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Abstract

Thin aluminum nitride (AlN) films of different thickness are deposited by DC-pulsed
magnetron sputtering under identical conditions on sapphire (0001) and silicon (100)
substrates, and sputtered polycrystalline chromium layers. An investigation of the
residual stress, morphology and structural properties is carried out. The thickness of
the films covers the range from 17 nm to ≈3900 nm. A higher compressive residual
stress is measured for the thinner films and the presence of a stress gradient is
proven. X-ray diffraction (XRD) studies show that all AlN films are achieved with
perfect c-axis orientation perpendicular to the film surface and that the films are
biaxially strained. XRD rocking curves reveal that AlN films on sapphire are highly
oriented for all film thicknesses, whereas AlN film growth on silicon and Cr layers
starts highly disoriented while the film quality improves with film thickness. Surface
analysis by atomic force microscopy (AFM) shows a continuous film roughening and
decrease of grain boundary density with increasing film thickness.

The study of the vibrational properties of AlN thin films is performed. The frequencies
and lifetimes of the E1(TO) and A1(LO) optical phonons are calculated from Fourier
transform infrared spectra using the factorized model of a damped oscillator. Addi-
tionally, using the Raman technique the E22 phonon mode is investigated. We analyze
the structural properties by the XRD technique to correlate the elongation of phonon
lifetimes with increasing film thickness. The lifetimes of the phonon modes in AlN
thin films are compared to the values in a single crystal.

Finally, the route towards the applications of AlN is analyzed. AlN is deposited on var-
ious metals and the film quality is investigated by the XRD and Raman techniques.
The combination with nanocrystalline diamond (NCD) is elaborated. The surfaces
of AlN, and Si as comparison, are exposed to different gas discharge plasmas (Ar,
CF4, H2, N2, O2) and the colloidal seeding procedure of the surfaces with nanodia-
mond (ND) particles is followed. AFM reveals different seeding densities after differ-
ent plasma pretreatment. It is shown that the Van der Waals (VdW) forces plays a
role in ND adhesion to the surface. The surface roughening changes the nucleation
density proportionally to the VdW force that varies with roughness. Surface hydro-
genation and fluorination enhances the seeding density on Si and AlN surfaces. In
the latter case the seeding density improved by almost four orders of magnitude
compared to an untreated surface. This allowed to grow 60 nm thick pinhole-free
NCD films on AlN.
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Samenvatting

Dunne aluminium nitride (AlN) films van verschillende dikte werden afgezet met be-
hulp van DC-pulsed magnetronsputteren. Hierbij werd gebruik gemaakt van iden-
tieke condities met saffier (0001) en silicium (100) substraten, en gesputterde
polykristallijne lagen van chroom. De restspanning, de morfologie en de struc-
turele eigenschappen werden onderzocht voor films met een dikte variërend tussen
17 nm en ≈ 3900 nm. Een hogere resterende drukspanning werd gemeten voor de
dunnere films en de aanwezigheid van een spanningsgradiënt werd aangetoond.
X-stralendiffractie (XRD) resulaten toonden aan dat alle AlN afgezet werden met
de c-as loodrecht op het substraat, maar dat de films biaxiale spanning vertonen.
De zogenaamde XRD “rocking curves” lieten zien dat de AlN films op saffier voor
alle filmdikten hoogst georiënteerd zijn, terwijl bij AlN op Si en Cr de filmgroei niet-
georiënteerd begint maar dat de filmkwaliteit met filmdikte verbeterde. De analyse
van de oppervlakken met atoomkrachtmicroscopie (AFM) liet een continue stijging
van de oppervlakteruwheid zien in functie van de filmdikte, samen met een daling
van de dichtheid van de korrelgrenzen.

De studie van de vibrationele eigenschappen van dunne AlN films werd uitgevoerd.
De frequenties en de levensduur van de optische fononen E1(TO) en A1(LO) werden
berekend op basis van Fourier infrarood spectra, gebruik makend van het in factoren
ontbonden model van een gedempte oscillator. Bovendien werd met Raman spec-
troscopie het gedrag van het E22 fonon onderzocht. De structurele eigenschappen
werden opnieuw met XRD onderzocht om de levenduur van de fononen met stij-
gend filmdikte te correleren. Deze waarden werden vergeleken met bekende waarde
verkregen op monokristallijn AlN.

Tot slot werden het Si en AlN oppervlak blootgesteld aan verschillende plasmas (Ar,
CF4, H2, N2, O2), waarna het een colloïdale oplossing met nanodiamantdeeltjes (ND)
gebruikt werd als voorbehandeling. AFM toont onmiskenbaar grote verschillen in
kiemdichtheid aan na verschillende plasmavoorbehandelingen. Er werd aangetoond
Van der Waals krachten (VdW) een belangrijke rol spelen in de adhesie van ND aan
het oppervlakt. Het opruwen van het oppervlak veranderde proportioneel de nu-
cleatiedichtheid via de VdW-kracht die op haar beur met de oppervlakteruwheid
varieert. De hydrogenering en fluorinatie van zowel Si als AlN verbeterde de nucle-
atiedichtheid. In het laatstgenoemde geval steeg de dichtheid met vier grootteordes
in vergelijking met het onbehandelde oppervlak. Dit stond toe om compleet gesloten
60 nm dikke nanokristallijne diamantfilms op AlN te groeien.

xvii
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State of the art
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Chapter 1

Aluminum nitride

This Chapter gives an overview of aluminum nitride (AlN), rising the fundamental
problems that are currently addressed for the research and device development. In
the last Section of this Chapter, the combination of thin polycrystalline diamond films
with AlN are discussed.

1.1 Introduction

Over the last two decades there has been growing interest in III-V nitrides [3–6].
They have been recognized for their marvelous properties, leading to their use in
numerous semiconductor device applications. In this group, aluminum nitride (AlN)
stands out with extreme properties [5, 7] (Fig. 1.1). Having the widest direct band
gap (6.2 eV) among semiconductors makes it a key component of deep-ultraviolet
light emitting diodes [8–12]. Furthermore, AlN is a suitable substrate material for
GaN which in turn is essential for solid-state lighting [13]. High breakdown volt-
age of 1.5 × 106 V/cm [7], high resistivity of more than 5 × 1013 Ω cm [14] and
one of the most thermally stable among the piezoelectric materials [15], promote
AlN to be used for high-power, high-temperature applications [16–19]. Moreover,
high sound velocities of 6 333m/s and 10 127m/s for shear and longitudinal waves,
respectively, render AlN extremely attractive for high-frequency microelectronic de-
vices [20–23], acoustic wave devices, e.g. SAW filters, and micro-electro-mechanical
systems (MEMS), e.g. micro-cantilevers [24]. Therefore, it is also foreseen to re-
place other more conventional piezoelectric materials in acoustic sensors [25–27].
However, for most of the mentioned applications, the properties of the active or
supporting layers are crucial for their performance.

3
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Figure 1.1: Hexagonal close-packed (hcp) aluminum nitride crystal structure belongs to the
C46 (P63mc) space group symmetry.
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1.2 Deposition of AlN thin films

AlN thin films can be achieved by various techniques (Fig. 1.2). There are two main
process groups: physical and chemical vapor deposition (PVD and CVD, respectively).
Each of it is subdivided into particular deposition techniques, which lead to AlN thin
film deposition [28]. By means of CVD, plasma-enhanced CVD (PE CVD) [29], metalor-
ganic chemical vapor deposition (MOCVD) [30], and thermal CVD [31] are available.
On the other side, PVD methods divide into subgroups that differ in their physics,
i.e. thermal and sputtering processes. The thermal techniques, in which AlN or Al
is heated in reactive atmosphere, are the reactive evaporation [32], pulsed laser
deposition (PLD) [33] and molecular beam epitaxy (MBE) [34].

The sputtering technique offers low temperature deposition of thin films with uniform
composition and excellent adherence to the substrate [35]. In sputter deposition a
material from a target, e.g. aluminum (Al), is ejected by bombarding it with ener-
getic ions. If instead of an inert gas, usually argon, a reactive gas, e.g. nitrogen (N2),
is introduced into the sputtering chamber a chemical reaction between ejected alu-
minum and nitrogen ions take place and AlN is deposited on a substrate. Thus one
gets so-called reactive sputtering deposition [36]. A permanent magnet behind a
target is used to create a magnetic field in a closed-loop that traps electrons and
reshapes their trajectory into a cycloidal path. Hereby the probability of ionization of
the sputtering gas and hence the sputtering efficiency increases. During the process
AlN layers form on the target and electrically insulates the target from the plasma,
stops local sputtering and causes arcing. To overcome this, radio frequency (RF) sput-
tering has been introduced. However, RF power supplies are expensive. Therefore,
direct current (DC) pulsed [37] and high power impulse [38] magnetron sputtering
has been developed for the deposition of highly adherent, uniform and dense coat-
ings of nitrides.

Figure 1.2: Schematic view of thin film deposition processes which are used to achieve AlN
thin films.
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1.3 Stress in AlN thin films

In general during manufacturing of thin films, MEMS and other devices stress is gen-
erated in both the substrate and the deposited films. Excessive film stresses can lead
to deformation, cracking, delamination and other failures that can render a device
unusable. Accurate assessment of the deformation caused by film stress is critical
for developing controllable processes and producing high quality devices.

For devices based on AlN, fabrication and development, one is in need to know well
this material. Most of the material properties depend on the distance between near-
est neighbor atoms, which in turn is influenced by the stress in the film. Thus this
changes the device performance or may lead to its malfunction, e.g. high stress in
the AlN layer on a micro-cantilever bends and/or even breaks it (Fig. 1.5 (a)). Me-
chanical stress in thin films is quasi-unavoidable in heteroepitaxial growth due to the
lattice mismatch and difference in thermal expansion coefficients of film and sub-
strate. However, as the stress in the film is very much influenced by the used growth
process and conditions [39], it means that stress engineering and control becomes
possible. As demonstrated, sputtered thin AlN films show different properties for
different film thickness [40]. One of these, the in-plane stress, had different values
for different film thickness similarly as the results of Machunze and Janssen [41] on
titanium nitride (TiN), where the authors proved that a stress gradient exists in their
polycrystalline thin films.

In Chapter 3.1 AlN films of different thickness deposited by reactive DC-pulsed mag-
netron sputtering on silicon (100) and sapphire (0001) substrates are investigated.
The silicon (100) substrates are of special interest because they are widely used in
silicon device technology, whereas c-sapphire is one of the best lattice matched ma-
terials for AlN and is commonly used for optoelectronic devices. This investigation
is focused on the presence of stress in AlN thin films and their morphology, which
reveals that the substrate material and the subsequent quality of grown AlN deter-
mines the in-plane stress evolution with film thickness. Additionally, an etch-back
experiment was done to prove the existence of a stress gradient in the films.

1.4 Optical phonons in AlN thin films

Thermal conduction, lattice specific heat and carrier scattering at high temperature
are primarily determined by phonons [42]. In the case of high-current density or high
photoexcitation, situations that play an important role in high power applications, po-
lar optical phonons form the major energy relaxation path for hot carriers in polar
semiconductors [43, 44]. Subsequently, generated zone-center optical phonons de-
cay into zone-edge acoustic ones, which provide an efficient loss path for the excess
energy. However, if the generation rate for optical phonons is higher than their decay
a hot phonon population will emerge, slowing down the cooling process of carriers
by optical phonon re-absorption and hampering device performance. Additionally,
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the fundamental role of the optical phonon lifetime in the thermal conductivity of
semiconductors was recently demonstrated [45].

Although the lifetimes of phonons are well examined in single crystal AlN by the Ra-
man scattering technique [46–49], much less attention is devoted to infrared (IR)
spectroscopy, where the lifetime of optical phonons can also be estimated as shown
by Kazan et al. on a AlN single crystal [50]. IR spectroscopy is the most quantitative
technique and can be easily implemented for thin film analysis, whereas the Raman
technique causes difficulty when the backscattering configuration from the film cross-
section needs to be engaged (Tab. 2.2). Up to now, no reports attempt to estimate
the phonon lifetimes in AlN thin films because of undesirable defect levels in such
films, which hinder the fundamental phonon behavior. The few investigations of vi-
brational properties of AlN thin films with different thickness that were made [51,52],
focus mostly on the analysis of phonon frequencies and stress in such films. More-
over, the properties of sputtered AlN thin films are influenced by their thickness [40],
complicating their analysis.

Chapter 3.3 focuses on the accurate determination of the energy and lifetime of
optical phonons in AlN thin films based on a combination of optical experiments and
theoretical modeling. The investigation of the films is performed by Fourier transform
infrared (FTIR) spectroscopy recording the transmission spectra under normal and
oblique angles. With the intent to extract the properties of the E1(TO) and A1(LO)
optical phonon modes, simulations of the spectra were made using the factorized
model of a damped oscillator, taking into account the presence of birefringence and
the thin film interference phenomenon. As a result the E1(TO) and A1(LO) phonon
modes were characterized by their energy and lifetime. An additional correlation with
the stress and morphology of the films lead to a better fundamental understanding
of the observation.

1.5 Diamond

CVD diamond is a versatile material with extreme mechanical, thermal, electronic
and optical properties. Because of its very good chemical stability and bio-inertness,
it is currently being studied for a range of applications that make use of its surface
and bulk properties, including novel generation of neuroprosthetics [53,54] and (bio-
sensing) diamond-based acoustic devices [25,27]. However, diamond does not show
piezoelectricity and a heterostructure with a good piezoelectric material, like AlN, is a
prerequisite to fulfill the promising role that diamond is envisaged to play. Neverthe-
less, there are still many issues that need to be overcome to reach the full potential
of AlN/diamond heterostructures. One of those issues is the deposition of AlN on
diamond and vice versa, diamond growth on AlN.

The synthesis of around 100 nm thin nanocrystalline diamond (NCD) films by the
microwave plasma enhanced CVD (MW PE CVD) technique has proven an enormous
step forward for this material to show its potential in action [55, 56]. However, the
diamond nucleation step is critical for CVD of diamond on non-diamond substrates,
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(a) (b)

Figure 1.3: Highly boron doped NCD membrane of 100nm (a) and 200nm (b) thickness and
6× 6mm2 in lateral size for soft X-ray monitor at ESRF, Grenoble, France.

i.e. for heteroepitaxial as well as polycrystalline growth. In general, growth on such
foreign substrates requires artificial formation of diamond nucleation sites on the
substrate’s surface. The use of state-of-the-art seeding procedures based on water-
based colloidal solutions of ultra dispersed nanodiamond powder, allow the deposi-
tion of closed films of less than 100 nm on 2D as well as 3D structures, minimizing
deposition times while retaining an acceptable surface roughness [57]. In the seed-
ing procedure the surface charge and nanodiamond (ND) particles’ zeta-potential are
the most important factors that determine the nucleation density after seeding [58].
The modification of Si surface by hydrogen plasma enables to reach extreme nu-

(a) (b)

Figure 1.4: An attempt to grow a NCD film on AlN with aluminum interdigitated transducer
contacts. The dense and fully closed NCD layer is achieved on Al, whereas on AlN only
spaciously separated NCD balls are grown.
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cleation densities, which in turn allow to fabricate durable 100 nm thick NCD mem-
branes (Fig. 1.4).

In the last part of this thesis the AlN deposition on NCD and NCD growth on AlN are
analyzed. In latter case, it is shown that ND particles 10 nm in size do not adhere to
the AlN surface by a simple Van der Waals force due to hydrophobic nature of AlN and
a NCD film growth is impossible (Fig. 1.3). The adhesion of ND particles is strongly
enhanced after surface hydrogenation or fluorination and allows the NCD coverage
on AlN/Si cantilevers (Fig. 1.5 (c,d)).

