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Abstract 

 

Mechanical property and thermal stability of Zr-Si-N films of varying silicon 

contents deposited on Al2O3 (0001) substrates are characterized. All films provided 

for characterization were deposited by reactive DC magnetron sputter deposition 

technique from elemental Zr and Si targets in a N2/Ar plasma at 800 
o
C. The 

hardness and microstructures of the as deposited films and post-annealed films up 

to 1100 
o
C are evaluated by means of nanoindentation, X-ray diffractometry and 

transmission electron microscopy. The Zr-Si-N films with 9.4 at.% Si exhibit 

hardness as high as 34 GPa and a strong (002) texture within which vertically 

elongated ZrN crystallites are embedded in a Si3N4 matrix. The hardness of these 

two dimensional nanocomposite films remains stable up to 1000 
o
C annealing 

temperatures which is in contrast to ZrN films where hardness degradation occurs 

already above 800 
o
C. The enhanced thermal stability is attributed to the presence 

of Si3N4 grain boundaries which act as efficient barriers to hinder the oxygen 

diffusion. X-ray amorphous or nanocrystalline structures are observed in Zr-Si-N 

films with silicon contents > 13.4 at.%. After the annealing treatments, crystalline 

phases such as ZrSi2, ZrO2 and Zr2O are formed above 1000 
o
C in the Si-

containing films while only zirconia crystallites are observed at 800 
o
C in pure ZrN 

films because oxygen acts as artifacts in the vacuum furnace. The structural, 

compositional and hardness comparison of as-deposited and annealed films reveal 

that the addition of silicon enhances the thermal stability compared to pure ZrN 

films and the hardness degradation stems from the formation of oxides at elevated 

temperatures.  
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Chapter 1 Introduction  
 

This chapter briefly describes the development of hard thin films on cutting tools, 

including different approaches devoted to improve their mechanical property and 

thermal stability. The aim of this thesis and the selection of the Zr-Si-N coating 

system is also mentioned in this section. 

 

1.1 Thin Films on Cutting Tools 

 

The demand for high performance cutting tools used for industrial metal 

machining is steadily increasing, which has stimulated a remarkable evolution of 

new tools over the past decades. One way to improve the cutting performance is to 

protect the cutting tools by a thin material.  In order to enhance the life time and 

productivity of cutting tools, the hard thin films should possess certain properties 

such as high mechanical performances, high oxidation and chemical resistance, 

high thermal stability, etc.  

 

Hard coatings have been extensively studied ever since the 1970s. Titanium nitride 

was one of the first attempts in industrial application due to its hardness 

performance and chemical resistance [1]. Hardness of TiN, however, degrades 

upon heating up to 450 
o
C due to oxidation process [2]. The third elements, such as 

Al and Si, were considered as additives to alloy TiN coatings in order to perform 

superior properties. Thereafter, several important efforts were devoted in 

developing hard coatings as summarized in Table 1-1 by Musil [3]. Among them, 

nanocomposites coatings have attracted great attentions in many research 

communities due to their novel nanostructured design, especially nc-MeN/a-Si3N4 

type (nc: nanocrystalline, Me: Ti, W, V, Zr, etc, transition metals, a: amorphous). 

Coatings consist of nc-TiN/a-Si3N4, for instance, exhibit 48 GPa superhardness and 

are thermally stable up to 1100 
o
C [4-5]. Those nanocrystalline phases imbedded in 

amorphous structures, however, are in nanometer scales and exhibit experimental 

challenges of being characterized by conventional transmission electron 

microscopy and X-ray diffraction.  

 

Different deposition conditions, such as deposition technique, substrate 

temperature, nitrogen pressure, etc. can also affect the coating performance. For 

instance, in order to achieve thermodynamically driven phase segregation, a 

calculated 550 
o
C deposition temperature is required to reach 50-60 GPa of nc-

TiN/a-Si3N4 films by plasma CVD [6]. A film composition also plays an invaluable 

role in determining the hardness of hard coatings as illustrated in Figure 1-1 [7]. In 

general, the performance of hard coatings is highly sensitive to microstructures 
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which depend on deposition techniques and elemental compositions. The theory 

behind the structural-induced mechanical property and thermal stability has gained 

enormous interests and still been under debate. 

 
Table 1-1: Important steps in development of hard coatings, summarized by Musil [3] 

Coating Material H (GPa) Main characteristics 

Single layer TiN, TiC, Al2O3 21, 28, 21 
CVD at T around 1000 

o
C on cemented 

carbides 

Single layer TiN, TiC 21, 28 PVD at T ≤ 550 °C on steel substrates 

Multilayer TiC/TiB2  About 10
3
 phase boundaries TiC/TiB2 

Single layer c-BN 50  High chemical affinity of C to iron 

Single layer diamond 90 Chemical dissolution of B in iron 

Single layer TiAlN  Oxidation resistance up to 800 °C 

Single layer DLC 65 Amorphous phase 

Single layer CNx 50–60 
Substoichiometric (x=0.2–0.35) turbostratic 

structure 

Superlattices 
TiN/VN, TiN/NbN, 

etc. 
~50 Superlattice period 5–10 nm 

Single layer nc-MeN/a-nitride ~50 Superlattice period 5–10 nm 

Single layer nc-MeN/metal ~50 Nanocomposite 

Single layer Ti0.4Al0.6N ~32 
Nanocomposite, oxidation resistance up to 

950°C 

 

 
Figure 1-1: Dependence of hardness of various coatings on their composition, 

summarized by Veprek [7].  
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1.2 Previous Work 

 

Prior to this diploma work, a series of Zr-Si-N films of different silicon 

concentrations was deposited on 1 cm
2
 transparent Al2O3 (0001) substrates, using 

reactive magnetron sputtering. As shown in Figure 1-2, a pure ZrN film exhibits 

metallic color and films gradually turn transparent when more silicon is added. The 

pure SiNx film, eventually, becomes completely transparent. Details of sputtering 

are further described in Chapter 4. 
 

The elemental composition of all the Zr-Si-N films was examined by Elastic 

Recoil Detection Analysis (ERDA) and is listed in Table 1-2. The nitrogen 

concentration slightly increases when adding silicon, which is most probably due 

to the formation of Si3N4 that requires more nitrogen to fulfill the stoichiometry 

compared to ZrN. The concentration of carbon, oxygen and argon are within 

detection limits, approaching zero. 

 

 
Figure 1-2: The appearance of all 7 Zr-Si-N films on Al2O3 substrate with different Si 

concentrations.  

 
Table 1-2: The chemical information of different Zr-Si-N films  

Si (at.%) Zr (at.%) N (at.%) C (at.%) O (at.%) Ar (at.%) 

00.0 48.5 49.5 0.000 0.003 0.017 

09.4 37.0 52.7 0.002 0.001 0.006 

13.4 30.3 55.3 0.001 0.001 0.008 

19.5 24.5 55.4 0.001 0.001 0.004 

25.0 19.0 55.0 0.001 0.001 0.008 

34.9 09.7 54.7 0.001 0.001 0.005 

44.8 00.0 54.6 0.001 0.001 0.004 

 

X-ray diffraction patterns of the films with different silicon concentrations are 

presented in Figure 1-3. The 111 and 002 diffraction lines for fcc-ZrN are clearly 

seen for the pure ZrN films. The 111 line is not clearly detected when silicon is 

added to the film. Instead, a broad hump spread nearly 10˚ in 2θ is seen. In contrast, 

the 002 peak is well resolved for all Si contents except for the 45 at.% film, even 

though the intensity decreases with silicon additions. 
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Figure 1-3: X-ray diffraction of Zr-Si-N films with silicon concentration of 0 - 44.8 at.%. 

