Al2O3/Si nanolaminate differed significantly from that of the 
previously mentioned samples as its 001 reflection was nearly non-existent. 
Single reflection characteristic to γ-Al2O3 was measured for the reference Al2O3 
film. 
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Figure 14. Diffractograms of annealed Ta2O5 reference film, Ta2O5/Al2O3 bilayer, and 
Ta2O5/Al2O3/Ta2O5 trilayer (a); Al2O3 reference film, Al2O3/Ta2O5 bilayer, and Al2O3/ 
Ta2O5/Al2O3 trilayer (b) [III]. Annealing was carried out at 800 ºC for 10 min in air. 
GIXRD incidence angle αi was equal to 0.50 degrees. 
  

7.1.3 Mechanical properties of annealed films 

The hardness of reference Ta2O5 increased to around 11.9 ± 2.8 GPa with crystal-
lization and the individual nanoindentation measurements carried out on partially 
crystalline material annealed at 700 ºC gave divergent results (see Figure 15).  
 

Figure 15. Hardness – displacement relationship of amorphous Ta2O5 thin film after 
annealing at 700 ºC. 30 nanoindentation measurements were carried out in sequence and 
are depicted in the present graph.  
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Additionally, to compare the influence of layer thickness on the structure and 
mechanical properties, the Ta2O5 reference film with smaller thickness, 43 nm, 
was characterized with nanoindentation after annealing at 800 ºC. At the dis-
placement of 10 nm the hardness reached 13.5 ± 1.5 GPa. The SEM surfaces and 
diffractograms resembled that of the 69 nm thick Ta2O5 annealed film. The com-
parable hardness at the displacement of 36 nm for the thicker Ta2O5 film 
was 13.1 ± 2.5 GPa [III]. Annealing increased the hardness of reference Al2O3 
from 11 to 18 GPa, even as no crystallization occurred. Moduli of the references 
increased to about 155 and 170 GPa for Ta2O5 and Al2O3, respectively, after 
annealing at 800 ºC [III]. 

Figure 16 depicts the hardness – depth dependencies of the annealed bi- and 
trilayers. The figure differs from the conventional nanoindentation graph configu-
ration as the axes are switched to better visualize the artificial periodic structure 
of the nanolaminates along the depth of the measurement. Annealing at 700 ºC 
had little influence on the hardness of the laminates. The hardness just seemed to 
slightly increase in the vicinity of the very surface, most apparently for the Al2O3/ 
Ta2O5/Si stack. The graph retained its wavy shape, as did the graph of the Ta2O5/ 
Al2O3/Ta2O5 trilayer. The annealing created a wave shape for the Al2O3/Ta2O5/ 
Al2O3 trilayer as well.  

After annealing at 800 ºC the hardness reached the highest value, 16 GPa, for 
the bilayer with top Ta2O5 layer and did not vary throughout the probed depth 
(Figure 16). The hardness of the Al2O3/Ta2O5/Si stack remained around 14 GPa 
throughout the thickness of the film. The hardness of both annealed trilayers 
remained around 13 GPa even as they consisted of different fractions of Al2O3 
and Ta2O5. Overall, the hardness – displacement dependence seemed to flatten with 
annealing (Figure 16). The Young’s moduli of the laminates increased by ~5 GPa 
after 700 ºC and only up to 170 GPa after 800 ºC [III]. 

The scanning probe microscopy of nanoindents on the as-deposited and 
annealed Al2O3/Ta2O5 samples did not detect pile-up (Figure 13). Figure 17 shows 
the hf/hmax ratios of single indents made on all the aforementioned samples. All the 
values remained below 0.7 indicating no pile-up and, therefore, the correctness 
of the area function implemented. The hf/hmax ratios coincided for Ta2O5 and 
Al2O3 before and after annealing, even as annealing uniformly decreased the ratio 
for all samples.  
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Figure 16. The hardness – depth dependence of as-deposited and annealed Al2O3/Ta2O5 
nanolaminates. The periodic layer structure is shown on the right.  
 
 

Figure 17. Unloading curve analysis results for as-deposited and annealed Al2O3/Ta2O5 thin 
films. Nanoindentation was performed in CSM mode with maximum load set to 0.5 mN.  
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7.2 Alumina doped zirconia thin films  

The addition of Al2O3 in ZrO2 films promoted the formation of tetragonal and 
cubic phases (Figure 18), instead of the monoclinic and tetragonal phase mixture 
determined in the reference ZrO2. The cycle ratio of 19:1, when applied for the 
growth of ZrO2:Al2O3 mixture films (see Table 3), produced a film crystallized 
in tetragonal and, possibly, complementary cubic phase of ZrO2, which contained 
2.8 at.% of Al. GIXRD depth profiling revealed consistent phase composition 
throughout the thickness of the film [II]. Application of cycle ratios 14:1 
(3.5 at.% of Al) and 9:1 (4.8 at.% of Al) produced cubic ZrO2 and further increase 
of Al2O3 content (≥6.5 at.% of Al) resulted in completely X-ray amorphous mate-
rials. Depth-profiling of the cubic films revealed the formation of preferential 
orientation of crystallites constituting the solid film, that, however, varied with 
depth. In Figure 18 the change of relative intensity of 111C and 200C reflections 
with depth is apparent for the sample grown using the cycle ratio of 14:1. Less 
distinct, yet similar change of I111/I200 with depth was present for samples grown 
using cycle ratios of 19:1 and 9:1 [II]. 
 

