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Abstract 

The mobile communication standard of the 5th generation (5G) is nowadays a great technological in-
novation for both industry and consumers. To meet the requirement of higher data rates in 5G, a 
higher electromechanical coupling of electro-acoustic devices is needed. One of the most successful 
piezoelectric materials in electro-acoustic applications is aluminum nitride (AlN). However, AlN-based 
devices have a rather low piezoelectric coefficient d33 = 5.5 pC/N, and the electromechanical coupling 
of AlN is limited to 7%. These parameters can be significantly enhanced by incorporating scandium 
(Sc) in the wurtzite structure AlN, making AlScN a promising material for future mobile communica-
tion applications.  

This work aims at the development of wurtzite AlScN thin films with homogenous microstructure, 
high crystalline quality and high Sc-concentration (x > 0.4) to achieve a large piezoelectric coefficient 
and electromechanical coupling in electro-acoustic resonators.  

Therefore, Al1-xScxN thin films on Si(001) substrates  were grown by reactive DC-pulsed magnetron 
co-sputtering, which is capable of adjusting the Sc-concentration. By tuning process pressure and tar-
get-to-substrate distance, AlN thin film with straight columnar microstructure along substrate normal 
was achieved, which served as a reference for sputtering AlScN films. Replacing Al by Sc degraded the 
crystal quality and resulted in misoriented grains and localized non-piezoelectric areas. Optimized gas 
ratio eliminated misoriented grains and enabled the growth of a homogenous piezoelectric phase, max-
imizing the piezoelectric coefficient at Sc concentration x = 0.13. Later on, the Sc concentration was 
further increased without phase separation. Finally, a state-of-the-art Al0.54Sc0.46N/Si thin film was 
synthesized with columnar microstructure, excellent crystalline quality (FWHM < 2°) and high pie-
zoelectric coefficient of d33 = 44 pC/N. Furthermore, epitaxial Al1-xScxN (0 ≤ x ≤ 0.46) thin films 
were also synthesized on Al2O3(0001) substrates. 

The mechanical and optical properties of AlScN/Al2O3 samples were thoroughly analyzed. The elastic 
modulus E and the coefficient of thermal expansion α were experimentally determined by thermal-
cycling up to 400°C. The sample with a composition of Al0.59Sc0.41N showed E = 270 GPa and 
α = 4.29 × 10-6 K-1, respectively. The evolution of the band gap in higher Sc concentration was deter-
mined by spectroscope ellipsometry, indicating the band gap can be tuned from 5.8 eV in AlN to 
4.4 eV in Al0.59Sc0.41N, which makes AlScN also promising material in the optoelectronics. 

Finally, AlScN-based surface acoustic wave (SAW) resonators were fabricated and an effective elec-
tromechanical coupling of 2.2% at around 2 GHz could be obtained for Al0.68Sc0.32N-based resonators, 
more than 4 times higher compared to the 0.5% of conventional AlN-resonators. The enhanced pie-
zoelectric coefficient and electromechanical coupling underlined the outstanding quality of AlScN and 
its huge potential in electro-acoustic applications. 



 

 
 

Kurzfassung 

Der Mobilfunkstandard der 5. Generation (5G) ist in der heutigen Zeit sowohl für die Industrie wie 
auch die Verbraucher eine wichtige technologische Innovation. Um die Voraussetzungen der hohen 
Datenraten von 5G zu erfüllen, wird eine höhere elektronisch-mechanischer Kopplung der 
elektroakustischen Bauteile benötigt. Eines der erfolgreichsten piezoelektrischen Materialien in 
elektroakustischen Anwendungen ist Aluminiumnitrid (AlN). Bauteile, welche auf AlN basieren, 
besitzen jedoch eine relativ niedrige piezoelektrischen Koeffizienten d33 = 5,5 pC/N und die 
elektromechanische Kopplung ist auf 7% beschränkt. Durch den Einbau von Scandium (Sc) in die 
wurtzitische Phase des AlN lassen sich diese Parameter signifikant erhöhen und machen AlScN zu 
einem vielversprechenden Material in zukünftigen Anwendungen der mobilen Kommunikation. 

Diese Arbeit zielt auf die Entwicklung von wurtzitischem AlScN Dünnschichten ab, welche mit einer 
homogenen Mikrostruktur, hoher kristalliner Qualität und Sc-Konzentration (x > 0,4) einen großen 
piezoelektrischen Koeffizienten und elektromechanische Kopplung in elektroakustischen Bauteilen 
erreichen sollen.  

Hierfür wurden Al1-xScxN Dünnschichten auf Si(001) Substrate mittels reaktivem DC-gepulstem 
Magnetron-Co-Sputtern gewachsen, welches ein Einstellen der Sc-Konzentration erlaubt. Durch eine 
Anpassung des Prozessdrucks sowie der Abstand zwischen Target und Substrat, konnten AlN 
Dünnschichten mit einer senkrecht zur Substratnormalen ausgebildeten kolumnaren Mikrostruktur 
gezüchtet werden, die als hervorragende Referenz für das AlScN-Wachstum dienten. Der Austausch 
von Al durch Sc führt jedoch zu einer Degradation der Kristallqualität und im Weiteren zu 
fehlorientierten Körnern und lokalen Bereichen ohne piezoelektrische Eigenschaften. Optimierte 
Verhältnisse zwischen den Prozessgasen eliminierte die Fehlorientierung der Körner und ermöglichte 
das Wachstum einer homogenen piezoelektrischen Phase, welche bei einer Zusammensetzung von 
x = 0,13 einen maximalen piezoelektrischen Koeffizienten d33,clamp = 12,3 pC/N aufwies. Im weiteren 
Verlauf der Arbeit konnte die Sc-Konzentration ohne Phasenseparation weiter erhöht werden. Dies 
resultierte in einer state-of-the-art Al0.54Sc0.46N Dünnschicht auf Silizium, welche eine kolumnare 
Mikrostruktur, exzellente Kristallqualität (FWHM < 2°) und einen hohen piezoelektrischen 
Koeffizienten mit d33 = 44 pC/N aufwies. Zusätzlich wurden epitaktische Dünnschichten mit 
Al1-xScxN (0 ≤ x ≤ 0.46) auf Al2O3(0001) aufgewachsen. 

Die mechanischen und optischen Eigenschaften von AlScN/Al2O3 Proben wurden eingehend 
analysiert. Das Elastizitätsmodul E und der thermische Ausdehnungskoeffizient α wurden 
experimentell durch thermische zyklische Belastung bis 400 °C bestimmt, welche bei einer 
Zusammensetzung von Al0.59Sc0.41N in E = 270 GPa und α = 4,29 × 10-6 K-1 resultierte. Die 
Abhängigkeit der Bandlücke von der Sc-Konzentration wurde über spektroskopische Ellipsometrie 
bestimmt. Diese zeigte eine Einstellbarkeit der Bandlücke von 5,8 eV für AlN zu 4,4 eV in 
Al0.59Sc0.41N, welches AlScN auch für optoelektronische Anwendungen interessant macht. 

Zuletzt wurden AlScN-basierte elektronische Bauteile hergestellt, sogenannte surface acoustic wave (SAW) 
resonators, die eine effektive elektromechanische Kopplung von 2.2% bei etwa 2 GHz und einer 



 

 
 

Zusammensetzung von Al0.68Sc0.32N besaßen. Dies entspricht einer Erhöhung von mehr als dem 4-
fachen im Vergleich zu den 0,5% in konventionellen AlN-Bauteilen. Der verbesserte piezoelektrische 
Koeffizient und die elektromechanische Kopplung unterstreichen die herausragende Qualität von 
AlScN und sein immenses Potential für den Einsatz in elektroakustischen Anwendungen.  
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1 Introduction 

1.1 Motivation 

Since 60 years ago, electro-acoustic devices have been used in the telecommunication industry, such as 
surface acoustic wave (SAW) resonators, in which they are acting as bandpass filters in radio frequency 
(RF) and intermediate frequency (IF) section [1]. Nowadays, due to the increasing requirement of the 
multiple frequency bands in the worldwide, including LTE (long time evolution), CDMA (code divi-
sion multiple access), UMTS (universal mobile telecommunications service) or the 5G (5th generation) 
bands in the future, the cellular filter market reached 7.700 billion US dollars in 2017 and is predicted 
to reach more than 20 billion in 5 years. The market volume is increased from less than 40 billion units 
up to 65 billion units in 2023, as predicted (Figure 1-1). The electro-acoustic devices are facing new 
challenges because of the upcoming standards of telecommunication, e.g., smaller size; higher conver-
sion efficiency; better thermal management; higher frequency to meet the requirements of the 5G 
band standards and data exchange speed.  

 

Figure 1-1 The market volume of the RF filter by the cellular band standard and the Wi-Fi standard, analysis and 
estimated by Yole [2]. 
 
The electro-acoustic resonators are the transducers that convert between electrical charge and mechan-
ical movement in the acoustic waves. In Figure 1-2 the structure of the SAW resonator is shown, on 
the substrate the thin film piezoelectric material is deposited. The interdigital transducer (IDT) and 
reflectors are normally made from metal to excite or sense the surface acoustic wave, the wavelength 
of the wave λ is defined by the width of the IDT. Due to the piezoelectric effect, the acoustic wave is 
generated in the piezoelectric material. The common piezoelectric materials used in the sensor applica-
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tion are: quartz (SiO2), lithium tantalite (LiTaO3) and aluminum nitride (AlN), other materials such as 
GaAs, SiC, ZnO, PZT, LiNbO3 have also the commercial potential [1]. 

 
Figure 1-2 Schematic figure of the surface acoustic wave resonator 
 
The electromechanical coupling coefficient is defining the filter bandwidth and thus influences the 
data exchange speed of the resonators. As shown in Equation 1-1, the coupling coefficient kt2 is 
directly correlated to the piezoelectric stress coefficient e332, relative stiffness constant c33D and relative 
dielectric constant ε332, therefore, improving the electromechanical coupling is to increase the piezoe-
lectric stress coefficient or decrease stiffness constant and dielectric constant. 

 𝑘𝑡2 = 𝑒332 /(𝑐33𝐷 𝜀33𝑆 ) 1-1 
 

There are many factors to influence the electromechanical coupling of the resonator, such as choice of 
metal contact, operating frequency and piezoelectric material. In this work, the focus is on the piezoe-
lectric materials. To quantify the piezoelectric effect, the piezoelectric coefficient d33 is used and 
expressed as follow:  

 𝑑33 = 𝑒33/𝑐33𝐸  1-2 
 

where e33 is piezoelectric stress coefficient and c33E  is relative stiffness constant. The piezoelectric AlN 
draws a lot of attention for the researchers and the industry, due to the advantage of the stability of the 
growth method and the performance of AlN-based RF resonators. For the piezoelectric properties, 
the AlN is usually with c-axis crystallographic orientation by reactive sputtering. This process is also 
applicable on the Si substrates so that most of the existing fabrication tools for the Si technology can 
be utilized, which enables a smaller package size of the device chips. The BAW devices based on AlN 
thin films could guarantee an effective electromechanical coupling coefficient keff2 (combination of 
material and device design) about 6% and material electromechanical coupling kt2 about 6.8%, which 
indicates a conversion coefficient between mechanical and electrical signal. The phase velocity of the 
AlN is also as high as 10600 m/s. In contrast, ZnO as another piezoelectric material has a higher cou-
pling coefficient, but it has lower phase velocity and is not compatible with the Si technology.  
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It was shown recently, that the incorporation of Sc into AlN allows an increase up to 400% of the 
piezoelectric coefficient d33 [3]. Moreover, the material electromechanical coupling kt2 of the Al1-xScxN 
is expected to have 200% increase with Sc concentration x = 0.3 [4]. The piezoelectric AlScN will 
remain the same hexagonal wurtzite structure as AlN with c-axis orientation up to x = 0.5 [5], so that it 
benefits from almost all the advantage of AlN. These facts make AlScN as a perfect alternative of AlN 
in the electro-acoustic applications. Therefore, the work to synthesize the AlScN thin films and adjust 
the process parameter to fit the electro-acoustic devices is of high interest.  

1.2 The aim of this work 

As already mentioned, AlScN is a novel material for next-generation transducers due to its high 
piezoelectric response and electromechanical coupling. However, replacing Al atoms with Sc atoms 
leads to the softening of the material and a distortion of the hexagonal atomic structure [5]; the 
metastability of AlScN will cause microstrucutre defects and inhomogenous piezoelectric domains, 
even phase separation. 

This dissertation is aimed to develop wurtzite Al1-xScxN thin films with homogenous microstructure 
and high crystalline quality up to Sc concentration x = 0.46, to achieve a high piezoelectric response 
and electromechanical coupling in electro-acoustic resonators. The three key words in the goal-
microstructure, crystalline quality, and high piezoelectric response are discussed in detail: 

Microstructure:  

The sputtered piezoelectric AlN thin film is normally with columnar microstructure [6,7], when it is 
grown as highly c-axis oriented hexagonal wurtzite crystal structure. Considering the piezoelectric po-
larization is contributed by each individual grains, the direction of the grains has to be well aligned to 
substrate normal direction for maximum piezoelectric polarization. In this Ph.D. work, a new magne-
tron co-sputtering setup was used for all of the depositions, the first step was to find process window 
to obtain piezoelectric AlN thin film with columnar microstructure towards substrate normal.   