(a) (b)

(c) (d)

Figure 1.5: (a) AlN/NCD cantilever, Ref. [24]. (b–d) AlN/Si cantilever, Ref. [59], covered with
a NCD film at IMO.
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Part II

Theory & Experiments
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Chapter 2

Experimental techniques

In this Chapter, the overview of experimental techniques and underlaying fundamen-
tal theory are presented. The sample preparation by reactive DC-pulsed sputtering
is shortly described in Section 2.1. The further sections compose the characteriza-
tion techniques that were used for AlN thin film analysis. The main focus is put on
the in-plane stress evaluation by substrate curvature method (Sec. 2.2) and optical
characterization in the UV-VIS-IR spectral range (Sec. 2.3). In Section 2.4 thickness
evaluation is shown. Additionally, all the experimental procedures are described
briefly.

2.1 Thin film deposition

In the following Section the deposition technique and details of sample preparation
is presented.

2.1.1 Reactive DC-pulsed magnetron sputtering

In order to deposit AlN films an aluminum (Al) target is sputtered using a nitrogen (N2)
gas discharge plasma with or without argon (Ar). When an electric potential differ-
ence is applied between two electrodes placed in a gas, electrons that are acceler-
ated by the electric field collide with the gas atoms. This leads to excitation and
ionization of the gas. The excited gas atoms relax by emission of photons, whereas
the ionized atoms, i.e. ions, are accelerated by the electric field towards the cathode
where the Al target is located. Due to ion bombardment Al atoms as well as the
secondary electrons are released from the target. Sputtered Al diffuses through the
plasma and reacts with the dissociation products from the N2 gas to form AlN. The

13
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Figure 2.1: Pulsed voltage applied to the cathode during the sputtering process. Positive
pulses are 1600 ns long, the cycle frequency is 250 kHz.

N2 plasma also reacts with the target, hence the AlN is sputtered from there as well.
Moreover, a dielectric layer accumulates positive charge, which causes arcing. To
avoid this, a pulsed voltage is applied to the cathode with inverse voltage pulses, i.e.
positive, in order to discharge the surface of the target (Fig. 2.1).

Sputtered species from the target reach a substrate with certain momentum1. This
momentum depends on several parameters: (i) the voltage that is applied to the
cathode, (ii) the mass of projectile ions, and (iii) the impact angle govern the yield of
sputtering and momentum of ejected target atoms [60]. In order to eject atoms their
bonds must be broken, hence (iv) the binding energy of the target material atoms
determines the momentum of sputtered atoms. Sputtered atoms have to reach the
substrate, thus here (v) the gas pressure rates the number of collisions, reducing the
momentum of arriving atoms.

The atoms that are striking the surface have few options: to bounce immediately
back from the substrate into the plasma, condensate or adsorb, sputter surface
atoms or get implanted into the top layer. The probability of these events depends on
the energy of the striking particle [35]. If the energy is not too high (¦ 10−2 eV) the
atoms lose their energy on the impact and are physically adsorbed on the surface.
The adsorbed atoms are initially not in thermal equilibrium with the substrate and
move over the substrate surface. In this process they interact among themselves,
forming clusters. Depending on the mobility of atoms, temperature of the substrate
and the atom-surface interactions these clusters may either evaporate or grow. Clus-
ters can grow parallel to the substrate by surface diffusion and perpendicular to it by
direct impingement. Thus, the next stage is the growth of a thin film, where three pri-
mary growth modes are possible: (i) Volmer-Weber (island formation), (ii) Frank-van
der Merwe (layer-by-layer), and (iii) Stranski-Krastanov (layer-plus-island).

1A product of a mass and velocity.
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2.1.2 Types of thin film microstructure

A polycrystalline film’s structure and morphology are classified in terms of structure
zone models (SZM’s), that are influenced by deposition parameters [61, 62]. The
SZM’s are constructed by the structure features dependence on the deposition tem-
perature, considering the homologous temperature, i.e. Ts /Tm, where Ts is the sub-
strate temperature and Tm is the melting point of the film material. These models
are divided into I, T, II, and III zones, respectively with increasing Ts /Tm (Fig. 2.2).

When the ad-particles have little or no mobility, e.g. a low substrate temperature
and/or small momentum of the incoming atom, they do not diffuse and stick to the
growing film at the same place where they land; an amorphous-like columnar struc-
ture separated by voids develops2 (zone Ia). Another zone, Ib, is similar as Ia and it
differs by the presence of continuous bombardment by energetic sputtered particles.
In this case the voids are filled by the particles and a more dense columnar struc-
ture evolves. At the elevated substrate temperature, zone Ic, the thermally induced
mobility of the adatoms increases and they are able to diffuse on underlying crystal
grains. Due to an anisotropy in growth rate of the different crystallographic planes,
faceting of the grown film occurs in such a way that the grains are terminated by the
planes of the lowest growth rate. This gives rise to a faceted columnar but random
out-of-plane oriented structure. Also the voids between the columns are filled by the
adatoms, thus the columns are not separated by the voids anymore, but by grain
boundaries. In summary, zone I belongs to the temperature interval 0 < Ts /Tm < 0.2
where neither the bulk diffusion nor the surface diffusion has remarkable value.

2Such structure can also emerge when atoms have higher mobility and a high deposition
rate is present. Landed adatoms are buried by subsequently deposited ones before the first
one can diffuse to another site.

Figure 2.2: Schematic drawing of the structure zone models.
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Further increase in temperature, proceeding to zone T 0.2 < Ts /Tm < 0.4, increases
the thermal mobility and enables adatoms to diffuse from one grain to another. The
structure develops by the competitive growth of differently oriented neighboring
grains. Therefore, the texture is changing with the thickness in this zone, while
the grain boundary migration remains limited [61,62].

In the higher temperature range, zone II 0.4 < Ts /Tm, the effect of the grain boundary
migration becomes important. The first structure of randomly oriented small grains
is dissolved gradually by the coalescence. The events are controlled by the interface
and surface energy minimization.

As it will be seen in the next Section, AlN films were deposited without substrate
heating and the Ts was approximately less that 500 K. The melting point temperature
of AlN is around 3000 K [7] and thus Ts /Tm ® 0.17, which corresponds to zone Ic [61].

2.1.3 Sample preparation

AlN thin films were deposited by reactive DC-pulsed magnetron sputtering on (100)
oriented silicon, (0001) oriented sapphire substrates and metal interlayers on Si(100).
The circular TORUS(R) balanced magnetron sputter source was provided by Kurt J.
Lesker company.

Prior to deposition the substrates were ultrasonically cleaned in: acetone and ethanol,
then rinsed in deionized water and dried under N2 gas flow. The sputtering target was
99.9995% purity Al 4 inches in diameter, held on a water-cooled magnetron cathode.
The distance between the target and the copper substrate holder was 5 cm. The tar-
get power supply was driven in a constant-power mode applying pulses of 1600 ns
with 250 kHz repetition (Fig. 2.1). Before deposition the target was cleaned using
Ar (99.9999%) gas discharge plasma for 10 min followed by a pre-sputtering stage,
using the same conditions as the subsequent film deposition with shutter shielding
the sample. The base pressure in the sputtering chamber was below 5 × 10−4 Pa,
while the pressure during the deposition was kept at 0.6 Pa. The substrates were
not additionally heated nor cooled during the deposition process. For two main se-
ries (S100% and S50%, Tab. 2.1) the time of open shutter, i.e. deposition time, was var-
ied and different film thicknesses were rendered in the range of 17 nm to 3900 nm.

The main investigation was focused on S100% series of samples that that were sput-
tered using a gas discharge plasma of pure N2 (99.999%) on Si and Al2O3 substrates.
Additional series of samples, S50%, were deposited using a mixture of Ar and N2 (1:1
ratio), on Si and Si covered with a chromium (Cr) interlayer (100 nm). The flow rates
of gases were regulated by two mass flow controllers and the total gas flow rate was
always kept constant at 50 sccm. AlN was sputtered on different metal interlayers
under the same conditions as S100% series in oreder to investigate the quality of ap-
proximately 400 nm thick AlN film on mimicked electrical contacts (Sec. 4.1). For this
reason metal thin films were sputtered on Si(100) substrates (SMetal). Also thin films
were sputtered under various powers ranging from 200 W to 900 W (SPower). The
deposition conditions of all investigated samples are summarized on Table 2.1.
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Table 2.1: Deposition conditions of investigated AlN samples.

Deposition parameter Series S100% Series S50% Series SPower Series SMetal

Substrate Si(100), Al2O3(0001), NCDa,
metal interlayerb,c: Al, Ti, V,
Cr, Zr, Nb, Mo, Ta, W

Si(100), Cr Si(100),
Al2O3(0001),
Al, Cr, Ta, W

Si(100)

Gas flow rate (sccm) N2 (50) Ar:N2 (25:25) N2 (50) Ar (50)
Target Al Al Al Al, Ti, V, Cr, Zr, Nb, Mo, Ta, W
Target power P (W) 600 600 200, 300, 400,

500, 600, 700,
800, 900

150

Target-to-substrate
distance (cm)

5 5 5 12

Base pressure (mPa) < 0.5 < 0.5 < 0.5 < 0.5
Deposition pressure (Pa) 0.6 0.6 0.6 0.53
Deposition time (min) 0.25, 0.5, 1, 1.5,

3, 6, 12, 24, 48
0.25, 0.5, 1, 1.5,
3, 6, 12, 24, 48

20, 13, 9.5, 7.7,
6.3, 5.3, 4.7, 4.2d

15

Deposition ratee (nm/min) 64 81 0.127 · P 45 (Al), 28 (Ti), 9 (V),
25 (Cr), 21 (Zr), 14 (Nb),
19 (Mo), 34 (Ta), 13 (W)

Film thicknesse (nm) 17 – 3100 19 – 3900 ≈ 500 680 (Al), 420 (Ti), 137 (V),
380 (Cr), 315 (Zr), 215 (Nb),
290 (Mo), 510 (Ta), 200 (W)

aDeposition time 15 min.
bDeposition time 6.25 min.
cFor simplicity only the metal symbol is used for metal on Si(100) notation.
d20 min for 200 W, 13 min for 300 W, etc., respectively.
eRelative error ±10%.
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2.2 Stress measurements

In this Section the in-plane stress measurements by the substrate curvature method
are described. The out-of-plain strain evaluation by X-ray diffraction (XRD) method
is described in Section 2.7.1.

2.2.1 Substrate curvature method

Figure 2.3 illustrates the substrate bending due to an in-plane stress in the film that
is deposited on a substrate. The growing film initially shrinks (Fig. 2.3 (a)) or ex-
pands (Fig. 2.3 (b)) relative to the substrate, e.g. due to surface tension forces
or the lattice misfit. Compatibility requires that both the film and substrate have
the same length. Therefore, the film stretches/contracts, while the substrate con-
tracts/stretches. The tensile/compressive forces (F) developed in the film are bal-
anced by the compressive/tensile forces in the substrate. This combination is still
not in mechanical equilibrium because of the uncompensated bending momenta (M)
that will elastically bend the substrate-film system in order to be compensated [35].

(a) (b)

Figure 2.3: Substrate bending when a deposited thin film experiences tensile (a) and
compressive (b) in-plane stress. R is the radius of curvature, F are the forces that act on the
film and substrate to restore the equilibrium state, M are the bending momenta.
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The in-plane stress σ in a film is calculated by the Stoney equation [63,64]:

σ =
1

6

�

1

Ra
−
1

Rb

�

Y

1− ν

h2s
hf

, (2.1)

where Rb and Ra are the radii of curvature of the substrate before and after the de-
position of the film, respectively, Y is the Young’s modulus and ν is Poisson’s ratio for
the substrate, hs and hf are the thicknesses of the substrate and film, respectively.
The required substrate curvatures were measured with a DekTak(R) stylus profilome-
ter. Elastic constants of the substrate materials, silicon and sapphire, were taken
from the literature [65,66]. The thickness of the substrate was measured with an op-
tical microscope, whereas the thickness of the films thicker than 100 nm was deter-
mined from the Fabry-Perot fringes in reflection and transmission spectra measured
using a home-build system as described in chapter 2.3. The thickness of the thinner
films was extrapolated with respect to the open shutter time during the deposition
process.

2.2.2 Radius of curvature

The key of the stress measurements is the change of substrate’s radius of curvature
before and after the film deposition (Fig. 2.4 (a)). If the height of the substrate y is
expressed as a continuous function of distance  along the substrate, y = ƒ (), then
the radius of curvature at any point are calculated as

R () =

�

1+
�

dy
d

�2�3/2

d2 y
d2

. (2.2)

The measured surface profile is fitted with a parabolic function

y() = A+ B+ C2 , (2.3)

with A, B and C the fitting parameters. Inserting the parabolic function into Eq. 2.2
yields

R () =
1

2

�

1+ (B+ 2C)2
�3/2

C
. (2.4)

Then the obtained function can be expanded as the Taylor series at the zero point,
i.e. as the Maclaurin series,

R () =
1

2

�

1+ B2
�3/2

C
+ 3
p

1+ B2 B+O(2) . (2.5)
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Figure 2.4: (a) Curvature of Si substrate before (squares) and after (circles) the deposition
of 200 nm AlN film. The parabolic curves are fits made at different ranges: the whole mea-
surement (solid curve), giving R = (−53.4± 0.2)m, and the central zone of 4.6mm (dashed
curve), giving R = (−65.3± 1.0)m. (b) Radius of curvature versus the fitting range.

If the second term is negligible one gets the radius of curvature independent of 

R =
1
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C
. (2.6)
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(2.7)

was satisfied for all measurements of substrate curvature.

For the data fit a polynomial regression model of the second order is used and stan-
dard errors of the fitting parameter is estimated [67]. The absolute error of radius of
curvature (Eq. (2.6)) is

ΔR =

s

�∂R
∂B
ΔB
�2

+
�∂R
∂C
ΔC
�2

(2.8)

whereas the relative error is

ΔR
R
=

s

�

3BΔB

1+ B2

�2

+

�

ΔC

C

�2

(2.9)

Depending on the measurement length the fitting results vary and so does the calcu-
lated radius of curvature and its error (Fig. 2.4 (b)). Around 10% of the edge region
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is excluded when fitting the curvature profile in order to avoid edge effects, while
from the rest of values the weighted mean and its standard error are calculated. The
substrate surface bending is measured in two perpendicular directions, along 〈110〉
directions, of a square 10×10mm2 sample and two slightly different R are obtained
per sample. Those are averaged and the following error is estimated

ΔR =
Æ

(ΔR1)2 + (ΔR2)2 . (2.10)

Also, it should be noted that it is impossible to scan the surface of a sample in the
same line before and after the deposition, thus an additional random error should be
included. Finally, the stress in the film is estimated with the following absolute error

Δσ =

s

� ∂σ

∂Ra
ΔRa

�2

+
� ∂σ

∂Rb
ΔRb

�2

+
� ∂σ

∂hf
Δhf

�2

+
� ∂σ

∂hs
Δhs

�2

, (2.11)

which upon finding and inserting the partial differentials of Eq. (2.1) reduces to

Δσ

σ
=

s

�

ΔRaRb

Ra (Rb −Ra)

�2

+

�

ΔRbRa

Rb (Rb −Ra)

�2

+ Δh2f + 4Δh
2
s . (2.12)

2.2.3 Etch-back experiment

To find out whether a stress gradient is present in AlN films, a 1500 nm thick sample
from the S100% series deposited on Si (Sec. 2.1, Tab. 2.1), was etched in steps for the
evaluation of the in-plane stress at lower film thickness. The wet chemical etching
was done in a piranha solution. Sulfuric acid (H2SO4, 95%) and hydrogen peroxide
(H2O2, 30%) were mixed in equal ratio by volume and heated to 100◦C. After each
etching step the substrate curvature and the film thickness were measured and the
in-plane stress was calcuated.

2.3 UV-VIS-IR spectroscopy

Optical investigation of thin films is not always straight forward. In order to interpret
the reflectance or transmittance of thin films, the electromagnetic (EM) theory of
light should be used to derive expressions for the complex-amplitude reflection and
transmission coefficients of the film interfaces, in terms of the macroscopic optical
properties that characterize the thin film. Depending on the situation the thickness,
absorption, refractive index and anisotropy of the thin film, angle of incidence and
wavelength of the light as well as the roughness of the present interfaces are the key
factors that determine the observed spectra. In this Section, the influence of these
quantities on the transmission and reflection spectra will be analyzed.
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2.3.1 Fundamental concepts

Light is an EM wave (Fig.2.5) that requires four basic field vectors for their description:
the electric-field strength ~E, the electric-displacement density ~D, the magnetic-field
strength ~H and the magnetic-flux density ~B. These field vectors are interrelated by
Maxwell’s field equations and the associated constitutive relations.3 In general, once
one of the fields is determined, e.g. ~E, the other remaining field vectors can be found.
Thus we will focus on the electric field vector ~E to describe the light waves and their
interaction with the thin film of interest.

