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AlScN Aluminum scandium nitride

ATEM Analytical TEM

BAW Bulk acoustic wave

CMOS Complementary metal oxide semiconductor

CTE Coefficient of thermal expansion

CVD Chemical vapor deposition

DFT Density function theory

DRIE Deep reactive ion etching

EDP Electron diffraction pattern

EDS Energy-dispersive X-ray spectroscopy

FBAR thin film bulk acoustic resonator

FEM Finite element method

FoM Figure of merit

FTIR Fourier transform infrared spectroscopy

FWHM Full width at half maximum

9



Abbreviations

GPC Growth per cycle
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d Lattice spacing

d Piezoelectric coefficient [m/V]
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x Mechanical strain
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1. Introduction

Microelectromechanical systems (MEMS) are devices that combine both
mechanical and electrical elements at microscopic scales. The mechanical
elements are typically moving, and the electrical elements are used to
sense or actuate the movement. MEMS devices are especially suited for
sensing physical phenomena, such as acceleration or pressure, and have
become ubiquitous. MEMS accelerometers are used in motor vehicles and
handheld consumer electronics, and MEMS pressure sensors can be found
in vehicle tires and various microphones. MEMS devices could also be
used to harvest mechanical energy to power small devices. MEMS devices
can also be used for actuation, as is done in inkjet printer heads and
micromirrors. Both sensing and actuation can also be combined, as is done
in gyroscopes and micromachined ultrasound transducers (MUT).

The actuation and sensing can be done electrostatically with capacitor
structures, thermally with small resistors, magnetically with coils, or
piezoelectrically [1, 2]. Out of these, electrostatic actuation and sensing
is perhaps the most used due to the ease of fabricating the capacitive
structures in silicon. However, piezoelectrics offers several benefits, such
as lower power consumption and higher electromechanical coupling [2].
Commonly used piezoelectric materials include lead zirconium titanate
(PZT), aluminum nitride (AlN), and zinc oxide (ZnO). AlN is an interesting
material because it has relatively high piezoelectric constants and low
dielectric permittivity, resulting in competitive piezoelectric figures of
merit (FoM) [3]. Furthermore, AlN is lead-free, compatible with other
semiconductor materials and processes, has high mechanical strength [I],
and it is chemically stable [4]. Scandium-alloyed AlN (AlScN) is another
promising piezoelectric material for MEMS devices and the Sc alloying
significantly increases its piezoelectric coefficients [5].

AlN films are already used in MEMS devices, such as thin-film bulk
acoustic resonators (FBAR) [6, 7], microphones [8], and piezoelectric MUTs
[9, 10, 11]. AlN is also a promising material for inertial sensors where
the higher electromechanical coupling would increase the accuracy and
sensitivity of sensors.
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AlN films in MEMS are most commonly deposited using sputtering,
which offers fast deposition rates and good crystal quality. However, three-
axis inertial sensors require in-plane actuation and sensing, which is
difficult to implement with the current methods. MEMS gyroscopes, for
example, require orthogonal vibration modes to sense angular moments [1].
Piezoelectric out-of-plane actuation and sensing is simple to implement
using sputtering, as shown in Figure 1.1a. In-plane actuation and sensing
can be implemented by splitting the element into two, as shown in Figure
1.1b. However, this results in losses due to the non-ideal configuration.

So far, this has slowed the integration of piezoelectrics into inertial
MEMS. Effective in-plane actuation and sensing would require the depo-
sition of AlN on the vertical sidewalls of MEMS structures, as shown in
Figure 1.1c, for which physical vapor deposition (PVD) methods, such as
sputtering, are not well-suited. Chemical vapor deposition (CVD) should
offer better conformal coverage [12] and high crystal quality [13]. A piezo-
electric sidewall MEMS actuator structure is illustrated in Figure 1.1d.
The lack of accurate knowledge of the mechanical properties and behavior
of AlN has slowed the integration as well. Both aspects are important for
the operation and reliability of MEMS devices.

(a) Out-of-plane actua-
tion.

(b) In-plane actuation
using the top sur-
face.

(c) In-plane actua-
tion using vertical
sidewalls.

V

V

(d) A sidewall structure for
piezoelectric in-plane actua-
tion and sensing. [IV]

Figure 1.1. The schematics of the out-of-plane and in-plane actuation of a cantilever
structure using piezoelectric elements on different surfaces.
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Introduction

This dissertation addresses the deposition of AlN on vertical sidewalls
for in-plane actuation and sensing, and the reliability and stability of AlN
thin films. In addition, the reliability of AlScN from a microstructural
stability point of view is studied.

The purpose of this dissertation is to answer the following research
questions:

i What are the conformal coverage and crystal quality of AlN thin films
and how they can be optimized [II], [IV]

ii What are the mechanical properties of AlN thin films and how they
depend on microstructure [I]

iii What is the microstructural stability of AlN and Sc-alloyed AlN thin
films [III], [IV]

The rest of this dissertation is organized as follows. Chapter 2 introduces
the basics of piezoelectricity and how piezoelectric MEMS work. The depo-
sition of AlN thin films is discussed in chapter 3 and is divided into sections
on two CVD methods, metalorganic CVD (MOCVD) (Sec. 3.2) and atomic
layer deposition (ALD) (Sec. 3.3), and their conformal coverage (Sec. 3.4).
Chapter 4 presents crystal quality and microstructure analysis using X-ray
diffraction (XRD) and transmission electron microscopy (TEM) in sections
4.1 and 4.2 respectively. AlN crystallinity on vertical sidewalls is discussed
in section 4.3. Fourier transform infrared (FTIR) spectroscopy is discussed
in section 4.4 and section 4.5 presents the correlation between XRD and
FTIR results. The mechanical properties of thin films are discussed in
chapter 5, which is divided into section 5.1 for residual stress, section 5.2
for measured residual stresses in AlN thin films, and section 5.3 for bulge
testing. The reliability of thin films is discussed in chapter 6 from the
mechanical point of view (Sec. 6.1) and the microstructural stability point
of view (Sec. 6.2). Finally, the conclusion is given in chapter 7, along with
suggestions for future work.
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2. Piezoelectricity and piezoelectric
MEMS

Piezoelectricity is the property of some materials that allows them to gener-
ate electrical polarization from applied mechanical stress and mechanical
strain from an applied electric field [14]. The former is called the direct
and the latter the converse effect piezoelectric effect. The change in polar-
ization from mechanical stress causes charges to accumulate on opposite
faces of the material and generates a voltage over them. The piezoelectric
coefficient d couples the dielectric displacement D to stress σ and strain x
(noted x in this chapter to avoid confusion with dielectric permittivity) to
electric field E linearly as

D = dσ (2.1a)

x = dE. (2.1b)

The full piezoelectric tensor d has 27 components. However, due to the
symmetry of the stress tensor (σi j =σ ji), only 18 of the 27 components are
independent and d can be described by a 6×3 matrix with two subscripts,
as D i = di jσ j. In the matrix form, the first three stress components are the
uniaxial stresses and the last three are the shear stresses. The symmetry
elements of crystals can set many of the components as zero, further
reducing the complexity. For example, AlN (6mm symmetry) has only five
components, out of which three are independent (d31, d33, and d15). The
convention is to fix the 3-direction along the polar axis so that coefficient
d33 is positive [2]. Typically this means that the 3-direction is out-of-plane
and the 1- and 2-directions are in the plane of the film.

Mechanical stress and strain can be interchanged in these equations
and, for example, Equation (2.1a) becomes D = ex, where e is related to d
through the stiffness tensor cE (d = ecE). The unit of d is C/N or m/V, and
the unit of e is C/m2.

Combining linear electrical behavior and Hooke’s law for linear elastic
materials gives Equations (2.1a) and (2.1b) as

D i = di jσ j +εσikEk (2.2a)

xi = sE
i jσ j +dikEk, (2.2b)
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Piezoelectricity and piezoelectric MEMS

where ε is the permittivity and s is the compliance (1/c). The superscript
E in sE

i j for example means compliance at a zero electric field. Alterna-
tively, these equations can be written using the mechanical strain and the
constant e as

D i = e i jx j +εx
ikEk (2.3a)

σi = cE
i jx j − e ikEk. (2.3b)

The above equations are complex when taking into account all the di-
rections and anisotropy of materials. Luckily for thin film piezoelectric
MEMS, only two operational modes are practical, which simplifies the
equations. The two modes are the longitudinal or 33 mode, where the
electric field and stress are in the same direction, and the transverse or 31
mode where the two are orthogonal to each other. The modes of operation
are illustrated in Figure 2.1. Piezoelectric thin films are almost always
clamped to a substrate and are used as a part of a composite material
stack. Thus, the elastic properties of the substrate usually dominate.

D�

σ�

σ�

V

(a) The longitudinal or 33 mode.

D 
σ! σ!V

(b) The transverse or 31 mode.

Figure 2.1. The modes of operation in piezoelectric MEMS. Adapted from [1].

The constraints set by the clamping also mean that no deformation
mode involves only one piezoelectric coefficient. Effective piezoelectric
coefficients can be derived by setting x1 = x2 = 0, σ3 = 0 and the electric field
parallel to the polar axis E3 ̸= 0. The effective longitudinal piezoelectric
coefficient d33, f and the effective transverse constant e31, f are [2, 15]

d33, f =
e33

cE
33

= d33 − 2sE
12

sE
11 + sE

12
d31 (2.4a)

e31, f = e31 −
cE

31e33

cE
33

= d31

sE
11 + sE

21
(2.4b)

These effective constants can usually be directly measured and are used
to characterize the electromechanical performance of a material [2]. In
addition to the effective constants, other FoMs can be used to describe the
performance of piezoelectric materials in different applications.
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2.1 Piezoelectric materials

The piezoelectric effect in materials is caused by the asymmetry in their
crystal structure and the distribution of electrical charges [14]. The mate-
rials lack a center of symmetry (an inversion center) and when mechanical
stress is applied, the lattice deforms and causes the separation of charges.
This, in turn, causes electric fields. For example, in wurtzite AlN, one N
atom is not at the center of the unit cell, as shown in Figure 2.2, which
creates the asymmetry along the polar c or [0001] axis.

Figure 2.2. The wurtzite crystal structure of AlN. The asymmetry in the structure is
created by the nitrogen atom along the [0001] axis.

In addition to an asymmetrical crystal structure, piezoelectric materials
require an oriented microstructure. Untextured polycrystalline films are
non-piezoelectric [14] because in polycrystalline films the piezoelectric
effect is averaged over all the grains [2]. There is also a marked difference
in the ferroelectric and non-ferroelectric films. The polar axes of Weiss
domains in ferroelectric materials can be aligned in a process called poling,
where a strong electric field is used to align the polar axes at elevated
temperatures. For non-ferroelectric materials, such as AlN, the polar
axis is fixed and cannot be poled. Thus, the deposition of non-ferroelectric
materials must result in a textured structure, which includes the alignment
of the polar directions. The crystal structure of AlN is further discussed in
chapter 4.

The most commonly used piezoelectric materials are either perovskites
or wurtzites. Perovskites are ferroelectric and have higher piezoelectric co-
efficients and permittivity than wurtzites. The most common piezoelectric
perovskite is PZT (PbZr1−xTixO3) and it has been alloyed with Nb [16] or
Mn [17] to improve its stability. Other perovskites include lead magnesium
niobate-lead titanate ((PbMg1/3Nb2/3O3)1−x-(PbTiO3)x, PMN-PT) [18], and
lead-free alternatives (K,Na)NbO3 (KNN) [19], BaTiO3, LiNbO3, BiFeO3

[20], K-Nb-O (KN), and K-Ta-Nb-O (KTN) systems. Further information
on lead-free perovskites can be found in [21].
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Wurtzite materials include, for example, AlN and ZnO, which are non-
ferroelectric. AlScN also has a wurtzite structure. However, the ferroelec-
tric properties of AlScN have been recently discovered [22]. Wurtzites have
lower piezoelectric coefficients than the ferroelectric perovskites. How-
ever, their permittivity is also lower, making them in some cases better
for sensing applications. Furthermore, wurtzites are CMOS compatible
and have a stable response over wide temperature, frequency, and voltage
ranges. Their processing is also simpler in most cases. Table 2.1 lists some
piezoelectric materials and their relevant material properties, along with
common piezoelectric FoMs. For AlScN, PZT, and PMN-PT, the coefficients
depend on the composition of the material.

Table 2.1. Piezoelectric materials used in MEMS, their material properties and piezoelec-
tric FoMs.

Coefficient Material

/ FoM AlN ZnO AlScN
(83/17)

PZT
(53/47)

KNN PMN-
PT(72/28)

d33 (pC/N) 5.0 12.4 25 593

d31 (pC/N) -2.0 -5.0 -274

e33 (C/m2) 1.55 1.14 1.8 8.0 12 25.77

e31 (C/m2) 1.05 0.61 1.6 14–23 5.6–14.4 16.2

ε33 10.2 10.9 13.75 1200–
1700

300–1300 6502

Young’s modu-
lus (GPa)

295–395 68–125 225 73 104 13.77

e31, f /ε0ε33
(GV/m)

-11.3 -10.3 -21.9 -1.8

e2
31, f /ε0ε33

(GPa)
12.2 3.86 22 30 11.8–18 4.55

k2
t (%) 6.5 7.4 19 15

2.2 Piezoelectric MEMS

Next, the piezoelectric actuation and sensing is presented and is limited to
the transverse mode for the sake of brevity. Piezoelectric actuation uses
the deformation of piezoelectric materials under an applied electric field to
generate displacements, and sensing is based on measuring the voltage
generated by the deformation. In a transverse actuator, the e31 coefficient
couples together the electric field E3 = D3/ε33 and strain x1, and all other
electric fields and strains are assumed to be zero. If free deformation
of the actuator structure is assumed as well, Equation (2.3b) becomes
σ1 = c11x1 − e31E3 = 0 [1] and the strain x1 can be solved as

x1 = e31

c11
E3 = e31

c11t
v, (2.5)
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where t is the thickness of the piezoelectric material and v is the applied
voltage. Assuming uniform strain, the extension of the actuator is

∆L = e31L
c11t

v, (2.6)

where ∆L is the length extension and L is the original length of the actuator.
The piezoelectric effect can be described as a force Fpiezo acting on the end
of the actuator, with a cross-sectional area A1, as

Fpiezo =
e31 A1

t
v = e31Wv, (2.7)

where W is the width of the actuator. From the above equation, the ideal
transduction factor η describing the conversion between actuation voltage
and generated force, for a transverse actuator is

η= e31 A1

t
. (2.8)

For a piezoelectric sidewall actuator, the transduction factor η can be
increased without increasing the lateral size of the structure by increasing
the depth W. This is one of the main advantages of the sidewall actuator
structure presented in Figure 1.1d.