Crystalline quality: 

Crystalline quality here refers to crystal orientation and crystal structure. Misoriented grains in AlN and 
AlScN [8–10] are not only causing roughness and thus wave attenuation in the SAW devices, but also 
reduce the piezoelectric response and electromechanical coupling in the device. Al1-xScxN was reported 
to have cubic phase when the Sc concentration is more than x = 0.5, leading a huge influence of pie-
zoelectric response [3]. In this dissertation, the goal is to have wurtzite Al1-xScxN thin film with c-axis 
orientation. 

Piezoelectric response: 

It was reported that the metal-polar and N-polar could co-exist and influence piezoelectric response 
[11]. Therefore, a homogenous piezoelectric phase should also be investigated. 

At last, the fabrication and characterization of the AlScN-based resonators provides a better view of a 
novel material in the electro-acoustic applications compared to AlN. Through the resonance frequency 
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and electromechanical coupling of the AlScN-based resonators, further improvements concerning 
material deposition as well as the device design can be guided. 

1.3 Outline 

The topic of the dissertation is: Development and characterization of piezoelectric AlScN-based ter-
nary alloys for electroacoustic applications. In the first chapter, the introduction and aim of the work 
are presented. 

Chapter 2 is focusing on the materials AlN and AlScN, the research background and state-of-the-art. 
The sputtering deposition method and mechanism are discussed. In this part, the basics of reactive 
pulsed-DC magnetron co-sputtering are illustrated. The growth mechanism, especially the evolution of 
structure zone model, is introduced due to the importance in the optimization: The theory of the 
structural zone model is essentially guiding the optimization of the sputtering deposition with crystal 
microstructure, and also a foundation of the models illustrated in Chapter 4. Lastly the sputtering 
equipment used to deposit AlN and AlScN thin films is discussed.  

Chapter 3 explains the characterization methods used for process optimization to determine other 
material properties of AlScN. Characterizations such as X-ray diffraction, scanning electron microsco-
py, Belincourt method are introduced and their mechanism is discussed.  

Chapter 4 and Chapter 5 present the most important parts in this work: Chapter 4 is focused on opti-
mization of AlN sputtering process. The piezoelectric AlN thin film shares the same hexagonal wurtz-
ite structure as piezoelectric AlScN, sputtering recipe of high-quality thin film AlN is also an important 
reference for AlScN. In Chapter 4, AlN/Si thin film sputtering with sample series of different process 
pressure, target-to-sample distance (TSD) and N2 gas concentration are discussed in detail. The opti-
mizations are concentrated on the crystalline quality and microstructure, which are also the important 
factors for the piezoelectric AlN thin films. Models of the microstructure evolution with the process 
pressure and TSD are established to guide the growth of AlScN in the following part.  

Chapter 5 is mainly focused on the AlScN. In this chapter, the piezoelectric response is the most im-
portant parameter of the sputtered AlScN thin films. The goal is achieved by reducing the misoriented 
grains and sputtering of high crystalline quality AlScN up to Sc concentration x = 0.46. First the miso-
riented grains were observed during the sputtering of AlN and AlScN, the mapping of piezoelectric 
domain indicated its influence on the piezoelectric response. The systematic study of N2 gas concen-
tration and TSD eliminated the misoriented grains. Homogenous surface morphology, as well as 
piezoelectric domains were obtained, piezoelectric response for Sc concentration x = 0.13 were max-
imized. Besides, this work has been published as one of the first publications to detect and solve the 
misoriented grains in AlScN. Second, AlScN thin films with Sc concentration up to x = 0.46 were 
sputtered. Phase instability issues were first observed when the Sc concentration is up to x > 0.4, by 
optimizing the heater temperature c-axis oriented hexagonal wurtzite Al0.54Sc0.46N/Si were achieved. 
The piezoelectric response of the sputtered thin films was comparable or even higher than the state-
of-the-art AlScN. Last but not the least, the process of AlScN/Al2O3 was established and crack issue 
caused by the high stress in the as-deposited films was solved, the sputtered AlScN is observed to have 
an epitaxial relationship to the c-plane Al2O3. As a result, the optimized sputtering process for highly 
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c-axis oriented, AlScN/Si and AlScN/Al2O3 with homogenous microstructure up to x = 0.46 was 
established.  

Chapter 6 introduces the characterization of the mechanical and optical properties of the AlScN. 
Elastic modulus and CTE of AlScN (Sc concentration up to x = 0.4) were analyzed by thermal cycling 
up to 400°C. Another part of this chapter is the optical measurement, Raman spectroscopy and spec-
troscopy ellipsometry were used to determine the phonon modes and the reflectance of the 
AlScN/Al2O3, and preliminary results are discussed in this part. 

Chapter 7 demonstrates the SAW resonators based on AlScN/Si thin film. The crystalline quality of 
the AlScN grown on the high resistivity Si(001) wafers was investigated. AlScN-based SAW resonators 
with resonance frequency up to 2 GHz was fabricated, electromechanical coupling was compared 
between AlN and Al0.68Sc0.32N. 

Chapter 8 summarizes the whole work presented in this dissertation and gives a short outlook of the 
future direction of the research, including other AlN based ternary alloys for electro-acoustic applica-
tions, the combination of AlScN thin films with graphene electrodes, and the integration in other 
electro-acoustic resonators to reach the higher resonance frequencies. 
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2 Piezoelectric AlScN thin films for electro-
acoustic applications 

This chapter is discussing the theoretical background of the piezoelectric material AlScN and the dep-
osition method of thin film AlScN. It starts with the principle of the piezoelectric effect, as the most 
important property of AlScN and basic in the electro-acoustic applications. A detailed explanation of 
these piezoelectric components is necessary for understanding the correlation of these components 
and the conditions of measured values, which will be used in the deposition optimization of the sput-
tered AlScN, characterization of the AlScN thin films, and the AlScN-based resonators. 

Following the piezoelectricity and piezoelectric materials, the physical properties of AlN, ScN and 
AlScN are introduced. In this part the physical parameters and the theoretical background of the mate-
rial AlN and ScN are explained; the mechanism of piezoelectric coefficient increase, the research pro-
gress and state-of-the-art of the AlScN are also included in this part. Afterwards, the theory of magne-
tron sputtering and the growth mechanism from nucleation to the evolving of the microstructure are 
discussed in detail, the relationship between the kinetic energy of the sputtering species and micro-
structure of the deposited film helps the optimization of the sputtering process.  

2.1 Piezoelectricity  

The piezoelectric effect is defined as “the electric field or electric polarization is produced by pres-
sure.” or “the material is deformed when in an electric field”, these phenomena were describing the 
direct effect and the converse effect, respectively. In 1880, the piezoelectricity was initiated as a re-
search field in crystal physics by brothers Curie, the temperature at which material losses the ferroelec-
tric properties is also called Curie temperature [12]. They discovered the tension and compression 
generated electric field are proportional to the applied load, and Hankel named it piezoelectric effect 
[13]. Voigt described later the crystal classes which is correlated to the piezoelectricity using tensor 
analysis [14]. When the applied stress or load is applied on the piezoelectric material, the polarization P 
could be expressed mathematically as: 

 𝑃 = 𝑑𝑖𝑖𝑖𝜎𝑗𝑗 2-1 
 

Here the dijk and σ are defined as the piezoelectric coefficient (or piezoelectric modulus in some litera-
ture) and stress tensor, respectively. The indices i, j, k stand for the components of the tensor. Since 
the piezoelectricity is the third-rank tensor, the 27 components make the piezoelectric coefficient cubic 
array of 3 by 3. A Voigt notation is introduced to simplify the tensor components [14]: 
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Tensor (jk) 11 22 33 23, 32 13, 31 12, 21 
Voigt (k) 1 2 3 4 5 6 
 

As the tensor σ111 = σ1, but the 2σ123 = σ14, which should be noticed. According to the Voigt notation, 
Equation 2-1 is derived as: 

 �
𝑃1
𝑃2
𝑃3
� = �

𝑑11 𝑑12 𝑑13
𝑑21 𝑑22 𝑑23
𝑑31 𝑑32 𝑑33

   
𝑑14 𝑑15 𝑑16
𝑑24 𝑑25 𝑑26
𝑑34 𝑑35 𝑑36

� ⋅

⎝

⎜⎜
⎛

𝜎1
𝜎2
𝜎3
𝜎4
𝜎5
𝜎6⎠

⎟⎟
⎞

. 2-2 

 

From the matrix above, it is more compact than the previous tensor notation in 2-1. As the direct 
effect of the piezoelectricity is already discussed previously, the converse effect it is expressed as: 

 ϵ𝑗𝑗 = 𝑑𝑖𝑖𝑖𝐸𝑖 2-3 
 

Here the ϵ is the strain tensor and the E is the electric field, this equation is to describe the shape 
change when the piezoelectric material is placed in an electric field, and it is a thermodynamic conse-
quence of the direct effect.  

To simplify the tensor notation, the Voigt notation is also used to reduce the order of the ϵij and dijk: 

 

⎝

⎜⎜
⎛

𝜖1
𝜖2
𝜖3
𝜖4
𝜖5
𝜖6⎠

⎟⎟
⎞

=

⎝

⎜
⎜
⎛

𝑑11 𝑑21 𝑑31
𝑑12 𝑑22 𝑑32
𝑑13
𝑑14
𝑑15
𝑑16

𝑑23
𝑑24
𝑑25
𝑑26

𝑑33
𝑑34
𝑑35
𝑑36

   

⎠

⎟
⎟
⎞
⋅ �
𝐸1
𝐸2
𝐸3
�. 2-4 

 

However, the piezoelectric coefficient tensor d33 in the 2-4 still has 18 components. To further reduce 
the components, symmetry of the piezoelectric material is considered: for example, the hexagonal 
wurtzite AlN has space group P63mc, which is in the class of the 6mm, the dij matrix in the direct ef-
fect piezoelectricity could be simplified as: 

 𝑑𝑖𝑖 = �
0 0 0
0 0 0
𝑑31 𝑑31 𝑑33

   
0 𝑑15 0
𝑑15 0 0

0 0 0
�. 2-5 

 

In the matrix, the d31 = d32 and d24 = d15, therefore they exist two times. Here the indices 1….6 stands 
for the direction of the a-axis(indices 1), b-axis(indices 2), c-axis(indices 3), shear about 
a-axis(indices 4), shear about b-axis(indices 5) and shear about c-axis(indices 6). In the piezoelectric 
coefficient dij, i stands for the direction of the polarization, and j stands for the direction of the strain: 
e.g. the d33 indicating the induced polarization along the c-axis by the stress applied on the c-axis. 
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However, the direct and converse effects are indicating the case, where the external electric field or the 
stress is zero. Normally, the piezoelectricity is described in piezoelectric constitutive equations in a 
strain-charge form [15]: 

 𝐷 = 𝑑𝑖𝑖𝜎𝑗 + 𝜉𝑖𝑖𝜎𝐸𝑖 2-6 
 ϵ𝑗𝑗 = 𝑆𝑖𝑖𝐸 + 𝑑𝑖𝑖𝐸𝑖 
 

and stress-charge form: 

 𝐷 = 𝑒𝑖𝑖𝜖𝑗 +  𝜉𝑖𝑖𝜖 𝐸𝑖 2-7 
 ϵ𝑗𝑗 = 𝐶𝑖𝑖𝐸 + 𝑒𝑖𝑖𝐸𝑖 
 

In the strain form, D is the dielectric displacement, 𝜉𝑖𝑖𝜎  indicates the relative permittivity under con-

stant stress, 𝑆𝑖𝑖𝐸  stands for the material compliance; while in the stress form, 𝜉𝑖𝑖𝜖  indicates the relative 

permittivity under constant strain, 𝐶𝑖𝑖𝐸  stands for the material stiffness. 