Figure 18. Grazing incidence XRD in profiling mode for thin film deposited with 
ZrO2:Al2O3 cycle ratio of 14:1. Reflections of cubic ZrO2 are denoted. Incidence angles 
and corresponding X-ray penetration depths in nanometers are indicated at each dif-
fractogram [II].  
 
The hardness of the reference 100 nm thick ZrO2 film grown and formed as a 
solid layer in monoclinic/tetragonal mixed phase was 12.2 ± 1.4 GPa at the inden-
tation depth of 30 nm and increased to 13.3 ± 1.1 GPa at the depth of 70 nm. The 
hardness of the TiN/Si substrate was 12.6 GPa. The amorphous doped ZrO2 films 
were softer compared to the reference and substrate. The highest hardness, 
15.1 ± 0.5 GPa, was determined in the films grown using the cycle ratio of 14:1 
at 70 nm. The thickness of the film was 83 nm and the hardness value, as mea-
sured, remained stable throughout the thickness of the film even as the hardness 
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of the substrate was 2.5 GPa lower (Figure 19). The 98 nm thick sample grown 
using cycle ratio of 19:1 possessed on average 1 GPa lower hardness compared 
to the sample grown using cycle ratio of 14:1. The depth dependence of the hard-
ness was, however, analogous in both cases (Figure 19). The most significant 
change in hardness along the indentation depth was measured for 83 nm thick 
sample grown using the cycle ratio of 9:1, where the hardness value of 13.1 ± 1.7 
GPa at 30 nm rose to 14.7 ± 1.0 GPa at 70 nm. Doping increased the elastic 
modulus to 162–171 GPa at 30 nm, compared to that of 127 GPa that was mea-
sured for reference ZrO2. The modulus decreased with the increase in depth in 
the crystalline doped films, as expected, as the modulus of the substrate was 
148 GPa. The modulus of the amorphous Al2O3:ZrO2 films, however, retained 
values near 160 GPa even at 70 nm [II].  

 

Figure 19. Hardness – displacement dependence of three Al2O3 doped ZrO2 films con-
sisting of tetragonal/cubic phases of ZrO2 [II].  
 

The unusual behaviour of the hardness – displacement relationship of the sample 
grown with cycle ratio 14:1 was investigated further with the Puchi-Cabrera 
model for coating hardness (see section 2.3). The 10 nm thick TiN layer did not 
fit into the model, so the hardness of the substrate was set to 12.6 GPa which was 
measured at 30 nm into the TiN/Si substrate. The averaged hardness values in the 
range from 30 to 80 nm was used for fitting as tests on fused quartz showed 
correct values in the displacement range (see Figure 20).  
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Figure 20. Nanoindentation measurements on fused quarts [II]. 
 
Figure 21 shows the fitting results for four different layer architectures that are 
described in detail in Table 5. Fitting A describes the hardness – displacement 
relationships of a single layer film – substrate system and its poor fit confirmed 
that the hardness of the film changes with depth. The other three models resulted 
in similar curves even as the layer architectures differed. Fitting B describes the 
hardness of two distinct layers of equal thickness (H1=14.8 and H2=16.4 GPa), 
while fitting C describes the hardness of two distinct layers with fitted varying 
thicknesses (H1=14.8 and H2=15.5 GPa) (see Table 5). The three-layered archi-
tecture with fixed equal thicknesses (H1=15.0, H2=14.0 and H3=16.8 GPa) 
resulted in a similar curve and goodness of fit. All models showed an average 
hardness around 16 GPa near the substrate and about 14 GPa near surface.  
 

Figure 21. Puchi-Cabrera multilayer model fittings for the hardness of 83 nm thick 
textured ZrO2:Al2O3 thin film grown with 14:1 cycle ratio. Fitting parameters are brought 
in Table 5.  
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Table 5. Fitting parameters of Puchi-Cabrera multilayer hardness model for ZrO2:Al2O3 
thin film grown with 14:1 cycle ratio.  

Parameter A B C D 
Number of layers with distinct 
hardness in the film 1 2 2 3 

1st layer thickness (from surface) 83 nm (fixed) 41.5 (fixed) 28 nm 27 nm (fixed) 
2nd layer thickness  – 41.5 (fixed) 55 nm 27 nm (fixed) 
3rd layer thickness (near substrate) – – – 29 nm (fixed) 
1st layer hardness (GPa) 15.2 14.8 14.8 15.0 
2nd layer hardness (GPa) – 16.4 15.5 14.0 
3rd layer hardness (GPa) – – – 16.8 
1st layer constant K 0.71 0.67 0.93 0.57 
2nd layer constant K – 0 0.42 0.005 
3rd layer constant K – – – 0.49 
1st layer constant β 0.45 0.51 0.65 0.50 
2nd layer constant β – 0.77 0.57 0.59 
3rd layer constant β – – – 0.69 
Coefficient of determination (R2) 0.50 0.97 0.96 0.97 

 
The constants K for the second layer converged to zero for B fitting and close to 
it for D fitting (see Table 5). Puchi-Cabrera et al. analysis for diamond-like-carbon, 
CrC and CNiPCr multilayer coating resulted in values varying from 0.01 to 0.41 
for K and 0.313 to 0.428 for β for single layers [30]. That analysis implemented 
a Vickers tip, wider displacement range and the layer thicknesses were 900 nm 
or several magnitudes thicker. Goodness of fit indicates that the model might be 
applicable also in conditions used in this study. Constant K, that describes the 
influence from underlaying material (see section 2.3), might behave differently 
in the case of very thin layers where substrate influence is more prevalent.  