Maxwell’s equations lead to ~E and ~H satisfying the wave equation for which the solu-
tions are linear combinations of plane waves traveling at the speed of light c0:

c0 =
1

p
ε0μ0

, (2.13)

with ε0 and μ0 the permittivity and permeability of free space, respectively. The
electric field observed at a fixed point in space ~r varies with time t as

~E(~r, t) = E0e(~r· ~k−ωt+β) , (2.14)

with E0 the electric field amplitude, ~k the angular wavenumber, ω the oscillation
angular frequency and β the phase shift. The propagation of light in a medium is
governed by the complex index of refraction eN which is expressed as

eN = n− κ , (2.15)

3The constitutive relations specify the relations between ~E and ~D, and between ~H and ~B.

Figure 2.5: Linearly polarized electromagnetic plane wave.
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with n the index of refraction and κ the extinction coefficient of the medium. The
index of refraction gives a ratio of c0 relative to the phase velocity in the considered
medium . The extinction coefficient is linked with the absorption coefficient α of
the medium as

α =
4πκ

λ
=
2κω


, (2.16)

with λ the wavelength of the EM wave. The complex index of refraction can be written
as

eN =
p

eεr eμr , (2.17)

where eεr and eμr are complex relative permittivity and permeability of medium, re-
spectively. For most materials eμr ≈ 1, whereas eεr is in general frequency-dependent.
Therefore, we write

eN(ω) = n(ω)− κ(ω) ≈
p

eεr(ω) . (2.18)

Finally, the electric field of the light wave in a medium will be given by

~E(~r, t) = E0e
�

~r· ~k eN−ωt+β
�

. (2.19)

2.3.2 Light reflection and refraction at the interface

Part of the traveling optical plane wave is reflected and part of it is transmitted (re-
fracted) at the planar interface between two media (Fig. 2.6). Here we assume an
abrupt change in the refractive index across the interface and assign eN0 and eN1 to the
media. The total fields inside the media obey Maxwell’s equations and the boundary
conditions at the interface. For the boundary conditions to be satisfied: (1) the direc-
tion of propagation of the incident, transmitted and reflected light must lie in plane
of incidence, which is perpendicular to the interface, (2) the angles of incidence and
reflection must be equal, and (3) the angles of incidence ϕ0 and refraction ϕ1 must
be related by

eN0 sinϕ0 = eN1 sinϕ1 , (2.20)

Figure 2.6: Oblique reflection (r) and transmission (t) of incident (i) light at the interface
between two media. ϕ0 and ϕ1 are the angles of incidence and refraction, respectively.
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which is known as Snell’s law. In order to find ratios between incident (i) and re-
flected (r) or transmitted (t) electric fields one needs to match the tangential ~E and
~H fields across the interface. This leads to the following Fresnel complex-amplitude
reflection (r) and transmission (t) coefficients for the parallel (p) and perpendicu-
lar (s) polarizations (with respect to the plane of incidence) [68]

Erp

Eip
= rp =

eN1 cosϕ0 − eN0 cosϕ1
eN1 cosϕ0 + eN0 cosϕ1

, (2.21)

Ers

Eis
= rs =

eN0 cosϕ0 − eN1 cosϕ1
eN0 cosϕ0 + eN1 cosϕ1

, (2.22)

Etp

Eip
= tp =

2 eN0 cosϕ0
eN1 cosϕ0 + eN0 cosϕ1

, (2.23)

Ets

Eis
= ts =

2 eN0 cosϕ0
eN0 cosϕ0 + eN1 cosϕ1

. (2.24)

Usually in experiments the angle of incidence and the refractive index of media (0
and 1) are known parameters, therefore it is useful to express the Fresnel coefficients
using Snell’s law and to get rid of the refraction angle ϕ1

rp =
eN21 cosϕ0 −

eN0
Æ

eN21 − eN
2
0 sin

2 ϕ0

eN21 cosϕ0 + eN0
Æ

eN21 − eN
2
0 sin

2 ϕ0
, (2.25)

rs =
eN0 cosϕ0 −

Æ

eN21 − eN
2
0 sin

2 ϕ0

eN0 cosϕ0 +
Æ

eN21 − eN
2
0 sin

2 ϕ0
, (2.26)

tp =
2 eN0 eN1 cosϕ0

eN21 cosϕ0 + eN0
Æ

eN21 − eN
2
0 sin

2 ϕ0
, (2.27)

ts =
2 eN0 cosϕ0

eN0 cosϕ0 +
Æ

eN21 − eN
2
0 sin

2 ϕ0
. (2.28)

The Fresnel coefficients versus incident angle for the AlN/air interface are plotted in
Figure 2.7 (a).

In the experiment the photometrically measurable entity of light is radiant flux or
radiant power , i.e. the total power of monochromatic EM radiation, that is absorbed
by the Si photodiode and converted into electrical current. The fraction R(p,s) of the
total radiant flux of an incident EM plane wave, i, that appears in the wave reflected
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Figure 2.7: (a) Calculated Fresnel amplitude reflection (r(p,s)) and transmission (t(p,s)) co-
efficients for the AlN/air interface (nair = 1, nAlN = 2.1). (b) Photometrically measurable
reflectance R(p,s) and transmittance T(p,s) of the AlN/air interface.

from the interface of two media, r, is given by (Fig. 2.7 (b))

r

i
= R(p,s) =

�

�

�r(p,s) r
∗
(p,s)

�

�

� (2.29)

and the fraction T(p,s) in the wave transmitted through the interface, t, is given by

t

i
= T(p,s) =

eN1 cosϕ1
eN0 cosϕ0

�

�

�t(p,s) t
∗
(p,s)

�

�

� , (2.30)

here the asterisk (∗) denotes the complex conjugate. The prefactor eN1/ eN0 of t(p,s)

occurs from the ratio of irradiance in two media, as the irradiance , i.e. power per
unit area, of a monochromatic EM wave in medium is given by

 ≈
c0 eNϵ0

2

�

�

�E0E
∗
0

�

�

� . (2.31)

The factor cosϕ1/ cosϕ0 (in Eq. 2.30), due to the change in the cross-section of a
finite beam upon refraction, needed since the ratio of radiant flux is equal to the
irradiance times area [69].
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2.3.3 Transmission and reflection in thin films

In case of a thin film on a substrate (Fig. 2.8) one has two interfaces, i.e. ambient-
film (0-1) and film-substrate (1-2). Here the interference phenomena in thin film ap-
pears. When incident light meets the ambient-film interface a part of it reflects back
to the ambient (r01) and the other part transmits into the film (t01). The refracted
light experiences multiple reflections inside the thin film as each time at the interface
it is partly reflected (r12 and r10) and transmitted (t12 and t10). These transmissions
and reflections are described by Fresnel complex-amplitude coefficients (Eqs. 2.25–
2.28). While crossing the film, light will experience the a phase shift, i.e. the fraction
of the wave cycle which is elapsed relative to the reflected wave, 4

β = 2π

�

hf

λ

�

eN1 cosϕ1 , (2.32)

or if Snell’s law is applied

β = 2π

�

hf

λ

�

q

eN21 − eN
2
0 sin

2 ϕ0 . (2.33)

When each part of the beam is added (Fig. 2.8) to calculate the resultant reflected
wave one gets

R = r01 + t01 t10 r12 e−2β + t01 t10 r10 r212 e−4β + t01 t10 r210 r
3
12 e−6β + · · · , (2.34)

4In the following equations the indices of appropriate polarization p or s are not mentioned
for simplicity. When the total transmission or reflection of p- or s-polarizations are calculated
the corresponding Fresnel coefficients of p- or s-polarization are used.

Figure 2.8: Oblique reflection and transmission of light by an ambient (0) – film (1) –
substrate (2) system. ϕ0, ϕ1 and ϕ2 are the angles of incidence, refraction in the film and
refraction in the substrate, respectively.
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here indices denote the EM wave propagation direction, for r 01 means the reflec-
tion in ambient (0) from ambient-film interface and for t 01 means transmission
from the ambient (0) to the film (1). Thus in general the Fresnel complex-amplitude
coefficients (Eqs. (2.25)–(2.28)) are different depending on the direction. With sub-
stitutions5 r10 = −r01 and t01 t10 = 1− r201 the Eq. (2.34) can be expressed as

R =
r01 + r12 e−2β

1+ r01 r12 e−2β
. (2.35)

In the same way the total transmitted complex-amplitude of the EM wave is calcu-
lated

T = t01 t12 e−β + t01 t12 r10 r12 e−3β + t01 t12 r210 r
2
12 e−5β + · · · , (2.36)

which can be expressed as

T =
t01 t12 e−β

1+ r01 r12 e−2β
. (2.37)

Finally, to calculate the photometrically measurable quantities the Eqs. (2.29) and
(2.30) are used by replacing r and t with R and T, respectively.

2.3.4 Uniaxially anisotropic film

AlN is an uniaxial material that has one crystal axis, i.e. c-axis, that is different from
the other two crystal axes, i.e. a-axis and b-axis which are identical (Fig. 1.1). This
unique axis is referred to as the optic axis. The index of refraction along the optic

5This can be shown when the complex index of refraction, eN0 and eN1, are swapped in
Eqs. (2.25)–(2.28).

Figure 2.9: Oblique reflection (r) and transmission for ordinary (to) and extraordinary (te) rays
of incident (i) light at the interface between isotropic medium (1) and anisotropic medium (2)
with an optic axis parallel to the surface normal. ϕ0 is angle of incidence, ϕo and ϕe are the
angles of refraction for ordinary and extraordinary rays, respectively.
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axis is called the extraordinary one, eN1e, whereas the complex index of refraction in
the other two directions is the ordinary one, eN1o.

A special case of interest is that in which the optic axis of the uniaxial film is perpen-
dicular to its boundaries with the ambient and substrate (Fig. 2.9), e.g. the optic axis
of AlN, i.e. the c-axis, is parallel to the surfaces normal of AlN film and substrate.
In this case, relatively simple expressions of the Fresnel reflectance r and transmit-
tance t coefficients are obtained for each interface for p- and s-polarization of the
light [70]:

r01p =
eN1o eN1e cosϕ0 − eN0

Æ

eN21e − eN
2
0 sin

2 ϕ0

eN1o eN1e cosϕ0 + eN0
Æ

eN21e − eN
2
0 sin

2 ϕ0
, (2.38)

r12p =
− eN1o eN1e cosϕ2 + eN2

Æ

eN21e − eN
2
2 sin

2 ϕ2

eN1o eN1e cosϕ2 + eN2
Æ

eN21e − eN
2
2 sin

2 ϕ2
, (2.39)

r01s =
eN0 cosϕ0 −

Æ

eN21o − eN
2
0 sin

2 ϕ0

eN0 cosϕ0 +
Æ

eN21o − eN
2
0 sin

2 ϕ0
, (2.40)

r12s =
− eN2 cosϕ2 +

Æ

eN21o − eN
2
2 sin

2 ϕ0

eN2 cosϕ2 +
Æ

eN21o − eN
2
2 sin

2 ϕ0
, (2.41)

t01p =
2 eN0 cosϕ0

eN1o eN1e cosϕ0 + eN0
Æ

eN21e − eN
2
0 sin

2 ϕ0
, (2.42)

t12p =
2 eN1o eN1e

Æ

eN21e − eN
2
0 sin

2 ϕ0

eN1o eN1e cosϕ0 + eN0
Æ

eN21e − eN
2
0 sin

2 ϕ0
, (2.43)

t01s =
2 eN0 cosϕ0

eN0 cosϕ0 +
Æ

eN21o − eN
2
0 sin

2 ϕ0
, (2.44)

t12s =
2
Æ

eN21o − eN
2
0 sin

2 ϕ0

eN0 cosϕ0 +
Æ

eN21o − eN
2
0 sin

2 ϕ0
. (2.45)

Due to anisotropy, the phase shift β differs for p- and s-polarizations

βp = 2π
d

λ

eN1o

eN1e

q

N21e −N
2
0 sin

2 ϕ0 (2.46)

and

βs = 2π
d

λ

q

eN21o −N
2
0 sin

2 ϕ0 . (2.47)

Finally, the total complex-amplitude of reflection and transmission is calculated ac-
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cording to Eqs. (2.35) and (2.37), respectively, where for each polarization the corre-
sponding Fresnel coefficients and phase shift values are inserted. Then the measur-
able quantity is calculated according to Eqs. (2.29) and (2.30).

2.3.5 Influence of surface roughness

In case of a rough surface, e.g. polycrystalline CVD diamond films, light is scattered
while crossing the interface and in turn the reflection and transmission are hampered.
Consequently, the phenomenon of interference in thin films is altered. The Fresnel
coefficients of a rough interface are reduced by surface scattering factors [71]

Sr(0,1) = e
−8
�

π eN(0,1) ρ
λ

�2

, (2.48)

St = e
−8
�

π ( eN0− eN1) ρ
λ

�2

, (2.49)

where subscripts r and t denote the scattering factors that are used in combination
with the Fresnel complex-amplitude reflection and transmission coefficients, respec-
tively, indices 0 and 1 indicate in which media the reflection takes place, ρ is the
surface roughness. Then for a thin film-substrate system, with the assumption that
the film-substrate interface is smooth, the total reflection complex-amplitude is

R =
Sr0 r01 +

�

Sr0 Sr1 r201 + S
2
t t01 t10

�

r12 e−2β

1+ Sr1 r01 r12 e−2β
(2.50)

and the total transmission complex-amplitude is

T =
St t01 t12 e−β

1+ Sr1 r01 r12 e−2β
. (2.51)

Figure 2.10: Light scattering at the interface of two media. Two different scattering factors
are defined when light is: reflected back to the medium it came from (Sr) and transmitted
through the interface of two media (St).
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2.3.6 Experimental set-ups

Ex-situ measurements

The home-build experimental set-up for transmission and reflection measurements
in the UV-VIS-IR range of EM wave spectrum (1 eV – 5 eV)6 is shown in Figure 2.11.
The light flux of a xenon arc lamp is chopped with an optical chopper at 79 Hz. Then
light is dispersed with an Oriel CornerstoneTM 260 1/4 m monochromator. A UV-
grade fused silica (UV-FS) lens focuses the beam. Part of the beam is reflected from
UV-FS beam splitter to the detector for monitoring the light flux that falls onto a
sample. The sample is placed on the backside of the integrating sphere. The detector
behind the sample is dedicated for transmission measurements, while the detector
connected to the integrating sphere is gathering the reflected light. The detectors
used for the measurements are Si photodiodes with UV-enhanced responsivity. These
photodiodes are operated in photovoltaic (unbiased) mode, during which no external
bias is applied. In this case the lowest dark current is achieved.

In order to extract reliable data, the following procedure is done: (i) the xenon lamp
spectrum is measured without the sample placed behind the sphere, (ii) a NIST cal-
ibrated reflectance sample is placed and it’s reflectance is measured, and (iii) the
transmission and reflection spectra of a samples are measured.

Case I: no sample. With the so called transmission detector (DT) the radiant flux
that comes from the lamp is measured at each wavelength and is assigned as total
flux T,total(λ). At the same time the reflection detector (DR) measures the back-
ground level, R,backg.(λ). The detector’s dark current is neglected as it was mea-
sured to be at least two orders of magnitude lower than the measured signal and
at least one order of magnitude lower than the background signal. The reference

6250 nm – 1250 nm, λ(nm) · ℏω(eV) = 2πℏc.