The stiffness C and the material compliance S are the elastic properties of the material, for the hexag-
onal material, the order is reduced because of the symmetry: 

 𝐶𝑖𝑖 =

⎝

⎜
⎜
⎛
𝐶11 𝐶12 𝐶13
𝐶12 𝐶11 𝐶13
𝐶13
0
0
0

𝐶13
0
0
0

𝐶33
0
0
0

   

0 0 0
0 0 0
0
𝐶44
0
0

0
0
𝐶44
0

0
0
0

1
2

(𝐶11 − 𝐶12)⎠

⎟
⎟
⎞

 . 2-8 

 𝑆𝑖𝑖 =

⎝

⎜⎜
⎛

𝑆11 𝑆12 𝑆13
𝑆12 𝑆11 𝑆13
𝑆13
0
0
0

𝑆13
0
0
0

𝑆33
0
0
0

   

0 0 0
0 0 0
0
𝑆44
0
0

0
0
𝑆44
0

0
0
0

2(𝑆11 − 𝑆12)⎠

⎟⎟
⎞

 . 2-9 

 

In the measurement and analysis of the piezoelectric properties and describe the material elastic prop-
erties, the translation between C and S is crucial, and will be used in the characterization of the 
mechanical properties of AlScN. Therefore the relationship between the stiffness and compliance is 
shown below [16]: 

 𝑆11 =
𝐶11𝐶33 − 𝐶132

(𝐶11 − 𝐶12)[𝐶33(𝐶11 + 𝐶12) − 2𝐶132 ]  2-10 

 𝑆12 = −
𝐶12𝐶33 − 𝐶132

(𝐶11 − 𝐶12)[𝐶33(𝐶11 + 𝐶12) − 2𝐶132 ]  2-11 

 𝑆13 = −
𝐶13

𝐶33(𝐶11 + 𝐶12) − 2𝐶132
  2-12 
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 𝑆33 =
𝐶11 + 𝐶12

𝐶33(𝐶11 + 𝐶12)− 2𝐶132
  2-13 

 𝑆44 =
1
𝐶44

  2-14 

 

Another coefficient which is related to the piezoelectric material and very important for the resonators 
based on piezoelectric material is the electromechanical coupling factor. It is defined as the ratio of the 
conversion between mechanical and electrical energy. The electromechanical coupling factor discussed 
in this work is divided into two categories according to the material or the fabricated devices. 
Considering the piezoelectric tensor components of the material, the material coupling factor is 
expressed as [17,18]: 

 
𝑘𝑡2 =

𝑒332

�𝑐33 + 𝑒332
𝜀33

� 𝜀33
 2-15 

 

Where the ε33 is the dielectric constant along the c-axis, and the indices t of the kt2 means that it is 
along the thickness direction. Another coupling factor is regarding the measurements of the piezoelec-
tric resonator at the frequency of resonance, which is called the effective coupling factor: 

 𝑘𝑒𝑒𝑒2 = (𝑓𝑝2 − 𝑓𝑠2)/𝑓𝑝2 2-16 
 

The fp and fs are the frequencies at the admittance maximum and impedance maximum conditions, 
respectively. The effective coupling is dependent on both the material coupling factor as well as the 
resonator geometry. 

2.2 Aluminum scandium nitride, a novel piezoelectric materi-
al  

2.2.1 Aluminum nitride 

Back to the early years in 1960, when the microelectromechanical system (MEMS) started to develop, 
piezoelectric material was not widely used and only limited to ZnO due to the deposition technology. 
During the time the transducers were based on Lead zirconate titanate (PZT), and it was even more 
difficult to process and integrate on the silicon. Furthermore, the PZT suffered from low quality factor 
for radio-frequency applications and caused contaminations in CMOS production. As the ALN was 
introduced to the commercial use of the resonator, it drew a huge interest in the AlN MEMS applica-
tion, due to the ideal reproducibility of the deposition, great compatibility in the silicon technology and 
enhanced performance in the AlN MEMS devices [19].  
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The atomic structure of AlN is shown in Figure 2-1, which indicates that piezoelectric wurtzite AlN is 
a close-packed hexagonal structure with space group P63mc (P: primitive, 63: screw axis with periodic-
ity 6 and displacement 1/3 along c-axis, m: mirror plane p {100}, c: glide plane along c-axis, respective-
ly). The lattice parameter c and a are 4.98 Å and 3.11 Å, respectively. u = 0.38 is the internal parameter, 
which defines the length of the bond length of anion-cation along the c-axis. One Al atom is attached 
to four N atoms in a tetrahedral like form. However, the Al-N bond B2 along the c-axis (0001 direc-
tion) is slightly longer than the other three bonds B1 (shown in Figure 2-2), which is 1.90 Å and 
1.89 Å, respectively. Because of the asymmetry of the wurtzite structure, the AlN has a polar axis along 
the c-axis direction, which leads to an spontaneous polarization along the c-axis[20,21]. Furthermore, if 
the spontaneous polarization is already present in the crystal, the change in temperature will also 
change the polarization, this phenomenon is called pyroelectricity [22]. When the strain is applied 
along the c-axis direction, the displacement causes dipole moment change and leads to the polarization, 
which is called the piezoelectric effect. AlN is both exhibiting “positive” (aluminum) or “negative” 
(nitrogen) polarity, depends on the synthesize method and conditions, such as oxygen in the process 
gas [23,24], process pressure [11], especially seed layer or substrates [25]. Furthermore, there are some 
methods to increase the piezoelectricity by deposition the c-axis oriented AlN with tilting [26,27]. 

 
Figure 2-2 Tetrahedral geometry of the AlN, B1 and B2 stand for different Al-N bonds. 
 
As a wide band gap III-V nitride semiconductors, AlN has 6.2 eV band gap while measured at the 
absorption edge [28], but the measured band gap is obtained at lower energy due to the defects gener-

 
Figure 2-1 AlN with hexagonal wurtzite atomic structure, silver and yellow atoms stand for Al and N, drawn by 
usig VESTA 
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ated during growth [29]. Furthermore, there were also some reports of the optical properties measured 
by Raman spectroscopy, the focus is normally on the E2(High) and A1(LO) modes [30–32], due to 
their relation to the stress and the crystalline quality. The thermal expansion coefficient of the AlN was 
determined by measurements and theoretical calculations, the value is between 4.35-5.27 × 10-6 K-1 and 
also temperature dependent [33–36]. The physical properties of AlN are summarized in Table 2-1. 

Table 2-1 Physical properties of AlN 
AlN properties Values 
Structure Hexagonal wurtzite, space group P63mc 
Lattice parameter c 4.98 Å [37] 
Lattice parameter a 3.11 Å [37] 
Band gap Eg 6.2 eV [38] 
Linear thermal expansion coefficient α 5.27 ×10-6 K-1 [34] 
Refractive index n 2.15 [39] 
Piezoelectric coefficient d33 5.5 pC/N [40] 

 

2.2.2 Scandium nitride 

Scandium nitride (ScN) is normally stable with rock-salt cubic structure with space group Fm3m (F: 
face-centered, m: mirror along {001}, 3: 3 fold symmetry along body diagonal, m: mirroring normal to 
face diagonal, respectively), as shown in Figure 2-3, the lattice constant a = 4.501 Å. The ScN is show-
ing narrow and indirect band gap, which is measured between 2.1 eV and 3.2 eV [41–43]. Compared to 
AlN, ScN is not widely used in the industry. ScN shows potential in the electronic applications, and 
ScN has a very small lattice mismatch (< 0.3%) with GaN and thus serves a very good buffer layer of 
GaN to reduce the defects [44,45]. The deposition methods of ScN are mainly sputtering and molecu-
lar beam epitaxy (MBE) [43,44]. The measured Young’s modulus and Poisson ratio for (111) ScN are 
270 GPa and 0.188 [46], respectively.  

 
Figure 2-3 Cubic structure of ScN [47] 
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Sc 
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In addition, Farrer and Bellaiche also reported the existence of the layered hexagonal ScN [48,49], with 
space group 6/mmm and lattice parameter a = 3.66 Å, c = 4.417 Å. Due to the cubic structure, the 
rock-salt ScN normally doesn’t show piezoelectric effect in the c-axis orientation, however, the 
strained hexagonal ScN is predicted to have piezoelectric coefficient e33 = 12 C/m2 according to the 
first-principle calculations [49].  

2.2.3 Aluminum scandium nitride 

In 2009, Akiyama et al. revealed the up to 400% piezoelectric coefficient d33 increase in the sputtered 
Al0.57Sc0.43N/Si (Figure 2-4 (a)). Although it was the first publication to introduce the AlScN, the 
achieved piezoelectric coefficient was the highest for several years. However, the first AlScN still suf-
fered from distorted crystalline quality in the Sc concentration larger than x ≈ 0.43, the crystalline qual-
ity later was improved by decreasing sputtering temperature [51]. In order to figure out the structural 
stability of the AlScN regarding the Sc concentration, Höglund et al. [50] determinated the mixing en-
thalpy of different crystal structures using ab-initio calculation: wurtzite AlN, rock salt ScN and layered 
hexagonal ScN. Based on mixing enthalpy, the transition of AlScN from hexagonal wurtzite structure 
to cubic rock-salt structure at around x ≈ 0.56 (Figure 2-4 (b)). The electromechanical coupling 
coefficient of AlScN was reported by Wingqvist et al. [18], the electromechanical coupling coefficient 
kt2 in Al0.7Sc0.3N has reached 15% compared to 7% in the AlN. These findings indicated the advantage 
of AlScN in the piezoelectric properties, and huge potential in the electro-acoustic applications in the 
future.   

Some of the works on the theoretical calculations of the AlScN for lattice parameters, band gap, and 
mechanical properties are also worth mentioning. Zhang et al. [52] calculated the lattice parameters c 
and a using density functional theory (DFT), the transition point from hexagonal to rock-salt at 
x = 0.56 was determined, and the band gap ranges from 6.2 eV to 4 eV for AlN and Al0.5Sc0.5N, 
respectively (Figure 2-5). Caro et al. [53] calculated the piezoelectric coefficient and piezoelectric con-
stant of AlScN, and later Zhang et al. [54] calculated the stiffness of the AlScN as a function of Sc 
concentration. 

  
Figure 2-4 (a) Piezoelectric coefficient as a function of Sc concentration reported by Akiyama [3] in 2009 (b) mix-
ing enthalpy reported by Höglund et al. [50] 
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Figure 2-5 Band gap plot of AlScN as a function of Sc concentration, data from theoretical calculation [55], lines 
are the guide for the eye. 
 
The deposition of the AlScN was mainly done by magnetron sputtering. Characterization of AlScN 
was mostly focused on the crystalline quality and piezoelectric properties. Zukauskaite et al. [56] 
determined the piezoelectric response of the co-sputtered AlScN/TiN/Al2O3 grown at 400°C and 
800°C. Mayhofer et al. evaluated the piezoelectric coefficient d33 by Laser Doppler Vibrometry (LDV) 
of Al0.73Sc0.27N/Si sputtered by AlSc target with 30% Sc concentration [57,58]. Fichtner et al. [10] 
identified the abnormal microstructure during the sputtering deposition of the AlScN/Mo/Si 
structure. Barth et al. sputtered 10 um thick AlScN/Si by double ring magnetron sputtering system. 
Felmetsger et al. [59] sputtered AlScN film on 200 mm diameter Bragg mirror by S-gun magnetron 
facility, which showed the potential of the mass production for the device applications. 

Nowadays, more and more electro-acoustic resonators of the AlScN are fabricated, including SAW 
and BAW devices: Gillinger et al. [60] showed unique phase velocity propagation direction of 
AlScN/Al2O3 based SAW resonators, Hashimoto et al. [61] fabricated the AlScN/single crystalline 
diamond  based SAW resonators [62]. Pashchenko et al. fabricated hybrid BAW/SAW structure with 
unique polarity design based on AlScN [63]. Among the publications of the electro-acoustic resona-
tors, part of the work is also collaborated with their industry partners, including EVATEC [64], 
Huawei [65], OEM group [66], Epcos [67] and so on, indicating not only scientific research but also 
huge potential in the industry and market. 

At last, the deposition of the AlScN is not limited to the magnetron sputtering, Hardy et al. [68] 
demonstrated MBE grown AlScN with x = 0.14-0.24 on GaN and SiC substrates, opening a window 
for AlScN from electro-acoustic devices to high charge density electronic devices. Dittmar et al. [69] 
successfully grow the bulk ingot of AlScN by physical vapor transport sublimation, although the lower 
Sc concentration x = 0.0055, the bulk growth enables AlScN in the field of optoelectronics. 
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2.3 Sputter deposition 

Sputtering is defined as the ejection of the species from a condensed matter target due to the bom-
bardment of the particles, the first report of the of sputtering to deposit thin film was in 1852 [70]. 

 
Figure 2-6 Schematic figure of reactive DC-magnetron co-sputtering. 
 
In a sputtering process, the source of the coating material is called a target and mounted in the vacuum 
chamber. The target could be either pure element or ceramic. Furthermore, to control the mixture of 
the materials in the film deposition [71], sputtering system can be equipped with multiple different 
targets, which is called co-sputtering. The partial power on the target in the co-sputtering could be 
adjusted independently, thus the composition of the required material is tailored. 