In the case of very thin film, smaller measurement range is used as the tip is 
more accurately calibrated in smaller sections. However, as shown in Figure 22 
the Puchi-Cabrera model could potentially predict hardness closer to the surface 
even from the given data. The model gave varying results for surface hardness 
depending on the periodic layered structure. From the additional measurement 
points it would seem as the curve D is more accurate as it shows the increase in 
hardness. However, it cannot be said for certain that the measurement is true as 
the calibration graph in Figure 20 shows that the used tip area function over-
estimated the hardness of the fused quartz at displacements shallower than 30 nm.  
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Figure 22. Predictions for possible surface hardness for the ZrO2:Al2O3 thin film grown 
with 14:1 cycle ratio based on Puchi-Cabrera two (B,C) and three (D) layer models. 
Measurement points used for fitting are designated with star signs, while additional non-
calibrated measurements are shown with dots.  
 
Figure 23 depict the hf/hmax ratios for ZrO2:Al2O3 thin films. On average, all the 
films possess slightly different ratios, unlike in the case of Al2O3 and Ta2O5 nano-
laminates. The hf/hmax remained below 0.7 for all.  
 

Figure 23. Unloading curve analysis results for Al2O3 doped ZrO2 thin films. Nano-
indentation was performed in CSM mode with maximum load set to 2 mN. 
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7.3 Very thin SnO2 and ZrO2 bilayers  

The hardness of 21 nm thick tetragonal ZrO2 film was 11.5 ± 1.1 GPa, as mea-
sured into the depth ranging from 10 to 30 nm. For the 25 nm thick SnO2 film 
consisting of a mixture of orthorhombic and tetragonal phases (Figure 24), the 
hardness reached 14.8 ± 1.1 GPa in the same displacement range (not 
shown) [IV]. The difference in the hardness values was, thus, about 3 GPa for 
these two materials.  
 

Figure 24. Diffractograms of atomic layer deposited ZrO2 and SnO2 thin films and bilayers 
[IV].   

The bilayers of ZrO2 and SnO2 exhibited reflections characteristic to tetragonal 
ZrO2, orthorhombic SnO2, and tetragonal SnO2 (Figure 24). The hardness – 
displacement relationship of the bilayers is shown in Figure 25, and on average, 
the hardness of the SnO2/ZrO2 bilayer with the interfacial ZrO2 and top SnO2 
layer grown on Si was higher than that of the ZrO2/SnO2/Si stack. The hardness 
value, as measured, was 15.1 ± 1.1 GPa, with the minimum and maximum of 11.6 
and 20.0 GPa, respectively. The hardness value stayed stable, apparently, 
throughout the thickness of the films.  

The elastic modulus of 21 nm thick tetragonal ZrO2 film was determined to be 
96 ± 1 GPa in the same depth range. Modulus reached 175 ± 1 GPa for the 25 nm 
thick SnO2 film (not shown) [IV]. The difference of modulus was about 80 GPa 
for these two materials. 

The modulus – displacement relationship of the bilayers is also shown in 
Figure 25, where the elastic modulus of the SnO2/ZrO2/Si stack is significantly 
higher compared to the alternative configuration of layers. The modulus was 
171 ± 1 GPa, with the minimum and maximum of 143 and 205 GPa, respectively. 
The ZrO2/SnO2/Si stack, however, exhibited more uniform values, with the 
minimum and maximum of 62 and 89 GPa, respectively. The modulus stayed 
stable throughout the thickness of the films similarly to hardness.  
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As expected, the ratio hf/hmax was < 0.7 as the substrate was softer and did not 
promote pile-up. The ratio varied similarly for all samples and loads (Figure 26).  

 

Figure 25. The hardness – displacement and elastic modulus – displacement relationships 
of ZrO2 and SnO2 bilayers [IV]. Nanoindentation were done in quasistatic (●) and CSM 
(▲) modes.  
 

Figure 26. Unloading curve analysis results for ZrO2 and SnO2 thin films. Nanoindentation 
was performed in CSM and quasistatic mode with varying loads above 140 µN. 
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 7.4 Reinforcement of graphene with ALD 

The addition of five ALD cycles of Al2O3 on graphene on SiO2/Si substrate in-
creased the materials Young’s modulus from 96 to 125 GPa at maximum inden-
tation depth. The hardness and elastic modulus of samples containing graphene 
increased with indentation load [V]. The Al2O3/graphene composite possessed an 
improved elastic recovery capability compared to the references. Nanoindents 
were made with loads up to 10 mN and characterized with SPM afterwards. The 
Berkovich tip applied only 0.5 µN during the SPM scans, so the final depths of 
indents could be estimated (see Figure 27). The final depth of an indent is shal-
lower than the contact depth used for calculations because elastic recovery occurs 
after load withdrawal. The recovery seemed to be significant, almost 50% higher, 
for the reinforced graphene at 5 mN compared to the Si/SiO2/graphene stack.  
 

Figure 27. SPM measured final depth of indents for substrate, graphene, 5 cycles of 
Al2O3, and Al2O3 reinforced graphene [V]. The maximum depths reached during loading 
were comparable for these samples. 
 