Figure 2.11: Experimental set-up of transmission and reflectance measurements in the
UV-VIS-IR range. BS – beam splitter, D – silicon photodiodes: ref. – reference, T – transmission,
R – reflection.
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detector (Dref.) measures the flux of light that reflects from a beam splitter, ref.,1(λ).
Then the following ratios are calculated

ηT(λ) =
T,total(λ)

ref.,1(λ)
, (2.52)

ηbackg.(λ) =
R,backg.(λ)

ref.,1(λ)
, (2.53)

which are used to determine the actual flux that falls onto the sample during the
measurement, T,total(λ) = ref.(λ)ηT(λ), and the background light level inside the in-
tegrating sphere, backg.(λ) = ref.(λ)ηbackg.(λ). This is performed to avoid the lamp’s
aging and flux fluctuation effects as the mentioned quantities are reconstructed at
the same time the measurement is done, i.e. during the measurement the DT, DR

and Dref. record the signal simultaneously.

Case II: NIST calibrated sample. When the NIST sample is placed the signal that
DR measures

R,NIST(λ) = R,total(λ) RNIST(λ) Ψ(λ) + R,backg.(λ) , (2.54)

where R,total(λ) is the total flux7, RNIST is the known reflectivity of the NIST calibrated
sample and Ψ is the unknown sphere’s throughput efficiency8. Then a ratio between
the measurement by Dref. with the signal at DR that would be assigned for total
reflectivity is constructed

ηR(λ) =
R,total(λ)

ref.,2(λ)
=
R,NIST(λ)− R,backg.(λ)

ref.,2(λ) RNIST(λ) Ψ(λ)
. (2.55)

Here backg.(λ) can be replaced by ref.,2(λ) ηbackg.(λ) or the background data, mea-
sured in case I, can be used if measurements are done in one course.

Case III: sample. When a sample is measured the transmission and reflection spec-
tra are calculated as

Tsample(λ) =
T,sample(λ)

ref.,3(λ) ηT(λ)
, (2.56)

Rsample(λ) =
R,sample(λ)− backg.(λ)

ref.,3(λ) ηR(λ) Ψ(λ)
. (2.57)

When in the latter expression ηR(λ) is inserted one gets rid of Ψ(λ)

Rsample(λ) =
ref.,2(λ) RNIST(λ)

�

R,sample(λ)− backg.(λ)
�

ref.,3(λ)
�

R,NIST(λ)− R,backg.(λ)
� . (2.58)

7R,total(λ) and T,total(λ) are equal, however the detector is not the same, thus the quanti-
ties are treated separately to avoid error due to difference in the responsivity of the detectors.

8Due to aging the reflectivity of integrating sphere coating becomes unknown.
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If one assumes that ref.,2(λ) = ref.,3(λ) and that R,backg.(λ) is negligible9, the latter
expression reduces to

Rsample(λ) =
R,sample(λ)

R,NIST(λ)
RNIST(λ) . (2.59)

In-situ measurements

The thickness of growing NCD films was monitored in-situ by measuring the laser
beam reflection from the film. A diode pumped solid state laser beam (λ = 473 nm)
angled at 28◦ to the sample, reflected and measured with a Si photodiode. In or-
der to avoid plasma radiation background an interference filter was used. In the
measured reflectance signal constructive and destructive interference fringes are
appearing with increasing NCD thickness (Fig. 2.12 (a)), allowing the determination
of film thickness at these extrema by using Equations (2.29) and (2.50). Furthermore,
the growth rate variation with time can be reconstructed. The amplitude of observed
interference gives an indication of surface roughness and light scattering inside the
film (Fig. 2.12 (b)), that can be accessed by fitting the in-situ curve.

9However, this was not the case for the photon energies above 3 eV.
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Figure 2.12: (a) In-situ measurement (open squares) and simulation (solid line) of reflection
from NCD film. The index of refraction at 473 nm of NCD (nNCD = 2.44) used in calculation
is taken from the literature (Ref. [72]). The extinction coefficient (κNCD = 0.12) and surface
roughness of NCD was estimated by fitting the measurement data. The full points and
dashed line represents growth rate variation with growth time; the line is a guide for the eyes.
(b) Calculated surface roughness versus NCD film thickness. The line is a guide for the eyes.
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2.4 Film thickness determination

By analyzing the interference fringes in transmission and reflection spectra the film
thickness is determined. A typical spectra of 200 nm thick AlN on sapphire substrate
is presented in Figure 2.13 (a). In case of AlN on sapphire, a transparent substrate
in UV-VIS-IR spectral range, one can analyze transmission spectra of the film as de-
scribed by Swanepoel [74]. This method gives a recipe how to deal with transmission
spectra and gives simplified form of Equations (2.25–2.28, 2.29–2.30) to calculate
the refractive index and film thickness at the extrema points of interference fringes.
Build on Swanepoel’s method the transmission spectra of AlN/Al2O3 were analyzed
to determine the film thickness and ordinary refractive indexes10 of AlN (Fig. 2.13 (b),
points). However, in case of AlN on silicon substrate, the analysis of the reflectance
spectra is only possible. The positions of minima and maxima of interference fringes
in reflection spectra were calculated using the refractive index taken from the liter-
ature [73]. These did not coincide with the experimentally observed positions. The
iterative change of refraction index and the re-calculation of interference fringes po-
sitions were done in order to fit the experimental points. In Figure 2.13 (b) the solid
line represents the final solution for the index of refraction with which the calculated
and experimental positions of interference fringes coincided. In all cases, the ob-
tained refractive indexes were more or less of the same value and slightly lower than
for AlN single crystal (Fig. 2.13 (b), dashed line), indicating that the sputtered AlN
films are of good quality [7].

10The c-axis, i.e. the optic axis, was confirmed to be parallel to the surface normal (Fig. 3.4).
In this case the electric field of light that propagates along the optic axis is perpendicular to
the optic axis, i.e. the ordinary directions.
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Figure 2.13: (a) Transmission (upper part) and reflection (lower part) spectra of 200 nm
thick AlN film on Al2O3 substrate (line). The dashed lines represent a bare substrate spectra.
(b) Ordinary refractive index of AlN: points – calculated using the Swanepoel’s method, solid
line – adapted to fit the reflection measurements, and dashed line – taken from Ref. [73].
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2.5 Optical phonons in AlN

According to energy and momentum conservation laws only optical phonon modes,
transverse optical (TO) and longitudinal optical (LO), can interact with light [42].
That is why they are called optical phonons. For hexagonal close-packed (hcp) crys-
tal structures, e.g. AlN (Fig. 2.14 (a)), there is an additional subdivision of optical
phonons based on symmetry [75, 76]. In AlN there are A, B and E symmetries de-
noted in Mulliken’s notation [77]. In the axial A (symmetric) and B (antisymmetric)
phonon modes the atomic displacement occurs along the c-axis, while in E (doubly
degenerate11) mode it occurs perpendicular to the c-axis (Fig. 2.14 (b)).

The hexagonal AlN with the wurtzite structure belongs to the C46 (P63mc) space
group. The group theory predicts the symmetries of -point optical-phonon modes
to be A1+E1+2E2+2B1. The A1, E1 and E2 modes are Raman active, the A1 and E1
modes are infrared active, and the B1 modes are inactive (silent modes) [78]. The
A1 and E1 modes are polar as there is a long-range electrostatic field in the crystal.
The interaction of the vibrations with the long-range Coulomb field leads to an energy
difference between the vibration polarized parallel and perpendicular to the direction
of propagation of the phonon (LO mode and TO mode, respectively).

2.5.1 Theoretical model of dielectric functions

The best way to understand transmission and reflection spectra in the IR region is
to analyze the interaction between photons and optical phonons in a solid. IR active
phonons interact directly with IR light. If the atoms are charged then photons can
couple to phonons trough the driving force of an alternating electric field of light. EM
waves are transverse and can only apply driving forces to the transverse vibrations
of the lattice. Therefore, they can only couple to TO phonon modes. In case of a
III-V semiconductor, the bond between atoms is partly covalent, and shared electrons
lie slightly closer to the group V atoms than to the group III atoms. Thus one has a

11There are two orthogonal directions perpendicular to the wurtzite c-axis.

Figure 2.14: (a) Crystal structure of wurtzite AlN. (b) Displacement pattern for the six
optical -point phonon modes in the wurtzite AlN. TO phonons propagate perpendicular to the
displacement direction, whereas LO phonons propagate along the displacement direction, e.g.
the E1(TO) phonon and the A1(LO) phonon will propagate along [0001] direction.



2.5. OPTICAL PHONONS IN ALN 35

partly ionic bond, where an asymmetric electron cloud creates a dipole that can
interact with the electric field. The interaction between TO phonon and light can be
simulated using a classical Lorentz oscillator model that describes complex relative
permittivities as12 [79–83]

eϵ(⊥,‖)(ω) = ϵ∞(⊥,‖) +
∑

j

4 π F2TOj(⊥,‖) ω
2
TOj(⊥,‖)

ω2TOj(⊥,‖) −ω
2 − ωTOj(⊥,‖)

. (2.60)

Here the indices ⊥ and ‖ are related to the E1 and A1 symmetry, respectively, of TO
phonons, j denotes the phonon mode index, ϵ∞(⊥,‖) is the high-frequency limit of the
complex permittivity, F is the oscillator strength, ωTO(⊥,‖) is the resonant frequency of
the TO phonon and TO(⊥,‖) is the damping constant. In view the of latter expression,
a resonant excitation of TO phonons by EM light waves causes a large dielectric
displacement ~D, and corresponds to the poles13 of the dielectric function.

The electric-displacement density ~D is related to ~E and polarization ~P through

~D = ϵ0 ~E+ ~P = ϵ0eϵ ~E , (2.61)

where ~P = ϵ0χ ~E, with χ = 1+eϵ the electric susceptibility. In a medium with no electric
charge, according to the Gauss law [84]

∇ ~D = ∇ ·
�

eϵϵ0 ~E
�

= 0 . (2.62)

When considering the propagation of EM waves through the medium, the solution of
the wave equation (Eq. (2.19)) is substituted into the Equation (2.62) with the usual
assumption that eϵ 6= 0. By solving it one gets that the solution is ~k · ~E = 0, i.e. that
the electric field must be perpendicular to the propagation direction (transverse EM
waves). However, if eϵ = 0, one can satisfy the Equation (2.62) with waves in which
~k · ~E 6= 0, i.e. with longitudinal EM waves. Therefore, the propagation of polar LO
phonon modes requires zero divergence of the dielectric displacement (∇ ~D = 0), and
therefore zeros in the complex permittivity and thus the poles of

eϵ−1(⊥,‖)(ω) = ϵ
−1
∞(⊥,‖) +

∑

j

4 π FLOj(⊥,‖) ω2LOj(⊥,‖)

ω2LOj(⊥,‖) −ω
2 − ωLOj(⊥,‖)

. (2.63)

As a result the complex permittivity may be written in the alternative form as the
factorized damped oscillator

eϵ(⊥,‖)(ω) = ϵ∞(⊥,‖)
∏

j

ω2LOj(⊥,‖) −ω
2 − ωLOj(⊥,‖)

ω2TOj(⊥,‖) −ω
2 − ωTOj(⊥,‖)

. (2.64)

12In the following equations the subscript r for ’relative’ are dropped for simplicity.
13For a pole of ƒ () at point  the function approaches infinity as  approaches .
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The high-frequency limit of the complex permittivity, ϵ∞,⊥ = 3.93 and ϵ∞,‖ = 4.05,
were deduced by Kazan et al. in AlN single crystals [50]. The phonon frequencies
ωTO(⊥,‖) and ωLO(⊥,‖) together with the damping constants TO(⊥,‖) and LO(⊥,‖) are
the fitting parameters in the model.

As AlN is an uniaxial anisotropic material, the complex permittivity tensor has the
diagonal form

eϵ =







eϵ⊥ 0 0
0 eϵ⊥ 0
0 0 eϵ‖






.

In these dielectric functions lies the core of the modeled FTIR spectra, because they
are used to construct the ordinary (eϵ⊥) and the extraordinary (eϵ‖) complex index
of refraction (Eq. (2.18)). The second milestone is the formation of Fresnel coeffi-
cients (Eqs. 2.38–2.45). Then the total complex-amplitude transmission of unpolar-
ized light Tu = (Ts + Tp) / 2 is calculated considering the multiple reflections at the
interfaces and light interference in the film (Eq. (2.37)) and the measured transmis-
sion is calculated according to Equation (2.30).

In Figure 2.15 the step-by-step simulation results of FTIR spectra are presented. Here
the optic axis of the film is considered to be parallel to the surface normal (Sec. 2.3.4).
The permittivity describes the response of a material to an electrical field and it de-
pends on the angular frequency of the field. The absorption of electric field is incor-
porated through the imaginary part of the permittivity (ℑ(eϵ), Fig. 2.15 (b)), whereas
the real part (ℜ(eϵ), Fig. 2.15 (a)) is related to the stored energy within the medium.
For an ideal oscillator, i.e. without damping (the dash-dotted lines), there would be
poles of the permittivity function at the TO phonon frequencies. Due to the presence
of damping (the solid lines) the ℜ(eϵ) reaches maximum at ωTO(⊥,‖)− TO(⊥,‖)/2. Then
ℜ(eϵ) falls sharply crossing zero at ωTO(⊥,‖), reaches minimum at ωTO(⊥,‖) + TO(⊥,‖)/2
and rises to the high frequency limit ϵ∞ while crossing zero again at ωLO(⊥,‖). Mean-
while, the ℑ(eϵ) shows a peak function with maximum at ωTO(⊥,‖) and full width at half
maximum TO(⊥,‖). One should note that there is no peak in ℑ(eϵ) associated with the
LO phonon modes. From the complex permittivity function the complex index of re-
fraction is calculated (Eq. (2.18), Fig. 2.15 (c,d)). In the ideal case  = 0, the complex
index of refraction has only the imaginary part (n = 0, κ > 0) between ωTO(⊥,‖) and
ωLO(⊥,‖). When κ > 0, the medium is absorbing the EM waves (Eq. (2.16)).

To analyze the phase shift of the EM wave in a 200 nm thick film (Fig. 2.15 (e,f)) one
has to insert Equation (2.15) into Equation (2.32)14. This leads to the following form
of the phase shift

β = 2π

�

hf

λ

�

(n1 − κ1) cosϕ1 . (2.65)

Then the exponent, in Equations (2.35) and (2.37), becomes

e−β = e−2π(hf/λ)n1 cosϕ1
︸ ︷︷ ︸

phase shift

+e−2π(hf/λ)κ1 cosϕ1
︸ ︷︷ ︸

absorption

= e−ℜ(β) + e−ℑ(β) . (2.66)

14This equation was chosen for simplicity.
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Figure 2.15: Step-by-step results of FTIR spectra simulation: the real (a) and imagi-
nary (b) part of permittivity (Eq. (2.64)), the index of refraction (c) and extinction coeffi-
cient (d) (Eq. (2.18)), the real (e) and imaginary (f) part of phase shift (Eqs. (2.46) and (2.47)),
the reflectance of the air/AlN (bulk) interface (g) (Eq. (2.29)) and the transmission through
the AlN(200 nm)/Si system (Eq. (2.30)). The red curves are attributed to eϵ⊥, eN1o, βs, Rs

and Ts. The blue curves are attributed to eϵ‖, eN1e, βp, Rp and Tp. The vertical dashed lines
indicate the phonon frequencies used in the model, other parameters used in the simulation:
TO,(⊥,‖) = 18.2 cm−1, LO,(⊥,‖) = 10.7 cm−1, hf = 200 nm, ϕ0 = 60◦ and nSi = 3.42. The
dash-dotted curves are attributed for the ideal oscillator, TO,LO(⊥,‖) = 0. The optic axis parallel
to the surface normal is considered.
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Here two separate parts appear: (i) the exponent which governs the phase shift and
(ii) the exponent which corresponds to the absorption. The shift in the phase deter-
mines the amplitude of two superimposed waves, i.e. the interference phenomenon.
In order to see this, one needs to use Euler’s formula15 and multiply by the com-
plex conjugate. Then the phase shift factor becomes a cosine function in which the
argument is the well known condition for constructive interference (cos(2πm) = 1)

hfn1 cosϕ1 =mλ (2.67)

and destructive interference (cos[2π(m− 1/2)] = −1)

hfn1 cosϕ1 =

�

m−
1

2

�

λ , (2.68)

with m an integer. Thus the variation of ℜ(β) (Fig. 2.15 (e)) yields the variation in the
intensity of the measured light through the interference phenomena.