The schematic figure of the co-sputtering setup used in this work is shown as an example (Figure 2-6). 
Inside the chamber, the targets serve as cathodes and the substrate serves as anode, the substrate is 
mounted opposite the target in our case and chamber was evacuated by turbo molecular pump (TMP) 
to a range from 10-6 to 10-8 mbar. Later the reactive and inert gas is introduced to the chamber, which 
is N2 and Ar for AlScN. A glow discharge plasma is used to ionize the gas atoms and the ions are 
accelerated toward the targets. Due to the bombardment of the targets, the species such as Al- and Sc- 
are leaving the targets. Under the electric field between the cathode and anode, the sputtering species, 
the gas molecules, and ions are accelerated towards the substrate. To control the electric field, the 
anode could be set as floating potential or with biased potential. It is also dependent on the chamber 
conditions including process pressure or density of the particles, whether the collisions of the particles 
are happening before landing. In discharge plasma the gas molecules are ionized and the electrical 
energy is transferred to the momentum of energetic gas particles. Through collisions, the chemical 
reactions are thus promoted and depositions are conducted. Also, the momentum energy of the im-
pinging sputtering species is influenced by collisions. The collision probability in a gas-phase is often 
defined by mean free path λ, which stands for the distance traveled by the particles between collisions: 

 λ = 1/(𝑁𝑁) 2-17 
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Ar N 
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here the N is the gas-particle density and σ is the collision cross section, which could be written as: 

 𝜎𝑡𝑡𝑡 = 𝜎𝑒𝑒 + 𝜎𝑒𝑒 + 𝜎𝑖𝑖𝑖 + 𝜎𝑎 + 𝜎𝑜𝑜ℎ 2-18 
 

the indices el, ex, ion, a and oth stand for elastic or momentum exchange, excitation, ionization, 
attachment, and other processes, respectively.  

However, initially the sputtering process is limited by low deposition rates, low ionization efficiencies 
and high substrate heating effects due to the secondary electron [72]. The magnetron sputtering tech-
nique was used to overcome these issues. A ring magnet is set around the outer edge of the target to 
form the magnetic fields and constrain secondary electrons, which increases significantly the 
probability of the ionization of atom and results in a dense plasma [73].  

Magnetron could be powered by a variety of methods, such and radio frequency (RF), direct current 
(DC), pulsed-DC and high power impulse magnetron sputtering (HIPMS) [74]. Although DC sputter-
ing is simple and cost efficient, arcs often occur during reactive sputter deposition and can be charac-
terized as a low voltage and high current discharge. Furthermore, the insulating film forming on the 
target surface will drastically reduce the growth rate when using DC sputtering for the dielectric films 
(also called target poisoning). To prevent arcing and the target poisoning, the applied voltage is work-
ing in a DC-pulsed mode, which means a low reversed charge is applied to targets when the charge is 
accumulated on the targets.  

2.4 Growth mechanism 

A continuous polycrystalline film with specific crystallographic orientation consists of the grains with a 
distribution of certain grain size [75].  To understand the mechanism of nucleation and growth of the 
film, including microstructure and its evolution during the sputtering is necessary to control and tailor 
the properties as well as performances of the desired thin film. In the case of sputtering wurtzite struc-
ture AlN thin films, surface roughness [76–78], electrical properties [79,80], and mechanical properties 
[6] will be influenced by the microstructure.  

When deposition is carried out, first atoms or species reach the surface of substrate and form clusters, 
which is called nucleation. Once they are formed, the nuclei will grow in both vertical direction and in 
the lateral direction parallel to the surface, which leads to crystal impingement and coalescence. The 
grain boundaries are created and some initial microstructure characteristics are already formed for this 
newly deposited film. The grain size of the nucleation is normally 10 nm or less, the further thickening 
of the film is necessary because of the application of the films. Two cases of the microstructure evolu-
tion are possible here: If the grain boundary is immobile during island impingement, the microstruc-
ture stays after it is influenced by the nucleation, growth, coalescence etc. However, when the epitaxial 
growth is conducted or columnar microstructure is observed, the in-plane grain size at the start of the 
deposition is often smaller than the grain size on the top surface, due to competitive growth [81]. 
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2.4.1 Nucleation 

The deposition of the thin film evolves mainly by one of the three growth modes: Volmer-Weber 
mode, Stranski-Krastanov mode and Frank-van der Merwe mode [73,82]. In the Volmer-Weber mode, 
small cluster nucleates directly on the surface of the substrate after landing, later they grow into islands 
and coalescence to each other to form a continuous film. Normally it occurs when the grown film 
atoms are bonding stronger between grains than the bonding to the substrate. Frank-van der Merwe 
mode is a 2D-layer by layer growth, when the binding between the film atoms is equivalent to or less 
than the binding of film atoms to the substrate. The Stranski-Krastanov mode refers to a combination 
of the 2D-layer by layer growth from Frank van der Merwe mode and 3D-island growth from Volmer-
Weber mode. In a detail, the atom or clusters first form one or several monolayers, than the further 
growth turns into a 3D-island growth. It is not completely understood when the 2D growth is changed 
to 3D growth, when the lattice mismatch is existing between substrate and film. Here the Volmer-
Weber growth is mainly discussed since we are conducting sputtering deposition at a lower tempera-
ture.[83]  

During the deposition, the adatoms are arriving the surface with a flux R, which indicates the number 
of incoming atoms per unit time on the unit area of substrate. Nucleation occurs when the rate of the 
clusters or atoms continuously grow to form islands is faster than dissolving to cluster or atoms back. 
The rate of nucleation is described and analyzed by capillarity theory or atomistic nucleation process 
[82].  

In the capillarity theory, it is assumed that the heterogeneous nucleation of thin films on the substrate 
surface, atom or clusters are impinging to the surface and aggregates into larger clusters or separating 
to smaller entities through dissociation processes.  A cluster is assumed to have a mean radius r, the 
free energy change 𝛥𝛥 with respect to dissociation could be expressed as: 

 ∆𝐺 = 𝑎3𝑟3∆𝐺𝑣 + 𝑎1𝑟2𝛾𝑣𝑣 + 𝑎2𝑟2𝛾𝑓𝑓 − 𝑎2𝑟2𝛾𝑠𝑠 2-19 
 

where the a1r2, a2r2 and a3r3 stand for the surface that between the cluster and vapor phase, contact area 
between cluster and substrate, and volume of the cluster, respectively. Interfacial tensions ν with indi-
ces v, f and s are representing vapor, film and substrate, respectively. Usually the nuclei is assumed as 
spherical solid phase, then the critical nucleus size as well as critical free-energy can be calculated (the 
maximum size of nucleus and corresponding free-energy). Furthermore, the capillarity theory also 
predicted the dependence of nucleation on substrate temperature and deposition rate quantitatively, 
such as: higher substrate temperature leads to larger critical nuclei size; lower temperature and higher 
deposition rate leads to polycrystalline deposition [82].  

The atomistic nucleation process is first mentioned to treat small amount of the atoms in the earliest 
stage of the growth as macromolecules. It defines critical dissociation energy E and stable critical clus-
ter containing i atoms. This theory is very important because the application in the epitaxial growth, 
that the relationship between crystallographic orientation and conditions of supersaturation and sub-
strate temperature are linked. It suggests the existence of the critical temperature T where the nuclei 
size and orientation would have critical change, and the critical temperature forming epitaxy layer is 
dependent on the material of thin film.  
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Besides the capillarity theory and atomistic nucleation process, other nucleation models such as kinetic 
model, density functional theory (DFT) and diffuse interface theory (DIT) are also developed, howev-
er, due to the limitation of the paragraph, they will not be discussed in detail here.  

2.4.2 Microstructures 

As mentioned before, the microstructures are influencing the properties of the as-deposited thin films, 
therefore it is very important to tune the deposition parameter finely to achieve the required micro-
structures. One of the most well-known model is the structure-zone model developed by Thornton 
[84,85]. In the original structure-zone model the growth behavior was categorized mainly into four 
regimes. The microstructure evolution is constructed as a function of argon pressure and the ratio of 
substrate temperature versus melting temperature of the material. In Zone 1 the T/Tm < 0.1, low sub-
strate temperature leads to low adatom surface mobility. The surface morphology is mainly affected by 
shadowing effect, which means the adatoms are just located on the landing place due to low surface 
mobility and the formed microstructure is mainly influenced by surface roughness and geometry of 
growth equipment. The deposited films thus have lower density despite the high density of the indi-
vidual grains. When the argon pressure is increasing, the voids structure is suppressed by limited ada-
tom surface mobility. At slightly higher T/Tm (0.1-0.3), fibrous grains with conventional grain bounda-
ries are observed, caused by self-diffusion and grain coalescence. According to the literature [6], the 
thin film piezoelectric AlN belongs to Zone T growth. When the T/Tm is increased to 0.3-0.5, the 
even higher surface mobility allows grain boundary migration and recrystallization, thus the columnar 
grain microstructures during the entire growth are observed.  The faceted surfaces and flat grain tops 
could be found, when the T/Tm is further increased to 0.75 or above.  

A revision of the structure zone model was reported by Messier [86] to discuss the zone 1 and zone T. 
The zone T was found with no obvious boundary to zone 1 and the parameter argon pressure was 
replaced by substrate floating potential Vs. The microstructure is highly dependent on the mobility of 
the adatom on the surface, in Thornton’s structure zone model the mobility is correlated to substrate 
temperature. However, the energetic bombardment is also an important process [87] and should be 
considered. Furthermore, the factor of chemically induced mobility, which controlled by adsorption-
desorption characteristics, is also described in the revised model. At lower mobility the zone T is small. 
The range of temperature ratio of zone T increases when higher bombardment energy is introduced. 
In the revised structure zone model the evolutionary growth is also taken into account. Several sub-
zones A to E are assigned by the physical size of the column and void sizes, from 1-3 nm to 300 nm, 
respectively. Larger column sizes are expected in a thicker film. The revised structure zone model thus 
helps to explain a more specific case in the structure zone model developed by Thornton [84]. 

More extended structure zone model of sputtered biaxially aligned thin film growth is discussed by 
Mahieu et al. [83]. In this model the development of the film microstructure towards out-of-plane ori-
entation and off the substrate normal is discussed in detail. For out of plane orientation, the micro-
structures are classified into zone 1a, 1b, 1c, T and II according to the structure information and re-
sulting crystallographic orientation. In zone 1a and 1b, the morphology is formed due to energetic 
bombardment at low temperature. In zone 1c the temperature is further increased and adatom could 
overcome the diffusion barrier to form crystalline islands. One should notice the interesting crystalliza-
tion behavior in zone T and zone II. The high surface mobility would allow grain diffusion and grow 
by kinetic behavior in the zone T. First faceted nuclei with random crystallographic orientation form 



Piezoelectric AlScN thin films for electro-acoustic applications 
 

19 
 

on the substrate, the overgrowth on these nuclei is with the same thickness per unit time. While the 
further enlargement of the grains, impingement between the grains happens and grain boundaries are 
created. During the competition growth, the facets with fastest geometric growth direction will cover 
other grains and overgrow further. Therefore, in zone T straight columns with out-of-plane orienta-
tion will be observed (Figure 2-7). In the zone II the substrate temperature is even higher, which ena-
bles the recrystallization and reconstruction of the atoms. Therefore a straight column structure 
throughout the whole film could be expected, overgrowth in the zone T will not happen. 

 
 
Figure 2-7 Schematic figure of the microstructure: (a) Adatom diffuses between grains and facets formed (b) 
Facet thickening in the out-of-plane orientation (c) Facets overgrow and straight columns created. 
 

2.5 Sample preparation and sputtering procedure 

Throughout the study of AlScN thin films, reactive DC-pulsed magnetron co-sputtering cluster system 
was used to conduct the deposition experiments. The sputtering cluster is shown in Figure 2-8, the 
load lock, plasma etching chamber and sputtering chamber with substrate heater are used to prepare 
the AlScN thin films on the substrate. The handling system could manage to transfer 200 mm wafers 
loaded in the cassette of 10 wafers.  

 
Figure 2-8 Reactive DC-pulse magnetron sputtering cluster system at Fraunhofer IAF. 
 
To complete a whole process of sputtering AlScN, the wafer is first loaded and transferred into 
soft-etching chamber. Induced coupled plasma (ICP) etching is applied to remove oxides on Si wafers 
and other residuals on the surface. Besides, it leads to the roughening of the surface and helps the 
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nucleation of the film. Afterwards, the cleaned wafer is transferred to the sputtering chamber and the 
temperature of substrate heater is raised to the desired temperature. In order to reach the thermal 
stabilization, the temperature is kept for 30 min. For the ignition of the plasma, Ar and N2 gas are 
introduced to the chamber with large flow and the power is applied to the magnetrons. The linear 
shutter of the Al and Sc target in the step is kept closed, to ensure the successful ignition of the plasma 
and clean substrate surface before growth. In the next step, the linear shutter is opened and the gas 
flow is adjusted to the desired value for the sputtering.  

To achieve the specific Sc concentration, the sputtering chamber is equipped with Al and Sc targets, 
the partial power of Al and Sc magnetron is adjusted independently. Both targets are 100 mm in diam-
eter, the purity of Al and Sc targets are 99.9995% and 99.99%, respectively. The vacuum is reached by 
using TMP and controlled by the butterfly valve, the relationship of the pressure and valve opening is 
plotted below (Figure 2-9). The test was done with 2 sccm Ar and 18 sccm N2 gas, recipes were used 
to sputtering Al0.86Sc0.14N. A strong drop of the pressure when the valve opening of between 20% to 
40% is observed, and a plateau later exists in the region of 40% to 100%. This behavior of the pro-
cessing pressure gives convenience to finely tune the sputtering process according to the different 
desired material properties.  