Figure 28 depicts the hf/hmax ratios for all the samples at all loads. It was observed 
that the ratio varied a lot between individual indents at low loads, yet did not 
differ between the samples. The hf/hmax ratio increased with load as the contact of 
the indent became more plastic, especially for graphene containing samples. The 
elasticity and plasticity of graphene seems dependent on the applied load and 
ALD.  
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Figure 28. Unloading curve analysis results for graphene and Al2O3 composites. Nano-
indentation was performed in CSM mode with varying loads. 
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8. DISCUSSION 

8.1 Reinforcement of the softer functional material 
by restricting its deformation  

As-deposited Al2O3 and Ta2O5 thin films possessed a difference in hardness of 
about 3 GPa and in Young’s modulus of about 15 GPa. The elastic modulus of 
their nanolaminates did not vary with depth, sequence of constituent layers or 
volume fraction. The elastic modulus of a coating is more sensitive to the in-
fluences from a substrate during nanoindentation, compared to the hardness [22]. 
It would seem that the difference in moduli was too small to strengthen the mate-
rial in any capacity and an elastically homogenous coating was produced. In com-
parison, nanoindentation done by Coy et al. [15] on TiO2/Al2O3 nanolaminates 
on Si substrates showed that the elastic modulus depended on the laminate archi-
tecture and indenter displacement into the 100 nm thick film, while the difference 
in moduli between the constituents was only 7 GPa . In those TiO2/Al2O3 thin films 
one of the components, TiO2, was in crystalline form. However, the TiO2/Al2O3 
nanolaminates deposited by Ylivaara et al. [14] were mostly amorphous, and the 
constituents possessed an even lower difference in elastic modulus – 4 GPa, while 
the nanolaminate architecture did not influence the elastic modulus significantly. 
The elastic modulus was dependent on the volume fractions of TiO2 and Al2O3, 
though. Most significant influence on the elastic modulus from the artificial periodic 
structure was achieved by Homola et al. [20] with 200 nm thick ZnO/Al2O3 thin 
films, where the constituents possessed no difference in their Young’s moduli, 
while the elastic moduli of the nanolaminate with 2 nm thick single layer period 
exceeded that of the constituents by more than 10 GPa at the displacement of 
20 nm. The structure of ZnO was determined crystalline in that nanolaminate. 
Thus, based on the previous reports as well as on the findings in the present study, 
the elastic modulus of ALD-grown metal oxides can be increased in multilayers 
with artificial architecture, provided that one of the component oxides is crystal-
line. Combining amorphous materials retains more homogeneous elasticity through 
composite films.  

The hardness of the completely amorphous Al2O3 and Ta2O5 nanolaminates 
deposited in this study did vary slightly with volume fraction, depth and architec-
ture. As expected, the hardness depended on the volume fractions of constituents. 
At displacements of 20 nm or deeper the bilayers of equal volume fractions pos-
sessed quite similar hardness (Figure 8). The trilayer, consisting of multiple Al2O3 
layers, hardened at deeper displacements. The trilayer, consisting of multiple 
Ta2O5 layers, was the softest (Figure 9), compared to other multilayers. The quad-
layer, consisting of equal amounts of Ta2O5 and Al2O3, demonstrated monotonous 
increase in hardness, very similarly to the Al2O3/Ta2O5/Al2O3/Si stack (Figure 7). 
The hardness of the quadlayer at the entire displacement range fell between the 
values characterizing of the two bilayers. This is indicative of the possibility to 
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modify the hardness of such thin films with the layer architecture of multilayers 
consisting of stacked component films with distinct composition. 

Earlier, the hardness of amorphous TiO2/Al2O3 thin films, where the consti-
tuents possessed the hardness difference of 2 GPa, have not varied significantly 
with the artificial architecture, but varied with volume fraction [14]. The hardness 
of crystalline TiO2 and amorphous Al2O3 nanolaminates has varied slightly with 
architecture even as the constituents separately possessed the difference as small 
as 1.2 GPa [15]. Crystalline ZnO and amorphous Al2O3 nanolaminates with a spe-
cific artificial periodicity hardened by several GPa compared to either of the 
reference films [20].  

Similarly to elastic modulus, the hardness of ALD metal oxide composite thin 
film could be modified more easily with the presence of a crystalline constituent. 
The plastic flow in an ordered lattice occurs via dislocation glide which can be 
hindered at interfaces between constituent layers in a composite. When combining 
amorphous materials, higher difference in the plasticity of constituents could 
provide better control over the composite hardness with nanolaminate archi-
tecture. Since the plastic flow in amorphous materials occurs by random shear 
atomic rearrangements, it is more difficult to hinder it by interfaces.  

Next to dense crystalline oxide layers with tunable thickness, performance of 
two-dimensional crystals, typically represented by graphene, in stacks with 
amorphous components appeared as phenomenon worth investigations and re-
porting. The elastic modulus of graphene/SiO2/Si system was slightly increased 
with ALD at higher loads. The elastic recovery of graphene on SiO2 was shown 
to improve with Al2O3 at higher loads (Figure 27). Load dependency of the 
mechanical properties could be related to graphene wrinkling during transfer to 
the SiO2 substrate. At higher loads the graphene is stretched out under the in-
denter and its effects on the measurement could become more prominent.  

A possible mechanism that increases the elasticity of graphene by ALD could 
be the reinforcement of the defective grain boundaries of the CVD produced 
polycrystalline graphene. Numerical and experimental studies have shown that 
graphene grain boundaries can be defective and weaken the material’s strength 
and elasticity compared to pristine graphene [61–62]. The Al2O3 islands on top 
of the graphene “stitch” grains together. It has been shown that polycrystalline 
CVD graphene with well-stitched grains can achieve the strength of a pristine 
graphene [61]. Possibly, ALD can be used to enhance the mechanical properties 
of CVD graphene.  

 
 

8.2 Doping induced phase transformation and 
preferred orientation 

The investigations considering the Puchi-Cabrera composite hardness model 
(Figure 21, Table 5) showed that the ZrO2:Al2O3 thin film deposited with 14:1 
cycle ratio did not possess a steady hardness throughout the thickness, but rather 
a gradual increase of hardness with the depth. There are several possible causes 
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for that kind of behaviour, such as Al2O3 content, phase composition or texture 
variations throughout the thickness.  