The above analysis is only a simple approximation, and in reality, MEMS
structures are more complex. Typically finite element method (FEM)
simulations are required for MEMS design and analysis. In the simple
analysis, it was assumed that only the piezoelectric material contributes
to the mechanical properties and it is free to deform. All other stresses
and electric fields were assumed to be zero as well. In reality, the stresses
are complex and the deformation of MEMS structures is typically bending
instead of a pure extension.

The operating principle of gyroscopes is shown next to highlight the
inherent need for in-plane actuation and sensing in MEMS gyroscopes. A
gyroscope measures its turn rate based on energy transfer between two
orthogonal vibration modes: the drive and sense modes. In rotation, the
Coriolis effect couples the modes together and sense mode vibrations are
excited. The acceleration in the sense mode due to the Coriolis effect is

d2−→x
dt2 =−2

−→
Ω× d−→x

dt
, (2.9)

where
−→
Ω is the angular velocity vector. Because of the vector cross product,

the sense mode vibrations are always perpendicular to the axis of rotation
and actuation. [1]

It is also worth mentioning that the piezoelectric effect can be used in
resonator structures, which are used in RF filters. A significant proportion
of the piezoelectric market consists of FBAR and surface acoustic wave
(SAW) resonators, which are outside the scope of this dissertation. However,
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they are mentioned here because the performance of piezoelectric materials
or devices is often characterized using the electromechanical coupling
coefficient k2, which is defined as

k2 = e
cEεσ

, (2.10)

where the subindices are omitted but the directions must of course match.
The effective coupling coefficient k2

e f f can be measured by measuring res-
onator impedance frequency response. More information on piezoelectric
MEMS resonators can be found in [23]. The vertical AlN structure is also
interesting for RF resonator applications because the resonance frequency
of the structures can be photolithographically defined instead of film thick-
ness and multiple resonance frequencies can be implemented on the same
chip.

2.3 Piezocantilever testing

There are multiple ways to characterize the piezoelectric properties of thin
films. For example, the deflection of a full substrate can be measured using
double-beam laser interferometry (DBLI) or resonators can be made out
of the films and then the electromechanical coupling can be characterized.
One relatively simple, easy, and accessible method is to measure the e31

coefficient by measuring the deflection of a cantilever structure, illustrated
in Figure 2.3, as a function of an applied voltage. This method was used in
Publication IV to study the piezoelectric properties of ALD AlN films.

Figure 2.3. A cantilever structure for measuring the e31 coefficient of the piezoelectric
film. The deflection of the cantilever tip is measured as a function of the
applied voltage.

The piezoelectric coefficient e31, f is given by the following equation:

e31, f =−1
3

Et2
c

(1−ν)c f x1(2x2 − x1)
w
v

, (2.11)

where E is Young’s modulus, tc is the thickness, ν is the Poisson ratio of the
cantilever, c f is the ratio of the top electrode to cantilever width, x1 is the
length of the top electrode from the test fixture clamp, x2 is the distance
between the displacement sensor and the clamp, w is the deflection of the
cantilever, and v is the applied voltage [24].
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3. Aluminum nitride deposition

The conformality of and crystal quality of MOCVD and ALD AlN films
were studied in Publication II and Publication IV respectively. Additionally,
the mechanical properties of MOCVD and ALD films were characterized
in Publication I, along with sputter-deposited films. The AlScN thin films
studied in Publication III were deposited using sputtering. Next, the
different AlN deposition methods are presented. The characteristics of
different AlN deposition methods are summarized in Table 3.1.

Table 3.1. Qualitative characteristics of different AlN deposition methods.

Deposition Growth rate Crystal Conformal Deposition

method quality coverage temperature

Sputtering Fast Good Poor Low–medium

MOCVD Good Excellent Good High

ALD Slow Poor Excellent Low

For MEMS applications, sputtering has been the most common method
of depositing AlN thin films due to fast deposition rates and good crystal
quality films. MOCVD typically results in better crystal quality due to
high growth temperatures. However, work on MOCVD AlN has mainly
focused on using AlN as a buffer layer [25, 26, 27]. MOCVD has also been
suggested [28] and recently used for the fabrication of AlN FBARs [13].

Previous ALD AlN films have been amorphous or polycrystalline with
no preferential orientation and have been inadequate for piezoelectric
applications. Instead, work on ALD AlN has focused on using AlN as a
protective or insulating layer in microelectronics and alternative silicon-
on-insulator (SOI) substrates, where the crystal quality of AlN is not
as essential, although, for example, lattice defects decrease the thermal
conductivity of AlN [29]. Recently, the crystal quality of ALD AlN has been
significantly improved using in situ atomic layer annealing (ALA) [30].
Plasma-enhanced (PE)ALD (without ALA) has also produced AlN films
with measurable piezoelectric coefficients e31, f of up to 0.4 C/m2 [31].
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3.1 Reactive sputtering

Because of the popularity of reactive sputtering and previous work on AlN,
reactive sputtering is presented here briefly. In the reactive sputtering
of AlN, ion bombardment is used to eject atoms from an Al target in a
N2 atmosphere. The ions are generated from a low-pressure Ar plasma
by an electric field. The ejected atoms travel through the vacuum in the
sputtering chamber to the substrate.

Low pressure is required for good AlN crystal quality and (0002)-oriented
growth occurs when the incoming atoms arrive on the substrate without
collisions and as a result, the deposition is line-of-sight and does not give
good conformal coverage. Increasing the pressure would improve the con-
formal coverage but results in (10i0)-oriented AlN films. [32, 33, 34] Thus,
there is a compromise between AlN texturing and conformal coverage.
Substrate tilting can be used to improve the conformal coverage in sputter-
ing. However, this results in limited aspect ratios for the structures and
only one side of them can be covered at a time. Moreover, the AlN crystal
structure becomes tilted, as the film orientation depends on the angle of
the arriving atoms.

Reactive sputtering has been used for AlN deposition on the vertical
sidewalls as well [35, 36] to be used for FBARs, which use the d33 coefficient
for actuation and sensing. However, in these studies, the AlN c-axis is
tilted on the sidewalls and the tilt can be as high as 38◦ from the surface
normal. This reduces the electromechanical coupling because the electric
field cannot be aligned with the polar c-axis by a factor of

∆η= E−Ec

E
= E−E cosα

E
= 1−cosα, (3.1)

where Ec is the component of the electric field in the c-axis direction and α

is the tilt of the c-axis from the surface normal.
The conformal coverage of the sputtered AlN films has been surprisingly

good. However, in these studies, AlN has not been sputtered on the vertical
sidewalls of trenches, but on Si fins, which protrude from the substrate
and are not suitable for MEMS inertial sensors due to a large footprint.

3.2 Metal-organic chemical vapor deposition

MOCVD is based on the transport of volatile precursors to the substrate,
where they chemically react to form the film [37]. The reaction usually
occurs through thermal decomposition, caused by heating the substrate.
MOCVD can be used to grow a wide range of III-V semiconductors and
differs from other CVD methods by the use of an organometallic liquid
for the III-element precursor, as the name suggests. The organometallic
liquid is transported to the reactor as vapor by a carrier gas. For AlN,

26



Aluminum nitride deposition

trimethylaluminum (TMA, Al2(CH3)6) and ammonia (NH3) can be used,
and the chemical reaction between them is

Al(CH3)3 +NH3 →AlN+CH4. (3.2)

However, this is a simplified reaction and the actual reaction includes
multiple steps and intermediary reactions [38].

MOCVD should have better conformal coverage compared to sputtering
because of the vapor transport of precursors [12]. However, the conformal
coverage on vertical structures has not been studied and the previous
research has focused on using AlN as a buffer layer for gallium nitride
(GaN) [25] and AlGaN. Additionally, MOCVD has been used to grow AlN
for RF filters [13]. Another name for MOCVD is metalorganic vapor phase
epitaxy (MOVPE). However, this name is not used in this dissertation
because epitaxy specifically refers to a certain type of crystal growth.

In Publication II, AlN thin films were grown in a Thomas Swan 3 × 2"
close-coupled showerhead MOCVD reactor. Because the susceptor in the
reactor is meant only for 50 mm (2") wafers and due to the unavailability
of such Si wafers, 100 mm Si(111) wafers were diced into 3 × 3 cm2 pieces
to be used as substrates. The substrate dicing generated numerous Si
particles, which were difficult to prevent or remove.

MOCVD AlN films were grown on the Si(111) substrates and vertical
Si(111) sidewalls of etched trenches. Figure 3.1 illustrates the AlN film
on the vertical sidewall with AlN and Si crystallographic directions. The
fabrication of the sidewall substrates is presented in section 3.4.1. The
MOCVD process consisted of three steps, which were surface preparation,
low-temperature (LT) buffer layer, and AlN growth. The AlN films were
grown from TMA carried by H2 and NH3 precursors. The growth time,
temperature, and pressure, as well as the susceptor rotation speed, were
varied. The MOCVD process is described in detail in Publication II.

Crystallographic

directions in Si

[110]

[111] [112]

AlN

[0002]

50 µm

100 µm

Si

SiO!

Figure 3.1. A schematic of an AlN thin film on the vertical Si(111) sidewall of the growth
template [II].
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The results for the growth rate and refractive index at different growth
temperatures, pressures, and susceptor rotation speeds are presented in
Table 3.2. None of the parameters seem to affect the refractive index of
the films. The growth rate, however, depends on the temperature. The
observed drop in the growth rate is explained by the increased evaporation
rate of deposited films and is likely to enhance film properties as the
most loosely bound atoms are removed from the deposited film [39]. In
addition to the growth temperature, the growth rate changes with the
reactor pressure and lowering the pressure seems to increase the rate.

Table 3.2. The growth rate and refractive index of AlN films on Si(111) substrates grown
at different temperatures, pressures, and susceptor rotation speeds.

Temperature Pressure Rotation Growth rate Refractive

(◦C) (Torr) (rpm) (nm/min) index

750

50 100

3.57(2) 1.99(1)

875 3.51(2) 2.01(1)

1 000 3.54(3) 2.03(1)

1 125 3.34(4) 2.03(1)

1 125

50
5

3.32(7) 2.07(1)

35 3.68(5) 2.03(1)

20
100 3.74(5) 2.02(1)

30 3.81(4) 2.00(1)

5 3.74(6) 2.03(2)

Atomic force microscopy (AFM) micrographs of AlN films grown at dif-
ferent pressures and temperatures are presented in Figure 3.2. When the
reactor pressure is reduced from 50 Torr, the film morphology changes.
Atomic steps are seen on the surfaces of the films grown at lower pressures,
which indicates that the growth mode changes from the columnar-growth
to the step-flow mode. Reducing the pressure increases the surface dif-
fusivity of the precursor atoms [26, 27], which causes the change to the
step-flow growth. The observed change in the growth rate corresponds
with the surface morphology change. Lowering the growth temperature
seems to reduce the grain size and the film grown at 750◦C (Fig. 3.2d)
looks similar to amorphous films.
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Figure 3.2. AFM micrographs of AlN thin films grown at pressures of (a) 20, (b) 35, and
(c) 50 Torr at 1 125◦C, and at temperatures of (d) 750, (e) 875, and (f) 1 000◦C
at 50 Torr on blank Si(111).

Figure 3.3a and Figure 3.3b present the root mean square (RMS) surface
roughnesses and mean grain sizes for the MOCVD AlN films as a function
of reactor pressure and growth temperature respectively. The mean grain
size was estimated using Otsu’s method [40], as implemented in Gwyddion.
The mean grain size increases with decreasing reactor pressure and the
surface becomes smoother, corresponding with the change in the growth
mode. Once the growth temperature is lowered below 1 125◦C, the grain
size or surface roughness do not change significantly.
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Figure 3.3. RMS surface roughness and grain size as a function of (a) reactor pressure
and (b) growth temperature of MOCVD AlN films grown on blank Si(111)
substrates. The error bars represent one standard deviation.

3.3 Atomic layer deposition

In ALD, the precursor gasses are introduced in pulses, one at a time, and
the reactor is purged from precursors and reaction products between the
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pulses. This way, the process should result in a self-terminating layer-
by-layer growth of one monolayer per cycle. In reality the ligands in
precursors molecules, such as the CH3 group in TMA, block the formation
of complete monolayers on the substrate and multiple cycles can be needed
for a complete monolayer. In thermal ALD, only substrate heating is used
to supply energy to the precursors. In PEALD, one of the precursors is
supplied as a plasma to decompose the precursors. The film growth is
based on surface reactions and the film should grow at the same rate on
all surfaces resulting in excellent conformal coverage, provided that the
precursors can reach all the surfaces. [41]

In Publication IV, the AlN films were deposited in a Beneq TFS 500
13.56 MHz capacitively coupled plasma reactor, using TMA and NH3

plasma as the precursors at a reactor temperature of 300◦C. The three-
step ALD cycle is illustrated in Figure 3.4. The process is described in
more detail in Publication IV, and the parameters for this reactor were
optimized in a previous study [42].
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Figure 3.4. The ALA ALD process: in situ annealing with Ar plasma, TMA pulse, and
NH3 plasma pulse [IV].

The AlN films were deposited on four different types of substrate-film
stacks. AlN on Si(111) (I) was used for reference purposes and AlN on
three types of metal electrodes was used in the piezoelectric measurements
(Al/Si (II), Al/AlN/Si (III), and Pt/Cr/AlN/Si (IV)). AlN in the last two types
acted as a diffusion barrier and was deposited using the same ALD process.
The Cr was used as an adhesion layer for Pt and all the metal layers were
deposited using DC sputtering.

The growth per cycle (GPC) and refractive indices of the ALD films are
presented in Table 3.3. The reactor state affected the GPC, film uniformity,
and refractive index. During consecutive AlN depositions, the GPC and
uniformity decrease while the refractive index increases. This was likely to
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be due to improving nitridization and the reduction of residual oxygen in
the reactor. Al reacts with the residual oxygen and forms Al2O3, which has
a lower refractive index than AlN [43]. Impurities from residual gasses
lower the density of AlN as well, reducing the refractive index.