In a similar way, taking into account that  ∝ E20 (Eq. (2.31)) and the connection
between the extinction coefficient and the absorption coefficient (Eq. (2.16)), the
absorption part in Equation (2.66) leads to the Beer-Lambert law of light absorption
in a medium

() = 0e−α . (2.69)

Thus we link ℑ(β) to the absorption in a medium.

Now, after these clarifications, one can see a link between phase shift of the EM
wave in the film and appearing peaks in transmission spectra (Fig. 2.15 (b)) that
are attributed to the E1(TO) and A1(LO) phonon modes. Therefore, in ℑ(β) are two
peaks nearby these phonon frequencies, thus light is absorbed stronger here. In ℜ(β)
there is dip close to ωLO(‖) that also makes a contribution through the interference
phenomenon. In order to illustrate the interference of light, the total transmitted
complex-amplitude of the EM wave (Eq. (2.36)) is rewritten as series

T = t01 t12 e−β






1+

m=∞
∑

j=0

r
j
10 r

j
12 e−2jβ

�

1− δj,0
�






, (2.70)

with δj,0 the Kronecker delta. In Figure 2.16 photometric values (Eq. (2.30)) of the
latter expression are plotted for p-polarized light with various m values. When m =
0 only the prime transmitted beam is considered (Fig. 2.8). In this case one can
observe the dip at ωLO(⊥), i.e. E1(LO) phonon. However, adding one by one the
reflected beams, i.e. increasing m, the beams superimpose and interfere. Thus the
dip at ωLO(⊥) is canceled out and the uprise between the E1(TO) and A1(LO) phonon
frequencies is flattened out.

Finally, an example of calculated reflection from semi-infinite medium, i.e. bulk, is

15e = cos() +  sin().
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Figure 2.16: Transmission spectra of AlN/Si for p-polarized light, when different number (m)
of multiple-reflected beams is taken into account (Eqs. (2.70) and (2.30), Fig. 2.8). The
parameters used in the simulation are the same as in Fig. 2.15. The spectra are shifted for
clarity.
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illustrated in Figure 2.15 (g). In the ideal case, above the E1(TO) mode till a certain
frequency16 the reflectivity is equal to unity with a dip between the A1(LO) and E1(TO)
phonons for a p-polarized wave. This region is called the Reststrahlen band. An EM
wave cannot propagate into a medium in the Reststrahlen band [84].

2.5.2 Experimental set-ups

FTIR spectroscopy

FTIR transmittance spectra were recorded in a nitrogen environment at room tem-
perature with a NICOLETTM 8700 spectrometer, that is based on the Michelson inter-
ferometer. The measurements were done at normal (0◦) and oblique (60◦) angles
of incidence using an unpolarized light over the 400-1200 cm−1 spectral range with
a resolution of 0.25 cm−1. The oblique angle of 60◦, close to the Brewster’s an-
gle (≈ 64◦), was chosen to have maximum transmission for p-polarized light trough
the AlN/air interface (Fig. 2.7), because the p-polarization is needed to observe the
LO phonon modes (Fig. 2.17). If the optic axis is parallel to the surface normal only
the E1(TO) and A1(LO) mode phonons are asserting in the spectra and the modeling
of such spectra was discussed in previous Section 2.5.1. If the optic axis of a film is
not parallel to the surface normal the other two A1(TO) and E1(LO) mode phonons
appear. However, the spectra modeling of such film is much more complicated and
the inclination of the optic axis, i.e. c-axis of AlN, has to be known. All measured
spectra were normalized to the transmission of a bare silicon substrate.

16Under normal angle of incidence it is up to ωLO(⊥), s- and p-polarizations become equal.
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Figure 2.17: Measured FTIR transmission spectra of a 1100 nm thick AlN film taken at
normal (0◦) and oblique (60◦) angles of incidence. The AlN film was deposited on a Si
substrate using Ar:N2 (20:30 sccm) gas discharge plasma at 400 W and 8 cm target-to-
substrate distance. In-plane stress σ = (0.32± 0.04) GPa. The optic axis is not parallel to the
surface normal.
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Raman spectroscopy

Raman scattering with phonons is the inelastic scattering of light under emission or
absorption of an optical phonon. Six phonons are allowed in Raman scattering from
wurtzite AlN: A1(TO), A1(LO), E1(TO), E1(LO), E12 and E22 (Fig. 2.14 (b)). The allowed
configurations, labeled with Porto notation [85] (Fig. 2.18), for Raman scattering are
summarized in Table 2.2 [86].

In order to correctly evaluate the phonon lifetime from the Raman spectral line-width,
the contribution of the instrumental bandpass broadening should be considered [46].
The Raman spectra had been acquired at successive slit widths ranging from 0.4 mm
down to 0.08 mm (Fig. 2.19); the measured line-width values Wm were plotted as
a function of the slit width Ws and extrapolated to the zero-slit value W0 via the
relation

Wm =
q

W2
0 + (16.7×Ws)2. (2.71)

Here the second term is the instrumental bandpass (in cm−1/mm), i.e. the slit width
multiplied by the monochromator linear dispersion.

Raman spectra were recorded with a HORIBA Jobin Yvon T64000 spectrometer using
laser light of 488 nm wavelength at z(yy)z̄ backscattering configuration. The slits of
the monochromator were set to 0.1 mm.

2.6 NCD growth

As a prime pretreatment highly resistive (10-20 kΩ) Si(100) substrates were wet-
cleaned using a standard cleaning procedure [87]. First they were sunk in hot sul-
furic acid (H2SO4) and hydrogen peroxide (H2O2) (SPM, 1:1, 120◦C) and after in
ammonium hydroxide (NH4OH), hydrogen peroxide (H2O2) and DI water mixture
(APM, 1:1:5, 70◦C). Substrates were then rinsed in DI water and dried under nitro-
gen gas flow. In case of AlN, the surface was cleaned in the same way as described
in Section 2.1, to avoid surface damage by etching.

Initially cleaned substrates, Si and AlN/Si, were divided into six groups. Five groups
were exposed to different plasma (Tab. 2.3): argon (Ar), hydrogen (H2), nitrogen (N2),
oxygen (O2) and tetrafluoromethane (CF4), and one group left without any exposure
to a pretreatment plasma. The surface pretreatment with H2 plasma was done in
ASTeX 6500 series MW PE CVD reactor, where the H2 gas over the sample was exited
by the microwave radiation. The other plasma pretreatments were done in a home-
made physical vapor deposition (PVD) reactor.17 The samples were placed on a
biased stage (cathode, negative) and DC-pulsed current was applied (0.75 A, 400 V,
300 W) to achieve the gas discharge plasma over the samples. The plasma surface
pretreatments were done for various timings in order to achieve different surface
roughness.

17The same reactor was used for AlN deposition (Sec. 2.1).
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Table 2.2: Raman selection rules for phonon modes of hexagonal AlN.

Scattering configurationa Allowed modes
z(yy)z̄ E2 A1(LO)
z(y)z̄ E2
(zz)̄ A1(TO)
(yz)̄ E1(TO)
(yy)̄ A1(TO) E2
(yz)y E1(TO) E1(LO)
(z)z Qb(TO) Q(LO)
(yy)z Q(TO) E2 Q(LO)

aSee Fig. 2.18 for clearance.
bQuasi-mode, mixed A1 and E1 phonon modes.

Figure 2.18: An example of Porto notation z(y)z̄. , y and z are the axes of the Cartesian
coordinate system. The  axis is parallel to [2̄110], y axis is parallel to [011̄0], and z axis is
defined parallel with the c-axis of AlN, i.e. [0001] direction. A laser beam is directed along the
z direction and the backscattered light is collected z̄,  indicates the polarization of incident
light, whereas y indicates the polarization of collected light.
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Figure 2.19: Evaluated full width at half maximum (FWHM) of the E22 mode phonon as a
function of monochromator slit width. The Raman spectra were measured on 3100 nm thick
AlN film on Al2O3 from the S100% sample series (Tab. 2.1).
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Figure 2.20: Particle size distribution as evaluated by dynamic light scattering.

After the pretreatment the substrates were immersed into an aqueous ND colloid for
a few seconds. This colloid was prepared from detonation ND powder provided by
the NanoCarbon Institute Co., Ltd., Japan. The ND size is 6-7 nm as measured by
dynamic light scattering (Fig. 2.20) and the zeta-potential is (49 ± 5) mV at 4.8 pH.
Following this treatment, the substrates were rinsed with pure DI water and dried
using a spin-coater.

After the seeding procedure the samples were exposed to a conventional CH4/H2
plasma, typically used for a diamond growth, in an ASTeX 6500 series MW PE CVD
reactor. The CH4:H2 ratio was 3%. The substrate temperature, monitored by a
Williamson Pro92 dual wavelength pyrometer, was kept at 730◦C using 3500 W of mi-
crowave power and a total gas pressure of 25 Torr. The NCD film thickness was moni-
tored in-situ by measuring a light reflection from the grown film. The NCD growth was
stoped after 12 min, when the laser reflection intensity reached the first interfernce
minimum. According to calculations this corresponded to a film thickness of around
60 nm, which was later confirmed by scaning electron microscope cross-section im-
age.

Table 2.3: Sample pretreatment conditions.

Pretreatment parameter Ar a CF4
a N2

a O2
a H2

b

Substrate Si, AlN Si, AlN Si, AlN Si, AlN Si, AlN
Gas flow rate (sccm) 50 42 50 50 500
Current (A) 0.73 0.75 0.72 0.72
Voltage (V) 410 395 415 415
Power (W) 300 300 300 300 3000
Base pressure (mPa) < 0.5 < 0.5 < 0.5 < 0.5 < 0.5
Pretreatment pressure (Pa) 1.3 2.4 1.9 0.9 4000
Time (min) 0.5, 1, 2, 3 2 3 3 3
aDone in home build PVD system.
bDone in ASTeX 6500 series MW PE CVD reactor.
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2.7 Morphology

2.7.1 X-ray diffraction

The structural characterizations of AlN films were performed by X-ray diffrac-
tion (XRD) using the Cu-Kα1 line (λ = 0.154056 nm). For the determination of the
peak position, hence the c-lattice parameter of the AlN lattice, the θ-2θ locked cou-
pled measurements were done on the Bruker D8 Discover. The important point is that
samples were measured using a parallel beam setup. The parallel beam avoids the
beam focusing issue, where due to different focus height with respect to the sample
surface the observed XRD peak’s position shifts. In case of a focusing beam setup,
like on the Siemens D5000 Bragg-Brentano diffractometer, a small displacement of
the sample can cause a beam shift. In case of parallel measurements only changes
in the material itself are recorded, since the peak position is independent of the sam-
ple position. In a parallel beam setup additionally Cu-Kα2 line (λ = 0.154439 nm) is
present with intensity approximately half of Kα1 line.

XRD rocking curves (θ-θ scan mode) were registered with a Siemens D5000 diffrac-
tometer. This high-resolution diffractometer uses focusing Bragg-Brentano geometry
and is equipped with a primary Ge(111) monochromator, which allows the selection
of a monochromatic Cu-Kα1 radiation.

2.7.2 Atomic force microscopy

The film surface topography and mean square roughness were measured with a
Veeco NanoScope III MultiMode atomic force microscope (AFM) in tapping mode with
a silicon cantilever. The surface roughness ρrms is represented by the root mean
square value of the vertical deviations zj of a real surface from its ideal form (zavg)
of all points (N = 512× 512) within a 1000× 1000 nm2 scan area

ρrms =

√

√

√

√

1

N

N
∑

j=1

�

zj − zavg
�2

. (2.72)

2.7.3 Scanning electron microscopy

The surface images were made using a FEI Quanta 200 FEG scanning electron micro-
scope (SEM).
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Chapter 3

Stress, structural

properties and phonons

In this chapter the main results are presented. The stress in AlN films (Sec. 3.1)
and its relation to the structural properties of the films (Sec. 3.2.1) is analyzed.
Section 3.3 focuses on the optical phonon behavior in AlN thin films, their frequency
and lifetime correlation with film properties.

3.1 Stress

In this Section in-plane stress and out-of-plane strain in AlN films deposited using:
(i) pure Ar (sample series S100%) and (ii) Ar:N2 mixture (sample series S50%, Tab. 2.1)
are investigated based on substrate curvature method and high-resolution XRD. Addi-
tionally, an etch-back experiment was done to show the existence of a stress gradient
in the films.

3.1.1 In-plane stress

All sputtered AlN films showed residual in-plane stress for different film thick-
ness (Fig. 3.1). For the films deposited using nitrogen plasma (S100%) the highest
compressive stress of −3 GPa is observed for the thinnest films (17 nm) and it grad-
ually decreases with increasing film thickness (Fig. 3.1 (a)). In case of AlN on Si(100)
substrates the decline of stress tends to level off at around −0.4 GPa, while in case
of Al2O3(0001) substrates the stress in the AlN films undergoes a change to tensile

47
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Figure 3.1: In-plane stress versus film thickness. Sample series S100%: Si (full (a, b) and
open circles (b), the latter representing the results of the etching experiment) and Al2O3 (open
squares (a)). Sample series S50%: Si (full stars (b)) and Cr/Si (open triangles (b)) (Tab. 2.1).
The lines are fits to the data points with 90% confidence bands (Eq. (3.3), Tab. 3.1). Asterisk
represents results of AlN/Pt(111), data taken from Ref. [40].

stress and tends to increase further reaching +0.46 GPa at 3100 nm film thickness.
On both substrates AlN experiences the biggest reduction in stress during the first
100 nm of the film deposition. In comparison, Martin et al. [40] measured similar
stress values in AlN on (111) oriented platinum (Pt) (Fig. 3.1 (a), asterisk). It can be
clearly seen that the resulting stress behavior up to 150 nm thickness is irrespective
of the used substrate material and the subsequent magnitude of lattice mismatch
ƒ = b/− 1, where  and b are the lattice parameters or interplanar distances of the
substrate and the film, respectively: from −29.8% to +14.6% for Si(100) depending
on the epitaxial relationship [88], +13.3% for Al2O3(0001) [33, 89] and +12.3% for
Pt(111) [40]. On the contrary, the change of the gas composition used in the AlN
deposition process on Si(100) showed a much larger influence than the substrate
material (Fig. 3.1 (b)). One can see that all data points are equaly shifted upwards
when changing the nitrogen composition in the gas discharge plasma from 100% to
50%. This shift has been reported to be linear with Ar:N2 ratio in the used deposition
system [25].

In order to prove the possible presence of an in-plane stress gradient, a stepwise
layer-by-layer etch of the 1500 nm thick AlN sample (S100%) on Si(100) was per-
formed (Fig. 3.1 (b), open circles). After each etch step, i.e. for thinner film, the
in-plane stress increased. A similar trend was observed in sputtered thin TiN films
and it was attributed to the presence of a stress gradient in the film [41].

To have a better view on the in-plane stress gradient, the results are plotted as an
integrated stress versus the film thickness (Fig. 3.2 (a)). Assuming that the stress
is dependent on the substrate/film interface distance z, σ(z), the average in-plane
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Figure 3.2: (a) Integrated in-plane stress (〈σ(hf)〉hf, Eq. (3.1)) versus film thickness of the
stepwise etched AlN(1500 nm)/Si sample (open circles) and different samples of different
thickness (full circles), samples are from series S100%. The dashed line is a non-linear fit to
the data points with 95% confidence band. (b) The derivative of the integrated stress with
respect to the thickness (Eq. (3.2)).

stress that is measured in a film with the thickness hf, 〈σ(hf)〉, follows [39,90]:

〈σ(hf)〉 =
1

hf

∫ hf

0
σ(z)d z. (3.1)

In this case, the value of σ(z) can be calculated by differentiating 〈σ(hf)〉hf with
respect to hf at the point hf = z:

σ(z) =
d
�

〈σ(hf)〉hf
�

dhf

�

�

�

�

�

hf=z

. (3.2)

In Figure 3.2 (a) one can see that the integrated stress 〈σ(hf)〉hf (Eq. (3.1)), of the
stepwise etched sample has a non-linear behavior. The derivative of the integrated
in-plane stress with respect to the thickness, Equation (3.2), reveals that the stress
gradient is present (Fig. 3.2 (b)).