The dopant incorporation distribution with atomic layer deposition possesses 
periodicity, depending on the cycle sequences as determined earlier with STEM-
EDX for TiOx:Nb [43] and atom probe tomography for ZnO:Al [67]. It is reason-
able to assume that in the present study, for the given sample referred to above, 
the used cycle sequence of 80×[1×(Al2O3) + 14×(ZrO2)] would create quite homo-
geneous Al2O3 distribution of 3.5 at.% throughout the thickness and would not 
cause such hardness.  

Moderate, rather small, Al2O3 content in the film can promote the stabilization 
of relatively hard cubic ZrO2 phase. It has been shown that the dopant type and 
amount can significantly affect the strength, and therefore the hardness, of cubic 
ZrO2 [68]. This is probably why the hardness as low as 15.1 GPa was achieved 
for cubic thin films, which is below that of the previously reported 20 GPa [56].  

Amorphous, monoclinic, tetragonal and cubic phases of ZrO2 exhibit rise in 
their hardness, in the same order, from 5 to 20 GPa [57, 69–70]. The phase com-
position of ALD ZrO2 films depends on the thickness. At the beginning of the 
deposition, the surface energy of the amorphous phase is the lowest until the 
thickness exceeds 10 nm, after which the cubic/tetragonal growth starts to prevail. 
Eventually, with thickness over 50 nm, dominantly monoclinic ZrO2 will be 
deposited [40, 70–71]. GIXRD depth profiling performed on all the crystalline 
films did show the same phases throughout the depth (Figure 18). However, XRD 
cannot account for the amorphous phase. Even extensive transmission electron 
microscopy studies would not confidently determine the volume fraction of the 
amorphous phase. Passing the solubility limit of Al2O3 in ZrO2 could increase the 
amorphous phase fraction in the film as the incorporation of 6.5 at.% of Al re-
sulted in completely X-ray amorphous films, while the next lower tested amount 
of 4.8 at.% of Al resulted in cubic ZrO2 thin film that possessed the highest rise 
in hardness with displacement (sample 9:1 in Figure 19). However, since Al2O3 
concentration should be uniform in the film, the amount of amorphous phase due 
to the doping should be distributed evenly along the depth as well. The amorphi-
city induced during the initial stages of deposition would mean that the hardness 
would decrease near the substrate, but the opposite was actually the case (Figure 19). 

The most likely cause for the hardness – displacement behaviour is the pre-
ferential orientation of crystallites, i.e. texture. Preferential orientation has been 
prevalent in atomic layer deposited ZrO2 thin films, as reported in several studies 
earlier [19, 40, 72–74]. Deposition parameters such as temperature, precursors 
chemistry, substrate and number of cycles have affected the texture of un-doped 
ZrO2. Formation of preferential orientation during ALD could be related to the 
differences of surface energies of different crystallographic planes of a lattice, 
cubic or monoclinic. This could affect the precursor adsorption and diffusion 
rates and ultimately different growth rates for planes could develop. The plane 
with the highest growth rate will cause the texture by creating the biggest grains 
with the plane parallel to the surface [71, 75]. In the current study, it was shown 
that Al2O3 doping can influence, in addition to the phase composition, the texture 
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as well. It has been shown numerically that the dopant type and amount in cubic 
ZrO2 can affect the structure (bond strength, length, angle) of the crystallographic 
planes [68]. This could possibly influence the texture development process as, in 
the present study, the texture changed with film thickness (Figure 18), probably 
because the surface energies and growth rates change with thickness similarly as 
the phase composition of ZrO2 thin films change with thickness. A numerical 
study has shown that, e.g., the ideal strength of yttria doped cubic ZrO2 differed 
along different crystallographic directions, i.e. the material is anisotropic [68]. It 
could be concluded that the gradual change of texture throughout the thickness 
of the film causes the gradual increase of hardness.  

Previously, the possibilities to modify the texture of ALD-grown metal oxide 
thin film in order to engineer their mechanical properties, have been studied. 
Graphene and Al2O3 interlayers have been implemented to induce suitable texture 
in ZnO thin films for better tribological properties [12, 18]. Texture modification 
could be implemented to create even harder metal oxide thin films for MEMS 
applications.  

For SnO2/ZrO2 bilayers, the difference in their diffractograms is apparent 
(Figure 24), indicating that the deposition order of oxide layers has significantly 
influenced the structure of constituents during ALD. This might be the main 
cause of the significant dependence of hardness on the layer sequence. The softer 
ZrO2 on top of SnO2 might be more amorphous compared to the reference film 
as the layer thickness is low, only 11 nm (see Table 3) and very thin ZrO2 ALD 
films are mostly amorphous as mentioned above [40]. Softer film on top can flow 
freely during nanoindentation and lower the hardness compared to the ZrO2 refe-
rence, causing the reinforcement of the underlaying SnO2 not to be as significant 
(Figure 25). Softer film – harder substrate system can be prone to pile-up (see 
section 2.2). However, for the ZrO2/SnO2/Si stack, both SPM and hf/hmax 
(Figure 26) exhibited no pile-up. It could be that in the case of that small material 
volumes the pile-up processes might not be significant.  

In the case of the double layer consisting of metal oxide layers deposited in 
the opposite order, the hardness of the bilayer resembled that of the reference 
SnO2, possibly because the material was more crystalline as the XRD reflections 
were more intense compared to the other bilayer (Figure 24). The slightly harder 
SnO2 layer on top of the softer ZrO2 can restrict the plastic flow in the underlayer 
and cause the higher hardness of the double-layered film through the depth 
(Figure 25).  