 
Figure 2-9 Pressure measured by vacuum gauge (MPG500) and baratron as a function of the throttle valve open-
ing. 
 
After the deposition of the AlScN thin film, the wafer is heated up to 300-500°C by the substrate 
heater as well as the bombardment of the sputtering species. To prevent cracks caused by the thermal 
shock, the wafer is cooled down in the sputter chamber for one hour and then unloaded. 

The sputtering wafer is first measured by the ellipsometry to confirm the thickness of the AlScN thin 
films. The wafer curvature is measured by laser profiler before and after the sputtering to characterize 
the film stress. Afterwards, the characterizations are carried out to determine the crystallographic ori-
entation and crystalline quality, microstructure, and other properties. The characterization methods 
such as X-ray diffraction, scanning electron microscopy (SEM), atomic force microscopy (AFM) are 
discussed in detail in the next chapter. 
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3 Characterization methods 

In this chapter, part of the characterization methods to determine the properties of the Al1-xScxN thin 
film will be discussed. The X-ray diffraction is used to confirm the crystallographic orientation of the 
Al1-xScxN. Furthermore, the crystalline quality is also checked. The surface morphology and the micro-
structure of the sputtered film are observed by scanning electron microscopy (SEM), Sc concentration 
of Al1-xScxN is also determined by energy dispersive X-ray spectroscopy (EDX). Berlincourt method 
(also named Piezotest in some literature) offered a simple and fast determination of the clamped pie-
zoelectric coefficient d33 of the Al1-xScxN, which is one of the most important parameters concerning 
the application of the electro-acoustic devices. Besides the characterization of the crystalline quality 
and electrical properties, optical measurement such as Raman spectroscopy and spectroscopic ellip-
sometry are also introduced here. The phonon vibration observed in Raman spectroscopy is an assist 
for us to analyze the internal stress of the localized areas. Spectroscopic ellipsometry are also 
introduced here. Spectroscopic ellipsometry is used to measure the reflection or transmission of the 
Al1-xScxN film, the fitting of the ellipsometry spectra could help to describe the material parameter in 
terms of the dielectric function, and the band gap of the Al1-xScxN could be determined.  

3.1 X-ray diffraction (XRD) 

The X-ray could be considered as electromagnetic radiation when it is impinging on the solid state 
materials, which is arranged periodically and the spacing is around the size of the wavelength of the 
X-ray. In this process, three types of interactions are undertaking concerning the energy range:  

1. When the incoming radiation collides the atom with energy and momentum, electron of the 
atoms are released in the process of the photoionization, which belongs to inelastic scattering.  

2. The incoming X-ray undergoes inelastic scattering process with the atoms and the wavelength 
is changed, which is termed Compton scattering.  

3. X-ray is exciting elastic scattering, during this process the electron oscillates and produce di-
pole radiation with the same frequency of the incoming X-ray, this process is called Thomp-
son scattering and it is used to determine the structural information in the X-ray diffraction 
[88].  

When the X-ray reflection occurs, the relation of the incoming vector and scattered vector is expressed 
by the Bragg equation and the schematic figure is shown in Figure 3-1 (a): 

 
 𝑛 ∙ 𝜆 = 2 ∙ 𝑑ℎ𝑘𝑘 ∙ 𝑠𝑠𝑠𝑠 3-1 

 



Characterization methods 
 

22 
 

 

 
Figure 3-1 (a) Principle of the Bragg's equation, (b) Schematic figure of the Bragg-Brentano diffractometer. 
 

where n is the order (n = 1, 2, 3…..) of the reflection in Bragg equation, λ is the wavelength of the 
X-ray, for the CuKα radiation which is used in this work the λ is 1.5406 Å, θ is the scattering angle 
between incident X-ray and detector and d is the interplanar spacing between crystallographic lattice 
plane with Miller indices h, k, l. The X-ray is impinging the crystallographic lattice plane with spacing 
dhkl on an angle of θ. The spacing varies between different crystal systems, for hexagonal wurzite struc-
ture like AlN, its dependency on Miller indices h, k, l is shown in the following equation (3-2): 

 1
𝑑ℎ𝑘𝑘

2 =
4
3
∙
ℎ2 + ℎ𝑘 + 𝑘2

𝑎2
+
𝑙2

𝑐2
 

3-2 

The constructive inference of the reflective wave can only be achieved when the phase has a shift of 
the 2dhklsinθ, therefore the n in the equation means the reflective order and is an integer.  

Figure 3-1(b) is showing the widely used 2θ/θ Bragg-Brentano geometry. The sample was placed in the 
center of rotation axis and a flat surface is required. From the figure, both incoming and outgoing 
beam has an angle θ with respect to the sample surface.  During the measurement, the diffraction pat-
tern is collected by the detector. When the incident angle is changed by θ, the scattering angle is 
changed by 2θ simultaneously. Normally it is achieved by two symmetric sets of the instruments:  

1. The X-ray source is fixed, the sample is turned by θ and the detector is turned by 2θ, which is 
the common setup used in this work, 

2. The sample is fixed, both X-ray source and the detector are turning by θ, usually it is used in 
the powder diffraction.  

In both setups the intensity 𝐼(2𝜃) as a function of 2θ will be recorded. In the intensity 𝐼(2𝜃) spectra, the 
intensity, shape and position of the reflections in order to determine the parameter such as lattice spac-
ing, strain, grain size, and crystallographic orientation are important. The polycrystalline thin film with 
a certain dominating crystallographic lattice is called preferred orientation or texture. A film with tex-
ture or single crystalline will exhibit certain pattern in the intensity spectra. The crystallographic orien-
tation is one of the most important parameter and it is revealed by indexing the reflections, to index 
the reflection pattern, identification of the phases is done by comparing measured data and records in 
the database, in this work we are using the database with the largest number of datasets, which is edit-
ed by the International Center for Diffraction Data (ICDD). 

θ θ 

𝑑ℎ𝑘𝑘 

Detector X-ray source 
θ 

2θ 

(a) (b) 
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3.1.1 Rocking curve (ω-scan) 

As mentioned that in a 2θ/θ scan, the position of the reflection is used to compare to the database and 
identify the phase information of grown material. The intensity and the shape of the reflection are 
analyzed to confirm the crystalline quality. For the diffraction pattern that contains only a few reflec-
tions, the rocking curve ω-scan could be performed. Similar to the geometry shown in Figure 3-1 (b), 
the sample is mounted to fit the configuration of the 2θ/θ with a certain θ orientation to study. How-
ever, in ω-scan geometry the incoming and outgoing X-ray beam are not coupled, but the outgoing 
angle is fixed. The incoming angle is called ω and fixed in a small range. Normally the symmetric θ/2θ 
scan is first conducted for the fiber texture sample to exhibit preferred orientation. The thin film with 
fiber texture has normally the fiber axis coincident the substrate normal direction, but the crystallites 
are free to rotate around the fiber axis. Afterwards, the preferred orientation is shown as a reflection 
with angle θ in the intensity spectra, which is studied in the ω-scan and the full width at maximum 
(FWHM) of the reflection in the ω-scan intensity spectra is analyzed. 

The FWHM of a rocking curve (0002) peak is considered as one of the most important factor, for 
piezoelectric AlScN thin films which reveals the layer thickness and crystalline imperfection like mosa-
icity. The mosaicity was first introduced by Darwin in 1923, it indicates the single crystalline materials 
with small variation of orientations. There are small grain boundaries between the grains and these 
dislocations allow the misorientation. In the fiber texture, the tilt of crystallites will cause the change of 
FWHM. When all of the crystallites are parallel to the substrate normal, the obtained FWHM is in a 
small value; otherwise a wider reflection with higher FWHM is obtained. 

3.1.2 Grazing incidence X-ray diffraction (GIXRD) 

The penetration depth of X-ray is normally hundreds of micrometer range, but the thickness of the 
thin film is regularly nanometer to micrometer range. Therefore, in the symmetric configuration like 
2θ/θ scan, the structural information of the thin film is rather small compared to that of the substrate. 
To get sufficient X-ray intensity, an asymmetric configuration has been developed to use very small 
incident angle and thus the X-ray path in the thin film is increased drastically (Figure 3-2). This config-
uration is called grazing incidence X-ray diffraction (GIXRD). The measurement is undertaken when 
the incoming angle α is fixed in a rather small value. While the detector is moving along the 2θ circle, 
the outgoing angle regarding the sample surface is 2θ-α instead of θ in the symmetric configuration. 
The incoming, outgoing beam and the sample normal direction are in the same plane, therefore it is 
also called coplanar configuration, the same as θ/2θ scan and ω-scan. 

 
 

Figure 3-2 Schematic figure of GIXRD configuration. 
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3.1.3 Pole figure 

Here we consider the 2θ/θ scan again, I(2θ) spectra are contributed by Bragg reflection parallel to the 
sample surface. However, in the in-plane orientation they are not always isotropic. In the previous part 
the fiber texture is mentioned as all the crystallites aligning parallel to the substrate normal direction. 
The crystallites can also rotate around the fiber axis under fiber texture condition. If there is epitaxial 
relationship between grown layer and substrate, the rotation of the fiber is not possible. This in-plane 
orientation is not detectable neither by 2θ/θ scan or ω-scan. To conduct the scan from various 
orientation, azimuth angle φ and tilt angle ω are introduced. The azimuth angle φ is the angle of rota-
tion around the sample normal, while the tilt angle stands for the angle between sample normal and 
scattering vector. In a pole figure measurement, first the θ/2θ scan are measured in a specific azimuth 
angle φ and tilt angle ω, latter a step such as 5° are applied on the φ or ω, repeat the measurement. The 
schematic figure of the measurement is shown here (see Figure 3-3) with 4 variables ω, 2θ, φ and ψ. To 
visualize the function Ih(φ, ω), normally a stereographic projection named pole figure is used(Figure 
3-4).  

In the stereographic projection, the measurements can be plotted with (φ, ψ), where the azimuth φ is 
from 0° to 360° and it increases in the anti-clockwise direction, ψ is marked from 0° in the center and 
90° in the outer circle. The pole figure measurement has to select first a reflection, e.g. AlN 101�1 is 
used in this work. Due to the fiber texture nature, the crystallites are rotating along the fiber axis but 
aligned to the normal substrate direction, the reflection of random in-plane alignment forms a circle 
marked as red in Figure 3-4 (a). If the epitaxial relationship to the substrate is established, like 
AlN/Al2O3, the pattern of the 6 fold symmetry of the crystal (marked as red dots in Figure 3-4 (b)) is 
shown in the projection, indicating the in-plane alignment of the single crystalline AlN [94]. 

  
Figure 3-4 AlN 𝟏𝟏𝟏�𝟏 pole figure pattern for the AlN thin film with (a) fiber texture, (b) epitaxial rela-
tionship to the Al2O3, red and black spot are representing reflection from AlScN and Al2O3, respective-
ly. In the case of (b), [𝟏𝟏𝟏�𝟎]AlScN//[𝟏𝟏𝟐�𝟎]sapphire and (0001)AlScN//(0001)sapphire is shown [89]. 
 

 
Figure 3-3 Schematic figure of the pole figure.   
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3.2 Scanning electron microscopy (SEM) 

The scanning electron microscopy is the most widely used electron beam characterization method,  
due to the variety of detection modes, the high spatial resolution of the images, flexible size of the 
sample, and also the lower requirement in the sample preparation. SEM is used massively to analyze 
material microstructure and surface morphology. It is the swiftest method to determine the crystalliza-
tion behavior and realize the material quality, thus it becomes the standard measurement after the as-
deposited material is synthesized. 

3.2.1 Electron-beam interaction 

The beam of electrons is generated from the emitter and accelerated by the electrical objects. When 
the electron beam hits the specimen, the interaction is categorized into elastic scattering and inelastic 
scattering. The inelastic scattering leads to the transfer of energy and numerous processes, such as 
secondary electron excitation, inner shell ionization, Bremmstrahlung and excitation of phonons [90]. 
Those processes can be simulated and visualized by Monte Carlo simulation as shown in Figure 3-5, 
which is also called electron-beam interaction volume. 

 
 

Figure 3-5 Visualized electron beam interaction volume, modified according to [90] 
 
There are lots of aspects which could influence the interaction volume. First, the size of the volume is 
strongly dependent on the energy of the electron beam. As the beam energy increases, the electron 
trajectories near the surface become straighter and penetrate deeper due to the elastic scattering; also 
the energy loss rate is smaller and the electron beam enters with higher energy. Second, the higher 
atomic number leads to more elastic scattering and larger scattering angle. Third, the inclination of the 
sample surface also brings asymmetric and smaller interaction volume. 