 

1.3 Aim of This Thesis 

 

Zr-Si-N films are expected to show similar features as Ti-Si-N films in terms of 

both mechanical properties and thermal stability but it is less studied, especially 

epitaxially deposited films on single crystal substrates. Hence, the aim of this 

thesis is to investigate the thermal stability of Zr-Si-N thin films grown on single 

crystal sapphire substrates and relate the microstructure evolution to their hardness 

response. To achieve this, films with a wide range of compositions were studied by 

nanoindentation, X-ray diffraction, and transmission electron microscopy as a 

function of annealing temperature.  
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Chapter 2 Material System 
 

This chapter contains some general information concerning the ternary Zr-Si-N 

system. It starts by introducing two binary structures, Zr-N and Si-N, and followed 

by describing the ZrN-SiNx nanocomposites system  

 

2.1 Zirconium Nitride 

 

ZrN thin films have been extensively studied for the past decades due to attractive 

properties when used as decorative and wear-resisting coatings, similar to TiN [8]. 

It has been reported that reactive sputtering and arc evaporated ZrN films have 

comparable [9-10] or higher hardness than TiN [11]. ZrN has a rock salt structure 

(NaCl structure) with lattice constant of 4.58 Å  [12] as shown in Figure 2-1 [13]. 

Lager Zr atoms occupy face centered cubic (FCC) lattice sites with the smaller N 

atoms located in between, forming a regular octahedron. The hardness values of 

ZrN films ranges from 20~30 GPa [8, 14-17], depending on different deposition 

techniques. ZrN film is sensitive to oxygen at elevated temperature. Oxidation 

process occurs for ZrN films above 475 
o
C in oxygen surroundings [18]. 

 

2.2 Silicon Nitride 

 

The high temperature stability, high electrical resistivity and high hardness have 

made silicon nitride an attractive material in microelectronics and cutting tool 

applications [19-20]. Three crystallographic structures of silicon nitride are 

hexagonal -Si3N4, hexagonal -Si3N4 and cubic  -Si3N4. Reports in the literatures 

showed that the hardness values up to 35 GPa for cubic  -Si3N4 [21]. Recently, 

amorphous silicon nitride (a-Si3N4) has attracted extensive attentions ever since the 

concept of nanocrystalline/amorphous superhard coatings was established. The 

hardness of a-Si3N4 was reported to be 26 GPa [22].  
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Figure 2-1: Schematic drawing of ZrN lattice. Larger and smaller atoms represent Zr and 

N, respectively [13].  

 

 
Figure 2-2: Design schematic of an amorphous/crystalline nanocomposite with high-

strength characteristics [24].  

 

2.3 ZrN-SiNx Nanocomposites 

 

Nanocomposite materials comprise of at least two immiscible phases with distinct 

phase boundaries. Several novel properties, such as high mechanical performance 

and high thermal stability, are observed when the sizes of the phase domains are 

down to approximately 10 nm [23]. A schematic illustration depicting 

nanocrystalline grains with a grain size of 3-10 nm separated by 1-3 nm thick 

amorphous matrix (tissue phase) is shown in Figure 2-2 [24]. With such small 

grains, the number of atoms inside the nanocrystals is comparable to or less than 

the number of atoms in the grain boundaries [23]. The small crystal size affects 

dislocation formation and motion, meaning that dislocation-free nanocrystals may 

exists. Instead, grain boundary sliding has been suggested to become the 

dominating deformation mechanism [25]. The behavior of a nanocomposite 
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material is strongly related to its nanostructure, such as the sizes of the crystallites, 

their orientation and separation [26]. 

 

Nanocrystalline ZrN / amorphous Si3N4 (nc-ZrN/a-Si3N4) superhard coatings have 

attracted increasing interests since Veprek et al. introduced the design concept of 

superhard coatings, indicating that the strength mechanism stems from the 

presence of amorphous structure and dislocation-free nanocrystals in Ti-Si-N films 

[6]. The hardness values reported for Zr-Si-N films ranged from 25-35 GPa with 

the addition of ~3 at.% silicon and were characterized by a columnar 

microstructure [8, 16]. Different from the hardening mechanism of Ti-Si-N films 

that nanocrystal TiN embedded in amorphous Si3N4, the strength of ZrSiN, 

however, is due to solid solution hardening at low silicon contents [8, 16].  

 

Nanocrystal or amorphous structures can be seen when more Si is added. Nose et 

al. observed grains, 2-4 nm in size, in films with 12.8 at.% Si, but nc-ZrN 

embedded a-Si3N4 was not seen [16]. On the other hand, Pilloud et al. claimed that 

nc-ZrN/a-Si3N4 structures were measured by means of XRD, XPS and FTIR at 

around 2.2%-5.7% silicon, using DC magnetron sputtering [27]. Furthermore, 

Winkelmann et al. observed nc-ZrN/a-Si3N4 in TEM images with 2% Si by hybrid 

cathodic arc and chemical vapor deposition [14]. Generally speaking, the strength 

mechanism can be attributed to both solid solution hardening and nc-ZrN/a-Si3N4 

nanocomposite structure, depending on different percentages of added silicon and 

different deposition methods.   
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Chapter 3 Mechanisms 
 

This chapter introduces various strengthening mechanisms, including conventional 

hardening and nanocomposite strengthening. All the mechanisms are strongly 

related to the dislocation behaviors. Thermal stability of hard coatings is also 

mentioned in this section. The performance of nanocomposite hard coatings is 

given special attention.    

 

3.1 Hardening Mechanism 

 

3.1.1 Strain Hardening 

 

Strain hardening, also referring to as work hardening, stems from the occurrence of 

plastic deformation when an applied stress exceeds the yield strength of the 

material. Such mechanical deformation may increase the dislocation density and 

causing more and more frequent dislocation-dislocation interacts, forming pinning 

points and prevent dislocations from moving. The critical shear stress to overcome 

such dislocation barrier for dislocation movement can be expressed as 

 

          (3-1) 

where   is shear modulus,   is a correction factor, b is burger vector and   is the 

dislocation density. This formula is only valid at certain dislocation density.  

 

3.1.2 Solid Solution Hardening 

 

Solid solution is formed when atoms of a different element are added to a 

crystalline material, forming a solid solution. These solutes may occupy either 

interstitial or substitutional sites, depending on the lattice mismatch of binary 

system as shown in Figure 3-1(a). Such additions will generate a local stress field 

and impede the dislocation movement, causing strengthening of the materials..    