Even when the hardness difference of constituents was the same, 3 GPa, for 
both SnO2/ZrO2 and Ta2O5/Al2O3 bilayers, the hardness – displacement relation-
ships were more stable throughout the thickness for the SnO2/ZrO2 bilayers 
(Figure 25, Figure 8). The uniform hardness of SnO2/ZrO2, as measured, could 
appear due to the shorter layer period compared to Ta2O5/Al2O3 nanolaminate 
periods (10 vs 34 nm, see Table 3) or changes in the phase composition compared 
to the reference films.  

The amorphous structure of Al2O3 and Ta2O5 was not interrupted with dif-
ferent substrates when layering on top of each other, whereas the crystal structure 
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of SnO2 and ZrO2 was affected by the substrate and/or layer thickness. This would 
mean that the indentation results obtained from the reference SnO2 and ZrO2 films 
did not represent the actual mechanical properties of the constituents in their 
bilayers as the degree of crystallization and phase composition of both oxides 
influenced their properties. The hardness difference between the SnO2/ZrO2 
bilayer constituents could be lower than 3 GPa, in reality.  

The hardness of SnO2/ZrO2/Si stack was comparable to that of the reference 
SnO2 film, unlike the Ta2O5/Al2O3 amorphous bilayers that were softer compared 
to the reference Al2O3. It has been shown that the layer period, interface sharpness 
and difference of constituent’s elastic moduli, affect the strengthening effects in 
heterostructures [32]. Young’s moduli differed about 80 and 15 GPa, respec-
tively, for SnO2/ZrO2 and Ta2O5/Al2O3. The overall hardening effect of SnO2 on 
ZrO2 compared to Al2O3 on Ta2O5 could have been the results arising from the 
differences in moduli.  

However, the properties measured from the thin reference SnO2 and ZrO2 
films might not represent the actual values of the moduli of the constituents in 
bilayers. The bilayers consisting of SnO2 and ZrO2 possessed architecture depen-
dent Young’s moduli, unlike the Ta2O5/Al2O3 nanolaminates (Figure 25). Very 
little variance and steady value along displacement was measured for the ZrO2/ 
SnO2/Si stack, indicating certain possibility for the growth of mechanically iso-
tropic material. The modulus of the thicker reference ZrO2 thin film in previous 
ZrO2:Al2O3 study was 30 GPa higher compared to the thinner reference ZrO2 
film. The Young’s modulus of ZrO2 was significantly affected by the phase com-
position of the film, which, in turn, can be dependent on the thickness.  

In addition, the strengthening effect can be more significant on crystalline 
materials like SnO2/ZrO2 bilayers than completely amorphous Al2O3/Ta2O5 ones 
as discussed in section 8.1.  
 
 

8.3 Annealing induced crystallization 

SEM and GIXRD studies (Figure 10, and Figure 11, respectively) allowed one to 
describe Ta2O5 surface, partially crystallized after annealing at 700 ºC. Nano-
indentation measurements confirmed the formation and presence of morphologi-
cally non-homogenous surface as two separate hardness values were registered 
(Figure 15). It appears likely, that the nanoindentations on the amorphous areas 
of Ta2O5 give the lower hardness values around 8 GPa, whereby the measure-
ments on crystallized areas give higher values around 13 GPa. Crystallization at 
800 ºC produced uniform surface and its average hardness coincided with the upper 
section hardness of the partially crystallized Ta2O5. Figure 15 also illustrates the 
trend that the hardness varies more in the polycrystalline materials (ΔH= ~3 GPa) 
compared to amorphous ones (ΔH= ~1 GPa).  

Annealing at 700 ºC caused crystallization of Ta2O5 in Al2O3/Ta2O5 trilayers, 
yet not in bilayers (Figure 11). This was supported by SEM studies as grain-like 
surface features appeared more prominent in trilayers. Another indication of 
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crystallization, apparent only in trilayers, can be seen in Figure 16, where the 
hardness after annealing at 700 ºC varied more for the trilayers than bilayers. 
Contradictorily, crystallization temperature has been shown to increase as film 
thickness or layer period decreases. For instance, thin Al2O3 films start crystal-
lizing at 800 ºC when their thickness exceeds 10 nm [49], while in a ZnO/Al2O3 
laminate the 20 nm thick Al2O3 layers have remained amorphous after annealing 
at 800 ºC for 10 min [76]. Extensive study on the post-deposition annealing of 
amorphous SiO2/ZrO2 nanolaminates was conducted by Larsen et al. [63]. The 
layer period of SiO2 was kept constant at 2 nm, while ZrO2 period decreased from 
27 to 1 nm. The nanolaminates were annealed at temperatures in the range of 
300–900 ºC with a 50 ºC ascending step. Crystallization temperature of ZrO2 
increased with decreasing ZrO2 period. The amount of ZrO2 crystallization per 
annealing temperature and layer period was determined and it was deduced that 
higher number of layers leads to more intense crystallization while the overall 
content of ZrO2 remains same in the films. It was proposed that higher ZrO2 
crystallization in the laminates with higher number of layers, and therefore 
interfaces, could mean there are more crystallization seeds present [63]. This 
appears to be the case also in the present study as the layer period of tri- and bi-
layers differs about 33% (Table 3), while the trilayers contain Ta2O5 – Al2O3 
interfaces with area twice as large as that in the double layers, which could 
provide markedly more nuclei for the Ta2O5 crystallization. The architecture of 
nanolaminates could, thus, be modified in order to usefully influence the crystal-
lization temperature of the constituent metal oxides.  