3.2.2 Energy dispersive X-ray spectroscopy (EDX) 

As in 1968 the solid state energy-dispersion spectrometer was first mentioned by Fitzgerald et al. [91], 
the concept to use characteristic X-ray to determine the chemical composition of the sample is gener-
ated. Later the resolution of the detector is much developed and EDX module integrated in SEM as 

2µm 
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well as TEM (Transmission electron microscopy) is used to identify the chemical composition of the 
specimen, qualitatively and even quantitatively.  

 
Figure 3-6 Schematic figure of characteristic X-ray emission 
 
When the high-energy electron beam strikes an atom and reaches the critical excitation energy Ec, the 
electron in the inner shell (K) will be excited and ejected, which leaves a vacancy in the inner orbital. 
The electron from outer shell will fill in the vacancy to reach the minimum energy, which is shown in 
the Figure 3-6. When the transitions of electron from outer shell to the inner shell are happening, they 
generate characteristic X-ray radiation and for each atom every shell is unique. To specify the X-ray 
lines, e.g., Kα is corresponding to the electron transition from L shell to K shell, Kβ is corresponding 
to the electron transition from M shell directly to K shell, Lα is the transition from M to L shell, 
etc.[90] 

These X-ray photons will be captured by the crystal inside the detector and create electron-hole pair. 
The electrical signal is formed by applying bias voltage and is sent to the amplifier and processed in the 
computer. To reach the low noise-to-signal ratio, the detector is kept at -25°C by thermocouple during 
the operation. 

The identification of the X-ray line in the EDX is quite straightforward. First, the acceleration voltage 
of the electron beam (EHT), aperture, current, and accumulation time should be set to the value that 
the X-ray peak intensity is high enough to recognize. In this work it is measured normally under 
15 kV, 120 um, high current mode, and 3 min, respectively. However, due to small grain size 20-30 nm 
for AlScN, under this configuration, it is very hard to recognize the grain boundaries of the grains, 
therefore the mapping of the surface is not possible. The Sc peaks are observed at 0.4, 4.1 and 4.5 keV, 
while the Sc Kα peak (4.1 keV) is chosen for qualitative and quantitative determination due to the 
overlapping of other Sc peaks with N. Possibly O peak will be observed at 0.5 keV and Ar peak will be 
at 3 keV position. The existence of the Si peak is indicating the interaction volume is into the Si sub-
strate, as shown in the Monte Carlo simulation by the Bruker Quantax software the penetration depth 
is around 2 um at EHT = 15kV.  

To determine the Sc concentration in the AlScN thin film quantitatively with EDX is a tricky but im-
portant task, due to the benefit from the short measurement duration and non-destructive feature of 
the EDX. EDX is more suitable compared to the complex sample preparation in SIMS (Secondary 
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Ion Mass Spectroscopy). However, if higher accuracy is needed, the RBS (Rutherfold Backscatter 
Spectroscopy) should be performed. 

The first approximation of the relationship between peak intensity Ii and the concentration Ci (wt%) of 
the element i are discussed by Castaing in his PhD thesis in 1951: 

 𝐶𝑖
𝐶𝑖𝑠𝑠𝑠

=
𝐼𝑖
𝐼𝑖𝑠𝑠𝑠

= 𝑘𝑖 3-3 

 

where the k stands for relative intensity ratio. To apply the equation for quantitative calculation, first 
the concentration of reference or standard specimen needs to be confirmed. Then the X-ray intensity 
of the element i has to be measured by the same X-ray detector under same conditions, including inci-
dent energy of electron beam, aperture, current, take-off angle etc. Once the k is value is obtained, a 
correction coefficient according to the atomic number Z, absorption factor A and fluorescence effects 
has to be considered, which has been often referred to the well-known ZAF method [92].  

 
[𝑍 ∙ 𝐴 ∙ 𝐹]

𝐶𝑖
𝐶𝑖𝑠𝑠𝑠
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𝐼𝑖
𝐼𝑖𝑠𝑠𝑠

= 𝑘𝑖 
 

3-4 
 

The actual calibration of the AlScN sample regarding the quantitative Sc concentration determination 
is done by the reference sample measured already by SIMS. Therefore the peak intensity ISc are show-
ing the amount of Sc, to exclude the influence of measurement on the absolute intensity of the Al or 
Sc peak, a ratio of ISc/( IAl + ISc) is used to determine the Sc concentration. This ratio EDX spectra are 
compared to the Sc concentration in the SIMS, thus the equation of the Sc concentration regarding the 
Sc peak intensity is established, this work will be discussed in detail in Chapter 5.2.1. 

3.3 Atomic force microscopy (AFM) 

In 1986 the atomic force microscopy was first invented by Binnig et al. [93] to have high sensitivity to 
measure the surface morphology for conductor and insulator. Beside the lateral information, the AFM 
is also capable of the height information of the surface to provide height distribution as well as rough-
ness. Therefore not only the SEM is involved in this work for the surface morphology and microstruc-
ture, but also the AFM is frequently used to determine the more detail mapping with roughness and 
3D size of the microstructure. Furthermore, the homogeneity of the piezoelectric phase can be meas-
ured by the piezoresponse force microscopy (PFM) module.  

Typically the scanning modes are categorized by the contact behavior into 3 cases: Contact mode, 
Non-contact mode and A.C. mode (Tapping mode). In the contact mode, the tip is kept contacting 
the surface and the cantilever is bending during the measurement. The bend is caused mainly by the 
Van der Waals repulsive force. Images are obtained by analyzing the deflection of the cantilever. How-
ever, because of the contact of surface it may induce some damage of the soft material and fast con-
sumption of the tip. In the non-contact mode the probe is oscillating with specific resonance frequen-
cy above the surface, the frequency deviation is detected due to the Van der Waals attractive force and 
the image is formed. However, it needs vacuum condition for better imaging, it is influenced by the 
contamination on the sample and the lateral resolution is low. The intermediate mode (or A.C. mode) 
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is to combine the feature of contact and non-contact mode. First, the tip is excited at the resonance 
frequency with large amplitude, the excitation is finished by the piezo inside the AFM. Besides, the tip 
is also touching the surface, which means the tip is affected by both Van der Waals repulsive and at-
tractive force. Furthermore, the tip could penetrate into the contamination layer and touch the real 
sample surface [94]. The feedback is normally based on both amplitude signal and phase, while the 
amplitude is reduced by contact of the surface and phase shift also happens [94]. 

Surface roughness and morphology was measured at Fraunhofer IAF by JPK Nanowizard III AFM in 
tapping mode with PPP-NCHR tips. The schematic figure of atomic force microscopy is shown be-
low: 

 
Figure 3-7 Schematic figure of atomic force microscopy 
 
The tip is shaped like polygon based pyramid with a typical radius of 2 nm [95]. The cantilever with 
force constant could be considered as a spring plate, where the bend or the deflection is formed due to 
the Van der Waals force when it contacts the sample surface. The backside of the cantilever is coated 
with Al, therefore the laser beam is reflected and the deflection is captured by the photodiode.  

 
Figure 3-8 Lock-in amplitude and lock-in phase as a function of oscillating frequency, marked as black dots and 
blue dots, respectively. The red dash lines are indicating the set point as Lock-In Amplitude and tip resonance 
frequency. 
 
Before the measurement, the resonance frequency as well as lock-in amplitude has to be selected, 
which is to keep amplitude at the maximum value. After mount of the sample and optical alignment of 
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the laser on the cantilever, A.C. mode has to be selected to perform the frequency tuning. The first 
step is to choose the resonance frequency, which is normally dependent on the tip, e.g., PPP-NCHR 
has 330 KHz as nominal frequency and the actual frequency ranges from 200 to 400 KHz (Figure 3-8), 
one significant peak with high amplitude will be recognized as resonance frequency. If multiple peaks 
are observed, the peak with strongest amplitude should be selected. To choose the frequency with 
highest intensity will allow high resolution of the topographic image. As shown in Figure 3-8, the actu-
al frequency is located off the maximum and slightly shifted to the lower frequency, this is due to the 
shift to higher frequency during the measurement. When the frequency is chosen, the system will au-
tomatically adjust the phase to the zero, which means the applied phase is matching the actual operat-
ing frequency. Second is to choose the set-point (Figure 3-8), the set-point means the interaction force 
between tip and sample surface, because the feedback in the A.C. mode is based on decreased ampli-
tude. Therefore, the lower the set-point, the higher interaction force applies on the sample surface. 
With a low set-point it is possible to consume the tip very fast and with high set-point the system 
could not approach the sample surface. For the used system the typical number is 0.6-0.7 V. 

Furthermore, the roughness is also very important surface properties for applications, e.g., for surface 
acoustic wave devices to further deposit finger structure, smooth surface is required. In AFM the 
Root-mean-squared roughness Rrms is commonly used, the expression is shown below: 

 

𝑅𝑟𝑟𝑟 = �
1
𝑛
�𝛾𝑖2
𝑛

𝑖=1

 3-5 

 

To give a general idea of the roughness, for AlN thin film Rrms is around 1 nm and for good quality 
AlScN Rrms is smaller than 2 nm. 

3.3.1 Piezoresponce force microscopy (PFM) 

The piezoresponce force microscopy was first introduced by Guenthner et al. [96] as poling and imag-
ing the localized piezoelectricity of the polymer film at the same time. Also the mechanism and appli-
cations are mentioned in some review papers [97–99]. In this work, the piezoelectric property is the 
most important and the main advantage of AlScN thin film. Therefore, the PFM is the method to 
bridge the surface topography and piezoelectric domain information. Through mapping the piezoelec-
tric domain, e.g., piezo-amplitude, piezo-phase and height, overview of the sample surface and quanti-
tative study can be made. 

PFM is based on contact mode with conductive tip. Modulated A.C. voltage and D.C. bias is applied 
to the tip, while the piezoelectric amplitude and phase are recorded by two lock-in amplifiers simulta-
neously. The resonance frequency (or coupled resonance frequency) is chosen when the tip is ap-
proached to the sample, also named “resonance PFM”.  In this mode the resonance frequency is nor-
mally up to 1 MHz, much higher than the resonance frequency. Furthermore, the topographic image 
of AFM is recorded simultaneously [100,101].  

Before PFM measurements, calibration is necessary to determine the range and zero reference of the 
piezo-phase, which is done by measuring PPLN (periodically poled lithium niobate) with 0° and 180° 
polarization.   
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3.4 Berlincourt method 

As mentioned in the previous chapter, one of the most important advantages of AlScN is the in-
creased piezoelectric response. The piezoelectric response is defined by piezoelectric charge coefficient 
dij, higher dij means more active piezoelectric response. To measure the piezoelectric response there are 
several methods available with varieties of accuracy and simplicity, such as, displacement measured by 
PFM [40], double-side beam interferometry (DBI) [67] and characterization of cantilevers [102]. The 
most widely use method is the Berlincourt method [51,103,104], with which it is convenient to excite 
the resonance and obtain the piezoelectric coefficient in the thickness direction. 

The Berlincourt method is often conducted by Piezometer, the operating principle could be expressed  
as [105]: 

 d33,𝑓 = [𝛿𝛿3/δ𝐸3]𝑇 3-6 
 

where the S and E stands for the strain and electric field strength, respectively. The indices 3 and T are 
indicating it is measured along z-direction under constant stress, respectively. The measurement setup 
consists of two parts: the force head and controller. In the force head the static preload and load with 
oscillating are applied on the sample. The controller is regulating frequency of the oscillation, measur-
ing the charge and calculating the d33 value. Effects such as frequency, static preload, and sample re-
placement could lead to the deviation of measurement. Therefore AlScN/Si samples are cut into 
1 × 1 cm2 pieces and the preload is kept at 10 N for each measurement.  

 
Figure 3-9 Schematic figure of the Piezotest setup 
 
In the measurement of the Berlincourt method, first the AlScN/Si layer structure is achieved. After-
wards, the Ti electrodes with diameter around 3 mm are sputtered on the AlScN and the AlScN/Si 
wafers are diced into small pieces. The Piezotest is turned to the d33 mode, AlScN pieces are clamped 
between the top and bottom electrode. Because the Si wafer used in this work is highly conducting, 
there is no need of bottom metal electrode for the measurement. The preload is adjusted by turning 
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the screw spring of the top electrode, to keep the 10 N constant for each sample and ensure the re-
peatability of the measured d33.  

3.5 Raman spectroscopy  

The Raman spectroscopy is a powerful characterization method to evaluate the parameter of the thin 
film, one of the most important uses is to determine the local stress of the AlN [106]. Besides, in the 
Raman spectroscopy the bonding information can be investigated by the phonon vibration modes. For 
wurtzite structure, the active optical phonon modes visible in AlN and AlScN in this work are listed in 
Figure 3-10. Among all of the optical phonon modes, A1 and E1 are along the polar axis, they are both 
IR and Raman active, they are divided into transverse optical (TO) and longitudinal (LO) phonon 
modes. In the E2 symmetry the subscripts “low” and “high” indicates two different atomic displace-
ment in the basal plane, therefore they are non-polar modes [107]. 