 

3.1.3 Precipitate Hardening 

 

When the concentration of solutes excesses the solubility limit, on the other hand, 

precipitation will be formed. The precipitates in another phase are obstacles that 

prevent dislocation from moving as shown in Figure 3-1(b). The dislocation will 

either cut through the precipitates or circumvent them by bowing between the 
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obstacles, depending on the sizes of the precipitates. For smaller precipitates, 

cutting dominates while bowing dominates for larger precipitates. Further 

precipitate hardening mechanism can be controlled by heat treatment which is 

known as age hardening.     

 

3.1.4 Grain Boundary Hardening 

 

It is observed that the formation of grain boundaries will strengthen the 

polycrystalline materials due to the energy consumption for dislocation penetrating 

from one grain to another with different orientations and thus impede further 

dislocation movement as shown in Figure 3-1(c). Hall and Petch first introduced 

that the yield strength     can be expressed as 

 

 
        

 

  
 (3-2) 

where,    is the intrinsic stress in the absence of grain boundaries, k is a constant 

and d is the grain size. It is clearly seen that the material can be strengthened by 

reducing the grain sizes. This formula, however, is no longer valid for nano-scale 

polycrystalline materials, where the inverse Hall-Petch effect (IHPE) dominates 

[28]. 

  

3.1.5 Nanocomposite Hardening 

 

Design of nanocomposite super hard coatings has attracted extensive attentions 

recently, especially for the nc-MeN/a-Si3N4 systems (Me: transition metals). The 

idea was inspired by the work of Koeheler who reported that the epitaxial 

hetrostructures which consist of two thin metal layers with significantly different 

elastic modulus can exhibit high strength since an additional stress is required for 

dislocation to move from the low modulus material to the high one [29]. This 

theory was also proven to be valid when one of the layers is amorphous. The 

amorphous phase further plays a crucial role in accommodating the lattice 

mismatch and preventing crack formation for randomly oriented crystalline 

materials in isotropic nanocomposite hard coatings [6]. Nanocomposite materials, 

for instance, with nanocrystal ZrN (E = 460 GPa) [30] and amorphous Si3N4 (E = 

192 GPa) [31] can illustrate such a stiffness-modulated combination and thus a 

hardening effect is expected. However, the Koeheler hardning effect is expected to 

be lower compared to TiN/Si3N4 due to the higher elastic modulus of TiN (E=625 

GPa).   

 

The coherency strain hardening due to different lattice parameters is also 

considered. S. Veprek experimentally showed that the distance of the Si3N4 
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amorphous phase between TiN nanocrystals is 0.3-0.5 nm apart in nc-TiN/a-Si3N4 

system which is evidently too small to release the coherent strain [6]. It has later 

been shown that for such small additions of Si epitaxial crystalline SiNx forms on 

the TiN crystals rather than amorphous Si3N4 [33] and the maximum hardness is 

achieved when such crystalline interface are present [34]. Thus, the strain-induced 

enhancement and interface structure play a significant role in nanocomposite 

strengthening. However, the interfaces between two phases may blur due to 

interdiffusion and cause hardness decline [6]. Instead, the interfaces should be 

sharp to yield high hardness which is achieved for immiscible phases. 

 

 
Figure 3-1: Schematic drawing of (a) solid solution in both interstitial and substitutional 

sites, (b) precipitates formed in the solution (c) a dislocation penetrating through the 

grain boundary [32].  
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3.2 Thermal stability of nanostructured coatings 

 

High thermal stability is of great importance for hard coating materials when used 

in applications with high operation temperatures, for example, cutting tools where 

temperatures up to 1000 
o
C can be present. Thermal stability is the resistance to 

permanent change of material properties as a function of temperatures, including 

oxidation, structure, composition and mechanical properties [35]. Design of hard 

coatings with high thermal stability requires that the structures and mechanical 

properties remain unchanged while annealed at the temperature if interest. 

 

Three different ways of designing nanostructured hard coatings are frequently used: 

(1) strong internal stresses; (2) thermodynamically driven nanocomposite 

structures; and (3) multilayer structures [35]. 

 

By using enhanced ion-bombardment while depositing, nanostructured hard 

coatings grain boundary densification and point defects formation are achieved. 

Such phenomena may introduce large compressed stresses and lead to improved 

hardness of the films. Mae et al. suggested that the high hardness of 35 GPa in Zr-

Si-N films with 2.5% silicon stemmed from the existence of internal stresses [10]. 

However, these ion-induced effects are no longer present upon heating to elevated 

temperatures due to recovery and grain growth processes in the film, meaning that 

the hardness degrades with increasing temperatures. The stress relaxation and 

lattice defects diffusion while annealing bring about poor thermal stabilities.  

Marques et al. reported that the hardness of W-Si-N films dropped at 900
o
C due to 

recovery and grain growth of the structures [36].  

  

Secondly, the hardening mechanism is attributed to the thermodynamically driven 

phase segregation. nc-TiN/a-Si3N4, for example, exhibits high hardness of 48 GPa 

based on a nanocrystalline structure embedded by amorphous matrix [4]. Unlike 

the ion-assisted internal stresses mechanism, these nanocomposites coatings have 

high thermal stability. The enhanced hardness results from nanoscale grains that 

hinder the dislocation movement or even prevent dislocation formation [37]. Such 

nanostructural conditions would not vanish while annealing compared to stress 

relaxation and grain growth. Veprek et al. revealed that the hardness of nc-TiN/a-

Si3N4 films remained unchanged upon heating to 1100
o
C [5]. In general, the high 

hardness maintains as long as those nanocrystalline and amorphous structures 

remain immiscible.  

 

Thirdly, multilayer structures are believed to be analogue to nanocomposite 

materials but two-dimensional. By controlling the supperlattice period well, high 

hardness could be obtained. Shinn et al. published that TiN/NbN coatings 

exhibited 49GPa hardness with 4.6 nm supperlattice period [38]. Rapid inter-

diffusion, however, may occur at elevated temperatures, causing degradation of the 
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hetrostrucuture. Hultman et al. reported that TiN/NbN coatings were thermally 

stable upon annealing at 900
o
C for one hour [39]. High thermal stability is 

achieved as long as the compositional modulation across the layer interfaces 

remains distinct.  
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Chapter 4 Experimental Details 
 

All experimental details concerning thin films deposition and characterization 

used in this thesis are mentioned in this chapter. Zr-Si-N films were deposited in 

the reactive magnetron sputtering system. The microstructures, mechanical 

properties and elemental analysis of Zr-Si-N films were determined by means of X-

ray Diffraction, Nanoindentation, Transmission Electron Microscope and Elastic 

Recoil Detection Analysis.  

 

4.1 Deposition Details 

 

All Zr-Si-N films were deposited in a dual-cathode reactive DC magnetron 

sputtering system with a chamber size of 50 cm in diameter, 35 cm in height and a 

target-to-substrate distance of 12 cm. The system equipped with two circular 

magnetron sources, 99.999% Zr and 99.999% Si, with diameter 7.5 cm, being 

situated at a tilted angle 25
o
 with respect to the substrate normal each. An 

electrically isolated metal shield was mounted between Zr and Si magnetrons to 

prevent those two targets from cross-contamination. Two computed-controlled 

shutters located in front of magnetrons were used to block the material flux from 

the targets. An unbalanced configuration of magnetrons coupled with magnetic coil 

was utilized to generate strong magnetic force and then reinforce the plasma 

toward to the substrate, as shown in Figure 4-1. An electrically isolated substrate 

holder was equipped with a heater and a rotation system. The mobility of adatoms 

could be increased by biasing to the substrate negatively due to the enhanced ion 

bombardment. -30 V bias was applied for all the films during deposition in order to 

perform well defined layer by layer growth. All films were deposited onto Al2O3 

(0001) substrates at 800 
o
C with a rotation speed 40 rpm and preheated to 900 

o
C 

for one hour before depositions.   