Table 3.3. The GPC and refractive index of ALD AlN films.

Film GPC (Å) Refractive index Nonuniformity (%)

on Si (I) 1.12(1) 1.98(3) 2.51

on Al/Si (II) 1.12(4) 2.01(2) 6.02

on Al/AlN/Si∗ 1.13 2.07 N/A

on Pt/Cr/AlN/Si∗ 1.15 2.04 N/A
∗Measurements made from AlN on Si deposited in the same run.

The AlN sheet resistance directly on Si is more than 16 MΩ/□ (more
than the nominal measuring range). On Al, it was not possible to measure
the sheet resistance of AlN, because the automated resistance mapping
tool pushed the measurement probes through AlN and Al into silicon and
effectively measured the sheet resistance of the Al layer.

The dielectric strength of the ALD films was approximately less than
18 MV/m, thus most of the 110 nm thick films failed at voltages below 2 V,
which was not enough for successful measurements. Out of a total of 65
samples, only one sample generated measurable displacement. The sample
was AlN deposited on Al and the measured displacement as a function
of actuation voltage is presented in Figure 3.5. The measured e31, f was
-0.38 C/m2 for the sample. As can be seen, the mechanical noise on the
measurement is quite high. The reason for the low dielectric strength of
the films was not positively identified. However, AlN particles formed by
gas-phase parasitic reactions and film growth on the reactor walls were
observed on the films. The holes caused by the particles could be the reason
for the low effective dielectric strength of the film.
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Figure 3.5. The measured displacement of the cantilever tip as a function of the actuation
voltage.
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AFM micrographs of the ALD AlN films on Si and Al are presented in
Figure 3.6. The RMS surface roughnesses are 1.8 nm and 1.7 nm for AlN
on Si and Al respectively. AlN on Si (I) has an ultra-fine grain structure
with a mean size of approximately 31 nm, whereas on Al, the mean grain
is approximately 70 nm and the grains are oval-shaped instead of round.
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Figure 3.6. AFM micrographs of the AlN film surface (a) on Si (I) and (b) Al (II) [IV].

3.4 Conformal coverage

While ALD is known for its excellent conformal coverage, the coverage of
MOCVD films on nonplanar features has not been studied. Some exper-
iments have been conducted on the epitaxial lateral overgrowth of AlN
[44, 45] and GaN [46], and on the selective area growth of GaN [47, 48, 49].
However, in these studies, the trenches have been only a few micrometers
deep and the focus has been on reducing dislocation densities in AlN.

The conformality of MOCVD and ALD films were evaluated by measuring
film thickness profiles on the vertical sidewalls of 100 µm wide and deep
trenches. The substrates were cleaved perpendicular to the sidewalls, and
then cross-sectional scanning electron microscopy (SEM) micrographs were
recorded down the sidewalls. The AlN layer thicknesses were measured
from the micrographs. The thickness profiles on the sidewalls after 60 min
of MOCVD or 1 000 cycles of ALD are presented in Figure 3.7a. The slope
of the profile was used to quantify the conformality, and it was calculated
by fitting a first-degree polynomial to the measurements in a least squares
sense. The slope tells the film thickness change in nanometers per mi-
crometer down the sidewall, and they are presented in Table 3.4. Figure
3.7b presents an example of a cross-sectional SEM micrograph of an ALD
AlN film on a vertical sidewall. In this particular substrate, the trench
bottoms were not completely etched for some reason and the last 30 µm of
the trench was only 3 µm wide. Despite this, the conformal coverage of the
ALD film is excellent and the film covers all the surfaces uniformly.
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Figure 3.7. AlN on vertical sidewalls. Changing MOCVD reactor pressure at a constant
susceptor rotation is shown in blue, changing susceptor rotation speed at
constant pressure is shown in red, and the ALD film is shown in purple.

Table 3.4. The conformal coverage of AlN films on the vertical Si(111) sidewalls grown
using MOCVD and ALD.

Publication Pressure Rotation Slope

(Torr) (rpm) (nm/µm)

[II]

20
5 −0.84

30 −0.73

100 −0.81

35 5 −0.95

50
5 −1.20

30 −1.06

100 −1.04

[IV] ALD 0.11

The conformal coverage of MOCVD films does not change significantly
with the used susceptor rotation speeds. The rotation speed might affect
the flow of the precursors on the substrate surface and this could affect
their transport to the bottom of the trenches. However, this does not seem
to be the case, at least not for 100 µm wide and deep trenches.

While the conformality of the MOCVD films does not change with the
reactor pressure either, the film morphology changed down the sidewall.
SEM micrographs in Figure 3.8a show the surfaces of films grown at
pressures of 20 and 50 Torr, at different trench depths. Similar behavior
was observed in the AFM measurements when film thickness or reactor
pressure changed. The ALD films do not show similar holes in the film and
are very uniform in comparison, as can be seen in Figure 3.8b.
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(a) The surface of MOCVD AlN films
grown at 20 and 50 Torr pressures at
different depths. The film thickness
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3.7a. [II]

400 nm
Si

AlN

(b) ALD AlN film deposited
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mately 50 µm.

Figure 3.8. SEM micrographs of AlN films deposited on vertical sidewalls. The contrast
and brightness of the micrographs have been adjusted to make individual
micrographs more comparable.

Although the MOCVD film thickness improves by approximately 20 nm
on the lower half of the sidewall, between 50 and 20 Torr, the severe
thickness gradient persists. However, the film morphology looks quite
different. At 20 Torr, the hole density is less at the trench bottom and the
film looks continuous from bottom to top. The 50 Torr film at the bottom
looks as if individual islands are only starting to coalesce. The better film
conformal coverage and surface morphology might be due to the increased
diffusivity of Al at low pressures [26, 27]. The Al diffusivity also increases
with the growth temperature, thus the conformal coverage might improve
by further increasing the growth temperature and reducing the reactor
pressure.

The film thickness gradient should not affect a transverse piezoelectric
actuator. According to Equation (2.7), the force Fpiezo only depends on the
coefficient e31 and width (or the depth) of the element. A possible issue
with the thickness gradient is that the maximum drive voltage is limited
by a dielectric breakdown. Moreover, the dielectric strength of the film
might be worse at 50 Torr, and the observed holes might lead to electrical
short circuits. Thus, the lower pressure of 20 Torr is preferred.

The ALD films on vertical sidewalls do not suffer from the same issues.
Despite the directionality added by the plasma steps, the ALA PEALD
process has excellent conformal coverage. Instead of the film thickness
decreasing down the sidewall, the thickness increases from 110 nm to a
maximum of 140 nm at a trench depth of 30 µm and remains approximately
130 nm after that and the slope of the profile is positive in Table 3.4. The
uneven film thickness down the sidewall could be due to insufficient purge
times causing precursors to linger in the trench, leading to a more CVD-
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like growth. The AlN film is also thicker on average on the sidewall than
on the blank Si(111) substrates. The difference is partly explained by
the different measurement methods (ellipsometry vs. SEM micrographs).
However, insufficient purge times might contribute to this as well, and
AlN might grow faster on the rougher etched Si surface. Interestingly, the
MOCVD film grown at a reactor pressure of 50 Torr and susceptor rotation
speed of 100 rpm shows similar behavior for the film thickness.

3.4.1 Sidewall substrate fabrication

To study the conformal coverage and crystal structure of AlN films on
vertical sidewalls, test substrate fabrication was developed in Publication
II. The substrates need to provide vertical sidewalls with smooth surfaces
and enough surface area for XRD measurements. A schematic of the
designed substrate is presented in Figure 3.9. The substrate size is 3 by 3
cm2 and each template has 100 trenches with an aspect ratio of 1, which
were nominally 20 mm long, 100 µm wide and deep, and spaced 100 µm
apart. Trenches with vertical sidewalls can be etched into Si(110) with
potassium hydroxide (KOH) when the trenches are aligned along with
the Si[111] [41]. This results in sidewalls with (111) surfaces, which is
preferred for (0002) textured growth of AlN [4].

Crystallographic

directions in Si

[110] [111]

[112]

Figure 3.9. A schematic of the test substrate with vertical Si(111) sidewalls fabricated by
KOH wet etching of Si(110) wafers [II].

The KOH etch parameters were optimized with respect to the surface
roughness. Sputtering AlN on rough horizontal surfaces has shown that
the RMS surface roughness should be ca. 0.1 nm [50, 51]. Although the
KOH wet etching of Si is well-established, the surface of the etched (111)
sidewall has not been quantitatively studied [52, 53]. However, the optimal
temperature and KOH concentration in an aqueous solution are likely to
be in the range of 70 to 80◦C and 40 to 50% by weight (wt.%), based on
previous qualitative analysis.

The surface roughness was measured with AFM and inspected with SEM
by dicing etched test samples along the etched trench and mounting them
vertically. Vertical and lateral etch rates, as well as the verticality of the
sidewalls, were estimated from cross-sectional SEM micrographs. Only
the top part of the vertical sidewall could be measured and the surface
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roughness of the etched sidewall might be different near the bottom of the
trench, where the surface has been exposed to KOH for shorter times.

The full sidewall substrates were fabricated using the optimized KOH
etch parameters, which were 40 wt.% and 70◦C, and resulted in a surface
roughness of 2.0± 1.4 nm, which might not be smooth enough for the
growth of c-axis–oriented AlN. The crystallinity of MOCVD AlN on vertical
sidewalls is discussed in section 4.3 and section 4.2.

Figure 3.10 shows Trellis plots of the etch results, and as can be seen,
the surface roughness (plotted on the top row) does not seem to strongly
depend on any of the parameters. However, there is some correlation
between a slower (111) etch rate and lower surface roughness. The correla-
tion to surface roughness exists between both the etch temperature and
concentration, also because both correlate with the etch rate. However, the
analysis is quite difficult because the standard deviation in the surface
roughness measurements is quite large. Moreover, the sample dicing gen-
erated significant numbers of Si particles, and despite cleaning, particles
were observed and the sample preparation contributes to the measured
roughness. KOH parameters of 50 wt.% and 80◦C lead to a significantly
faster etch rate of Si(111) planes compared to other combinations.
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Figure 3.10. Trellis plots of the KOH etching results.
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4. Crystal quality and microstructure

Thin films can have three types of crystalline textures: untextured, pref-
erential orientation, or mosaic. In untextured films, all the grains or
crystallites are randomly oriented and there are no preferential orienta-
tions. These kinds of films are isotropic and none of their X-ray reflections
have rocking curves. Their electron diffraction patterns (EDP) consist of
complete rings. Films with a preferential orientation have one crystal
direction aligned between the crystallites. If this direction is the surface
normal of the film, it is called fiber texture. A typical and often desired
texture for AlN is the (0002) or c-axis texture, where the crystallites have
their [0001] crystal axis aligned with the surface normal. Fiber-textured
films are anisotropic between in- and out-of-plane, but isotropic in the
plane and have measurable X-ray rocking curves (XRC) about the prefer-
ential orientation. The EDPs appear either as spots or rings for plane-view
and cross-sectional samples respectively. A mosaic texture means that the
grains are oriented in the plane as well and all the XRD reflections should
have measurable rocking curves and the EDPs exclusively consist of spots.

Epitaxy is a special case of a mosaic structure where the film registers the
crystal structure of the substrate and both have the same in-plane lattice
constants. Between different materials, this usually leads to untenably
high strains in the film, which are relaxed through misfit dislocations
[54]. Thus, truly epitaxial films are rare, although the term is used loosely
usually to mean a preferential orientation.

Thin films can of course be amorphous as well. In this case, the atoms
in the film do not have long-range ordering. Truly amorphous films are
rare in practice since the atoms almost always prefer some sort of ordering
and the amorphousness of material becomes more a question of crystallite
size. Amorphous films do not have measurable XRD reflections and the
only observable feature in their EDP is a diffuse halo. The crystallinity
and crystallite size of the film affects many of its properties. For example,
many of the mechanical properties of the film depend on the crystallite
size and the texture can induce anisotropy. The mechanical properties and
how the crystallinity affects them are discussed in chapter 5.
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4.1 X-ray diffraction

XRD can be used to study the crystal structure of materials by measuring
the reflected intensity as a function of the angle 2θ between the diffracted
and undiffracted beam, as shown in Figure 4.1a [55]. The X-rays can be
thought to reflect from lattice planes, and constructive interference occurs
according to Bragg’s law when

2d sinθ = nλ, (4.1)

where d is the spacing between lattice planes and λ is the wavelength of
the X-rays. The 2θ angles where constructive interference occurs appear
as peaks in the diffractogram and tell what lattice spacings are present
in the sample. The diffractogram can be compared to standard diffraction
data in order to identify what phases are present. XRD is a suitable
method for studying the crystal structure of solid materials because the
wavelength λ is in the same order of magnitude as most interatomic
distances. Commonly, CuKα,1 radiation is used with λ= 1.540593 Å.

The paths of the incident and diffracted beams are illustrated in Figure
4.1b. In high-resolution (HR)XRD, a monochromator is used on the incident
beam path to filter out unwanted wavelengths coming from the X-ray
source. On the diffracted beam path an analyzer is used to reduce the
acceptance angle of the detector. In addition, different slits and optics
are used to reduce the beam size and divergence. The last part of a
diffractometer is the goniometer, a cradle that holds the sample and allows
for accurate tilting and aligning of the sample. The selection of optics is a
compromise between accuracy and intensity. The use of monochromator,
analyzer, and narrower slits increases the accuracy of the measurements
but significantly cuts the beam intensity.

Incident
beam

Undiffracted
beam

ω

θ 2θ d

Diffracted
beam

(a) The Bragg condition.

X-ray
source Mono-

chromator

Sample

Analyzer

Detector

2θ

(b) The XRD beam path and optics.

Figure 4.1. The chematics of X-ray diffraction.

In addition to measuring the spacing between lattice planes, XRD can
be used to study the crystal quality and orientation of thin films [55]. The
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shape and width of the measured diffraction peaks are affected by the
microstructure and microstructural defects in the films. Peak broadening
is caused by the size and shape of the sample, and instrumental resolution.
More interestingly, limited size, meaning the crystallite size, and film
thickness increase the peak widths. Lattice tilt and twist, microstrain
caused by strain variations due to lattice defects, composition and strain
gradients, and wafer curvature increase the peak widths as well.