 
Figure 3-10 Optical phonon modes in wurtzite [32] 
 
Furthermore, the configuration of the geometry in the Raman experiment (set by the filter) also influ-
ences the optical mode which is visible in the spectra, called Porto’s notation. The Porto’s notation 
consists of four letters a(b, c)d, where a means propagation of the incoming light direction, d means 
propagation of the scattered light direction; b and c stand for the polarization direction of incoming 
and scattered light. For the wurtzite crystal nitrides, the optical modes are visible under different con-
figurations [108]. 

For example, the E2 peak for wurtzite AlN is visible in the z(x, y)z ̅ configuration, which indicates the 

incoming laser beam and outgoing is propagating parallel to the c-axis orientation of wurtzite struc-
ture, polarization of the incoming and scattered beam are perpendicular to each other. Due to the 
weakening of the E2 peak in the AlScN reported in the literature [109] and study of the higher Sc con-
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centration, the Raman measurements are not confined in a specific configuration with filters. This 
work is discussed in Chapter 6.1.3. 

Table 3-1 Raman configuration and correlated modes in wurtzite nitrides 
Configuration Mode 
x(y, y)x̅ A1(TO), E2 

x(z, z)x̅ A1(TO) 
x(z, y)x̅ E1(TO) 
z(x, x)z̅ A1(LO), E2 
z(x, y)z̅ E2 

 

The Raman spectra of AlScN samples were collected by Renishaw Invia Raman spectroscopy 
equipped with 532 nm Laser, with a 100× objective lens and 3000 l/mm grating. Before measurement 
the system was calibrated with Si reference sample. 

3.6 Spectroscopic ellipsometry (SE) 

Ellipsometry is an optical measurement technique to characterize the optical reflection or transmission 
from the sample.  As shown in Figure 3-11, light with s-plane polarized and p-plane polarized is irradi-
ating the sample with Brewster angle (normally 70-80°, will be explained later) , two values amplitude 
ratio ψ and phase difference Δ of the  reflected s- and p- plane polarized light waves are analyzed. 
When the sample structure is not too complicated, the ψ and Δ are determined by reflective index n 
and extinction coefficient k, respectively. After reflection, the polarized light normally becomes ellipti-
cally polarized, therefore the characterization method is called ellipsometry [110]. 

 
Figure 3-11 Schematic figure of light polarization with a sample. 
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3.6.1 Refractive index 

When the light advances into an optically different media, the refractive index n is defined as: 

 𝑛 = 𝑐/𝑠 3-7 
 

where the c and s are the constant value of light speed in vacuum and light speed of light in a medium, 
respectively. When the medium is transparent, n could determine the propagation of the electromag-
netic waves completely; while the medium is strongly light absorption, we introduce imaginary part 
extinction coefficient k and define the complex refractive index N as: 

 𝑁 = 𝑛 − 𝑖𝑖 3-8 
 

When k = 0, it means the light travels without loss, while the k > 0 means the light is absorbed. 

As the light propagation in a medium is described by the complex refractive index N, actually it is 
determined by dielectric polarization generated in that medium. The media with large dielectric polari-
zation is called dielectric, there are mainly 4 kinds of dielectric polarization: 

• External electric polarization  
• Atomic polarization 
• Orientation polarization 
• Dipole moment 

The magnitude of the polarization is defined as dielectric constant ε (also called permittivity). Since the 
light wave is electromagnetic wave, it has A.C. electric field and with sinusoidal shape. Thus the polari-
ty of the surface charges varies with the time, the electric dipole does so as well. The time-varying ex-
ternal field accelerates the electric dipoles and radiates electromagnetic waves, which is known as elec-
tric dipole radiation, the frequency of the radiated electromagnetic field is equal to the external electric 
field. In the definition of the refractive index, the conclusion is that higher refractive index leads to 
lower light speed in a specific medium. If considering the electric dipole radiation, thus the decreased 
propagation speed is caused by the dipole in dielectrics which is with high ε value. Here the complex 
refractive index N is also defined by: 

 𝑁2 = 𝜀 3-9 
 

ε is complex number which defined by: 

 𝜀 = 𝜀1 − 𝑖𝜀2 3-10 
 

Similar to the complex refractive index, the ε2 is also imaginary part.  
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3.6.2 Brewster angle 

When the ellipsometry measures the ratio of amplitude reflection coefficients from s- and p- planes, 
the difference between is maximized at one certain incident angle. At the meantime, the sensitivity is 
also at maximum at the angle, which called Brewster angle and normally the ellipsometry is performed 
at the Brewster angle θB [111]. According to the Brewster’s law, the expression of θB is: 

 𝑡𝑡𝑡𝜃𝐵 = 𝑛𝑡/𝑛𝑖 3-11 
 

Here the n is refractive index and the subscripts t, i represent transmission and incidence, respectively. 
If we consider the polarized light in p-plane, when the incident angle is θi < θB and transmitted with θt, 
the atoms near the interface will have electric dipole radiation, reflected light is extracted only by the 
light wave with the same reflection and incident angle θi = θr. When θi ≠ θB, there is a Δθ between di-
rection of the reflected light and oscillatory direction of electric dipoles, and Δθ becomes zero if 
θi = θB. From s-plane, the oscillatory direction of the reflected light is always parallel to the vibration 
direction of the reflected light. Therefore when we combined the s- and p- plane polarized light, only 
when satisfying  θi = θB, there is significant difference of the electric dipole radiation between s- and p-
plane, for the semiconductors characterization the Brewster’s angle is 70-80°, depends on the wave-
length.[111,112] 

3.6.3 Measurement and analysis of SE data 

As we mentioned, the measurement of the spectroscopic ellipsometry is expressed as amplitude ratio ψ 
and phase difference Δ, the measured complex ratio ρ has the relation: 

 tan(ψ) ∙ 𝑒𝑖∆ = 𝜌 =  𝑟𝑝/𝑟𝑠 3-12 

 

Here the r is complex Fresnel reflection coefficient and subscript p, s stands for p-, s-plane polarized 
light, respectively. In a variable angle spectroscopic ellipsometry (V.A.S.E), the measurement is done 
with variable wavelength as well as incident angle. If we consider the optical constants of the measured 
materials needed for further analysis, combined with the equations listed above, the relation to the 
ellipsometry measurement could be expressed as: 

 
𝑁 = 𝜀2 = sin (𝜃𝑖)2 ∙ �1 + tan (𝜃𝑖2) ∙ �

1 − 𝜌
1 + 𝜌

�
2
� 3-13 

 

Because the ellipsometry doesn’t measure the material properties like thickness or optical constants 
directly, therefore the analysis of the measured values must be performed, it consists mainly of three 
parts: 1) dielectric modeling, 2) construction of the optical model, 3) fitting of the measured values ψ 
and Δ. If we have wurtzite AlScN thin films which need determination of the thickness, we could first 
assume the model with optical structure AlN(layer 1)/Si(substrate), the optical constants of AlN and Si 
are already known. Second, the expected ψ and Δ are predicted by the constructed model using Fres-
nel equations, also the wavelength and the incident angle have to be chosen. At last, the measured ψ 
and Δ is used to compare to the values predicted, which was based on Fresnel equations, to determine 
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the optical constant as well as the thickness of the materials. In the analysis part, the most difficult 
procedure is to decide which model is suitable and which parameter is used to do the fitting.   

The Cauchy-Urbach dispersion model [113] is the widely used function to determine the refractive 
index n: 

 
𝑛(𝜆) = 𝐴 +

𝐵
𝜆2

+
𝐶
𝜆4
⋯    

 𝑘(𝜆) = 𝛼𝛼𝛼𝛼𝛼(12400(
1
𝜆
−

1
𝛾

)) 
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where the A, B and C are Cauchy parameters, λ is wavelength. In the part of extinction coefficient k, α, 
β and γ are the model numbers and has to be adjusted [114]. 

Tauc-Lorentz model is also attempted to describe the optical constants for the dielectrics, it is com-
bined with Lorentz model and the Tauc band edge [115]: 

 
𝜀2(𝐸) = �

𝐴𝐸0𝐶(𝐸 − 𝐸𝑔)2

(𝐸2 − 𝐸02) + 𝐶2𝐸2
1
𝐸
� ,𝐸 > 𝐸𝑔 

𝜀2(𝐸) = 0,𝐸 < 𝐸𝑔 

3-16 
3-17 

 

Where the A is the amplitude, 𝐸0 is the peak transition energy, C is the broadening constant and Eg is 
the band gap. This Tauc-Lorentz model is only valid for interband transitions and the dielectric re-
sponse from infrared transitions, Urbach tail effects and core transitions are not included. Obviously, 
the Tauc-Lorentz model is empirical expression. 

To fit the dielectric model to get proper optical constant, difference between the measured and calcu-
lated ψ and Δ are determined by Mean Squared Error (MSE). The lowest MSE achieved implies a 
better model to fit the results, the MSE expression is shown below[110]: 
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3.7 Summary 

In this chapter, overview of the characterizations used in this work was provided for a better overview 
of the developments and characterizations in the following chapters. The parameter settings in the 
PFM and EDX offer valuable information for the reader to compare results in this work with litera-
ture. The mechanism of the characterizations such as GIXRD and pole figure is discussed for better 
understanding of the experimental part.  
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After discussion of the characterization methods, the experimental work to develop Al1-xScxN thin 
films starts from next chapter. The AlN was first optimized concerning microstructure and crystalline 
quality, in which SEM and XRD were mainly used. Based on AlN reference samples, AlScN thin films 
with homogenous piezoelectric domains and high piezoelectric coefficient are developed, the films are 
mainly measured by PFM and Berlincourt method. Raman spectroscopy and spectroscopic ellipsome-
try were used for determination of optical parameters in Chapter 6. 
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4 AlN thin film deposition  

As already mentioned in the Chapter 1, that the AlScN thin films have several advantages in the elec-
tro-acoustic applications, but the sputtering deposition of the AlScN is still very challenging. Due to 
the same wurtzite structure of AlN and Al1-xScxN (x < 0.5) and the well-established sputtering process 
of AlN thin films in the literature, the process window of sputtering AlN synthesized in the same co-
sputtering chamber helps to understand the sputtering mechanism and optimize the AlScN thin films. 
Therefore the AlN thin films for electro-acoustic application are studied in this chapter. The optimiza-
tion of the AlN sputtering process in this chapter is focused on microstructure, crystalline quality, 
which ensures the homogenous smooth surface for the acoustic wave propagation and performance. 
As mentioned in the literature [116], these properties of the AlN thin film can be achieved by finely 
tuning the sputtering parameters such as process pressure, TSD, and N2 gas concentration. The fol-
lowing chapter explains how the desired properties are achieved by adjusting these sputtering parame-
ters. Furthermore, the established models are explaining the evolution of microstructure with process 
pressure or TSD change, which will consider the kinetic energy caused by different sputtering parame-
ter as well as the co-sputtering configuration used in this work. The models will help the understand-
ing of the behavior in the similar sputtering setup and the further AlScN thin film optimization based 
on this established recipe of AlN. 

4.1 Influence of the process pressure 

The process pressure is one of the most important parameters in the magnetron sputtering, it is re-
ported that the pressure could influence the intrinsic stress [106], crystalline quality [117,118], crystal-
lographic orientation [119–121], microstructure [122], polarity [11]. In this part, the microstructure 
evolution caused by process pressure is analyzed. A model concerning microstructure and the process 
pressure is created at the end of this part to explain this behavior.   

Table 4-1 Overview of the deposition parameters of the pressure variation series 
Parameter  Value  
PAl  1000 W 
Processing pressure  9.5 × 10-4–8 × 10-3 mbar 
Target-to-substrate distance 61 mm 

N2 / (Ar + N2)  80% 
Heater temperature  500 °C  

 

As shown in Table 4-1, 500-900 nm thick AlN thin films were prepared on Ø = 100 mm Si(001) sub-
strates with conductivity of 1-5 Ohm·cm using reactive pulsed DC magnetron sputtering in Ar/N2 gas 
mixture with same processing time. Before the deposition, the process chamber base pressure was 
< 5 × 10-8 mbar. The Si(001) substrates were cleaned using in-situ inductively coupled plasma (ICP) 
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etching in Ar atmosphere to improve the AlN nucleation behavior [123]. All depositions were made at 
heater temperature of 500 °C. In this series, the process pressure was varied via different throttle valve 
opening (correlation of throttle valve and vacuum level already explained in Chapter 2.5), and also the 
total gas flow was further decreased to achieve process pressure 9.5 × 10-4–8 × 10-3 mbar. The indi-
vidual gas flows were controlled by mass flow controllers to provide the constant N2 gas concentra-
tion, expressed as N2 / (Ar + N2). The sputtering power (PAl) was kept constant at 1000 W. Pre-
sputtering of the targets was performed prior to film deposition with a closed shutter for 1 minute in 
Ar/N2 mixture. 

4.1.1 Growth rate  

 
Figure 4-1 AlN film growth rate as a function of process pressure, the red line is a guide for the eye. 
 