 

Argon and nitrogen were introduced as sputtering and reactive gas, respectively. 

The background pressure before deposition was around 10
-7

 Torr and Ar (4 mTorr, 

44 sccm) together with N2 (0.5 mTorr, 8.2 sccm) were launched while depositing. 

All depositions were operated in constant power mode (250 W). Different silicon 

concentrations of films were obtained by varying the power of Zr and Si targets 

which satisfied PZr + PSi = 250 W. The specific deposition conditions of each film 

are shown in Table 4-1. 
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Figure 4-1: Schematic drawing of a dual-cathode reactive DC magnetron sputtering 

system, showing elemental Si and Zr targets and Ar/N2 plasma. 

 

 
Figure 4-2: Schematic representation of the sputtering process in target surface. The 

helical motions of secondary electrons are driven by the magnetic field (indicated by dot-

dash line) generated from the magnetron. 

 

The deposition started by introducing inert gases, argon. The argon atoms then 

became ionized and were attracted by the negatively charged targets, Zr and Si. 

The glow discharge could be seen due to the ionization of argon gases. The 

sputtering process took place when the kinetic energy of incoming argon ions was 

higher than the bonding energy of target materials, resulting in neutral Zr and Si 

atoms penetrating through the plasma and , eventually, travelling to the substrate. 

However, the energies of the arriving atoms on the substrate were too small (few 
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eV) to form smooth layers. The negatively charged substrate was required to attract 

argon ions, performing ion bombardment to enhance mobility of adatoms. Aside 

from sputtering process, the secondary electrons were created. Those electrons 

were trapped by the magnetic field generated from magnetrons and collided with 

other neutral argon atoms to sustain the existence of plasma. The whole process is 

shown schematically in Figure 4-2. 

  

Zr-Si-N films were expected to align crystallographically to Al2O3 (0001) substrate, 

forming a hetero-epitaxial growth mode.  Due to the lattice mismatch of ZrN and 

Al2O3, strain would be generated at the coherent interface. Furthermore, larger 

mismatch relaxed the strain by introducing dislocations, causing semi-coherent or 

incoherent interfaces.  

 
Table 4-1: Deposition condition for the Zr-Si-N films in various silicon concentrations 

Si concentration 0.00% 09.4% 13.4% 19.5% 25.0% 34.9% 44.8% 

Substrate -Al2O3 (0001)- 

Target material 1 - Si Si Si Si Si Si 

Target material 2 Zr Zr Zr Zr Zr Zr - 

Magnetron current Si (A) 0 0.09 0.14 0.20 0.26 0.36 0.54 

Magnetron current Zr (A) 0.72 0.74 0.68 0.59 0.52 0.36 0 

Magnetron voltage Si (A) 0 330 348 371 388 416 454 

Magnetron voltage Zr (A) 347 297 292 293 287 277 0 

Magnetron power Si (W) 0 29.7 48.7 71.2 100.9 149.8 245.2 

Magnetron power Zr (W) 247.0 219.8 198.6 172.9 149.2 99.7 0 

Sputter gas -Ar- 

Reactive gas -N2- 

Ar gas pressure (m Torr) 4 4 4 4 4 4 4 

Ar gas flow (sccm) 44 44 44 44 44 44 43.8 

N2 gas pressure (m Torr) 0.5 0.5 0.5 0.5 0.5 0.5 0.52 

N2 gas flow (sccm) 8.1 8.1 8.1 8.2 8.2 8.3 8.3 

Background pressure (Torr) - 1.9x10
-6

 1.1x10
-6

 6.1x10
-7

 5.0x10
-7

 2.7x10
-7

 2.5x10
-7

 

Pressure before deposition (Torr) 3.1x10
-7

 8.8x10
-7

 1.9x10
-7

 2.2x10
-7

 1.2x10
-7

 1.2x10
-7

 1.2x10
-7

 

Coil current Si (A) 0 -5 -5 -5 -5 -5 -5 

Coil current Zr (A) 5 5 5 5 5 5 0 

Substrate temperature (
o
C) 935 948 931 931 930 929 928 

Deposition time (hour:minute) 1:30 1:35 1:40 1:45 1:50 2:00 2:20 
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4.2 Characterization 

 

4.2.1 X-ray diffraction 

 

X-ray diffraction (XRD) has become of crucial importance in analyzing the 

crystallographic information ever since X-ray was first discovered by Wilhelm 

Conrad Röntgen in 1895. Later in 1913, W. L. Bragg and W. H. Bragg introduced 

X-ray diffraction which stated the interaction between X-ray and impinged atoms 

[40]. The advantageous properties such as non-destructive means and atomic 

ordered wavelength bring X-ray diffraction so widely used in identifying 

crystalline structures, determining residual stress and strain and estimating 

crystallite sizes.  

 

 
Figure 4-3: Schematic drawing of X-ray diffraction. Constructive interference occurs 

when Bragg’s law is satisfied. 

 

X-ray diffraction technique is conducted by emitting monochromatic X-ray into 

periodically arranged atoms as shown in Figure 4-3 schematically. The intensities 

of diffracted X-ray are recorded as a function of impinging angles. The intense 

peaks are produced while constructive interferences occur, which means that the 

path length equals to the wavelength of x-ray multiplying an integer, bringing 

about Bragg’s Law 

 

           (4-1) 
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where d is atomic spacing,   is the angle between X-ray and atomic plane, n is an 

integer and   is the wavelength of X-ray. The characteristic value d is calculated 

by   therefore. The peak information is obtained only from the planes parallel to 

the sample surface. 

 

The X-ray diffraction measurements in this work were conducted by Philips X’Pert 

MPD diffractometer equipped with a vacuum furnace (10
-5

 mbar) as shown in 

Figure 4-4. The Cu-Kα1 (λ = 1.5418 Å ) X-ray was emitted from the X-ray tube and 

shot on the sample in the vacuum furnace with tantalum heater. The signal was 

thereafter collected by the X-ray detector. The      scans were performed by 

operating both mobile X-ray tube and detector whereas the sample holder stayed 

firmly in the furnace chamber. The operating voltage and current and were 45 kV 

and 40mA, respectively. The JCPDS (Joint Committee of Powder Diffraction 

Standards) database was compared as the references to reveal the diffraction peaks.  

 

 
Figure 4-4: An overview of Philips X’Pert MPD diffractometer equipped with a vacuum 

furnace.  
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4.2.2 Nanoindentation 

 

Nanoindentation aims to investigate the hardness of thin materials which the 

penetration of indenters is in nanometer scale. The concept of nanoindentation 

originates from Mohr hardness scale in 1822 where the hardness was determined 

by the ability of scratching in different minerals and was ranked in ten discrete 

scales [41]. Different from conventional indentation techniques which the residual 

area is determined by observing in microscopes directly, the nanoindentation 

technique indirectly converts the penetration depths into indenter area by means of 

geometry.  