The average in-plane stress in a polycrystalline film can be described by a power law
relation [90]:

〈σ(hf)〉 = A+ Bh
−p
f , (3.3)

with the stress value A to which 〈σ(hf)〉 converges at large hf, B the coefficient related
to the shrinkage of the grain boundary and p an exponent. If the latter equation is
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Table 3.1: Fitting parameters of Equation (3.3) determined using nonlinear regression fitting
of the average in-plane stress dependence on film thickness (Fig. 3.1).

A (GPa) B (Pa mp) p

AlN/Al2O3
a − · − +(0.60± 0.09) −(0.016± 0.005) 0.50± 0.07

AlN/Sia −−− −(0.40± 0.04) −(0.037± 0.024) 0.95± 0.15
AlN/Sia,b - - - - −(0.25± 0.04) −(0.020± 0.010) 0.75± 0.11
AlN/Sic − ·· − +(0.40± 0.02) −(0.029± 0.021) 0.94± 0.16
AlN/Cr/Sic · · · · · +(0.28± 0.02) −(0.027± 0.028) 1.00± 0.24
aDeposited using N2 plasma (S100%).
bCombined with etching experiment.
cDeposited using Ar:N2 plasma (S50%).

differentiated as Equation (3.2), one gets

σ(z) = A+ B(1− p)z−p, (3.4)

where pre-factor B(1− p) and exponent p can be used to estimate the magnitude of
a stress gradient. Although Equation (3.3) was derived to explain the tensile stress
in polycrystalline films by the stress generation at the grain boundaries, it can also
be applied to the compressive stress as it is based on extra atoms insertion in to the
grain boundary [91]. Hence the competition between tension and compression oc-
curs, which in turn depends on the deposition conditions [39]. Using Equation (3.3)
the fits to the experimental points were made (Fig. 3.1). The consequent fitting
parameters are listed in Table 3.1. Although the parameters obtained are not deter-
minate by their nature [92], still they can be used to outline the trend. The in-plane
stress of AlN films deposited on Si using two types of plasma were fitted with slightly
different B(1−p) and nearly the same p ≈ 1, which indicates that the stress gradient
in these films is smaller than in AlN films on Al2O3. Also one can note that the change
of the plasma composition from 100% N2 to 50% N2 in the deposition process shifted
the stress values by +0.8 GPa. A comparison of AlN films on Al2O3 and Si substrates
implies that AlN growth on sapphire substrate must have different morphology. Such
analysis is done in Section 3.2.1.

3.1.2 Out-of-plane strain

The XRD studies (Sec. 3.2.1, θ-2θ scan mode, Fig. 3.4 (a)) showed that all AlN films
were with c-axis orientation perpendicular to the film surface, i.e. only the (0002)
Bragg peak of AlN was present, on both Si(100) and Al2O3(0001) substrates and
on sputtered Cr layer. In case of sputtering using N2 plasma, the AlN(002) peak
shifts with increasing film thickness. Thus, the distance between crystal planes
changes (Fig. 3.3(a)), similarly as the in-plane stress, indicating that the strain along
the c-axis behaves linearly with the in-plane stress (Fig. 3.3(b)). In case of biaxial
stress, the in-plane stress σ and out-of-plane strain ε are linked via Young’s modulus
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Figure 3.3: AlN c-lattice parameter versus film thickness (a) and out-of-plane strain versus in-
plane stress (b) of AlN films on: Si(100) (full circles) and Al2O3(0001) (open squares), deposited
using N2 plasma, and AlN films deposited on Si(100) (full stars) and Cr/Si(100) (open triangles)
using Ar:N2 (1:1) plasma. The dashed line is a linear fit to the data points with 95% confidence
band (excluding full stars) with a slope of −(1.21± 0.21) TPa−1.

Y and Poisson’s ratio ν as in [93]

ε = −2
ν

Y
σ, (3.5)

where ν and Y are given in terms of the elastic stiffness constants1 Cj as

ν =
C13

C11 + C12
, (3.6)

and

Y = C33 −
2C213

C11 + C12
. (3.7)

Thus, the slope of a linear fit will yield the −2ν/Y value. The fit result, a slope
of (−1.16 ± 0.12) TPa−1, falls in the range of other experimental [94–96] and cal-
culated [93, 97–101] data available (Tab. 3.2). In order to have an intersection at
zero, the strain-free c-lattice parameter was determined to be 4.980 Å for AlN sput-
tered using pure N2 plasma. In case of AlN on Cr (Ar:N2) c-lattice parameter was
set to 4.984 Å. These results within the error range agree with the experimentally
determined 4.9816 Å value by Angerer et al. [102]. Here it is pointed out that the

1The Hooke’s law can be expressed in matrix notation as σ̂ = Ĉε̂, with Ĉ the the stiffness
tensor [42].
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Table 3.2: Values of −2ν/Y (in TPa−1) compared with results of other measurements and
Ab initio calculations.

This work Magnetron sputtering 1.21± 0.21

Experiment
Single crystal [94] 1.00
PIMBEa [95] 1.03
MOCVDb [96] 1.53

Calculated

DFT-LDA,c FP-LMTOd [97] 0.72
Hartree-Fock theory [98] 1.04
DFT-LDA, PPPWe [99,100] 1.23
DFT-LDA, PPPW [93] 1.30
DFT-LDA, PPf [101] 1.62

aPlasma-induced molecular beam epitaxy.
bMetal-organic chemical vapor deposition.
cDensity functional theory within local-density
approximation.
dFull-potential linear muffin-tin orbital method.
ePseudopotential plane-wave method.
fPseudopotential method.

residual in-plane stress is the main mechanism of constant c-lattice deviation from
the stress-free case. Nevertheless, in Figure 3.3 (b) the first data points from the left,
corresponding to the thinnest films of 17 nm, are significantly deviated from the fit-
ted line. It is very likely that the AlN film had not yet coalesced rendering the Stoney
equation invalid, leading to a miscalculation of the stress as the surface stress should
be taken into account [103].

A completely different result is obtained for the sample series on Si(100) deposited
using Ar:N2 plasma. For films thicker than 80 nm the c-axis parameter does not
change much with increasing film thickness as well as no significant influence of
the in-plane stress on the out-of-plane strain was observed. One can speculate that:
(i) there is no stress gradient after z > 80 nm and the upper layers are at the constant
stress, thus the XRD peak does not shift, but the measured average in-plane stress
is still changing according to Equation (3.1) and/or (ii) when the in-plane stress in the
film makes the transition from compressive to tensile the stress relaxes through the
grain boundaries and the strain along c-axis of AlN vanishes. However, in the first
case it would contradict the results observed for the sample series deposited on Si
using N2 plasma as it also shows a rather small stress gradient. In the second case
one would need to confirm plastic deformation at the grain boundaries. Moreover,
AlN films on Cr interlayer also show similar tensile in-plane stress as on Si, but the out-
of-plane stain is changing as in case of biaxial stress. Thus, the etch-back experiment
should be done including XRD analysis after each etch step to confirm such behavior
and correlation between the samples.
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3.2 Structural properties

In this Section the structural properties of AlN films are analyzed with XRD and AFM
techniques. Due to smooth surface and the fact that AlN is highly resistive material,
the SEM was incapable to characterize AlN surface.

3.2.1 XRD

For the determination of the c-lattice parameter of AlN, the θ-2θ locked coupled mea-
surements were done using a parallel beam setup (Fig. 3.4 (a)). In this setup the Kα1
line is accompanied by Kα2 line, thus the peak was fitted with double pseudo-Voigt
profile in order to evaluate the lattice inter-plane distance (Fig.3.3 (a)). Further analy-
sis of c-lattice parameter variation with film thickness was described in Section 3.1.2.

To check the crystalline quality of the films, the XRD rocking curve (RC) measure-
ments of AlN (0002) peak (θ-θ scan mode), were performed (Fig. 3.4 (b)). The full
width at half maximum (FWHM) of the RC peak variation with film thickness is plotted
in Figure 3.5. Despite some scattered points, the AlN films on sapphire show the nar-
rowest peaks indicating the highest degree of orientation. In case of AlN on silicon
the growth of the film starts highly disordered and improves for thicker films. Hence,
the dislocation density and other structural defects are decreasing [104]. AlN films
on Si deposited under two different conditions, show the same FWHM of the rocking
curve peak and both have a low in-plane stress gradient. In contrast, the AlN films
on Al2O3 show higher quality as well as higher in-plane stress gradient than in films
on Si. Thus, one can conclude that the lower the density of structural defects the
higher the in-plane stress gradient is in the films. In case of AlN on Cr interlayer,
RC measurements showed even broader RC peaks and the quality improve with film

A
lN
(1
0
0
)

A
lN
(0
0
2
)

A
lN
(1
0
1
)

A
lN
(1
0
2
)

A
lN
(1
1
0
)

A
lN
(1
0
3
)

A
lN
(2
0
0
)

A
lN
(1
1
2
)

A
lN
(2
0
1
)

A
lN
(0
0
4
)

A
lN
(2
0
2
)

A
lN
(1
0
4
)

A
lN
(2
0
3
)

A
lN
(2
1
0
)

A
lN
(2
1
1
)

A
lN
(1
1
4
)

A
lN
(2
1
2
)

A
lN
(1
0
5
)

A
lN
(2
0
4
)

A
lN
(3
0
0
)

A
lN
(2
1
3
)

A
lN
(3
0
2
)

A
lN
(0
0
6
)

A
lN
(2
0
5
)

A
lN
(1
0
6
)

A
lN
(2
1
4
)

A
l 2
O

3
(0
0
6
)

S
i(
2
0
0
)

30° 35° 40° 45° 50° 55° 60°

 

In
te

n
si

ty
 (

a.
u
.)

  2

35° 36° 37°

 

 

 

 

(a)

12° 15° 18° 21° 24°

 Si
 Al

2
O

3

 
 

In
te

n
si

ty
 (

a.
u
.)

(b)

Figure 3.4: XRD θ-2θ (a) and θ-θ (b) scans of 200 nm thick AlN on Si (red curve) and
Al2O3 (blue curve). The layers were deposited using N2 gas discharge plasma. Due to the
presence of Kα2 line in θ-2θ scan mode the observed peaks have a shoulder on the right
side (a, inset). The peak 33◦ is attributed to Si(200) forbidden mode confirmed by measuring
bare Si substrate.
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Figure 3.5: Full width at half maximum (FWHM) of a rocking curve (RC) versus thickness
of AlN films on: Si(100) (full circles), Al2O3(0001) (open squares) and Pt(111) (asterisk, data
obtained from Ref. [40]), deposited using N2 plasma, and AlN films deposited on Si(100) (full
stars) and on Cr/Si (open triangles) using Ar:N2 (1:1) plasma. The dashed lines are guides for
the eyes.

thickness was the slowest. A comparison study of AlN on different metal interlayer is
presented in Section 4.1.

3.2.2 AFM

Atomic force microscopy was applied to evaluate the surface morphology of the
films (Fig. 3.6). Independent of the substrate material, the roughness is increasing
with increasing thickness (Fig. 3.7(a)). This trend was also observed by Meinschien
et al. [89] and explained by the columnar growth of AlN along the c-axis. However,
these results do not support the presumption of Martin et al. [40] that an increasing
roughness and shadowing effect cause a tensile stress in thicker films.

Indicated by AFM, both the lateral size and height of the AlN crystallites increased
with film thickening, whereas the measured density of grain boundaries (length per
surface area) decreased (Fig. 3.7(b)). One can see that for the same film thickness
AlN samples on Si deposited using Ar:N2 plasma have a lower density of grain bound-
aries compared to samples deposited using N2 plasma. This is one of the reasons
why the in-plane stress values are different, i.e. equally shifted. The lower density
of grain boundaries the less possibility for extra atoms to be inserted in to the grain
boundary, which in turn decreases the compressive stress. The second factor, which
reduces the compressive stress in the films, is the deposition conditions. Sheldon et
al. [39] observed higher tensile stress in AlN grown at higher rates by molecular beam
epitaxy. In this work the deposition rate using Ar:N2 plasma was higher (81 nm/min)
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Figure 3.6: AFM images of AlN on Al2O3 substrates. Scan area 1000× 1000 nm, the scales
on the right indicate the surface height variation in nanometers.
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Figure 3.7: Roughness (a) and density of grain boundaries (b) versus thickness of AlN films
on: Si(100) (full circles), Al2O3(0001) (open squares) and Pt(111) (asterisk, data obtained
from Ref. [40]), deposited using N2 plasma, and AlN films deposited on Si(100) (full stars)
using Ar:N2 (1:1) plasma. The dashed lines are guides for the eyes.

than using N2 plasma (64 nm/min). A similar situation appears comparing AlN films
on Si and Al2O3 substrates deposited using N2 plasma, where the deposition rate is
the same, but the density of grain boundaries is decreasing slightly faster on Al2O3
substrates. Hence, this confirms the observation of higher stress gradient in the
AlN films on Al2O3 substrates. However, the average in-plane stress and the stress
gradient differ more radically between the films than the density of grain boundaries.
This implies that the density of grain boundaries has minor importance, whereas the
quality of the film has much more influence on the in-plane stress behavior for the
sputtered AlN thin films.

3.3 Optical phonons

For better insight in the AlN films, an infra-red light absorption measurements were
performed in order to analyze the phonon dynamics. As predicted theoretically, the
experimental observation shows that optical phonons shift to lower energies with
increasing AlN film thickness, i.e. with decreasing stress (Fig. 3.10). As well the
phonon absorption peak width can give additional information on film quality, but
here further modeling is needed. In the end estimated lifetime of observed phonon
mode can be used as a quality control procedure for thin films.

In this section thin AlN films of different thickness deposited on silicon substrates
using N2 plasma are studied. The investigation of the films is performed by FTIR and
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Raman spectroscopy. In former case the transmission spectra are recorded under
normal and oblique angles. With the intent to extract the properties of the E1(TO)
and A1(LO) optical phonon modes, simulations of the spectra were made using the
factorized model of a damped oscillator, taking into account the presence of birefrin-
gence and the thin film interference phenomenon (Sec. 2.5). As a result the E1(TO)
and A1(LO) phonon modes were characterized by their energy and lifetime. Addition-
ally, rough estimation of A1(TO) and E1(LO) phonon modes frequencies is made. In
the Raman spectra only the E22 phonon mode is sufficiently intense for reliable investi-
gation. An additional investigation of correlation between the stress and morphology
of the films with the phonon behavior, leads to a better fundamental understanding.