Annealing induced formation of differently shaped grains (Figure 10) and 
caused variations in relative intensities of reflections in diffractograms (Figure 11, 
Figure 14), influenced by Ta2O5/Al2O3 laminate artificial periodic structure. The 
grain shape and relative intensities of reflections can be indicative of the occur-
rence of texture in the thin films. For a parallel from the literature, a preferential 
orientation was determined in ZnO layers in ZnO/Al2O3 laminates after post-
deposition annealing at 800 ºC for 10 min [76].  

Texture could be the reason why the bilayers have possessed different hard-
ness (Figure 16). Similarly, trilayers with different constituent volume fractions 
possess hardness below that of the bilayers after annealing at 800 ºC. The standard 
deviation of hardness of Ta2O5/Al2O3/Si and Al2O3/Ta2O5/Al2O3/Si stacks 
was higher compared to the other two nanolaminates after annealing at 800 ºC  
(Figure 16). Nanoindentation of a polycrystalline material yields high variance in 
measurements as the measurements are highly localized and the orientation of a 
single grain right under the tip could influence the mechanical property [77]. If 
the material was textured, the orientation of grains would not vary as much and 
so the variance between single nanoindentation measurements could be supres-
sed. The lower hardness and its variance in the Al2O3/Ta2O5/Si and Ta2O5/Al2O3/ 
Ta2O5/Si stacks could be the result of a preferred orientation with lower strength.  

To conclude, the artificial periodic structure of metal oxide nanolaminates can 
be engineered to modify the physical, particularly mechanical, properties of thin 
films by inducing crystallization with preferred orientation of grains.  
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8.4 Influence of residual stresses in the film 

The hardness of annealed Ta2O5/Al2O3 bilayers depended on the deposition order 
of the constituents (Figure 16). The difference in hardness could be caused by the 
presence of internal stresses. Tensile residual stresses in thin films have been 
shown to significantly depend upon the layer architecture in TiO2/Al2O3 nano-
laminates [13–14]. Compressive stresses could potentially increase the hardness 
of a material as there has been correlation between compressive stresses and hard-
ness in magnetron sputtered coatings [33]. Tensile stress in a material could cause 
cracking. In the present study, SEM and SPM studies revealed cracks in Ta2O5 
surfaces, emerged after annealing at 800 ºC (Figure 12, Figure 13). These cracks 
probably weakened the material and lowered the hardness. The hardness of 
crystalline Ta2O5 films has previously been reported to be higher, around 14 GPa, 
compared to the 12 GPa measured in the present study. Referring to the literature, 
magnetron sputtered 15 µm thick textured orthorhombic Ta2O5 coating was mea-
sured to be as hard as 14.3 ± 0.4 GPa, while in the same study the hardness of an 
amorphous 500 nm thick Ta2O5 film was 8.2 ± 0.4 GPa [55], which is a value 
very similar to that determined in the present study for amorphous Ta2O5 
(Figure 7). The 15 µm thick coating was annealed at 1000 ºC for an hour and the 
hardness, consequently, decreased to 9.3 ± 0.5 GPa. The change in hardness was 
attributed to recrystallization and reduction in stresses [55]. The Young’s 
modulus of the magnetron sputtered Ta2O5 in the latter study varied between 139 
and 188 GPa [55], which is quite similar to the values measured for ALD Ta2O5 
films in the present study (see section 7.1.1). The hardness of 14.6 ± 1.3 GPa was 
measured for nanocrystalline Ta2O5 in another study as well [78]. The lower 
hardness of 11.9 GPa measured in the present work could be the result of stress-
induced cracks. Both SEM and SPM surface scans revealed that the crack 
development could be not as prominent in bi- and trilayers with Ta2O5 on top, 
compared to the reference Ta2O5 film. Underlaying Al2O3 could help to reduce 
stress in Ta2O5 and, therefore, lower amounts of structural defects in the material 
would develop. That would increase the hardness of the Ta2O5/Al2O3/Si stack 
(Figure 16). Simply reducing the reference Ta2O5 thin film thickness did not 
influence hardness, which means that the layer thickness alone does not 
significantly affect the mechanical properties. However, the artificial periodic 
structure of a nanolaminate allows one to modify the hardness.   
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9. CONCLUSIONS 

In this study, the structure and mechanical behaviour of atomic layer deposited 
amorphous and annealed crystalline Ta2O5/Al2O3 nanolaminates, as-deposited 
crystalline SnO2/ZrO2 bilayers, Al2O3-doped ZrO2 thin films and an Al2O3/ 
graphene composite layers were investigated. It was shown that the artificial 
periodic structure of nanocomposite thin films can affect their mechanical pro-
perties.  

It was found that the artificial periodic architecture, in addition to the volume 
fraction of amorphous constituents in Al2O3/Ta2O5 nanolaminates affects the 
hardness of thin solid films. The reinforcement of an artificial periodic architec-
ture can become more significant if one or both of the nanolaminate components 
were crystalline, most prominently demonstrated in the case of bilayers of SnO2 
and ZrO2 bilayers. The interfaces between constituent oxides probably disrupt 
dislocation glide expected in nanocrystalline component layers rather than ran-
domized amorphous flow only possible in structurally completely disordered 
constituents. The Young’s modulus was also affected by the nanolaminate archi-
tecture when the constituents were crystalline SnO2 and ZrO2, but not in the 
completely amorphous Al2O3/Ta2O5 nanolaminates.  

The elastic modulus, hardness and elastic recovery of graphene/SiO2/Si stack 
was improved with five cycles of atomic layer deposited Al2O3 as, quite possibly, 
the ALD helped to reinforce the defective grain boundaries of CVD graphene.  