However, all the peak-broadening factors are convoluted together and
their separation is difficult. The peak broadening can be characterized
as the full width at half maximum (FWHM) of the peak or as integral
breadth, which is the peak area divided by its height. Symmetrical θ–2θ
measurements (ω= θ with no offset) are affected by vertical effects, such
as film thickness, closely packed defects parallel or inclined to the film
surface, or vertical strain variations. The lateral crystallite size, on the
other hand, does not affect the width of symmetrical peaks (e.g. AlN0002).
To measure the lateral effects, in-plane XRD (Sec. 4.1.1) is needed.

Despite the convoluted nature of the peak widths, the Scherrer equation
is used to measure and calculate the crystallite size in polycrystalline films
[56]. The equation relates the FWHM and crystallite size D through the
following equation:

FWHM= kλ
D cosθ

, (4.2)

where k is a constant for the crystallite shape, which can be either assumed
or calculated along with the crystallite size by measuring the FWHM of
multiple peaks. The equation assumes the kinematic theory of XRD and
is only valid for films with small or imperfect crystallites. The upper
limit for the crystallite size is 600 nm for materials with linear absorption
coefficients µ below 2 117.3 cm−1 (µAlN = 119 cm−1 [55]). At high angles
(2θ > 60◦) the equation is applicable up to sizes of 1 µm. The Scherrer
equation is independent of the lattice structure, atoms that form it, and of
structure factors. Because the peak widths contain multiple convoluted
effects, calculating the crystallite size directly from the peak widths gives
a lower limit for the size. Thus, it is often enough to compare the peak
widths for crystal quality analysis, since the value for D is not accurate.

In addition to its width, the peak shape has meaning. The peaks can be
Gaussian, Lorentzian, or a convolution of the two, which is called a Voigt
profile. Typically, a pseudo-Voigt profile is used, which is a sum of the two
profiles. The Gaussian profile comes from the microstrain in the film, and
the Lorentzian from the crystallite size [57]. The pseudo-Voigt profile is
discussed in more detail in section 4.1.2.

The orientational distribution (tilt) of the crystallites in the film can
be measured by aligning the diffractometer to a specific reflection, say
AlN0002, and keeping the 2θ angle constant and rotating the sample or
detector about the ω axis and measuring the XRC. The crystal quality can
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be estimated from the FWHM of both the 2θ and XRC diffractograms.
For AlN and other wurtzites, the distance between planes {hkil} is

1
d2

hkil
= 4

3
h2 +hk+k2

a2 + l2

c2 , (4.3)

where dhkil is the distance, and a and c are the lattice constants. The index
i in the four-index notation is redundant and is given by i =−(h+ k). Its
use is preferred because it makes it easier to identify equivalent lattice
planes, which are not apparent using the three-index notation alone. For
example, lattice planes (112̄0) and (2̄110) are equivalent because they have
the same nominator of 3 in Equation (4.3) and thus the same spacing.

The diffractometer precision ∆d is defined by the wavelength spread and
incident beam divergence as

∆d
d

= δλ

λ
+ σ

tanθ
, (4.4)

where δλ is the wavelength spread and σ is the incident beam divergence
[55]. The error in lattice spacing dhkil due to finite step size in 2θ is

∆dhkil

dhkil
≈ cotθhkil∆θ, (4.5)

where ∆θ is the step size. From these equations, it is evident that for
accurate lattice constant measurements, a diffractometer with a narrow
wavelength spread and beam divergence, and small step size should be
used. Furthermore, the accuracy can be improved by measuring multiple
higher-order reflections, such as 0004 and 0006, which are at high 2θ
angles. However, this might be difficult for thin films, since the reflected
intensity decreases with the angle. As a final step, the measured spacings
dhkil should be fitted in a least squares sense using Equation (4.3).

HRXRD was the main method used to study the crystal quality of the
AlN films in this dissertation. Additionally, χ–2θ diffraction maps and
in-plane XRD were used. The diffraction maps were recorded using a
focused beam and an open 2D detector at varying angles of the sample χ
tilt. The measurements produce χ–2θ diffraction maps, which in addition
to showing all the symmetrical reflections from the samples, show if the
reflections are tilted from the surface normal and the tilt distribution.
The χ distribution of the reflections can be used as another measure of
preferential orientation in addition to the XRC width.

4.1.1 In-plane XRD

Typically, in-plane XRD is used to measure very thin films, where the
intensity of reflections is weak compared to the substrate [58]. The same
information can be obtained from in-plane XRD as from conventional
XRD, such as the lattice structure and its orientation. In in-plane XRD,
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the incident beam hits the surface of the sample almost parallel to it,
near the angle of total internal reflection. The angle is controlled by the
conventional 2θ and ω angles. For maximum intensity, the incident angle
should be near the critical angle θc but above it, due to the combined effects
of penetration depth, sampling volume, and mass absorption.

The experimental setup with the in-plane diffractometer angles is pre-
sented in Figure 4.2. As opposed to out-of-plane XRD, the incident angle is
controlled by the rotation of the sample φ, and the position of the detector
is controlled by the angle 2θχ in the plane of the sample surface, as shown
in Figure 4.2. Thus the conventional 2θ–ω scan becomes a 2θχ–φ scan and
the ω rocking curve becomes a φ one in the in-plane configuration.

Side view

Top view

X-ray
source Parabolic

multilayer
mirror

Incident
slit

Receiving
slit 1

Receiving
slit 2

Detector

Attenuator

In-plane parallel
slit analyzer

Sample stage

ω

2θ
χ

ϕ

In-plane parallel

slit collimator

Figure 4.2. The in-plane XRD measurement setup used for measuring the crystal struc-
ture of AlN on the vertical sidewalls and the hki0 reflections of AlN films [II].
Adapted from [58].

For planar thin films, in-plane XRD can directly measure the lattice
constant a of (0002)-oriented AlN and reveal if the films have a mosaic
structure, that is, a preferential in-plane orientation [58]. Symmetrical
2θχ–φ diffractograms should show the hki0 reflections if the AlN films have
(0002) texturing, and φ rocking curves will show the in-plane orientation
of the AlN crystallites, similar to ω rocking curves for XRD.

4.1.2 Crystal quality analysis

In addition to comparing the crystal quality between films, the FWHM of
the AlN0002 XRC can be used as an indication of the piezoelectric prop-
erties [59, 60, 61, 62, 63]. AlN films should reach their full piezoelectric
properties when the FWHM is below 2◦. In these studies, the piezoelec-
tric properties were characterized using the electromechanical coupling
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coefficient k2 of resonators. The converse piezoelectric effect might be less
affected by crystal quality than k2 [64]. The dipole orientation is the main
contributor in the magnitude of piezoelectric coefficients and the perfor-
mance of piezoelectric actuators might be less affected by lattice defects
and other factors reducing crystal quality, which increases the scattering
of acoustic waves. A decrease in the d33 from 5.5 to 5.1 pm/V has been
measured, when FWHM increased to 10◦ [64].

To accurately determine the peak widths, the XRD measurements can be
fitted using the pseudo-Voigt function, and one possible form for it is

f (2θ)= y0 + A
[︃

n

Lorentzian⏟ ⏞⏞ ⏟
2
π

w
4(2θ−2θ0)2 +w2 +(1−n)

Gaussian⏟ ⏞⏞ ⏟√︁
4log2⎷
πw

e−
4log2

w2 (2θ−2θ0)2
]︃

, (4.6)

where y0 is the background noise level, A is a scaling factor, n ∈ [0,1] is a
ratio between the Gaussian and Lorentzian shapes, w is the FWHM, and
2θ0 is the profile centroid. In the above equation, the widths of both parts
are set as equal, which makes the calculations and analysis easier.

Table 4.1 summarizes the HRXRD results of MOCVD AlN films grown at
different temperatures on the blank Si(111) substrates. The films grown
below 1 000◦C did not have measurable reflections in HRXRD. XRD maps
in Figure 4.3 show the 0002 reflections for the AlN films grown at lower
temperatures as well. The 0002 intensity decreases with temperature and
the reflections become wider. Moreover, a 10i1 reflection is detected in the
film grown at a temperature of 875◦C and increases in intensity in the film
grown at 750◦C.

Table 4.1. HRXRD results of the AlN0002 for MOCVD AlN films on the blank Si(111)
substrates. The reactor pressure was 50 Torr, and susceptor rotation was
100 rpm.

Temperature 2θ–ω c (Å) 0002 XRC

(◦C) 2θ (◦) FWHM (◦) FWHM (◦)

1 000 36.243 0.289 4.953 2.831

1 125 36.178 0.205 4.962 1.346

Figure 4.3. XRD maps of MOCVD AlN films grown at temperatures of 750–1 125◦C. The
intensity is normalized and plotted as a square root.
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The MOCVD process results in high crystal quality AlN films with c-
axis texture. However, decreasing the growth temperature even by 125◦C
reduces the crystal quality. The FWHM of the XRC increases from 1.3◦ to
2.8◦ when the temperature is reduced to 1 000◦C and the AlN0002 peak
is significantly less intense. At a temperature of 875◦C the film begins
to lose the c-axis texturing and at 750◦C the film is almost completely
polycrystalline with randomly oriented crystallites.

The reduction in the crystallinity corresponds with the change in the
growth rate and surface morphology (Sec. 3.2). As previously mentioned,
the increase in growth rate is caused by the reduced desorption of loosely
bound atoms [39], which explains the reduced crystal quality, together
with the reduced surface diffusion of the precursors. Equation (4.2) gives
the (vertical) size of the crystallite as 28 and 44 nm for the films deposited
at 1 000 and 1 125◦C respectively. k = 0.9 was used for the shape constant.
The AFM results in section 3.2 showed that the lateral grain sizes were
40 and 280 nm. Both the vertical and lateral crystallite sizes are close for
the film grown at 1 000◦C, which indicates that the grains are most likely
spherical. For the film grown at 1 125◦C, the vertical size is an order of
magnitude larger and indicates that the crystallites are columnar.

The results for films grown using reactor pressures of 20 and 50 Torr
are summarized in Table 4.2. Besides the AlN0002, no other peaks were
detected. Changing the reactor pressure does not seem to affect the crystal
quality despite the observed increase in the grain size, because the lateral
grain size does not affect the symmetrical AlN0002 measurements. The
crystallite sizes given by Equation (4.2) are 116 and 117 nm.

Table 4.2. The XRD results of AlN films grown at different reactor pressures on the blank
Si(111) substrates. The growth temperature was 1 125◦C and susceptor rotation
speed was 5 rpm.

Pressure 2θ–ω c (Å) 0002 XRC

(Torr) 2θ (◦) FWHM (◦) FWHM (◦)

20 36.131 0.072 4.968 0.682

50 36.134 0.071 4.967 0.620

Increasing the AlN film thickness from 83 nm to 551 nm, increases the
average AlN crystal quality and 0002 FWHM decreases from 0.205◦ to
0.094◦, which indicates that the inhomogeneous strain distribution be-
comes narrower and that the crystallite size increases [55]. It is likely that
as the film grows in the columnar growth mode, the measured crystallite
size from the AlN0002 is equal to the film thickness. The degree of average
preferential orientation increases as well. The effects of film thickness are
further discussed in section 5.2.

The HRXRD results for ALD AlN films are summarized in Table 4.3 and
presented in Figure 4.4. Figure 4.4a shows the 2θ–ω diffractograms from
32◦ to 40◦, and Figure 4.4b shows the ω XRCs about the AlN0002. The
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intensity of the 0002 reflection of AlN on Pt/Cr/AlN (type IV) was too weak
to be measured using HRXRD. The lattice constant c is calculated from the
location of the 0002 reflection according to Equation (4.3). The diffraction
maps are presented in Figure 4.5.

Table 4.3. HRXRD results for the location and the FWHM of the AlN0002, along with the
calculated lattice constant c and the location and FWHM of its rocking curve.

Film 2θ–ω XRC

AlN on... 2θ (◦) FWHM (◦) c (Å) ω (◦) FWHM (◦)

Si 35.94 0.48 4.99 10.27 29.42

Al 35.94 0.42 4.99 17.56 6.58

Al/AlN 35.94 0.44 4.99 15.76 19.12
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Figure 4.4. The HRXRD results of ALD AlN films deposited on different materials [IV].

Figure 4.5. Measured χ–2θ XRD maps of ALD AlN films on Si and different metals.
The reflected intensity is plotted using a logarithmic scale for visualization
purposes.
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Of the four different ALD films, only AlN on Al has preferential 0002 or
c-axis texture. On other types of substrates, AlN has very weak texturing
or no preferential orientation at all. For AlN on Al/AlN and Pt/Cr/AlN, the
30 nm AlN diffusion barrier contributes to the XRD results as well. The
best crystallinity is achieved on Al, most likely because the in-plane lattice
mismatch between AlN and Al is the smallest. The lattice mismatches
between AlN and Al(111), Pt(111), or Si(111) are −8.65%, −12.16%, and
18.98% respectively. In addition to a small lattice mismatch, the growth of
(0002)-oriented AlN requires that the underlying material is well oriented,
as evidenced by the difference in AlN crystal quality on the two different
Al layers. The Al and Pt layers sputtered on the AlN diffusion barrier are
polycrystalline, with a weak preferential (111) orientation. The Al layer
directly on Si is strongly (111) textured and the off cut of the Si substrate
has affected the orientation of both the Al and AlN film.

The in-plane XRD results for ALD AlN on Si and Al/Si are summarized in
Table 4.4. For AlN on Al, φ XRCs were measurable for 10i0, 11i0, and 20i0,
with an average FWHM of 8.45(15)◦, indicating an in-plane orientation (i.e.
mosaic structure), with an orientational relationship AlN(0002)∥Al(111)
and AlN[11i0]∥Al[110], which has been previously observed as well [65].
None of the other ALD films had measurable rocking curves or poles,
indicating a lack of in-plane orientation.

Table 4.4. The results of in-plane XRD for the location and FWHM of 10i0 and 11i0
reflections for ALD AlN films. The lattice constant a is the average from all
measured reflections.