3.3.1 FTIR

In FTIR spectra measured under the normal light incidence only the E1(TO) phonon
mode is visible (Fig. 3.8). Under oblique angle conditions the A1(LO) phonon mode is
visible because an alternating electric field of p-polarized light has a component par-
allel to the lattice c-axis, which induces a response from the extraordinary dielectric
function and gives rise to Berreman effect [79]. In films under the investigation, only
E1(TO) and A1(LO) phonon modes are represented by two peaks as the the optical
axis of AlN is perpendicular to the film surface. There is other case possible, when
the optical axis is under oblique angle respect the surface, more complicated Fres-
nel coefficients emerge [68] and light-matter interaction gives rise for A1(TO) and
E1(LO) phonon modes peaks (Fig. 2.17). XRD studies showed, that the samples have
a perfect c-axis orientation perpendicular to the film surface, so the optical axis of
AlN too, we continue with simpler case of the Fresnel equations (Sec. 2.3.4).
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Figure 3.8: Measured (points) and calculated (line) FTIR transmission spectra of a 200 nm
thick AlN film taken at normal (0◦) and oblique (60◦) angles of incidence.
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In the calculated spectra the phonon frequencies and damping constants of E1(TO)
and A1(LO) modes determine the peak position and width, respectively. Although
in the FTIR spectra there are only two peaks visible, the frequencies and damping
constants of E1(LO) and A1(TO) phonon modes are also used. The parameters of
these phonon modes were determined by means of modeling, though they showed
a negligible influence on the peaks. From the damping constants of the E1(TO) and
A1(LO) phonon modes the corresponding lifetimes τ are estimated using the energy-
time uncertainty

τ = ℏ, (3.8)

with ℏ = 5.3×10−12 cm−1 s the reduced Planck constant (Fig. 3.9). The experimental
line broadening has two origins: homogeneous (intrinsic) and inhomogeneous (ex-
trinsic). The measured average in-plane stress in the films changes with the film
thickness (Fig. 3.1), therefore the presents of a stress gradient and inhomogeneous
broadening of the peaks would be expected. However, the in-plane stress analysis
in Section 3.1 reveals that the stress gradient, i.e. the variation of σ(z), is of 0.3 GPa
order (Fig. 3.2 (b)). Such change in σ(z) will shift the phonon resonance peak by
® 1 cm−1 and give an inhomogeneous peak broadening [93], which is negligible
when compared to the estimated TO,⊥ ≈ 18 cm−1 and LO,‖ ≈ 9 cm−1. Although
it is difficult to predict stress evolution at small thickness (< 100 nm) the inhomo-
geneous peak broadening resulting from it is negligible. After all, even if a higher
stress gradient than the one detected now would be present in the below 100 nm
layers, the additional broadening would be small compared to . Thus we assume
that the compressive stress in the film is quasi-homogeneous and is generated at
the film/substrate interface due to high lattice mismatch.

In case of a homogeneous film there are three possible contributions to the phonon
broadening: (i) the anharmonic decay of zone-center optical phonons into zone-edge
acoustic phonons, (ii) the inhomogeneous scattering of phonons by defects, and
(iii) the confinement of phonons. The phonon confinement is not expected because
the thickness of the films and the crystalline size estimated by XRD and AFM are well
above 10 nm [105]. The main contributions to the total phonon lifetime τt come from
an anharmonic decay time τa and a defect scattering time τd according to

τ−1t = τ−1a + τ−1d . (3.9)

Usually there are three classes of defects in sputtered AlN: (i) impurities and other
point defects, (ii) dislocations (line defect) and (iii) grain boundaries (planar defect).
It is safe to assume that some of the defects are homogeneously incorporated over
the film thickness and constitute a background defect level, e.g. impurities, whereas
the amount of other defects is changing with film thickness, e.g. dislocations and
grain boundaries.

The full width at half maximum (FWHM) of the rocking curve (RC) peak is determined
by the structural features and dislocation densities [104]. In our films the FWHM of
AlN (002) RC peak decreases with the film thickness (Fig. 3.5). Although a sophis-
ticated analysis of broadening is required to determine the density of dislocations,
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Figure 3.9: E1(TO) and A1(LO) phonon mode lifetimes versus AlN films thickness denoted in
full and open points, respectively. The solid lines are fits using Eq. (3.9), the dashed lines are
the τa components affected by background defects and the dashed-dot line is τd component.
Asterisks are the rough estimations from so-called truncated FTIR spectra that were hampered
by detector limitations due to high absorption in thick films.

falling outside the scope of this thesis, we use the broadening of the RC as a fig-
ure of merit for the number of imperfections in the film. Therefore, the density of
defects ϱd should also decrease proportionally with film thickness and increase τd

as τd ∝ ϱ−1d ∝ h
p
f . With this assumption and keeping in mind that there is a back-

ground defect concentration the fitting of the data points using Equation (3.9) were
made (Fig. 3.9). The decay times, governed by anharmonic decay and background
defect scattering, were estimated at (0.29 ± 0.03) ps and (0.58 ± 0.05) ps for the
E1(TO) and A1(LO) phonon modes, respectively. In Table 3.3 we compare our data of
thin films with the experimental values obtained on bulk crystals [46–48,50] and cal-
culated data [106,107] available in the literature. The lifetime of the E1(TO) phonon
mode in AlN thin film is strongly reduced. The result obtained for the A1(LO) phonon
mode is similar as in single crystal. This observation could be due to the fact that
sputtered AlN has a columnar structure [108]. The grain boundaries thread along
the c-axis and the displacement of atoms in the A1(LO) phonon mode are not dis-
turbed (Fig. 2.14 (b)). The displacement of atoms in the E1(TO) phonon mode ap-
pears perpendicular to the c-axis, thus the lifetime of this mode is strongly affected
by the grain boundaries.

Upon an increase of AlN film thickness the frequencies of all the phonon modes red-
shift (Fig. 3.10). This shift is due to the decrease of stress in the films. Wagner
and Bechstedt calculated the coefficients of phonon frequency linear shift per unit
stress [93], which fit well to our data allowing to determine the stress-free phonon
frequencies (Tab. 3.3).
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Table 3.3: Phonon frequencies ω (in cm−1) and lifetimes τ (in ps) in AlN.

A1(TO) E1(TO) E22 A1(LO) E1(LO)

ω τ ω τ ω τ ω τ ω τ

This worka 612± 5 670± 1 0.29± 0.03 655.5± 0.5 0.71± 0.05 887± 1 0.58± 0.05 924± 5
This workb 656.2± 0.5 0.88± 0.05
Exper.c 609 668 885.8
Exper.d 663
Exper.e 608 668 0.91f, 0.53g 655 0.83f, 0.43g 890 0.45f, 0.28g

Exper.h 608.5 1.20 667.2 1.80 655.1 1.70 888.9 0.72 909.6 0.70
Exper.i 610 0.79 669 1.00 889 0.60 916 0.51
Exper.j 610 670 657 1.75 890 0.57 912
Calc.k 618 677 667 898 924
Calc.l 0.41 0.46 0.89 0.16
Calc.m 0.80
aThin film on Si(100), reactive DC magnetron sputtering, FTIR.
bThin film on Al2O3(0001), reactive DC magnetron sputtering, Raman.
bThin film on Si(111), MBE, Raman, Ref. [51].
cThin film on a-sapphire, reactive DC magnetron sputtering, FTIR, Ref. [52].
dBulk single crystal, Raman, Ref. [46].
eSample referred to as transparent.
fSample referred to as blue; the density of Si and C impurities is two orders of magnitude higher than in a transparent sample.
gBulk single crystal, Raman, Ref. [48].
hBulk single crystal, FTIR, Ref. [50].
iBulk single crystal, Raman, Ref. [47,109].
jAb initio, Ref. [93].
kFermi’s golden rule involving anharmonic interaction between phonons, with the Grüneisen’s constant γ = 0.8, Ref. [106].
Results of Ref. [47] fitted with γ = 0.41.
lAn adiabatic bond charge model and crystal anharmonic potential within the isotropic elastic continuum model, Ref. [107].
Results of Ref. [47] fitted with τd = 2.1 ps.
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3.3.2 Raman

In the Raman spectra only the E22 phonon mode is clearly visible (Fig 3.11), whereas
the other Raman active modes, E12 and A1(LO), are not visible in z(yy)z̄ backscat-
tering configuration due to the quasi-polycrystalline nature of AlN. Thus only the E22
mode was analyzed. In order to analyze the other phonon modes, the backscatter-
ing configurations from the film cross-section have to be employed (Tab. 2.2). This
turned out extremely difficult to perform on sub-micron thick films as the area of
signal accumulation is very small.

The observed E22 phonon mode red-shift with increasing film thickness as the other
modes observed in FTIR (Fig. 3.10). This shift is linear with in-plane stress. The ad-
vantage of Raman spectroscopy over FTIR is that there is no limitation for thicker
films, the thicker the film the more intense phonon peak is obtained. The estimated
E22 phonon mode lifetime values are also strongly reduced as compared to single
crystal (Fig. 3.12, Tab. 3.3), thus the same reason as for the E1 phonon mode can
be attributed, i.e. that the displacement of vibrating atoms is perturbed by the
grain boundaries of AlN (Fig. 2.14 (b)). The lifetime governed by anharmonic de-
cay and background defect scattering of the E22 phonon mode in AlN sputtered using
N2 plasma on Si and Al2O3 substrates are evaluated to be (0.71 ± 0.05) ps and
(0.88±0.05) ps, respectively. Here, as in the analysis of XRD RC data, the conclusion
is that AlN on sapphire substrate is of better quality, i.e. possesses lower density of
defects. The phonon lifetimes in AlN films sputtered using Ar:N2 plasma on Si and
Cr surfaces are evaluated to be (0.67 ± 0.05) ps and (0.39 ± 0.04) ps, respectively.
The change in deposition process did not influence much the quality of the AlN layer
as it was seen in Section 3.2.1 (Fig. 3.12 (a)). However, the AlN thin film deposi-
tion on Cr layer is of much worse quality as on Si or Al2O3. This could be explained
by the fact that sputtered Cr is polycrystalline and has a rough surface (ρ ≈ 8 nm).
Moreover, in the Raman spectra of the thickest AlN film on Cr the A1(TO) mode was
visible (Fig. 3.13). The A1(TO) mode is only visible in (zz)̄ and (yy)̄ backscat-
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Figure 3.11: Raman spectra of a 200 nm thick AlN film deposited using N2 plasma on Si (a)
and Al2O3 (b) measured at z(yy)z̄ backscattering configuration.
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tering configurations. This fact evidences that there are AlN grains whose c-axis lies
perpendicular to the surface normal. This time a Bragg diffraction peak near 32.7◦ in
XRD θ-2θ scan could be attributed to AlN(100), although the possibility remains that
it is the forbidden Si(200) peak.
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Figure 3.12: E22 phonon mode lifetimes versus AlN films thickness as determined from
the Raman line width. (a) AlN on Si(100) deposited using N2 plasma (circles) and Ar:N2
plasma (stars). (b) AlN on Al2O3(0001) (squares) and on a Cr interlayer on Si (triangles). The
dashed lines are guides for the eyes.
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Figure 3.13: Raman spectra measured at z(yy)z̄ backscattering configuration (a) and XRD
θ-2θ scan (b) of AlN film deposited using Ar:N2 plasma on Cr/Si. The curves are shifted for
clarity. XRD patterns are measured using a focusing beam setup with a Siemens D5000
diffractometer.
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Chapter 4

Route towards

applications

In this Chapter the possible routes and obstacles for AlN to become a part of a device
will be covered. The first issue that AlN encounters is its deposition on metal contacts,
which is one of the ways to exploit the piezoelectric properties of AlN. The second
encounter comes when one wants to combine AlN and diamond. The possibilities of
AlN on NCD and NCD on AlN will be discussed in the second part of this chapter.

4.1 AlN on metals

In most cases, when AlN is used in devices as piezoelectric material, the electrical
field has to be applied on AlN, thus electrical contacts are needed. There are two
possibilities: (i) metal deposition on AlN or (ii) AlN sputtering on the metal contact.
This Section will give a short overview of the second case, i.e. AlN deposition on
different metals interlayers on Si: Al, Ti, V, Cr, Zr, Nb, Mo, Ta, and W. Additionally,
the variation of the deposition power on the properties of AlN, sputtered on Al, Cr, Ta,
and W, will be analyzed.

The metal thin films were sputtered on Si(100) substrates (sample series SMetal,
Tab. 2.1) and their surface roughnesses were determined by AFM. Later, AlN films
were deposited (S100%) and their XRD RC peaks were analyzed (Fig. 4.1). One of the
worst quality of AlN film is obtained on Al layers, although Al is most widely used
as contact metal due to its low price. This can be explained by the high roughness
of the Al layer. Therefore, to use Al as contacts the deposition conditions should be
optimized. Chromium, which is also often used in device fabrication, showed better
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Figure 4.1: (a) XRD RC of AlN (SPower,600W) deposited on sputtered metal interlayer, Si(100)
and Al2O3(0001). (b) FWHM of XRD RC peaks versus substrate surface roughness of S100% (cir-
cles) and SPower,600W (hexagons) AlN sample series (Tab. 2.1). The result of AlN on Pt(111) is
taken from Reference [40]. The dashed line is a linear dependence of the FWHM on surface
roughness taken from Ref. [110].

results than aluminum. Artieda et al. have demonstrated that the FWHM of the RC
has a linear dependence on the surface roughness of amorphous Si [110]. Thus, one
could speculate that for those metals on which AlN is achieved with the FWHM of RC
below the dashed line in Figure 4.1 are more suitable that those which are achieved
above the line. However, it remains difficult to assess the influence of the metals on
the FWHM of the RC. The only conclusion, that can be repeated, is that the smallest
width of the RC peak is achieved on the smoothest metal surfaces.

Another approach to compare the results of AlN on different metals is to employ
Raman spectroscopy (Fig. 4.2). By analyzing the E22 mode phonon peak shift, a con-
clusion on the average stress in the films can be made (Fig. 4.2 (a)). An almost stress-
free AlN film is achieved on Al layers (SPower) although the FWHM of the RC was one of
the broadest. Rather a small in-plane stress is detected in AlN on Al2O3(0001) (SPower)
and Cr, Nb, V from the sample series S100%. Once more, when comparing the results
obtained on different metals, which are polycrystalline, one can notice a link with the
surface roughness. AlN on Al (SPower), which had the roughest surface, showed the
smallest stress in the film, contrary to AlN on Al from S100% sample series. Then one
can note two groups of samples with diferent tendencies: (i) increasing compressive
and (ii) increasing tensile in-plane stress as the surface roughness decreases. When
the surface becomes smoother the inclination of columnar grains and in turn the
gaps between them gets smaller. Then the behavior of the compressive stress with
different surface roughness can be explain by the stress relaxation through the grain
boundaries, the larger the gaps that are present between the AlN grains the smaller
the stress is. The behavior of the tensile stress, could be explained by inclined grains,
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Figure 4.2: E22 phonon mode peak position (a) and lifetime (b) versus substrate surface
roughness of S100% (circles) and SPower,600W (hexagons) AlN sample series (Tab. 2.1). (c) Life-
time versus FWHM of RC. In graph (a) the dash-dotted line represents the stress-free phonon
peak position, 655.5 cm−1, the phonon frequency shift from this value is converted into
the in-plane stress (right hand side scale) using the phonon frequency linear shift per unit
stress (2.55 cm−1/GPa, Ref. [93]). The dashed lines are guides for the eyes.

the more they incline the less space is left for the other grains. However, in order
to draw such conclusions a more sophisticated analysis, e.g. transmission electron
microscopy (TEM), is required.

The peak width of the Raman peak and so the lifetime of the E22 mode phonon does
not show a strong correlation (Fig. 4.2 (b)). The lifetime is inversely proportional
to the density of defects1, τd ∝ ϱ−1d . If the lifetime is plotted against the FWHM of
the RC (Fig. 4.2 (c)), which is influenced by the dislocation density and the struc-

1Defects include: point, line and planar defects.
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tural features2 [104], one can envisage the trend of the lifetime decrease, i.e. the
increase of the defect density, with the broadening of the RC. This is not surpris-
ing, as the lifetime is also dependent on dislocation density, but independent of the
structural features. Thus, one could speculate that the samples laying on the dashed
line (Fig. 4.2 (c)) differ only in the number of dislocations, although a sophisticated
analysis of dislocation density connection with the FWHM of the RC is needed [104].

A further study is made on the sample series SPower (Tab. 2.1) and the features of
Raman peaks were investigated (Fig. 4.3). One of the observations is that the stress
tends to get smaller when AlN is deposited at higher power on Si, W and Al2O3.
This could be due to the fact that better quality is obtained at higher deposition
power (Fig. 4.4 (a)). Moreover, these substrates had smooth surfaces, ρ < 1 nm.
In case of Al, Cr and Ta, ρ ≥ 1 nm, no substantial stress variation is noticed above
300 W. At the lowest deposition power (200 W) AlN films on all metal layers showed
significant deviation in stress values. The tensile in-plane stress (+1.2 GPa) in AlN
films deposited under 200 W power on Al layer and later reduction with power can
be explained by the model of extra atoms insertion into the grain boundary [39,91].
When the target power is increased N2 ions are accelerated faster towards the target
and so more energetically AlN compounds reach the surface of a sample. This means
they will show a higher jump rate from site to site on the surface, thus a higher flow
rate into the grain boundary that shifts the film’s stress towards compression. In
case of other metals (Cr, Ta, W) the compressive stress appears to be much higher at
200 W deposition power. This cannot be explained by the same model as for the AlN
on Al case. Rather the mixed orientation, (002) and (103), of AlN films that appear
under these conditions [37] could be the cause of high compressive in-plane stress.