 

A nanoindentation measurement is conducted by penetrating the indenter into the 

material surface, recording the depth and the applied force until the maximum load 

is achieved and eventually unloading the indenter.  

 

 
Figure 4-5: A cross sectional schematic of the section of an indentation. 

 

The method of determining the contact area was proposed by Oliver and Pharr [42]. 

As the cross-sectional schematic shown in Figure 4-5, hs is the depth from the 

surface at the perimeter outside the contact while hc (contact depth) is the distance 

made of the contact. The different surface profiles between at max loading and 

after withdrawing the load are due to elastic recovery. hf  represents the depth of 

residual surface. Therefore, the total penetration depth h at the maximum load can 

be expressed as 

 

         (4-2) 
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Among them, hs is strongly related to the geometry of the indenter and can be 

written as 

 

      
    
 

 (4-3) 

where   is the geometry constant,      is the maximum load and S is the contact 

stiffness. For a Berkovich indenter used in this thesis, the   is equal to 0.75. The 

contact depth hc can be therefore obtained simply through 

 

         (4-4) 

 

The properties of interest are hardness and elastic modulus which can be deduced 

from load-displacement curve as shown in Figure 4-6. The hardness is defined as 

 

   
    
 

 (4-5) 

where      represents maximum load in the measurement and A is the contact area 

which is a function of contact depth hc. For a Berkovich indenter in this thesis, the 

contact area can be expressed by 

 

        
       (4-6) 

for        , resulting in 

 

          
  (4-7) 

thus, the hardness can be written as 

 

   
    

       
  (4-8) 

where hc is the contact depth, as shown both in Figure 4-5 and 4-6. 

 

The elastic modulus, on the other hand, can be calculated through contact stiffness 

of the material. The contact stiffness S is defined as the slope of unloading curve at 

the maximum load point, dP/dh, with the relation 

 

    
 

 

  

 

 

  
 (4-9) 

where Er is reduced elastic modulus,   is a correction factor, A is the contact area 

and S is the contact stiffness. 

 



 
22 

 

Reduced elastic modulus represents the combination of elastic modulus from 

sample and indenter with the following relation,  

 

 
 

  
 
    

 

  
 
    

 

  
 (4-10) 

where   is Possion’s ration and the subscriptions i and s indicate indenter and 

sample, respectively. 

 

 

 
Figure 4-6:  Schematic representation of a load-displacement curve  

 

The precision of hardness of thin films measured by nanoindentation has always 

been questionable due to the hardness contribution from the substrate. While films 

thickness is of micrometer scale, however, the true hardness of films could be 

obtained by limiting the indentation depth to less than 10% of total film thickness 

[43].  

 

In the thesis, the hardness evaluation was performed by UMIS Nanoindentation 

System with a Berkovich diamond tip for both as-deposited and post-annealed 

films. Twenty indents were conducted by 9 mN load over each Zr-Si-N film to 

maintain the depth around 0.12 µm. Reference measurements were conducted by 

applying 2.8 mN and 9mN load to fused silica (SiO2) and pure ZrN films, 

respectively, in order to reach the same depth as of Zr-Si-N films. 
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4.2.3 Transmission Electron Microscope 

 

Transmission Electron Microscope (TEM) has played an invaluable role in 

investigating the microstructure and chemical information since it was first built in 

1931 by Max Knoll and Ernst Ruska [44]. Analogous to conventional optical 

microscope, TEM is composed of illumination system, sample and imaging system. 

In order to obtain atomic scale (few Å ) resolution, high energy electrons (1-300 

keV) emitted from an electron gun are required according to Rayleigh criterion, 

 

       
 

      
 (4-11) 

where d is resolution, n is the refractive index of viewing material and   is the 

acceptance angle. The wavelength of electron   can be expressed by de Broglie’s 

law 

 

   
 

    
 (4-12) 

where h is Plank’s constant, m is electron mass the E is the electron energy. 

 

 
Figure 4-7: Schematic representation of the signals that generated from the interaction 

between the high energy electron beam and the thin specimen. The drawing directions do 

not indicate the physical directions of each signal.  
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Figure 4-8: TEM setup in (a) Bright field imaging mode, which the aperture is inserted 

in the 1st diffraction plane of objective lens and (b) Selected area diffraction mode, which 

the aperture is inserted in the 1st image plane of objective lens [45]. 

 

The interaction between emitted electrons and specimen is schematically shown in 

Figure 4-7. The electrons interact with nuclei and other electrons in the specimen 

and scatter away both elastically and inelastically. The bright filed images are 

obtained by inserting an aperture in the back focus plane of the objective lens as 

1st diffraction pattern plane shown in Figure 4-8(a). The gray-scale patterns of 

structure information are utilized by both mass-absorption and diffraction contrast 

which depends on the transmitted electrons satisfying Bragg condition or not. The 

dark filed images, on the other hand, are obtained by blocking the transmitted 

electrons in order to perform diffraction contrast from the scattered beams. 

Eventually, the contrast images are projected to an equipped CCD camera or 

negatives.  
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Selected Area Electron Diffraction patterns (SAED) are extensively exploited in 

investigating the microstructure. Figure 4-8(b) indicates the TEM setup operating 

in selected area diffraction mode. By inserting the aperture in the image plane of 

objective lens, the reciprocal space of interest is obtained. The structure 

information then is examined by the electron diffraction patterns that projected on 

the viewing screen as the followed relation, 

 

 

 
    
 
 

 
 

 
 (4-13) 

where      is the corresponding plane distances,   is the wavelength of electrons, 

R is the distance from the central point and L is the camera length as shown in 

Figure 4-9 schematically. 

 

All TEM images and electron diffraction patterns in this thesis were obtained by 

using a FEI Tecnai G2 TF UT field-emission instrument, operating at 200 kV with 

a 0.19 nm point resolution. An elaborated specimen preparation is required in order 

to obtain electron transparency (~100 nm). In this thesis, the cross-sectional TEM 

samples were produced. A 0.8 1.8 mm
2
 titanium grid with diameter 3 mm was 

utilized by clamping two cross-sectional samples in a film-to-film way. The 

thickness then grinded down to about 50    by using silicon carbide and diamond 

papers polishing from both sides. Eventually, a Gatan PIPS ion milling was carried 

out at 5 keV in order to achieve electron transparency.  

 

4.2.4 Elastic Recoil Detection Analysis  

 

Elastic Recoil Detection Analysis (ERDA) characterizes elemental composition of 

thin films by focusing high energetic ion beam (several MeV) onto the target 

materials. Surface atoms may be ejected due to elastic collision. This technique is 

especially suitable for analyzing light elements, such as oxygen, carbon and silicon, 

which are most easily scattered in forward directions. By collecting and 

indentifying the yield and energy of recoiled atoms, the elemental concentrations 

as a function of the depth are obtained.  