Post-deposition annealing caused changes to the morphology and structure of 
Ta2O5/Al2O3 nanolaminates that depended on the periodic architecture. It was 
shown that the layer thickness, number of interfaces and the order of constituent 
layers can determine the crystallization temperature and the preferential orien-
tation of Ta2O5 crystallites. In addition, tensile and compressive residual stresses 
probably generated during phase transformations in the thin films could affect 
their mechanical behaviour. Nanolaminate structure can be used to modify the 
crystal structure and possibly stress levels, consequently modifying the hardness 
of thin films.  

Doping ZrO2 with Al2O3 during the atomic layer deposition process allowed 
one to modify the phase composition and texture of the thin films. This was shown 
to affect the mechanical hardness of the material. The maximum hardness of 
15.1 GPa was measured for the cubic ZrO2 thin film containing 3.5 at.% of Al 
and the hardness changed throughout the thickness of the film together with the 
preferential orientation of grains.  

The results show possible ways to modify the mechanical properties of ALD 
metal oxide thin films, in order to design nanocomposites suited, for instance, to 
MEMS technologies.  
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SUMMARY IN ESTONIAN 

Kunstlikult valmistatud perioodilise struktuuriga nanokomposiitide 
mehhaanilised omadused 

Mikroelektromehaaniliste süsteemide (MEMS) ja teiste nanoseadmete valmista-
miseks on vajalikud mehaaniliselt vastupidavad kiled ja muud nanomaterjalid. 
Käesolevas töös uuriti võimalusi modifitseerida aatomkihtsadestatud metall-
oksiidkiledest nanokomposiitide mehaanilisi omadusi. Sadestamisel muudeti 
kunstlikku perioodilist laminaatarhitektuuri, varieerides komponentkihtide paksusi 
ja sadestamise järjekorda, et takistada pehmema komponendi deformatsiooni, 
mõjutada komponentide faasikoostist ja tekstuuri sadestamise järejekorraga, do-
peerimisega või sadestuse järgsel lõõmutamisel või mõjutada kiledes esinevaid 
sisepinged.  

Aatomkihtsadestatud amorfsete Al2O3/Ta2O5 kaksik- ja kolmikkihtidest koos-
nevate 70 nm kogupaksusega laminaatkilede kõvadus oli vähesel määral mõjutatud 
lamineeritud komponentkihtide perioodist, samas nende nanolaminaatide Young’i 
moodul ei varieerunud üldse. Perioodilise kunstliku kihilise struktuuri vähene 
mõju amorfsete Al2O3/Ta2O5 nanolaminaatide mehaaniliste omadustele võis olla 
tingitud piirpindade vähesest takistusest materjali plastsele voolamisele kile 
pinnatasandi sihis, mis muidu toimub korrapäratus segumaterjalis.  

Nende Al2O3/Ta2O5 kilede lõõmutamisel toimusid muutused morfoloogias ja 
kristallstruktuuris, mille ulatus sõltus komponentkihtide järjekorrast. Nano-
laminaadi arhitektuur mõjutas oluliselt Al2O3/Ta2O5 kilede kõvadust pärast 
lõõmutamist, sest ilmselt kihtide järjekord mõjutas kristalliitide kuju ja/või mater-
jalikihis või kihtide piirpindadel tekkinud sisepingeid.  

Polükristalse struktuuriga 20 nm paksuste SnO2/ZrO2 kaksikkihtide kõvadus 
ja elastsusmoodul sõltusid oluliselt komponentide järjekorrast. Sadestus järjekord 
mõjutas komponentide kristallstruktuuri, mis omakorda võis põhjustada mehaa-
niliste omaduste varieerumise. Mehaanilistele omadustele võis lisaks mõju aval-
dada piirpind kristallstruktuuriliselt osaliselt korrastatud komponentkihtide vahel, 
takistades dislokatsioonide libisemist nanokristallilistes materjalides.  

Aatomkihtsadestamine võimaldas modifitseerida SiO2 alusele sadestusjärgselt 
üle viidud, eelnevalt keemilise aurufaassadestus meetodil sünteesitud polü-
kristalse grafeeni mehaanilisi omadusi. Grafeeni pinnale sadestatud Al2O3 saare-
kesed tõstsid materjali elastsusmoodulit ja parandasid elastsust peale nano-
täkkimist. Sadestatud Al2O3 saarekesed võisid täita ja kompenseerida polükris-
tallilisele grafeenile iseloomulike joondefekte ehk üksikute liblede vahelisi piir-
pindu, tugevdades struktuuri tervikuna.  

Aatomkihtsadestusel dopeeriti ZrO2 kilesid Al2O3-ga, et soodustada kuubilise 
meta-stabiilse ja monokliinse faasiga võrreldes mehaaniliselt kõvaema faasi 
teket. Maksimaalne kõvadus 15.1 GPa mõõdeti kuubilise ZrO2 kile korral, kus 
alumiiniumi sisaldus ulatus väärtuseni 3.5 at.%. Kiles kasvu jooksul moodustunud 
kristalliitidel kujunes eelisorientatsioon, mis ilmselt mõjutas materjali kõvadust.  
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Uurimistöö tulemused näitasid, et metalloksiididest koosnevate õhukeste kilede 
faasikoostist ja tekstuuri on võimalik erinevate parameetritega (lisandelemendid, 
alus, paksus, kunstlik perioodiline arhitektuur, lõõmutmine) kontrollida ning seega 
kilede mehaanilisi omadusi modifitseerida, pidades silmas võimalikke tuleviku-
rakendusi näiteks MEMS-struktuuridel.  
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