By analyzing the width of the Raman peak of the E22 mode phonon one can immedi-
ately notice the supreme lifetime in AlN on Al2O3(0001) substrates, which is at least
twice longer when compared to the other substrates. This is not unexpected as the
narrowest FWHM of the RC was obtained on this substrate. However, the phonon
lifetime in AlN on other substrates does not differ significantly, i.e. not as much as
the FWHM of the RC. This implies that the density of defects is more or less the same
in these films. By analyzing the deposition power influence, in all cases except Cr,
the phonon lifetime increases with increasing power. The increase of lifetime stops
at 500 W and stays constant for AlN on Si, Al and Al2O3, while for Ta and W it keeps
increasing. For Cr it tends to decrease for power higher than 600 W. There is no
correlation between such behavior of phonon lifetimes and the roughness of the sub-
strate surface. If, again, the lifetime is presented as a function of the FWHM of the
RC (Fig. 4.4 (b)), one gets a linear relationship in a double-log scale graph. This time,
the substrate is the same, i.e. Si, thus the factor for the grain tilt, i.e. the surface
roughness, is eliminated and one has a stronger argument that the increase in the
phonon lifetime is due to the reduction of dislocation density. However, the TEM anal-
ysis is essential for confirmation that the grain tilt does not change with increasing
deposition power.

2Heterogeneous strain, correlation lengths normal and parallel to the substrate surface,
and the degree of mosaicity, i.e. a measure of the long-range disorder, expressed by the tilt
and twist angles.
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Figure 4.3: (a) E22 phonon mode peak position of 500 nm thick AlN deposited on Si(100), sputtered metal layer (Al, Cr, Ta, W) and Al2O3(0001)
under various target supply powers (SPower, Tab. 2.1). The dashed line represents the stress-free phonon peak position, 655.5 cm−1. (b) Lifetime
of E22 mode phonon as determined from FWHM of the Raman peak. The lines are guides for the eyes.



70 CHAPTER 4. ROUTE TOWARDS APPLICATIONS

300 600 900

1°

10°

Si
Al

2
O

3

R
C
  
FW

H
M

Power (W)

(a)

1° 10°

0.1

0.2

0.3

0.4

0.5

0.6
0.7

Si (S
Power 

)

Al
2
O

3
 (S

Power 
)

S
100%

S
Power, 600W
S
S

S

Li
fe

tim
e 

(p
s)

RC FWHM

S

(b)

Figure 4.4: (a) RC peak FWHM of (0002) AlN sputtered on Si (full circles) and Al2O3 (open
squares) versus target supply powers (SPower, Tab. 2.1). (b) Lifetime of E22 phonon mode
versus FWHM of RC, open circles and full stars denote S100% and SPower,600W sample series,
respectively. The lines are guides for the eyes.

4.2 AlN & Diamond

In this Section the AlN on diamond combination will be analyzed. The main focus is
put on how to achieve a high seeding density of nanodiamond particles on AlN layers
and subsequent pinhole-free NCD film growth.

4.2.1 AlN on NCD

The easiest approach to fabricate AlN/NCD heterostructures is to sputter AlN on NCD
film (Fig. 4.5). However, in this case the surface roughness of NCD film is unac-
ceptable. If surface acoustic wave (SAW) device is fabricated on such surfaces, the
excited SAWs will experience extreme scattering while propagating. Thus the SAW
device will simply not work. In order to smoothen the surface of the NCD film ex-
pensive and sophisticated polishing of NCD surfaces is needed. In the case of thiner
NCD films the surface is less but still rough. However, the polishing of > 100 nm
thick NCD films is extremely difficult.

4.2.2 NCD on AlN

The nanodiamond (ND) seeding and growth of NCD layers on AlN is not straight-
forward. If AlN is seeded using the ND colloidal seeding process and exposed to
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(a) (b)

Figure 4.5: (a) NCD film, 1000 nm thick, grown on Si(100) by MW PE CVD. (b) AlN, 1000 nm
thick, sputtered on NCD.

a conventional CH4 and H2 plasma, the grown NCD film appears to be inhomoge-
neous (Fig. 4.6). This is due to the hydrophobic nature of AlN and consequent low
seeding density on such surface. In order to achieve a high and homogeneous seed-
ing density the surface of AlN needs to be modified in a way that the adhesion force
between ND particle and the surface is enhanced.

A simple experiment can show that ND particles adhere to the surface by the Van
der Waals (VdW) force; one has to increase the roughness of silicon surfaces by Ar
plasma pretreatment and seed with NDs after. The achieved density of ND seeds
varied with the surface roughness (Fig. 4.7). Argon plasma pretreatment is adequate
for ion milling, thus the native silicon oxide layer of 2 nm is removed approximately
after 10 s (etching rate 39 nm/min [111]). However, upon an exposure to air and
dipping into the seeding water based colloid, a native oxide layer of around 2 Å is
formed [112]. Plasma exposures of different timing cause different surface rough-
ness. If ND particles adhere to the surface by the VdW force, the seeding density
should be proportional to the this force FVdW that acts between the ND particle and
the rough surface. Rabinovich developed a model that quantitatively predicts adhe-
sion forces between a particle and the rough surface [113]:

FVdW =
AH r̃

6d0

�

1

1+ r̃/ (1.48ρ)
+

1

(1+ 1.48ρ/d0)2

�

, (4.1)

where AH is the Hamaker coefficient, that depends on the material properties and
intervening medium, r̃ is the radius of the adhering particle, d0 is the distance of
closest approach between a surface and ND particle (≈ 0.3 nm), and ρ is the rough-
ness of the surface. The average radius of a ND particle ≈ 3 nm (Fig. 2.20). The
curve according to Equation (4.1) drawn through the experimental points proofs that
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(a) (b)

(c) (d)

Figure 4.6: NCD grown on as deposited AlN. The NCD film coverage varied from very low (b)
to very high (d) indicating inhomogeneous seeding density of ND prior the growth of NCD film.

ND adhere to silicon surfaces through the Van der Waals interaction.

The surface treatment of Si with N2 and O2 plasmas works as nitriding and oxidation,
respectively. Thus, as no etching of silicon occurs the surface does not roughens
much after these exposures. However, surfaces of Si3N4 and SiO2 have different
interaction strengths with ND particles, i.e. different Hamaker constants. Thus, one
gets different seeding densities as compared to the pure Si case.

After H2 and CF4 plasma pretreatment the native silicon oxide is removed due to
reactive ion etching and the silicon surface is hydrogen or fluorine terminated, re-
spectively. The H or F atoms present at the surface induce negative charge on the
surface and this yields electrostatic interaction between adhering ND particles, which
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Figure 4.7: Seeding density versus the surface roughness after various plasma pretreatments
(Ar, CF4, H2, N2, and O2) and various pretreatment times in case of Ar. A reference sample (ref.)
was only cleaned with SPM/APM. The line represents the seeding density proportional to the
VdW force (Eq. (4.1)).

have positive zeta-potential, and the surface [114]. Thus the seeding efficiency is en-
hanced and reaches 1011 cm−2.

In order to achieve a high seeding density on AlN and homogeneous NCD film cover-
age, the surface of AlN was exposed to different plasmas: Ar, CF4, H2, N2, and O2.
After plasma pretreatments the surface charge, groups and roughness are changed.
Hence, the interaction force between ND particle and surface is changed. The wet-
ting properties after the plasma exposure were studied (Fig. 4.8). Here it should
be noted, that 1,2-ethanediol was used for contact angle measurements. After Ar,
N2 and O2 pretreatment the surface wetting properties have not changed much,
whereas after CF4 and H2 the surface of AlN became hydrophilic. The determined
surface roughness after the pretreatments showed that there is no pronounced cor-
relation between contact angle value and roughness (Fig. 4.9 (a)). The interesting
effect is observed that the surface of AlN became smother after N2 treatment. This
could be practical for AlN smoothing when preparing surface acoustic wave devices.

After the ND seeding the density of nucleation sites was calculated (Fig. 4.9 (b)).
A strong dependency between the contact angle and seed density is observed. In
case of Ar ion milling, nitriding and oxidation of the AlN surface there is not much
change in measured contact angle as well as achieved ND seeding density. However,
after CF4 and H2 plasma the surface became hydrophilic and the obtained seeding
density increased almost by four orders of magnitude in comparison with untreated
AlN surface. As the roughness of AlN surface has not changed a lot after the plasma
pretreatments, the seeding density enhancement is due to functional groups present
on the AlN surface. Hydrogen and fluorine atoms on the surface accumulate negative
charge and by electrostatic force the ND particles are attracted to the surface.

After the seeding of the AlN surface, the growth of NCD films followed and the results
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are presented in Figures 4.10 and 4.11. In case of high nucleation density the pinhole-
free NCD layers of 100 nm is observed, whereas in case of low seeding density only
separate diamond grains are present.

49° 51° 41°

7°39° 1°

(a) (b) (c)

(d) (e) (f)

Figure 4.8: Wetting properties of AlN surface after ethanol cleaning (a) and after plasma
pretreatment: (b) Ar, (c) N2, (d) O2, (e) CF4, (f) H2. 1,2-ethanediol was used as a test liquid.

Ar

CF
4

H
2

N
2 O

2

EtOH

0°

15°

30°

45°

60°

0.1 1

 

Surface roughness (nm)

C
on

ta
ct

 a
n
g
le

(a)

Ar

CF
4

H
2

N
2

O
2

EtOH

0° 15° 30° 45° 60°
107

108

109

1010

1011

 

 

S
ee

d
in

g
 d

en
si

ty
 (

cm
-2
)

Contact angle

(b)

Figure 4.9: Contact angle of 1,2-ethanediol on AlN surface versus surface roughness (a) and
achieved density of ND versus wetting angle after ethanol (EtOH) cleaning and after plasma
pretreatment: Ar, N2, O2, CF4, H2. The line is guide for the eyes.
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(a) (b)

(c) (d)

(e) (f)

Figure 4.10: NCD growth on AlN surface after ethanol cleaning (a) and after plasma pre-
treatment: (b) Ar, (c) N2, (d) O2, (e) CF4, (f) H2.
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(a) (b)

(c) (d)

Figure 4.11: NCD growth on AlN surface after acidic surface cleaning: (a) SPM, (b) HCl,
(c) HNO3, (d) H3PO4.



Chapter 5

Conclusions & Outlook

Aluminum nitride films of different thickness, ranging from 17 nm to 3900 nm,
were deposited by DC-pulsed reactive magnetron sputtering on silicon (100), sap-
phire (0001) substrates, and various metal interlayers. In case of sputtering using a
nitrogen plasma, it is shown that the average residual in-plane stress is compressive
and substrate independent up to 150 nm film thickness. For thicker AlN films on Si
substrates the in-plane stress stays compressive, while the transition from compres-
sion to tension occurs near 1000 nm for AlN films on Al2O3 substrates. Additionally, a
stepwise thickness reduction of a 1500 nm thick AlN film on Si by wet chemical etch-
ing has proven that a stress gradient exists. A non-linear fit of experimental data
points indicates that this stress gradient is higher in AlN films on Al2O3 than on Si
substrates, which in turn allows the transition from compression to tension to occur.
This observation is linked to better quality of the AlN films on Al2O3 as indicated by
XRD rocking curve analysis. For comparison, a series of AlN films was deposited on
Si substrates using Ar:N2 plasma. This change in deposition conditions shifted the
in-plane stress values towards tensile stress, retaining the same degree of crystallite
disorientation as well as the same stress gradient.

X-ray diffraction analysis of strain along the c-axis in the AlN films has shown linear
behavior with respect to the in-plane stress indicating that AlN films are biaxially
strained and that the residual in-plane stress is the main mechanism governing the
variation of the lattice constants. The investigation of the XRD rocking curves has
confirmed the high quality of AlN layers on c-cut sapphire substrates for each sample
thickness, while on Si and Cr/Si the quality improves for thicker layers. This quality
improvement can be attributed to a decrease of dislocation density, which prevents
a high stress gradient to appear. The AlN surface roughens with increasing thickness
independently of the substrate material and the deposition conditions that were used.
Finally, the density of grain boundaries has only a minor effect on the observed in-
plane stress behavior.
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The optical phonons were investigated by Fourier transform infrared spectroscopy in
AlN on Si deposited using nitrogen plasma. The frequencies and lifetimes were calcu-
lated based on the factorized model of a damped oscillator. The stress-free phonon
frequencies of (670± 1) cm−1 and (887± 1) cm−1, as well as decay times of at
least (0.29± 0.03) ps and (0.58± 0.05) ps were deduced for the E1(TO) and A1(LO)
phonon modes, respectively. Additionally, E22 phonon modes were investigated by
the Raman scattering technique and the same trend was observed. The stress-
free phonon frequency (655.5± 0.5) cm−1, and a lifetime of at least (0.71± 0.05) ps
were determined. As a comparison, the phonon lifetime in AlN films on Al2O3 was
(0.88± 0.05) ps. The lifetimes clearly become longer for thicker films as the quality
of the films improves. The A1(LO) phonon mode is less than the E1(TO) phonon mode
affected by film imperfections, which is attributed to the stronger scattering effect of
grain boundaries on the latter.

The film deposition on different metal interlayers showed that surface smoothness
is essential for achieving high quality films, although the tendency of lower in-plane
stress on rougher surfaces is observed. The investigation of the E22 mode phonon
revealed that the lifetime of the phonon correlates with the width of the rocking
curve as both quantities depend on a common factor, i.e. the density of dislocations.
However, to confirm the main role of dislocations and differentiate the influence of
the other type of defects, heterogeneous strain, correlation lengths, and the degree
of mosaicity, a more sophisticated analysis is required, e.g. transmission electron
microscopy.

On the way of producing diamond films on AlN layers, it is shown that surface treat-
ments altering the charge, chemical groups and roughness of the surface are im-
portant for nanodiamond seeding. The ND particles used for seeding adhere to the
surface by the Van der Waals and electrostatic forces. Therefore, after an appropri-
ate surface treatment of silicon and aluminum nitride with a plasma it is possible
to successfully increase the nucleation density. The intended Si surface roughening
by Ar plasma and subsequent seeding showed that ND adhere due to VdW forces.
The surface chemical group modification by H2 and CF4 plasma pretreatment no-
tably enhanced the seeding density on Si and AlN surfaces, reaching 1011 cm2 of ND
particles.

ND seeding and in turn NCD layer growth directly on AlN has proven to be very dif-
ficult due to its hydrophobic surface properties, hampering seeding and subsequent
growth. In a similar way as silicon treatment, the treatment of the AlN surface with
H2 and CF4 plasma enhanced the ND seeding, which led to a sufficiently high nucle-
ation density and allowed to form a pinhole-free NCD layer on top of this piezoelec-
tric material. Moreover, the hydrogenation and fluorination made the AlN surface
hydrophilic.

To support the observations of change in the film properties with thickness, depo-
sition power and substrate’s surface roughness variation, a detailed analysis of the
film structure by TEM is essential. Also a more sophisticated analysis by the XRD
technique is required to determine the density of dislocations in the films. Concern-
ing the FTIR modeling, the stress gradient in the films could be incorporated into the
calculations in order to check its influence on the spectra. This is particularly needed
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for AlN films on sapphire, as there high stress gradients are observed. Moreover, the
inclination of the optic axis should be taken into account for analysis of the films with
high c-axis of-angle, e.g. AlN on Al. Finally, concerning the adherence of ND particles
on AlN (and Si) further experiments have to be performed in order to confirm the
electrostatic nature of the ND seeding enhancement on AlN (and Si) surfaces, e.g.
by means of X-ray photoelectron spectroscopy.
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