 

Zr, Si, N, O and Ta are the elements of interest in this thesis work. However, 

ERDA is not very precise for heavy elements, such as Zr and Ta. The measurement 

was performed by using 40 MeV I
9+

 ion beam at the incident angle of 22.5
o 
to the 

film surface. The recoiled elements were analyzed at a scattering angle of 45
o
 with 

respect to the incoming beam direction. All the elemental composition of Zr-Si-N 

films as well as two post-annealed samples was determined by ERDA at Uppsala 

University.  
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Figure 4-9: Schematic drawing of TEM operating in diffraction mode that shows the 

relation of between the electron diffraction patterns on the back focal plane and on the 

viewing screen. 
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Chapter 5 Results and Discussion 
 

In this chapter, two sections of results are cataloged. In the first part, information 

concerning hardness evaluation and microstructures of Zr-Si-N films with different 

Si concentrations at room temperature is given. In the second part, the thermal 

stability in terms of hardness over different annealing temperatures is investigated 

for selected samples. The microstructure and elemental composition of as-

deposited and annealed film is compared and related to hardness variations. All 

measurements are based on X-ray diffraction, Nanoindentation, Transmission 

Electron Microscopy and Elastic Recoil Detection Analysis. The discussion of 

experimental results is included at the end of this chapter.  

 

5.1 Overview of as-deposited Zr-Si-N films studied in this thesis 

 

5.1.1 Transmission Electron Microscopy  

 

Transmission Electron Microscopy is utilized for analyzing the microstructures of 

seven Zr-Si-N films and TEM micrographs are showed in Figure 5-1(a) to (g) in 

order of increasing Si content. The pure ZrN film exhibits crystalline structure. The 

(002) and (111) ZrN planes are observed in the selected area electron diffraction 

(SAED) patterns as shown in the inset in Figure 5-1 (a). The cross-sectional TEM 

image of 9.4 at.% Si exhibits strong 002-texture in the growth direction as can be 

seen in Figure 5-1(b). Both a preferred (002) orientation along the growth direction 

and a random orientation of nanosized crystals appear in 13.4 at.% Si film as seen 

in the SAED in Figure 5-1(c). A mixture of nanocrystalline and amorphous 

structures are observed as silicon contents > 13.4 at.% (see. Figure 5-1(d) to (f)). 

From the nanocrystalline ring patterns, the d spacing 2.679Å  is calculated. A thin 

ZrN layer with 5 nm thickness is observed in 34.9 at.% Si film in Figure 5-1(f). 

Amorphous structure solely exists in 44.8 at.% Si film, see Figure 5-1(g). Scanning 

TEM (STEM) image at 9.4 at.% Si, as shown in Figure 5-1(h), further indicates the 

existence of light and dark columnar phases alternatively, showing vertically 

elongated ZrN crystallites embedded in Si3N4 matrix. 

 

Since films in Figure 5-1(d), (e), and (f) exhibit similar morphology, only 5 

samples are selected for thermal stability investigations with; (1) 0 at.%, (2) 9.4 

at.%, (3) 13.4 at.%, (4) 34.9 at.% and (5) 44.8 at.% of silicon content, respectively. 
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Figure 5-1: Cross sectional TEM micrographs of  as-deposited Zr-Si-N films with 

different silicon concentration, (a) 0 at.%, (b) 9.4 at.%, (c)13.4 at.%, (d) 19.5 at.%, 

(e)25.0 at.% , (f)34.9 at.%, (g)44.8 at.% and (h) STEM image of 9.4 at.%. 
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Figure 5-2 X-ray diffractograms of as-deposited Zr-Si-N films studied in this work. 

 

5.1.2 X-ray Diffraction  

 

The microstructures of five selected Zr-Si-N films were examined by means of X-

ray diffraction as shown in Figure 5-2. 111 and 002 diffraction lines are observed 

in pure ZrN film. As silicon is added to 9.4 at.%, only the ZrN 002 line is distinctly 

observed. However, a broad hump located at the ZrN 111 is also observed. This 

hump becomes more pronounced when more silicon is added (13.4- 34.9 at.% Si). 

This hump corresponds to the ring seen in SAED patterns, see Figure 5-1(c) to (f). 

Finally, only an amorphous structure is observed for the Si0.488N0.546 films.  

 

5.1.3 Hardness Evaluation 

The hardness of five selected films is summarized in Table 5-1. Pure ZrN film 

exhibits 25 GPa when indented with an applied load of 9 mN. The highest 

hardness 34 GPa is obtained at 9.4 at.% Si. The film hardness, however, decreased 

to 19 GPa at 13.4 at.% and then slightly again increased when more silicon is 

added up to 31 GPa for the pure Si0.488N0.546 film.  
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Table 5-1 Hardness evaluation of selected Zr-Si-N films in different silicon contents at 

room temperature. It is obtained by conducting 9 mN load to the films in nanoindentation. 

Silicon contents (at.%) Harness (GPa) Errors (GPa) 

0 25 1.59 

9.4 34 0.90 

13.4 19 0.72 

34.9 27 0.56 

44.8 31 1.02 

 

 

5.2 Thermal Stability and Mechanical Property  

In order to examine the thermal stability of Zr-Si-N films in different silicon 

contents, Nanoindentation, X-ray diffractometry and Transmission Electron 

Microscopy were conducted in this experiment. The Zr-Si-N films were annealed 

at 500, 800, 900, 1000 and 1100 
o
C for two hours each in a vacuum furnace (10

-5
 

mbar) which was placed at the sample stage of the X-ray diffractometer. 

Nanoindentation and X-ray diffraction were performed at room temperature after 

cooling down from each temperature step. Reference measurements of 

Nanoindentation were conducted after each post-annealed film was analyzed in 

order to ensure the accuracy of hardness value. The cyclic processes of thermal 

stability investigations are schematically shown in Figure 5-3. 

 

 
 

Figure 5-3: The cyclic processes that indicate the thermal stability measurements. 
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5.2.1 Zr0.49N0.5 

 

The hardness of Zr0.49N0.5 film remains around 25 GPa upon annealing to 500 
o
C 

but drops at 800 
o
C as shown in Figure 5-4. X-ray diffractograms, shown in Figure 

5-5, indicate strong ZrN (111) and (002) peaks at 500 
o
C, similar to RT. At 800 

o
C, 

the shoulder of ZrO2 (110) appears, indicating oxidation of the sample. At 900 
o
C, 

the intensity of ZrN (002) peak decreases whereas the tetragonal ZrO2 (110) and 

the ZrN (220) phases are clearly observed. The decline of hardness above 800 
o
C 

can thus be attributed to the formation of zirconium oxide and recrystallization. 

The Zr0.49N0. 5 film exfoliated from the substrates after annealing up to 1000 
o
C and 

no further information could be obtained.  

 

5.2.2 Zr0.37Si0.094N0.527 

 

The hardness of Zr0.37Si0.094N0.527 film remains around 34 GPa upon annealing to 

1000 
o
C as shown in Figure 5-6. Below 900

o
C, the diffractograms are very similar 

to the diffractogram from the as-deposited sample, see Figure 5-7. At temperatures 

above 1000 
o
C oxidation starts and crystalline Zr2O is be observed. Furthermore, 

the hardness sharply drops at 1100 
o
C which may be attributed to the formation of 

Zr2O, ZrO2 and ZrSi2 crystalline phases at these temperatures. The formation of 

intermetallic phases such as ZrSi2 suggests movement of nitrogen from ZrN and 

Si3N4 to vapor. 