10i0 11i0

Film 2θχ (◦) FWHM (◦) 2θχ (◦) FWHM (◦) a (Å)

I 33.36 1.75 59.31 1.90 3.109(11)

II 33.20 1.82 59.22 2.04 3.119(3)

Compared to the MOCVD AlN films, the ALD films have poorer crystal
quality and a poorer degree of orientation. Judging by the FWHM of the
XRCs, the MOCVD films should be fully piezoelectric. While the FWHM
of ALD AlN on Al is high, it seems to be oriented enough to have weak
piezoelectric properties. However, more testing should be conducted to
confirm this.

The peak profiles of the MOCVD films are more Lorentzian than Gaus-
sian, which indicates that there are no significant microstrain effects in
them. This could be due to a low defect density in the MOCVD films. For
the ALD films, the profiles are dominantly Lorentzian as well, but they
have a more Gaussian nature than the MOCVD films.
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4.2 Transmission electron microscopy

TEM uses a beam of electrons transmitted through a thin sample (<
100 nm) to form an image, which is a result of the electrons scattering from
the sample electron clouds and nuclei [66]. Electromagnetic lenses and
apertures inside a column are used to shape the beam and focus the image.
TEM can reach magnifications up to a few million times due to the short
de Broglie wavelength of accelerated electrons. At an acceleration voltage
of 200 kV, the wavelength is 2.5 pm. However, in practice, the resolution
limited by the aberrations and astigmatism in the imaging system.

The contrast in TEM images is produced by differences in the sample
the density or thickness (mass-thickness), or atomic number (Z-contrast),
diffraction from different crystal structures or orientation, and phase shifts
[66]. Because the electrons have a wavelength, they can scatter elastically
from the atomic planes according to Bragg’s law (Eq. (4.1)) and the EDP
can be used to study the sample crystal structure. Inelastic scattering
produces characteristic X-rays from the sample and can be used to identify
elements in the sample using energy-dispersive X-ray spectroscopy (EDS).

TEM in its various modes—such as high-resolution (HR)TEM, scanning
(S)TEM, bright- and dark-field TEM, and electron diffraction—were used
to study the microstructure and crystallinity of AlN and AlScN films. In
Publication II the crystallinity and orientation of MOCVD AlN films were
analyzed directly on the vertical sidewalls and these results are discussed
in section 4.3. In Publication IV the microstructure of the ALD AlN films
was mainly analyzed with STEM and the results are presented below.
In Publication III TEM was used to investigate the microstructure and
stability of AlScN films and these results are summarized in section 6.2.

The ALD AlN films contain both (0002) and randomly oriented grains.
Grains with preferential (0002) and random orientation are shown in
Figure 4.6a and Figure 4.6b respectively. An annular dark-field (ADF)
STEM micrograph is presented in Figure 4.6c, that shows the preferen-
tially and randomly oriented microstructures as bright and dark grains
respectively. The reason for the randomly oriented grains might be the
varying orientation and surface roughness of the underlying Pt grains.
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Figure 4.6. TEM micrographs of ALD AlN on Pt/Cr/AlN [IV].

Figure 4.7a presents a plane-view TEM micrograph of a sputtered 55 nm
thick AlN film, which was bulge tested in Publication I (Sec. 5.3). The EDP
in Figure 4.7b consists of polycrystalline rings, meaning that the film does
not have in-plane orientation. The film was exfoliated from the substrate.
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(b) Electron diffraction pattern.

Figure 4.7. Sputter deposited 55 nm thick AlN thin film.
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4.3 AlN crystallinity on sidewalls

The crystallinity and orientation of AlN films grown on vertical sidewalls
were studied using in-plane XRD. If the films have the desired (0002)
texture, the AlN[0002] direction is parallel to the substrate surface, and the
0002 reflection cannot be accessed by the conventional 2θ–ω measurement.
The results for MOCVD AlN films grown on the Si(111) sidewalls are
summarized in Table 4.5 and the measured diffractograms are shown in
Figure 4.8. In addition to the 0002, 101̄0 and 101̄1 reflections are observed.
However, they do not have measurable rocking curves. The effective film
thicknesses were approximately 120–160 nm (Fig. 3.7a).

Table 4.5. The in-plane XRD results of AlN films grown on vertical Si(111) sidewalls.

Pressure Rotation 2θχ–φ 0002 XRC

(Torr) (rpm) 2θχ (◦) FWHM (◦) FWHM (◦)

20
5 36.10 0.49 2.96

100 36.07 0.47 2.16

50
5 36.12 0.47 1.70

30 36.06 0.50 2.36

30 32 34 36 38 40
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Figure 4.8. The in-plane XRD results of AlN films grown on vertical Si(111) sidewalls
(only every sixth measurement point plotted) [II].

The maxima of the φ rocking curves were not at the expected 18.05◦ due
to the rotational misalignment of the sample. It was not possible to align
the etched sidewalls parallel with the beam and this caused offset in the φ
angle from sample to sample. In Figure 4.8b the results are shown as a
function of difference from the peak maxima ∆φ instead of the absolute φ
angle.

The AlN films grown on vertical sidewalls seem to be polycrystalline. The
diffractograms show that the AlN0002 is weak and wide, and 10i0 and
10i1 reflections are present, which would indicate that the AlN film has no
preferential texture. However, layers of polycrystalline AlN are observed
on top of the SiO2 hard masks used for KOH etching, which is the source
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of the 10i0 and 10i1 reflections. A TEM micrograph in Figure 4.9 shows
the polycrystalline AlN layer on top of the SiO2 mask in addition to the
AlN layer on the vertical sidewall. The in-plane XRD φ rocking curves
support this as well. No rocking curves were measurable for the 10i0 or
10i1 reflections while the 0002 had measurable rocking curves, which can
only be produced in this case if the AlN film on the vertical sidewall is
textured and c-axis oriented.

2 μm

SiO�

AlN
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Pt
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Pt

Si

[110]

[111]

[112]

Figure 4.9. A focused ion beam (FIB) milled TEM lamella of an AlN film grown at 50 Torr,
showing AlN films growing on the vertical Si(111) sidewall and on top of the
SiO2 layer. Inset: Higher magnification of the AlN layer on top of SiO2. [II]

The crystal quality of the MOCVD AlN films on sidewalls seems to
improve when grown at 50 Torr compared to 20 Torr. However, this does
not agree with the HRXRD result presented in Table 4.2. Moreover, the
crystal quality of AlN has been shown to improve when the pressure is
reduced [26]. The observed difference in crystal quality is likely to be due
to experimental errors. There are two significant sources of error that
are unique to this experiment. It was not possible to accurately align the
sample and φ angle, as previously mentioned, and the diffracted beam goes
inside the sample at an angle of −ω, while the detector was at a positive
angle and only a part of the peak tail was measured instead of the maxima.

The AlN films grown using the ALA ALD process on vertical sidewall
substrates were studied using in-plane XRD as well. Only a very weak 10i0
reflection was detected. The ALD AlN film on the sidewall may have 10i0
orientation. However, it is more likely that the film is randomly oriented
and the 0002 and 10i1 reflections are present as well, but because the
crystallinity of the film is poor to begin with, they are not strong enough to
be detected in this experimental configuration.

A HRTEM micrograph of MOCVD AlN on a Si(111) sidewall is presented
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in Figure 4.10a and shows that the film has a (0002) orientation and high
crystal quality. The lattice fringes correspond to the (0002) planes and are
observed throughout the film. Si lattice fringes are not present because
the ion beam has turned the milled Si into amorphous.

Electron diffraction confirms the crystal structure, orientation, and qual-
ity of AlN on sidewalls. Figure 4.10b presents a selected area electron
diffraction (SAED) pattern, which shows diffraction spots for Si with a
zone axis of [112̄] (the red crosses) and textured AlN, with the orientation
relationships AlN(0002)∥Si(111) and AlN[112̄0]∥Si[2̄20].
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(a) An HRTEM micrograph of the
AlN–Si interface, grown at 20
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(b) SAED pattern, AlN diffraction
spots are labelled in white and
Si spots in red. Inset: The area
where the EDP was recorded.

Figure 4.10. TEM analysis of MOCVD AlN film grown on a vertical Si(111) sidewall [II].

The preferential orientation of the film on the sidewall stays the same
without any tilt from the surface normal starting from the Si–AlN interface
to the surface. No differently oriented grains were observed either. The
roughness of the etched sidewall is accommodated by the LT-AlN buffer
layer and the AlN layer has a global preferential orientation, instead of
local orientation.

4.4 Fourier transform infrared spectroscopy

The main IR absorbance bands of wurtzite AlN are the transverse optical
(TO) A1 and E1 phonon modes, centered around 612 cm−1 and 672 cm−1

respectively. The A1 mode is excited when the electric field is parallel
to the c-axis and E1 when the field is perpendicular [67]. Thus, a film
with an (0002) texture has only the E1(TO) band present in the absorption
spectrum while a film with mixed orientation exhibits both the A1(TO)
and E1(TO) bands. Furthermore, the E1(TO) peak width can be used as a
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measure of crystal quality and the ratio of the band areas can be used as a
measure of preferential orientation. For AlScN, the Sc alloying shifts the
absorption bands to lower wavenumbers [68]. Residual stress affects the
A1(TO) band peak wavenumber and the width of the E1(TO) band [67].

FTIR absorption spectra for different AlN thin films are presented in
Figure 4.11a. The MOCVD, sputtered, ALD, and AlScN films were de-
posited as parts of the work for Publication II, I, IV, and III respectively.
The MOCVD film grown at the lowest temperature (750◦C) clearly shows
both the A1(TO) and E1(TO) absorption modes for AlN and the film has
crystallites with mixed orientations. This was already seen in the diffrac-
tion map in Figure 4.3. Increasing the growth temperature reduces the
intensity of the A1 peak and increases the intensity of the E1 peak. The
A1 peak is visible as a shoulder to the E1 peak, even for the film grown at
1 000◦C. The 10i1 reflection was not detected in the XRD maps for films
grown above 750◦C, yet the A1 mode is present in them. Thus, FTIR is a
more sensitive method than XRD for detecting randomly oriented grains
in AlN thin films.

Both the 55 nm and 220 nm thick sputtered AlN films seem to only have
a single symmetrical E1 peak in the absorption spectra. The E1 peak of the
ALD film is quite wide, low, and seems to have the A1 shoulder as well. The
sputtered AlScN film E1 peak is quite wide as well but does not seem to
have an extra shoulder due to A1. The peak maximum is shifted to a lower
wavenumber due to the Sc alloying and the peak seems asymmetrical.

Similarly to the XRD results, the FTIR results can be fitted, this time
using a pure Lorentzian function. For the films with both the phonon
modes, a sum of two Lorentzians are used. Figure 4.11b shows an example
of a FTIR measurement of the MOCVD film grown at 750◦C fitted using
a sum of two Lorentzians in a least squares sense. The wavenumber and
width of the A1 and E1 peaks are presented in Table 4.6. For the MOCVD
films, the location of the E1 peak shifts by 6 cm−1 when the film thickness
increases from 270 nm to 550 nm. Although previous FTIR studies have
not reported a dependence between the residual stress and E1 location,
relaxation of residual stresses through dislocations and fractures might be
the reason for the peak shift. The residual stresses are discussed in more
detail in section 5.2.
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Figure 4.11. The FTIR measurements of different AlN and AlScN thin films used in this
dissertation.

Table 4.6. The results of fitting the FTIR measurements using Lorentzian functions, for
the location and FWHM of the AlN E1 and A1 TO modes.

E1 (cm−1) A1 (cm−1)

Film Center FWHM Center FWHM

MOCVD [II]

750◦C 665 60 615 37

875◦C 663 52 624 31

1 000◦C 663 42 635 37

1 125◦C, 270 nm 666 32

1 125◦C 550 nm 672 37

Sputtered [I]
55 nm 667 32

220 nm 669 34

ALD [IV] 110 nm 670 70 629 54

AlScN [III] 500 nm 636 122

FTIR is more commonly used to detect chemical substances and func-
tional groups in materials, and in the case of AlN and other thin films,
it can detect the presence of impurities and surface species [69]. Figure
4.12 presents the full absorption spectra (from 400 to 4 000 cm−1) for as-
deposited sputtered, MOCVD, and ALD AlN thin films. Other than the
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differences in the AlN E1(TO) peak intensity and width, the absorption
spectra between the three different films are quite similar with one ex-
ception. The ALD film has an absorption peak at 2 160 cm−1, that is not
present in the other films. The peak is caused by the nitrogen triple bond
(ν(N≡N)) mode [69, 70, 71] of an Al-N2 complex. The complex forms in the
presence of N2H+ plasma and Al [71].

The other features in the absorption spectra are due to Al-O [72], C-
Hx bending in various carbohydrates [73, 74], CO2, and AlOH surface
species [75]. The ALD film might also contain NH2 groups, as evidenced
by a small peak at 3 200 cm−1 [76]. The broad AlOH band is likely to
be due to the AlOOH native surface oxide of AlN [77]. A small AlN A1

longitudinal optical (LO) peak is detected as well at around 880 cm−1 [78].
The lines around 1560 cm−1 and 3 200 cm−1 indicate the presence of NH2

on the surface and in the film [76]. Despite the impurities, the measured
resistivity of at least the ALD AlN films was high.
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Figure 4.12. FTIR absorption spectra from 400 to 4 000 cm−1 for as-deposited sputtered,
MOCVD and, ALD AlN thin films.

4.5 Correlation between FTIR and XRD

Even though the FWHM of the AlN E1(TO) absorbance mode in FTIR
depends on the crystal quality, it is rarely used to characterize the crys-
tallinity of AlN thin films in the related literature. Instead, XRD measure-
ments and the FWHM of the 0002 XRC are used. Comparing FTIR and
XRD, XRD measurements are slow and require careful alignment of the
diffractometer to the 0002 reflection if there is any tilt. Especially for thin
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films, long measurement times are needed for sufficient intensity, and a
simple measurement may take hours when diffractometer start-up and
alignments are taken into account. Meanwhile, FTIR measurements take
only minutes including all the required steps, and no alignment is needed.