 

When annealing up to 1200
o
C, Ta2O5 was observed as a result of deposition of Ta 

from the heating element in the furnace on to the sample. The film exfoliated at 

this temperature from the substrate as an effect of the different oxides formed, and 

no hardness information could be obtained. 
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Figure 5-4: Hardness evaluation of Zr0.49N0.5 film as a function of annealing temperatures. Ref 1 

and ref 2 are the measurements on fused silica (SiO2) and pure ZrN films at room temperature, 

respectively. 

 

 
Figure 5-5: X-ray diffractograms of Zr0.49N0. 5 film at different annealing temperatures. 
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Figure 5-6: Hardness evaluation of Zr0.37Si0.094N0.527 film as a function of annealing 

temperatures. Ref 1 and ref 2 are the measurements on fused silica (SiO2) and pure ZrN 

films at room temperature, respectively. 

 

 
Figure 5-7: X-ray diffractograms of Zr0.37Si0.094N0.527 film at different annealing 

temperatures. 
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Figure 5-8: TEM images of (a) as-deposited and (b) post-annealed at 1000 

o
C for 3 hours 

Zr0.37Si0.094N0.527 film. Insets are selected area electron diffraction (SAED) patterns of the 

corresponding regions. 

 

In order to systematically investigate the microstructure of post-annealed film, 

another Zr0.37Si0.094N0.527 sample was directly annealed from room temperature to 

1000 
o
C for three hours and was examined by TEM and XRD as shown in Figure 

5-8 and 5-9, respectively. Two distinguishable layers are clearly seen in the post-

annealed film in Figure 5-8(b). The SEAD shows extra cubic crystal structure from 

the top 300 nm of the film, indicating the existence of the Zr2O phases. The oxide 

layer also manifests the columnar structures which is the extension of the bottom 

film. Those structures could also be observed in XRD diffractograms as shown 

Figure 5-9. 

 

The Elastic Recoil Detection Analysis is used to measure the elemental 

concentrations of the post-annealed film as a function of film depth as shown in 

Figure 5-10(b), in comparison to as-deposited ERDA analysis in Figure 5-10(a). 

Large amount of oxygen is observed at the top film, further implying the existence 

of zirconia phase. Silicon and nitrogen, on the other hand, vanish at the top film 

while annealing. Only little tantalum participates in this annealed film. 

 



 
35 

 

 
Figure 5-9: X-ray diffractograms of Zr0.37Si0.094N0.527 film at room temperature and 

annealed at 1000 
o
C for three hours. 

 

 
Figure 5-10: ERDA measurements of (a) as-deposited Zr0.37Si0.094N0.527 film (b) post-

annealed at 1000 
o
C for three hours. 
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5.2.3 Zr0.303Si0.134N0.553 

 

This sample was gradually annealed from RT, 500, 800, 900, 1000 to 1100 
o
C for 

two hours each .The hardness of Zr0.303Si0.134N0.553 film remains around 19 GPa up 

to 1000 
o
C annealing temperatures and drops to 7.5 GPa at 1100 

o
C as shown in 

Figure 5-11which exhibits the similar trend to that of Zr0.37Si0.094N0.527 film.  

 

The X-ray diffraction shows, on the other hand, nanocrystalline broad peak 

together with crystalline ZrN (002) structure steadily below 900
o
C and started to 

oxidize at 1000
o
C and form Zr2O, Figure 5-12. At 1100

o
C the oxidation is more 

pronounced with also Ta2O5 present. 

 

The microstructures of annealed film were studied by TEM. As shown in Figure 5-

13(b), the post-annealed film contains big grains of varying diffraction contrasts. 

An enlarged image, shown in Figure 5-13 (c), further indicates those crystals at the 

interface between film and substrate.  
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Figure 5-11: Hardness evaluation of Zr0.303Si0.134N0.553 film as a function of annealing 

temperatures. Ref 1 and ref 2 are the measurements on fused silica (SiO2) and pure ZrN 

film at room temperature, respectively. 

 

 
Figure 5-12: X-ray diffractograms of Zr0.303Si0.134N0.553 film in different annealing 

temperatures. 
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Figure 5-13: TEM images of (a) as-deposited film (b) (c) post-annealed film after 

annealing at 1100 
o
C Zr0.303Si0.134N0.553 film. (c) further shows an enlarged image at the 

interface. 
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Figure 5-14: ERDA measurements of Zr0.303Si0.134N0.553 film (a) as-deposited (b) post-

annealing at 1100 
o
C. 

 

The ERDA measurement indicates that oxygen exists all over in the post-annealed 

film as shown in Figure 5-14(b) compared to as-deposited film in Figure 5-14(a). 

The concentration of nitrogen and zirconium in post-annealed film varies as a 

function of depth whereas silicon almost vanishes away. About 10% of tantalum is 

observed at the top of the film and then disappears.  

 

Further elemental information was obtained by EDS operating in STEM modes. 

The black circle indicated in Figure 5-15 is the place of interests. The chemical 

mapping results show that zirconium and oxygen exist as shown in Figure 5-16. 

The ratio of zirconium and oxygen is about 2 to 1, implying the formation of Zr2O 

phase. The dark grains in Figure 5-15, on the other hand, represent ZrN phases.  
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Figure 5-15: STEM image of Zr0.303Si0.134N0.553 film after annealing at 1100 

o
C 

 

 
Figure 5-16: XEDS mapping at the place of interest of Zr0.303Si0.134N0.553 film after 

annealing at 1100 
o
C 
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Figure 5-17: X-ray diffractograms of Zr0.097Si0.349N0.547 in different annealing 

temperatures. 

 

5.2.4 Zr0.097Si0.349N0.547 

 

As Si content is added to 34.9 at.%, the nanocrystalline phase together with ZrSi2 

structures exists from room temperature to 1000 
o
C as shown in Figure 5-17. More 

ZrSi2 and ZrN phases are observed at 1100 
o
C. Different from the previous 

samples, ZrN (002) does not exist below 1000 
o
C and shows up at 1100 

o
C at only 

9.7 at.% Zr. No zirconia phases are observed in this post annealed film.  

 

5.2.5 Si0.448N0.546 

 

The hardness of Si0.448N0.546 film remains around 31 GPa up to 1000 
o
C and drops 

to 16.6 GPa at 1100 
o
C as shown in Figure 5-18. The X-ray diffractograms show 

that complete amorphous structure presents in this film from room temperature to 

1000 
o
C which is thermally stable as shown in Figure 5-19. Several crystalline 

peaks are found at 1100 
o
C which cause the hardness degradation.  
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Figure 5-18: Hardness evaluation of Si0.448N0.546 film as a function of annealing temperatures. Ref 1 

and ref 2 are the measurements on fused silica (SiO2) and pure ZrN film at room temperature, 

respectively. 