Figure 4.13 presents four sets of FTIR and XRD results of the AlN and
AlScN thin films studied in this dissertation. The width of the E1(TO)
peak correlates with the widths of the 0002 reflection and its rocking
curve. A FWHM of less than 40 cm−1 indicates that the film has a very
high crystal quality for AlN. The ALD AlN films with no measurable 0002
rocking curves had an E1(TO) FWHM of approximately 70 cm−1. For AlScN,
similar E1 width corresponds to a XRC width of approximately 3.5◦. The
correlation between the E1 width and the width of the 0002 reflection is
stronger. The A1 peak emerges in films with a 2θ 0002 width greater than
0.3◦. The measured out-of-plane strain (Eq. (5.8a)) seems to affect the
location of the E1 peak, whereas for AlScN, the peak location seems to
remain constant.
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Figure 4.13. Correlation between FTIR and XRD measurements for different AlN and
AlScN thin films studied in this dissertation.

4.6 AlScN lattice constants

The strain-free lattice constants for AlScN have not been experimentally
measured due to a lack of bulk material. All measured lattice constants
have been measured from thin films, which are practically always strained.
Figure 4.14 presents measured and calculated lattice constants reported
in the literature as a function of Sc concentration. In the experimental
studies, the lattice constants have been measured from sputtered thin
films with XRD. The calculated lattice constants have been determined
using density functional theory (DFT). The strain-free lattice constants
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are simulated in Publication III for the residual stress analysis and are
included in Figure 4.14 along with the measured lattice constants for the
as-deposited film (x = 0.3) sputtered at 450◦C.

The lattice constants change as the concentration of Sc is increased. The
lattice constant a increases almost monotonically up to x = 0.5 because
the atomic radius of Sc is larger than that of Al. The constant c initially
increases as well, until it starts to decrease because Sc prefers to form
a five-fold coordinated layered hexagonal structure instead of a four-fold
wurtzite one [79]. The lattice constants have only been calculated or
measured up to x = 0.5 because the crystal structure changes from wurtzite
to rock-salt around that concentration. The phase change is discussed in
more detail in section 6.2.1.

Especially for the lattice constant c, the measured values are lower than
the simulated ones, and the difference increases as the Sc concentration
increases. The difference can be explained by residual tensile stress in
the sputtered films. Another possibility is that the DFT simulations un-
derestimate the effect of the five-fold coordination of Sc. Films sputtered
at higher temperatures tend to have a lower value for c, which suggests
that the lower-than-expected value is due to tensile stress. In many of
the studies, the lattice constant a has not been measured because it is
not easily available for c-axis–oriented AlScN using conventional XRD.
Interestingly, the measured values from a are in better agreement with
the DFT simulations even though residual stresses should change a more
than c. In any case, it is clear that in the future the strain-free lattice
constants of AlScN should be studied experimentally using, for example,
powder samples.
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5. The mechanical properties of thin
films

5.1 Residual stress

Understanding the residual stresses in thin films is important because they
can affect the operation and reliability of MEMS. For example, residual
stresses change the resonance frequency of pMUTs [11] and in the worst
case, high stresses can result in fractures or delamination. Understanding
of how stresses are generated and what are their sources can help in
designing devices with improved reliability [89].

Residual stresses are caused by intrinsic and extrinsic effects. Intrinsic
stresses develop during film growth and are also called growth stresses.
They are affected by many factors and can be difficult to predict. Extrinsic
stresses are simpler and arise because the film is not free to deform when
clamped to a substrate with different mechanical properties [90, 91].

The two main sources of extrinsic stresses are thermal and epitaxial.
There are other possible sources as well [90, 91]. However, they are not as
common and are application specific. Thermal stresses occur when the film
and substrate cool down from deposition temperature and because of the
CTE mismatch. Epitaxial stresses are caused by different in-plane lattice
constants of the film and substrate.

The strain caused by the CTE mismatch and temperature change is

ε=
∫︂ T f

T0

(αs(T)−α f (T))dT ≈∆α∆T, (5.1)

where T0 and T f are the growth and final temperature, and αs and α f are
the CTEs of the substrate and film respectively [89, 90, 91]. The CTEs are
assumed to be constant over the temperature range.

If a thin film is epitaxial, it has the same in-plane lattice constant as the
substrate and requires that it is elastically strained to the substrate. The
elastic strain is

ε= as −a f

a f
, (5.2)
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where as and a f are the in-plane lattice constants of the substrate and
the film respectively [90]. However, the lattice mismatch is usually so
large that the film does not grow epitaxially or the epitaxial strain is ac-
commodated by misfit dislocations as the film grows in thickness and it
becomes energetically more favorable to generate them [90, 91]. For exam-
ple, the lattice mismatch between AlN(0002) and Si(111) is approximately
0.23, which is unfeasibly high and dislocations start to form after the film
reaches a critical thickness [54].

Intrinsic stresses are caused, for example by, surfaces, interfaces, grain
growth, vacancy annihilation, grain boundaries, voids, impurities, phase
transformations, and structural damage [89, 90].

In the first stages of film growth, the film consists of clusters, and com-
pressive surface stresses dominate because the atoms near the surface
become strained to reduce the so-called dangling bonds and surface area.
Once the clusters start to coalescence, the stress changes to tensile when
the clusters can stretch out to eliminate free surfaces between them, cre-
ating grain boundaries and reducing the total surface area. Even as the
clusters grow larger, the surface strain is prevented from fully relaxing by
the substrate. After cluster coalescence, the stress can turn compressive,
if sufficient amounts of excess atoms migrate to the grain boundaries. As
the film continues to grow in thickness, the stresses are relaxed by the
formation of dislocations and yielding. [90, 91]

Grain growth during or after deposition generates tensile stresses by
the elimination of less dense grain boundaries [89, 92]. Small grain size
is stabilized by tensile stresses, while compressive stresses drive grain
growth [89]. Vacancy annihilation causes a volume change in the film as
well, which leads to either tensile or compressive stresses depending on the
size and location of the vacancy. Vacancy annihilation does not contribute
significantly to the stresses at low deposition temperatures. [90]

Impurities, which are practically always present in thin films, strain the
lattice around them. Whether the strain is tensile or compressive depends
on the size of the impurity and where it is incorporated [91]. The effects of
impurities are complex and not well understood [89]. Oxygen incorporation
is probably the most significant impurity in many thin films, due to the
presence of residual oxygen and water vapor in deposition chambers.

Phase changes typically also lead to a change in the volume of the film
and thus to the generation of stresses [89]. These stresses can be very high.
For example, a phase change from amorphous to crystalline can result in
a 1%–2% increase in density. The precipitation of additional phases also
induces stress. However, these are smaller in comparison.

Structural damage is especially important in sputtered films where it
is often considered the dominating source of stress [90, 93, 94, 95]. The
damage is due to atomic peening by high energy atoms bombarding the
growing film surface, which in turn causes atomic displacements and
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densification, leading to compressive stress.
The ratio between the deposition and melting temperature of the film

determines the atom mobility, which in turn usually determines which
sources of intrinsic stresses are present and how they evolve as the film
grows in thickness [91]. The melting temperature of AlN is 2 470 K
(2 200◦C), thus for high mobility growth, the temperature needs to be
more than 1 100 K (827◦C). Films grown in a low-mobility mode typically
contain many grain boundaries and the intrinsic stresses are higher. In
high-mobility growth the stresses are a combination of capillary, grain
boundary, and recrystallization stresses.

Residual stresses can be measured or estimated using a wide variety
of different methods, including measuring the curvature of the substrate,
XRD [55], FTIR, and Raman scattering [96]. Next, the substrate curvature
and X-ray stress analysis are presented in more detail. Additionally,
residual stresses can be estimated using the bulge test method, which is
presented separately in section 5.3.

5.1.1 Substrate curvature

Measuring the curvature of the substrate is perhaps the most common
method for measuring the stress in a thin film. While this method is fast,
easy to use, and nondestructive, it cannot measure the stress gradients
or variations across the wafer or through the film. In this method, the
curvature of the substrate is measured either mechanically, capacitively,
with XRD or optically. Optical laser interferometry is typically used. The
curvature is translated to film stress using the Stoney equation. The
equation exists in many forms, one of which gives the curvature κ as

κ= 6σt f

µst2
s

, (5.3)

where σ is the stress, t f and ts are the thicknesses of the film and substrate
respectively and µs is the elastic shear modulus of the substrate, given as

µs = 1
2

Es

1+νs
, (5.4)

where Es and νs are Young’s modulus and Poisson’s ratio of the substrate
respectively [90, 91].

The above equation assumes that the substrate is uniform and isotropic
elastic solid. The in-plane strain is assumed to be isotropic as well, and
that the substrate thickness is much smaller than its radius and the film
is much thinner than the substrate. The out-of-plane stress is assumed to
be zero and the deformations are fully elastic. The shape of the substrate
deformation is assumed to be spherical, and edge effects and load transfer
are ignored. The mechanical properties of the film are completely ignored
[90]. If the residual stresses are high enough for plastic yielding to occur,
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stress measurements will give the biaxial flow strength of the material
[89]. This is typically not an issue for AlN and other ceramics, that will
fracture before yielding. However, for metals, it might be an issue.

The curvature method is often used because it is fast and no knowledge
of the film properties is required. However, because it only applies to very
thin films with similar Young’s modulus for the substrate and the film,
among other things, its use in some cases can be unreliable [55]. A more
valid method is given in [97].

At higher stresses, the wafer curvature becomes elliptical and the stress
should be measured by using the curvature along the major (a) and minor
(b) axis, in which case the stress is

σ= Es

1−ν2
s

t2
s(a+b)

6t f

[︃
1+

(︃
1+ 3(νs +1

ν f +1

)︃
Er tr − tr

]︃
. [97] (5.5)

In practice, the elliptical shape of the wafer curvature is taken into
account by measuring the wafer curvature in two perpendicular direc-
tions across the wafer and using the average of the two measurements.
Substrates also have curvature even before film deposition, thus for more
accurate stress determination, the substrate curvature should be measured
before and after film deposition, in which case the stress is

σ=− Est2
s

6t f (1−νs)

(︃
1

R1
− 1

R0

)︃
, (5.6)

where R0 and R1 are the radius of the substrate curvature before and after
film deposition respectively.

The wafer curvature can also be measured using XRD by measuring two
rocking curves from the wafer from two different locations, spaced distance
x apart [55]. The spherical wafer curvature is

R = x
δω

, (5.7)

where δω is the measured offset between the rocking curves.

5.1.2 X-ray stress analysis

XRD can be used to measure the residual stress by measuring the lattice
constants and comparing them to unstrained reference values [55, 90].
Uniform out-of-plane strain εc and in-plane strain εa are

εc = cmeas − c0

c0
, (5.8a)

εa = ameas −a0

a0
, (5.8b)

where cmeas and ameas are the measured out-of-plane and in-plane lattice
constants and c0 and a0 are the unstrained references respectively.
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The in- and out-of-plane strains are coupled by the distortion factor D:

εc =−Dεa =−2c13

c33
=− 2ν

1−νεa, (5.9)

where c13 and c33 are components of the elastic stiffness tensor. The biaxial
stress is obtained from the strains as

σ= E000l

−2ν000l εc = Ehki0

1−νhki0 εa, (5.10)

where Ehkil and νhkil are the direction-dependent anisotropic Young’s
modulus and Poisson’s ratio respectively.

Non-uniform strain or microstrain is also detected by XRD as a broad-
ening of the measured reflections. However, as previously discussed in
section 4.1, many other factors broaden the peaks as well and it is difficult
to deconvolute the effects of microstrain from the peak widths.

In addition to the uncertainty in the measured lattice constants, the
unstrained reference values introduce uncertainty. Especially for AlN, the
range of reported lattice constants is wide. In this dissertation, values
of 3.11131 Å and 4.98079 Å were used for a and c respectively [98]. Out
of the published values, these were deemed the most accurate because
these values were measured from AlN films grown homoepitaxially on
bulk AlN and hydrostatic stresses were taken into account. The choice
of Young’s modulus and Poisson’s ratio also affects the measured stresses
and the Young’s modulus of AlN depends on its crystallinity, as is shown
in section 5.3. The confidence of the X-ray stress analysis can be increased
by measuring the lattice spacing as a function of sin2ψ, where ψ is the
angle between the sample surface normal and the diffracting plane and
by determining the residual stress from the slope [99]. However, this only
works for randomly oriented polycrystalline films. A modified two-point
sin2ψ method was used in Publication III to determine residual stresses.

5.2 Residual stresses in AlN thin films

Residual stresses of AlN thin films were estimated using XRD in Publica-
tion II and using XRD and substrate curvature measurements in Publi-
cation IV. The residual stresses of AlScN films were estimated from XRD
results in Publication III. The bulge testing done in Publication I estimates
the residual stresses, and those results are presented in section 5.3.

The measured biaxial residual stresses of the MOCVD films are pre-
sented in Table 5.1. The stresses were estimated by first calculating the
lattice constant c from the location of the AlN0002. The stresses are calcu-
lated using a Young’s modulus of 346 GPa [I] and a Poisson’s ratio of 0.207
[100]. The residual stress includes uncertainties from the Young’s modulus,
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Poisson’s ratio, and reference lattice constants. Moreover, measurement er-
ror in the lattice constants affects the results. The uncertainty in the stress
results is approximately 20%, estimated using a total differential error
and using the standard deviations of reported c0, E, and ν as their errors.
The high standard deviation in the reported Young’s modulus accounts for
approximately half of the total error.

Table 5.1. Average biaxial homogeneous stress in MOCVD AlN thin films.

Temp. Pressure Thickness Stress

(◦C) (Torr) (nm) (GPa)

1 000 50 89 4.63

1 125 50

83 3.20

220 2.56

270 2.36

410 2.08

540 1.54

1 125 20 225 2.15

Interestingly, as the film grows in thickness, the average residual stress
decreases from 3.20 GPa to 1.54 GPa, which indicates that the stresses
are relaxed due to the generation of misfit dislocations or through other
mechanisms [54]. Despite this, the thickest film developed fractures on
its surface, which must mean that the fracture strength of the material
decreases faster than the stresses relax. The fracture strength is reduced
because the number of dislocations and size of crystallites increases and
the dislocations can pile up into longer pre-cracks in the crystallites [101].

At a lower growth temperature of 1 000◦C, the residual stress in the film
is significantly higher compared to a film of similar thickness grown at
1 125◦C. The difference is partly explained by the higher growth rate [102].
The uncertainty of the measurement is also probably higher due to the
weak intensity of the 0002 reflection. Reducing the pressure to 20 Torr
from 50 Torr reduced the residual stress by approximately 440 MPa or
17% when compared with films of similar thickness, which is within the
approximated uncertainty for the stress. However, because lower pressure
increases the mobility of the Al atoms [26, 27], the growing film reaches
its equilibrium structure faster and less atomic rearrangement is required
afterward, which leads to lower stresses [89].

The residual stresses of ALD AlN thin films are presented in Table 5.2. In
addition to the strains and stresses calculated from the lattice constant c,
the lattice constant a was measured using in-plane XRD and the in-plane
strains and stresses calculated from a are presented as well. The residual
stresses were also calculated by measuring the substrate curvature and
using Equation (5.6). The differences in the measured stresses are likely
to be caused by impurities in the film. The effect of impurities on the stress
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state is discussed in more detail in section 6.2.2.

Table 5.2. Mechanical strains and residual stresses from measured lattice constants c and
a, along with stresses from substrate curvature.

Film c a Substrate

AlN on εc (%) σ (MPa) εa σ (MPa) curvature (MPa)

Si 0.26 -216 -0.08 -34 420

Al 0.27 -225 0.25 112 1 560

Al/AlN 0.26 -218

5.3 The bulge testing of AlN thin films

Bulge testing [103, 104] can be used to study the mechanical properties
of thin films, and it was used in Publication I to study AlN thin films
with different microstructures. Additionally, bulge testing was used in
this dissertation to study the ALA ALD AlN films (Sec. 3.3). In bulge
testing, free-standing membranes are deflected using applied pressure, as
illustrated in Figure 5.1a. The deflection of the membrane is measured at
different applied pressures until the membrane fractures, as illustrated in
Figure 5.1b. The residual stress, Young’s modulus, and fracture strength
can be determined from the pressure-deflection curves. Table 5.3 summa-
rizes the results of the bulge testing for different AlN films.

t
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2a

(a) A schematic of the bulge test.
Adapted from [103].

Deflection w
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r
e
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e
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(b) The pressure-deflection
curve and fracture pressure.

Figure 5.1. The basics of bulge testing [I].

The residual stress σ0 and Young’s modulus E are calculated by fitting
the measured pressure-deflection curves using the following equation for
the pressure P(w) as a function of membrane deflection w:

P(w)= c1
tσ0

a2 w+ c2
tE

a4(1−ν)
w3, (5.11)

where c1 and c2 are geometrical constants, t is the thickness of the film, a is
the radius of the membrane, and ν is Poisson’s ratio [105]. The constants c1

and c2 are 4 and 2.67(1.026+0.233ν)−1 respectively for circular membranes
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[106]. For Poisson’s ratio, 0.207 was used [100]. The fracture strength σ f

is determined by finding the real root of

σ3
f −σ0σ

2
f −

1
24

EP2
f a2

(1−ν)t2 = 0, (5.12)

where P f is the fracture pressure [107].

Table 5.3. The thickness, membrane diameter, residual stress σ0, Young’s modulus E and
fracture strength of different AlN thin films.

Deposition Thickness Membrane dia. σ0 E Strength

method (nm) (µm) (MPa) (GPa) (GPa)

Sputtering [I] 54.9(6) 957(20) 249(63) 335(3) 1.42(46)

Sputtering [I] 220.0(2.3) 973(7) 876(78) 343(8) 1.54(18)

MOCVD [I] 126(5) 1 014(2) 1 526(100) 346(43) 2.76(34)

ALD [I] 58.6(7) 252(14) 272(58) 257(102) 0.61(10)

ALA ALD [IV] 106.8(1.0) 171(19) 461(230) 35(14) 0.45(5)

The Young’s modulus and fracture strength depend on the film crys-
tallinity. Figure 5.2 presents 2θ–χ XRD maps for the films.

Figure 5.2. XRD maps for the bulge tested AlN thin films, from left to right: sputtered
55 nm and 220 nm, MOCVD, ALD, and ALA ALD. The normalized intensity
is plotted as a square root.

The MOCVD AlN film, with the highest crystallinity, has the highest
Young’s modulus and fracture strength. The sputtered films have similar
Young’s modulus even though their crystallinity is a bit lower. The ALA and
conventional ALD films have the lowest crystallinity and, correspondingly,
the lowest Young’s moduli and fracture strengths. However, the extremely
low modulus of 35 GPa of the ALA ALD film is not only explained by the low
crystallinity. The ALA ALD films fractured at low pressures and the cubic
term in Equation (5.11) is not reliably estimated and the measured Young’s
modulus is lower than expected. However, the results for residual stress
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and fracture strength seem reasonable. In addition to the crystallinity, the
low c-axis orientation likely reduces the measured Young’s moduli. The
larger error or standard deviation in the results accounts for at least some
of the difference between the films. However, the large deviation is likely
caused by nonuniformity of the ALD films. Young’s moduli of the MOCVD
and sputtered films place them in the single-to-polycrystalline region [108],
moduli of the ALD films corresponds to the amorphous region [109].

Testing of the two sputtered films of different thicknesses allows an
interesting look into the distribution of the strength-limiting defects in
the films. The average fracture strength did not change between the films,
which indicates that in both films the critical flaws have the same size
and distribution. This suggests that the strength-limiting defects are
located at either the substrate–film interface or on the surface of the film.
Otherwise, the fracture strength of the film should decrease as thickness
increases because a thicker film is more likely to contain defects [4]. The
sample fabrication might have induced critical flaws to the bottom of the
membrane as well. However, this does not seem to be the case since the
sample fabrication was the same for all samples and did not result in the
same results. Alternatively, the fracture toughness of the films is different.
The fracture strength is likely to be defined by the adhesion between
adjoining AlN grains. The measured residual stresses agree well with
stresses measured using wafer curvature for all films. Furthermore, the
residual stresses correlate with crystal quality and deposition temperature.

Similarly, the use of different membrane diameters might affect the frac-
ture strength results. Different diameters were used to have the samples
fracture at reasonable pressures, in other words, larger membranes were
required to fracture the stronger films and vice versa. Larger membranes
should have a lower fracture strength compared to smaller ones if other
properties of the film are equal since the larger membranes should contain
more defects. However, this is not seen in the results, and the membranes
with the largest diameter have also the highest fracture strength, indicat-
ing that uniformly distributed flaws are not limiting the fracture strength.
The membrane diameter might influence the measured Young’s modulus
and a correlation is present in the results between the two, which might
explain at least in part the very low modulus for the ALA ALD film.

Bulge testing does not require careful alignment and the film holds its
original stress state and the test gives an estimate for it. Furthermore, the
film thickness does not limit the applicability and the films can be tested
at the same thickness as they would be used in applications. Thus, the
relevance of the results is better [110]. Bulge testing assumes that the films
follow linear-elastic fracture mechanics (LEFM), which is a reasonable
assumption for AlN thin films. The fractures should be of the opening
(mode I) type since the deflected membrane is under tensile stress. One
significant limitation of the bulge test is that it cannot be used to test
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compressively strained films. The released membrane buckles and it
becomes impossible to determine its maximum deflection.

The sample fabrication required the deep reactive ion etching (DRIE) of
Si, and even though the AlN etch rate is slow [111], the ion bombardment in
the DRIE process can induce damage to the AlN film. The etching process
should be carefully monitored in order to avoid over-etching. Improved
sample fabrication process could, for example, etch most of the Si substrate
away with DRIE first, and the rest of the etching could be done using wet
etching with high selectivity between AlN and Si—possibly a mixture of
nitric acid (HNO3), water (H2O), and ammonium fluoride (NH4F) (126:60:5)
used for the isotropic etching of Si [112]. While AlN is not etched by HNO3

and AlN is known to be chemically stable, it is not known what is the etch
rate of AlN in this mixture [113].

In Publication I the membrane deflection was measured with a Mirau-
type scanning white-light interferometer (SWLI) [114] adapted for bulge
testing. The deflections of the ALA ALD films were measured using a
Michelson type interferometer in a purpose-built setup, which is shown
schematically in Figure 5.3. The SWLI is capable of a more accurate
measurement of the membrane deflection. Furthermore, it is more suitable
for mapping the deflection over the membrane. However, bulge testing
requires only the maximum deflection, which can be accurately measured
with the Michelson interferometer. Especially since in the purpose-built
setup, the pressure can be accurately adjusted and it remains stable over
time, the membrane deflection can be accurately adjusted to produce either
an interference maximum or minimum and it is sufficient to count the
produced interference maximums or minimums. The membrane deflection

is
nλ
2

, where λ= 532 nm is the wavelength of the laser, and n is the number
of interference maximums or minimums.
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Figure 5.3. A schematic of the bulge tester built and used in this dissertation to study the
mechanical properties of ALA ALD AlN thin films.
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6. The reliability of thin films

The reliability of thin films was studied from a mechanical point of view
for AlN films deposited using sputtering in Publication I, and from the
microstructural stability point of view in Publication III and Publication
IV, for sputtered AlScN and ALD AlN films respectively.

6.1 Mechanical reliability

The mechanical properties of thin films and their evolution affect the
reliability of microfabricated devices [115, 116]. Especially in MEMS
devices, the materials used undergo cyclic loading due to the inherent
mechanical nature of MEMS technology. Cyclic loading can cause fatigue,
which weakens the materials by the accumulation of structural damage.
Even though bulk ceramics are not expected to suffer from fatigue, for thin
film ceramics this might not be the case. Thin films practically always
contain defects which can change the mechanical properties. Defects, such
as microcracks, can propagate under cyclic stress and reduce the fracture
strength. The residual stresses can also change due to plastic flow, creep,
or microcracking.

The fatigue behavior of sputtered AlN was studied by applying cyclic load-
ing to AlN membranes and measuring Young’s modulus, residual stress,
and fracture strength after 10 000 load–unload cycles (83% of the measured
fracture strength) using the bulge test method. The bulge test results are
presented in Table 6.1 and show that the fracture strength, residual stress,
or Young’s modulus did not change significantly. In conclusion, no evidence
of fatigue was found.
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Table 6.1. The average fracture strength, residual stress, and Young’s modulus of as-
deposited and fatigue-tested AlN membranes.

Film Fracture strength Residual stress Young’s modulus

(GPa) (MPa) (GPa)

As-deposited 1.54 ± 0.18 879.03 ± 74.02 342.58 ± 7.07

Fatigued 1.52 ± 0.11 950.79 ± 71.20 337.25 ± 10.70

In addition to the average fracture strength, its distribution affects
reliability as well. A larger distribution can be considered less reliable
because a larger number of samples are expected to fail below the average
stress and at lower stress levels as well. The fracture strength distribution
of thin film ceramics can be described using the Weibull distribution [117,
118, 119], which gives the failure probability p f as

p f = 1− e
−A

(︃σ−σth

σ′
)︃m

, (6.1)

where σ is the biaxial stress, A is the surface area of the membrane, σth

is the threshold stress (assumed zero for brittle materials [120]), σ′ is
the characteristic stress (with a 63% probability of fracture), and m is
the Weibull modulus, which describes the slope of the distribution. The
Weibull distributions are presented in Figure 6.1 and the characteristic
stresses and Weibull moduli for those distributions are presented in Table
6.2.
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Figure 6.1. The Weibull distributions of the fracture strength of different AlN thin films.
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Table 6.2. The characteristic stress σ′ and Weibull modulus m of different AlN thin films.

Film σ′ (GPa) m

ALA ALD 109 nm [IV] 0.43 6.09

ALD 59 nm 0.65 5.66

Sputtered 55 nm 1.58 3.57

Sputtered 220 nm 1.62 9.42

Fatigued 1.57 13.19

MOCVD 126 nm 2.88 12.28

The different AlN films have roughly either low or high Weibull moduli.
The thicker sputtered and MOCVD films both have high moduli in addition
to high fracture strengths. These films are thus strong and reliable. The
thinner sputtered and ALA ALD films have significantly lower moduli,
meaning that the distribution of their fracture strength is wider and they
can be considered less reliable. However, the fracture strength of the
sputtered film is higher than that of the ALA ALD film. The 59 nm thick
ALD film has two populations at low stress (< 0.6 GPa) and high (> 0.6 GPa)
stress with different moduli. The low-stress part of the distribution has
a high modulus, whereas at higher stresses the modulus decreases. The
fatigue-tested film has a slightly higher modulus than the as-deposited film
likely because the fatigue testing already eliminated the weakest samples
from the results.

The two types of Weibull moduli, especially within the distribution of the
ALD film, can indicate two different types of failure modes. The failure
modes were not directly characterized other than that after testing no
film delamination from the substrate Si was observed. However, some
conclusions can be made from the results. The failure mode with the high
modulus is likely to be due to inherent strength-limiting defects in the
films, which are uniformly distributed. Considering the 55 nm and 220 nm
thick sputtered films, the increased thickness makes it more probable that
each sample contains a similar flaw, and as a result, the fracture strength
distribution is narrower. Some of the thinner AlN samples had a higher
fracture strength because they did not contain similar flaws. The sample
fabrication can cause flaws as well, and they might be the cause of the
failure mode with the lower modulus.

The film microstructure might explain the results as well. The crystallite
size and shape of sputtered AlN films typically change after a certain
thickness is reached, whereas for ALD and MOCVD films the size and
shape do not typically depend on the film thickness. A small crystallite
size might correspond to a low modulus and a large size to a high modulus.
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6.2 Microstructural stability

The microstructural stability of AlScN and ALD AlN films were studied
in Publication III and Publication IV respectively by annealing the films
at high temperatures under a vacuum and characterizing the possible
changes. The ALD films were mainly annealed to see if the crystal quality
could be enhanced after deposition and whether the films can withstand
high processing temperatures. For the AlScN films, the purpose of the
annealing was to induce a possible phase change from wurtzite to rock-
salt (rs). The changes to crystal quality were also characterized. The
microstructures after annealing were mainly studied using XRD and FTIR,
and for AlScN, the results were supplemented with TEM.

6.2.1 Aluminum scandium nitride

The Sc alloying of AlN significantly increases its piezoelectric coefficients
[5], which makes AlScN an interesting material for improving the perfor-
mance of piezoelectric MEMS. However, the increase in the piezoelectric
properties is due to competition between the wurtzite and rock-salt phases,
which might destabilize the wurtzite phase. Different experimental studies
and simulations have resulted in different maximum Sc concentration in
the wurtzite structure, as can be seen in Figure 6.2.
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Figure 6.2. A review of pseudobinary phase diagrams for the AlN-ScN system [5, 80, 82,
86, 121, 122, 123, 124]. Diagonal sections indicate a two-phase mixture. In
the gray sections the phase was not defined. Gradient shows areas where the
composition was not accurately determined. All results are based on either co-
sputtered films or DFT calculations. On left side the sputtering temperature
and substrate material are marked. Adapted and expanded from [82].