 

 
Figure 5-19: X-ray diffractograms of Si0.448N0.546 film in different annealing temperatures. 
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5.3 Discussion 

 

The TEM images and electron diffraction patterns indicate the existence of ZrN 

single crystal (Figure 5-1 (a)), ZrN 002 texture (Figure 5-1 (b)) and the mixture of 

nanocrystals and amorphous structures in Zr-Si-N films with silicon concentration 

≧ 13.4 at.% as shown in Figure 5-1 (c)-(f). From the SAED patterns, the d spacing 

of the crystallites is calculated to 2.679Å , which corresponds to the broad peaks 

seen in XRD at 2θ around 33
o
 (Figure 1-3 and Figure 5-2).  

 

 ZrN (111) and (002) crystalline phases can be clearly seen in the pure ZrN film (0  

at.%) as shown in X-ray diffractograms in Figure 1-3 and Figure 5-2. As further 

silicon is added, the peak intensity of the ZrN (002) phase decreases. Besides the 

reason that zirconium amount decreases, the lower intensities also result from more 

negative heat of formation of silicon nitride ∆Hf (Si3N4) = -745.1 KJ/mol than of 

zirconium nitride ∆Hf (ZrN) = -365.5 KJ/mol [46]. The more added silicon, the 

more energy favorable of forming Si3N4 amorphous structures instead of ZrN 

crystallites. Furthermore, slight ZrN (111) hump can be seen in the diffractogram 

at 9.4 at.% Si. These nanocrystalline humps become narrower when more silicon is 

added in, indicating the trend of grain growth. Complete amorphous structure is 

observed in Si0.448N0.546 film. 

 

The highest hardness obtained among all the Zr-Si-N films is the one with 9.4 at.% 

Si where the texture structures are observed.  While the addition of silicon up to 

13.4 at.% the hardness suddenly degrades which corresponds to the formation of 

the mixture of nanocrystalline and amorphous structures. The hardness then 

increases with the increasing silicon contents. The correlation between hardness 

performances and microstructures is summarized in Table 5-2. 

 

Regarding the thermal stability, all Zr-Si-N films perform high thermal stability up 

to 1000 
o
C. The hardness evaluation as a function of annealing temperatures of 

different Si contents is summarized in Figure 5-20. The hardness of Zr-Si-N films 

at above 9.4 at.% Si barely changes up to 1000 
o
C annealing temperatures whereas 

pure ZrN film is thermal stable up to 500 
o
C. The structural evaluation shows 

similar results to mechanical behavior, remaining thermal stable up to 900 
o
C for 

Zr-Si-N films and 500 
o
C for pure ZrN film. The reason for that Zr-Si-N films 

exhibit such high thermal stability in contrast to pure ZrN film is because of the 

Zr-Si-N nanocomposite size effects that prevent the structure from grain growth 

and recovery at high temperatures. In addition, the Si3N4 amorphous phase acts as 

efficient diffusion barrier that protects nanocrystalline ZrN from oxidation [5, 26]. 

The hardness then degrades for all films at elevated temperatures. It is because 

oxygen acts as artifacts in the vacuum furnace that incorporate with the films and 

oxides are formed, see Table 5-3. 
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Figure 5-20: Hardness evaluation as a function of annealing temperatures of different Zr-

Si-N films 

 
Table 5-2: The correlation between the hardness and the microstructures over different 

Zr-Si-N films 

Si contents (at.%) Hardness (GPa) Microstructures 

00.0 25.04 Crystalline structures 

09.4 34.09 Textures 

13.4 19.22 Textures, amorphous and nanocrystals 

34.9 26.55 amorphous and nanocrystals 

44.8 31.09 amorphous  

 
Table 5-3: The onset temperatures of forming crystalline phases in different Zr-Si-N 

films 

Si contents (at.%) Onset temperatures (
o
C) Crystalline phases 

00.0 
800 ZrO2  

900 ZrN (220) 

09.4 
1000 Zr2O 

1100 ZrSi2, ZrO2, ZrN (220) 

13.4 
1000 Zr2O 

1100 ZrN (111), ZrO2, ZrN (220) 

34.9 1100 ZrSi2, ZrN (111), ZrN (200), ZrN (220) 
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Chapter 6 Conclusions 
 

It is no doubt that silicon plays a crucial role in the performances of Zr-Si-N hard 

thin films. 

  

A series Zr-Si-N films in different silicon contents deposited by a reactive 

magnetron sputtering system at 800 
o
C exhibits the following features, 

 

 The mechanical performances are highly related to the microstructures. 

The highest hardness 34 GPa is obtained at 9.4 at.% Si with strong texture 

structures.  
 

 The addition of silicon in Zr-Si-N films significantly increases the 

thermal stability compared to pure ZrN films. The high thermal stabilities of 

Zr-Si-N films up to 1000 
o
C are therefore concluded. 

 

 Oxygen will diffuse in Zr-Si-N films above 1000 
o
C annealing 

temperature and form zirconium phases in a vacuum surrounding (10
-5

 

mbar).  

 

 The hardness of Zr-Si-N films drops at 1100 
o
C where several 

crystalline phases are formed. It is concluded that the formation of 

crystalline structures at elevated temperatures results in the hardness 

degradation of Zr-Si-N films.  
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Chapter 7 Future Works 
 

Several attempts to accomplish the thermal stability investigations of Zr-Si-N hard 

thin films are suggested in this chapter.  

 

The performance of Zr-Si-N films in a wide range of silicon concentrations was 

studied in this thesis work. However, the thermal stability of silicon contents less 

than 10 at.% especially gains enormous interests due to better hardness 

performance within the range. In order to well-understood the behaviors Zr-Si-N 

nanocomposite system, more samples with silicon contents less than 10 at.% are 

required.  

 

The Si3N4 crystalline phases were expected to be observed at elevated annealing 

temperatures in this thesis work, but instead of forming Si3N4 phases, only ZrSi2, 

ZrO2 and Zr2O are found. This is resulted from the insufficient vacuum 

surroundings while annealing that oxygen interacts with Zr-Si-N films and zirconia 

phases are formed prior to the formation of Si3N4 crystalline structures. A furnace 

with higher vacuum capability for thermal stability studies is required.  

 

In order to determine the phases in the Zr-Si-N films more precisely, the supports 

from chemical analysis are of great importance. X-ray photoelectron spectroscopy, 

for example, quantifies the chemical bonding of annealed Zr-Si-N films which can 

further correlate the results of structural characterizations in this thesis work.  

 

The better control of deposition conditions are also required in order to perform 

more systematic experiments. The thicknesses of 7 Zr-Si-N films in this thesis 

work are range from 0.89 to 2.18 µm which may influence the hardness evaluation 

in nanoindentation because the same loads are utilized over all 7 films for 

measurements.  

 

The internal stresses contributing to hardness performance in Zr-Si-N films are 

also parameters of interests. This can be done by conducting the X-ray 

diffractometer by means of measuring the curvature of the films. The more 

understanding of internal stresses will lead to better comprehension of hardening 

mechanisms in Zr-Si-N films. 

 

Surface morphology strongly reflects the microstructures in Zr-Si-N films. 

However, those data are barely analyzed in this work due to the charging effect of 

Al2O3 substrates while conducting scanning electron microscope. Better techniques 

of acquiring the morphology of Zr-Si-N films are also necessary.   
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