It seems that the sputtering conditions and residual stress affect the
maximum Sc content and the location and width of the two-phase mixture.
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High growth temperatures and tensile strains seem to increase the allowed
Sc content in as-deposited films whereas compressive strain seems to at
least reduce the crystal quality [125]. The observed wurtzite and rock-salt
phase mixtures are likely to be due to mass separation through spinodal
decomposition, which has been observed both experimentally and theo-
retically [82, 86, 126] and tensile strain increases the allowed Sc content
before spinodal decomposition [86].

In Publication III sputtered Al0.7Sc0.3N thin films were annealed under
vacuum for 5 h at temperatures of 400–1 000◦C. Extended annealing for up
to 300 h was done at a temperature of 1 000◦C. The films are stable even
under high temperatures. However, the extended annealing started to
induce changes in the film microstructure. Additional reflections emerged
in the HRXRD diffractograms around the AlScN0002, as can be seen in
Figure 6.3a where the additional reflections labeled f1 and f3. Increased
intensity corresponding to the f3 peak was observed in the diffraction
maps as well. In-plane XRD shows the change more clearly and a total
of five new reflections are detected in the 2θχ–φ diffractogram in Figure
6.3b. In addition to the new reflections, the 10i0, 11i0, and 20i0 reflections
became less intense, wider, and asymmetric, with increased intensity on
the high-angle side of the reflections.

The origin of the new reflections is closer to the film–substrate interface
than the w-AlScN reflections. New diffraction spots are seen in electron
diffraction and they seem to be split from the w-AlScN 0002 and 10i0 spots
and their vector combinations. SAED too shows that the splitting occurs
near the film–substrate interface, where the crystallites are small and
round, instead of columnar. The thickness of this layer is approximately
50 nm and EDS shows increased concentration of Ar in this layer after
annealing. In the rest of the film, the crystallites grow in the columnar
growth mode.
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The changes in the results are caused by the formation of a rock-salt
phase (as already hinted in Fig. 6.3b), differently strained crystallites, or a
combination of both. The phase transformation of the small crystallites
near the substrate–film interface into rock-salt would explain all the new
reflections in the in-plane diffractogram. The average lattice constant a of
the rock-salt structure is 3.861(9) Å. To explain all the results, the rock-salt
crystallites must have a preferential (111) orientation both in the plane
and out of the plane. The f3 reflection in Figure 6.3a and the new spots in
the SAED pattern correspond to the (111) planes.

The rock-salt crystallites seem to be under compressive triaxial strain.
A rough estimate for the out-of-plane strain is -4.2%, and for the in-plane
strain −7.68(22)%. The lattice constants of rock-salt Al1−xScxN have not
been measured or simulated and Vegard’s law [128] was used to estimate
them. The lattice constant a is estimated as:

aAl1−xScxN = (1− x)aAlN + xaScN, (6.2)

where aAlN and aScN are the lattice constants of rock-salt AlN and ScN
respectively. The estimated lattice constant is 4.182 Å, using constants
of 4.045 Å and 4.500 Å for AlN [129] and ScN [130] respectively, and
assuming that the rock-salt crystallites retain the same composition x = 0.3.
In addition to the lattice constants of AlN and ScN, this approximation
assumes that Vegard’s law holds for rock-salt AlScN, which might not be
the case, especially for high Sc fractions.

The rock-salt 111 reflection is observed even in the as-deposited film as
a small peak (albeit at a higher angle of 2θχ = 42.5◦) in Figure 6.3b. The
formation of the rock-salt phase might be due to the compressive stress
present in the early stages of grain growth [91]. Because rs-AlScN seems to
be more stable than wurtzite under compressive stress, small crystallites
of rs-AlScN might form during the early stages of deposition, and they
continue to grow when annealed at sufficiently high temperatures.

The asymmetry of the 0002 and hki0 reflections in the annealed films
indicates that the distribution of biaxial strain becomes relatively more
compressive. The source of the new biaxial strain component are the
vertical grain boundaries between columnar grains, where excess Ar atoms
exert lateral forces. Interestingly, the locations of the shoulders seem to
correspond to the strain-free lattice constants simulated in Publication III.

An alternative explanation for the new reflections and spots is that some
crystallites are triaxially strained. The strain would be induced by the
excess Ar atoms at grain boundaries in the small and round crystallite
region of the film. Moreover, the ratio of grain boundaries to volume is
larger in this region as well, resulting in higher strain compared to the
rest of the film. The out-of-plane and in-plane components of the strain
would be approximately −8% and −19% respectively, which correspond to
enormously high compressive stresses in excess of 60 GPa. Moreover, this
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would mean an unfeasibly high stress gradient, in the order of hundreds of
GPa per 1 µm, since the rest of the film is still under tensile stress.

The film microstructure or crystallite size did not change significantly
after 5 h of annealing at any temperature. Spinodal decomposition into Al-
and Sc-rich areas was not observed either. Annealing at 1 000◦C for 5 h
reduced the residual stress in the film by approximately 1 GPa and flakes
or grains were observed at the surface of the films. The composition and
structure of the grains were not positively identified, but they are most
likely carbon deposited on the samples during annealing in the vacuum
furnace and are limited to the surface.

6.2.2 Atomic layer deposited AlN

The ALD AlN films deposited on Si and Al/Si were annealed at tempera-
tures of 300–1 000◦C for 10 h under a vacuum and the effects of annealing
were studied in Publication IV. Even though the films have low crystallinity,
they are quite stable. The crystal quality does not change significantly
in annealing. However, annealing reduces the number of impurities and
relaxes the residual stress from a triaxial stress state to a biaxial stress.

The AlN film on Si remained unchanged at temperatures below 800◦C.
At higher temperatures, the number of impurities reduces. Annealing at
800◦C decreases the intensity of the N≡N stretching mode, and annealing
at 1 000◦C decreases the intensity of the C-Hx bending modes. Further-
more, the absorption line due to Al-O bonds at 460 cm−1 also reduces after
annealing at 1 000◦C. The FTIR absorption spectra showing these changes
for annealed AlN films on Si are presented in Figure 6.4. Annealing is
likely to change the AlOOH native oxide on the AlN surface as well. How-
ever, it reforms on the surface in minutes when exposed to ambient air
[76].
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Oxygen impurities are especially detrimental for AlN since they can re-
duce the piezoelectric properties [131], crystal quality [132], and resistivity
[133]. Thus, annealing of ALD AlN at high temperatures, if possible, might
be beneficial. The effect of carbon impurities on the piezoelectric properties
and crystal quality of AlN has not been studied. However, they might
change the carrier concentration and affect the electrical resistivity [134].

Despite the reduction in the impurity concentrations, the crystal quality
of AlN on Si does not improve. The FWHM of the 0002 reflection increases
from 0.49◦ to 0.55◦ after annealing at 1 000◦C for 10 h. The 0002 reflections
do not have measurable rocking curves after annealing. At the same time,
the lattice constant c decreases from 4.99 Å to 4.97 Å. The change is likely
to be caused by the reduction of impurities and corresponds to a change
in out-of-plane strain εc from 0.26% to −0.22%, which according to the
distortion factor (Eq. (5.9)), corresponds to a change in the in-plane strain
εa from −0.49% to 0.42%. The in-plane XRD measurements do not show a
change in the in-plane strain as a result of annealing.

The reduction of impurities seems to change the stress state of the film to
a purer biaxial stress. The biaxial stresses depend on the Young’s modulus
of the film and using a modulus of 35 GPa, which was measured for the film
using bulge testing, the residual stress changes from −216 MPa to 184 MPa.
Using a higher modulus of 257 GPa, the stress changes from 1.59 GPa to
1.35 GPa. The substrate curvature measurements give the residual stress
of the as-deposited film as 420 MPa, and the XRD-determined residual
stress is the same if Young’s modulus of 80 GPa is used. Clearly, the
mechanical properties and residual stress of AlN thin films deposited
using ALA ALD require further study in order to fully understand them.
The estimated biaxial residual stresses are presented in Table 6.3. Even
though annealing did not improve the crystal quality of AlN, the reduction
of impurities might still improve the piezoelectric properties.

Table 6.3. The estimated residual stress of as-deposited and annealed ALD AlN films on
Si according to HRXRD measurements.

Annealing εc (%) εa (%) Residual stress (GPa)

temp. (◦C) E = 35 GPa 80 GPa 257 GPa

As-deposited 0.26 -0.49 -0.22 -0.49 -1.59

300 0.25 -0.47 -0.21 -0.47 -1.52

400 0.20 -0.38 -0.17 -0.38 -1.23

600 0.02 -0.04 -0.02 -0.04 -0.12

800 -0.39 0.74 0.33 0.74 2.39

1 000 -0.22 0.42 0.18 0.42 1.35

The location and width of the AlN A1(TO) and E1(TO) FTIR modes
are summarized in Table 6.4. The decreasing width of the E1 mode is
most likely due to reducing residual stress [67], instead of increasing
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crystal quality because the A1 mode becomes more intense at the same
time . Moreover, a 10i1 reflection starts to emerge in in-plane XRD after
annealing at 800◦C and 1 000◦C and of course the HRXRD results do
not show a increase in the crystal quality. Annealing seems to cause the
crystallization of randomly oriented crystallites. Otherwise in-plane XRD
does not show any significant changes to the films. The lattice constant a
and the widths of the 10i0 or 11i0 reflections do not change as a result of
annealing. However, the intensity of especially the 10i0 reflection seems to
increase.

The shift of the A1(TO) line to a lower wavenumber indicates that the
residual tensile stress reduces [67]. The E1 shifts to a lower wavenumber,
which indicates that the residual stress increases from approximately
0.36 GPa to 1.17 GPa when the film is annealed at 800◦C [135]. This is
likely to be because the films are not in a purely biaxial stress state and
contain impurities.

Table 6.4. The location and FWHM of the AlN E1 and A1 FTIR absorption modes of
as-deposited and annealed films on Si.

Annealing E1(TO) (cm−1) A1(TO) (cm−1)

temp. (◦C) Location FWHM Location FWHM

As-dep. 670.14 69.88 629.50 53.40

300 668.59 69.42 626.31 47.13

400 668.09 65.04 626.28 44.99

600 665.82 62.63 624.98 43.64

800 663.61 59.12 625.73 49.33

1 000 667.33 51.57 625.80 42.80

The higher crystal quality AlN films on Al/Si were not annealed beyond
600◦C because aluminum melts at 660.3◦C. Moreover, the annealed films
developed fractures even at the lower annealing temperatures of 300 and
400◦C. However, annealing at 400◦C seems to improve the crystal quality
and preferential orientation of AlN. Annealing does not seem to change the
stress state of the AlN film on Al based on the HRXRD results. The grain
size or the surface morphology of AlN film on Si or Al are not affected by
annealing.
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MOCVD AlN films have very high crystal quality and they are mechani-
cally strong. However, the conformal coverage of MOCVD films is not great.
The ALD AlN films, on the other hand, have excellent conformal coverage
but the films have poor crystal quality and they are mechanically weak.
The poor crystal quality is at least in part due to impurities and better
process control might enhance the film crystal quality.

The conformal coverage of MOCVD-deposited AlN does not seem to
depend on the process parameters in the available range. The high crystal
quality of MOCVD AlN requires a high deposition temperatures of 1 125◦C,
which is challenging for process integration. Decreasing the temperature
down to 1 000◦C significantly decreases the preferential (0002) orientation
and crystal quality. Lowering the deposition pressure increases the grain
size in the MOCVD AlN films. Even though the ALA process increases the
crystal quality of ALD AlN films and can produce (0002) textured films,
the crystal quality is still low and the piezoelectric properties are weak.
Moreover, the ALD films suffered from low dielectric strength.

The mechanical properties of AlN depend on microstructure and crystal
quality. The Young’s modulus of polycrystalline ALD AlN can be as low
as 257 GPa or even 35 GPa while the Young’s modulus of high-quality
MOCVD films can reach 346 GPa. The residual stresses depend on the
deposition temperature, crystal quality, and microstructure. Generally,
high deposition temperature results in high residual stresses due to the
CTE mismatches between materials. However, films of different crystal
quality and microstructure deposited at the same temperature can have
very different residual stresses. Impurity atoms, especially in ALD films,
can affect the stress state significantly. The mechanical strength of AlN
thin films improves with crystal quality, and is the highest for MOCVD
films, followed by sputtered films. However, all films, with the exception of
thin (< 100 nm) sputtered films, can be considered reliable due to the low
variance in their fracture strengths. Furthermore, fatigue effects do not
seem to be present in AlN thin films.

The AlN thin films are microstructurally stable. High crystal quality
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films remain in their (0002)-oriented wurtzite structure with minimal
changes. Even randomly or weakly oriented AlN films retain their crystal
quality and microstructure when annealed at high temperatures. Some
recrystallization into randomly oriented crystallites occurs in the lowest
crystal quality ALD films. However, the crystal quality could not be en-
hanced by annealing. The most significant change is the reduction of
impurities in the ALD films, which did not unfortunately improve the
crystallinity. The stability of AlScN thin films is a more complex mat-
ter, and the residual stresses seem to play a significant role. The phase
transformation from wurtzite to rock-salt was observed as a result of high-
temperature annealing at 1 000◦C and was likely to be caused by the
formation of compressive strains.

There remains work to be done, especially on the deposition of AlN
on metal layers for the bottom electrode. The ALD process for AlN is
already suitable for depositing AlN on various metal layers due to the
low deposition temperature. However, the crystal quality still needs to be
improved. The MOCVD process, on the other, hand requires that the metal
electrode can withstand the high thermomechanical stresses induced by
the high growth temperatures. One possible candidate is ALD TiN, which
should have good conformal coverage on vertical sidewalls. Also, the effects
of annealing on the piezoelectric properties of AlScN thin films should be
studied directly.
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Errata

Publication II

Crystal directions in Figures 1, 3, and 12 are
incorrect. The correct directions are [110], [111̄],
and [11̄2] for Figures 1 and 12, and [110], [111̄],
and [1̄12̄] for Figure 3.
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