The dependence of the growth rate as a function of process pressure is shown in Figure 4-1, where the 
total film thickness ranged from 500-900 nm with same deposition time. In the region of 
9.5 × 10-4-1.4 × 10-3 mbar, the film growth rate is dropping drastically with increasing processing pres-
sure, which is from 8.29 to 6.87 nm/min. After further increase the processing pressure larger than 
1.4 × 10-3 mbar, the growth rate is still decreasing but the slope is much flatter. From the growth rate 
plot it can be observed that the growth rates are varying a lot around 1 × 10-3 mbar. There were also 
several literature reporting the similar trend as the processing pressure [117,124], the trend of growth 
rate decreasing strongly was reported in [125]. During the AlN sputtering a very high electric potential 
is applied to the Al-magnetron, the sputtered species are supposed to reach the substrate with high 
kinetic energy and less collision in the chamber, if there are less gas molecules to participate in the 
ionization and reaction. When the process pressure comes to 1.4 × 10-3 mbar, the mean free path is 
assumed to be comparable to the TSD, therefore the process pressure lower or higher than this value 
will cause huge difference concerning the kinetic energy and thus influences the growth rate. However, 
this behavior differs with respect to the DC or RF sputtering, e.g., in the RF sputtering the growth rate 
is not sensitive to the process pressure [106]; another case is the competition between growth rate 
from kinetic energy or numbers of molecules [120], when the number of molecules are dominating the 
growth rate, increasing of the process pressure leads to the increasing of the growth rate. 
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4.1.2 Microstructure 

  

  
Figure 4-2 SEM cross-sectional images of the AlN thin film at the wafer center under different processing pres-
sure (a) 8 × 10-3 mbar, (b) 1.4  × 10-3 mbar,  (c) 1.1 × 10-3 mbar, (d) 9.5 × 10-4 mbar 
 
The SEM figures of the AlN thin films sputtered under different process pressure are shown (Figure 
4-2). The microstructure could be divided into three categories according to the process pressure:  

1) The grains had V-shape growth when the pressure is larger than 1.4 × 10-3  mbar ((Figure 4-2 (a) 
and (b)). Not only the columnar growth at the cross section was missing, but also the surface is inho-
mogeneous. The V-shape microstructures are caused both by the rotation of the substrate and the co-
sputtering configuration of the target. Therefore, a different microstructure concerning the position on 
the wafer is assumed. 

2) The process pressure decreases to 1.4 × 10-3 mbar in Figure 4-2 (b), where the film is still in colum-
nar microstructure. However, from the cross section picture lower density grains are observed. Also 
on surface the pebble like structure is similar to the previous sample but with slightly larger grains. The 
AFM roughness Rrms = 3.631 is also larger than the previous condition, indicating a rougher surface.  

3) The processing pressure reached the lowest value at 9.5 × 10-4 mbar which is shown in Figure 
4-2 (d), the film has columnar structure at the cross-section as well as the high density grains. The 
columns are well aligned and straight towards the normal direction of the substrate. On the sample 
surface the pebble-like structure is observed, which is very common for sputtered high quality AlN 
thin film [6,125–127]. AFM shows the surface had lowest roughness Rrms = 1 nm (not shown here);  
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Figure 4-3 SEM cross-sectional images of the AlN thin film at the wafer edge under different processing pressure 
(a) 8 × 10-3 mbar, (b) 1.4  × 10-3 mbar, (c) 1.1 × 10-3 mbar, (d) 9.5 × 10-4 mbar 
 
The SEM cross-sectional images were taken at the wafer edge for the same samples in the process 
pressure series (Figure 4-3). One can see the 1) and 3) categories are remaining the same as the wafer 
center. On the other hand, the evolution of the grains is different when the pressure is between 1) and 
3), under the process pressure 1.4 × 10-3 mbar the grains at the edge of the wafer are tilted with a large 
angle, but when the pressure is decreased to 1.1 × 10-3 mbar, the grains first experience columnar 
growth along the c-axis orientation, and then show an inclination after around 100-300 nm. 

In the lowest process pressure, the sputtering species incident the substrate surface with very few colli-
sions to the each other. The kinetic energy of the species is high, that the adatoms have enough energy 
to find the preferred orientation and minimized surface energy in the basal plane, which is also the 
fastest growth direction. This behavior is quite similar to the zone T or even zone II in the Messier 
structure zone model [86] (explained in Chapter 2.4). Under such conditions the grains are arranged in 
a high density and growing along the substrate normal direction. If the pressure is increased, more ions 
are generated in the plasma, the possibility of the collision before the species reach the surface is in-
creased, which causes a shorter mean free path. The collisions lead to a lower kinetic energy of the 
species. Part of the grains may have enough energy to form preferred orientation, therefore the 
straight grains are observed within the first grown 100 nm layers. As the thickness is increasing, the 
needed kinetic energy to support the growth along the preferred orientation is also increasing, which 
could not be afforded by the incoming species. Due to the 15° tilted target in the co-sputtering cham-
ber, tilted grains at the position of the wafer edge are formed, which is why the grains are first straight 
then tilted. Similar behavior is found in the literature as “Biaxial texture sputtering deposition” 
[83,128]. As the pressure is further decreasing, because of the increasing probability of the collisions, 
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more and more grains formed due to the shadowing effect, which leads to lower density grains and V-
shape/totally tilted microstructure according to the wafer position. 

4.1.3 Crystallographic orientation and crystalline quality 

 
Figure 4-4 XRD 2θ/θ scans for the AlN sample with different microstructure (straight columns, straight and tilted 
mixed, tilted columns, V-shape) in the process pressure series,  
 
In order to investigate the crystallographic orientation, XRD 2θ/θ measurements were conducted for 
samples sputtered under process pressure 9.5 × 10-4–8 × 10-3 mbar (Figure 4-4). The listed 2θ/θ scans 
for the AlN thin films with straight columns, straight and tilted mixed, tilted columns, V-shape are 
indicating the samples with process pressure 9.5 × 10-4(center), 1.1 × 10-3(edge), 1.4 × 10-3(edge), 
8 × 10-3(edge) mbar, respectively. All of the 2θ/θ scans showed only AlN 000l (l = 2, 4, 6) reflections 
in the measurement range. Since the 000l (l = 2, 4) are the only visible reflection for AlN and no addi-
tion AlN reflections are visible, indicating that lattice planes are arranged parallel to the sample surface 
and thus the sputtered AlN thin films all have pure c-axis orientation.  

The crystalline quality was further investigated and quantified by the FWHM of AlN 0002 reflection 
rocking curves (Figure 4-5). Start with the sample deposited under the highest pressure 
6-8 × 10 3 mbar, the FHWM is as large as 4°. High FWHM values are indicating more and more tilted 
lattice planes compared to smaller value, especially the case at the wafer edge. Although the difference 
between the wafer center and wafer edge is eliminated, it only confirms that the shadowing effect is 
dominating in this pressure range in both positions. If the processing pressure is decreased to 
1.1 × 10-3–6 × 10-3 mbar, although the FHWM in the wafer center and edge are both decreasing, how-
ever, the steepness from the two positions is quite different. The difference reaches the maximum 
when the processing pressure is at 1.3 × 10-3 mbar showing 1.68° and 3.11° for center and edge, re-
spectively. Finally when the process pressure is further decreased to 9.5 × 10-4 mbar, the FWHM of 
the wafer center and edge have the same value at 1.5°, indicating that the crystalline quality of the wa-
fer center and edge are quite homogenous. This result concurs also the microstructure by cross-
sectional image in the SEM, that from the wafer center and edge are dense, straight columnar grains.  
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The AlN thin films sputtered under different process pressure were in a huge thickness range, which is 
factor to influence the rocking curve FWHM. As reported by Martin et al. [129], the rocking curve of 
the sputtered AlN thin films with thickness 500 nm and 1000 nm are 1.26° and 1.14°, respectively. 
Therefore it is convincing that the increased FWHM 4° at 8 × 10-3 mbar is indicating a distorted crys-
talline quality instead of the effect by the smaller film thickness. 

 
Figure 4-5 Rocking curve FWHM of AlN 0002 reflection as a function of processing pressure, the lines are the 
guides for the eye. 
 

4.1.4 Discussion and summary 

In this part it was shown that, for the AlN/Si the microstructure and crystalline quality distribution 
across the wafer can be controlled by process pressure, and the microstructure further influences 
growth rate. In the SEM cross-section, four kinds of the microstructures are observed, if arranged 
from the highest processing pressure, it should be 1) V-shape grains, 2) Tilted columnar grains, 3) First 
straight and then tilted columnar grains, and 4) Straight grains, now the evolution of these microstruc-
tures are discussed: 

The schematic figure of the sputtering configuration as well as the different kinds of grain structures 
are shown in Figure 4-6.  
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1) The V-shape grains: They appear at the wafer edge and the wafer center under highest 
processing pressure, due to the high probability of the particle collision only the shadowing effect are 
taking place. According to the target configuration in Figure 4-6 (a), in the wafer center the incoming 
particles are bombarding the substrate surface with 15° tilt angle, and low kinetic energy in not suffi-
cient to support the species finding the preferred position. That is the reason why in the wafer center, 
the V-shape grains are observed when the pressure is increased to 8 × 10-3 mbar.  

2) Tilted grains: As shown in Figure 4-6 (b), it is observed that tilt grains are formed directly 
on the nucleation layer. Considering the wafer edge in Figure 4-6 (a), due to the target configuration the 
incoming species are still with tilt angle. However, because of both smaller path of the particle and 
lower processing pressure, the kinetic energy is slightly higher and able to form the preferred growth 
orientation, but the shadowing effect still exists. Thus tilted columnar structure is formed, and it hap-
pens mainly at the wafer edge due to the co-sputtering geometry.  

3) Straight and tilted mixed: As shown in Figure 4-6 (c), the processing pressure is even lower 
than the previous case. The higher kinetic energy is expected due to less collision before the deposi-
tion. In this case it is interesting to see co-existence of two kinds of grains, and probably it indicates a 
boundary of the energy. At the beginning of the growth, the columnar growth in substrate normal 
direction is obtained, because of lower processing pressure and the higher kinetic energy. The energy 
requirement to form larger grains with preferred orientation is increasing, at a certain point, the energy 
of the sputtering species, is not sufficient. There the shadowing effect takes place and the grain struc-
ture is back to the case of 2).  

 

  

 
 

 
Figure 4-6 Schematic figure of the (a) target configuration and traces of the species in co-sputtering chamber (b) 
tilted grains (c) vertical grains combined with tilted grains (d) fully vertical grains 
 

15° 
(a) 

(b) 

(c) 

(d) 
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4) Straight columns: The grain is towards out-of-plane direction, as shown in the Figure 

4-6 (d). The kinetic energy of the incoming species and adatoms is increasing, the preferred growth 
direction is achieved. The lowest processing pressure 9.5 × 10-4 mbar assures only c-axis oriented AlN 
thin film with the best crystalline quality, the measured d33, clamp = 7.5 ± 0.2 pC/N. The columnar mi-
crostructure and pebble like surface morphology is homogenous from the wafer center to the edge, 
which ensures the low roughness Rrms = 1 nm. 

From the analysis there are two points: 1). The co-sputtering configuration in this work leads to a dif-
ferent kinetic energy of the sputtering species when they land on the wafer, which brings different 
microstructure across the wafer. However, if we imagine a single target setup, that the edge of the 
wafer is still possible to have the tilted grains. 2). Having the tilted grains is mainly due to the configu-
ration of the sputtering setup, but to solve it, increasing the kinetic energy is the effective method.  

The evolution of the crystalline quality, actually happens in the pressure region 9.5 × 10-4 mbar to 1.4 
× 10-3 mbar, which is the region that the tilted grains and the V-shape microstructure co-exists.  How-
ever, when the film is grown in a high quality, AlN thin film can be strongly tensile stressed up to 800 
MPa, when the microstructure is evolving to V-shape or tilted grains, the stress will evolve to lower 
value. It is reported that the stress of the AlN is tuned by adjusting the processing pressure of the 
AlN/Si thin films in the RF sputtering [6], however, due to the sensitivity of the AlN to the process 
pressure discussed in chapter 4.1, it is not recommended in our case, and other growth parameter 
should be used for further improvement. 

4.2 Influence of the target-to-substrate distance (TSD) 

In the previous section the process pressure was discussed. Results show that low process pressure is 
preferred in terms of homogenous microstructure and better crystalline quality. From process pressure 
series, the co-sputtering configuration is influencing the microstructure due to unequal kinetic energy 
at different positions on the wafer. Therefore, finely tuning the TSD will also have effect to improve 
the microstructure. Furthermore, TSD was reported to have effects on the preferred orientation of 
sputtered AlN [119,130]. As a result, the influence of the TSD on the microstructure and crystalline 
quality of AlN was studied, as discussed below 

Table 4-2 Overview of the deposition parameters of the samples in TSD variation series 
Parameter  Value  
PAl  1000 W 
Process pressure  9.5 × 10-4 mbar 
Target-to-substrate distance 40-70 mm 

N2 / (Ar + N2)  80% 
Heater temperature  500 °C  

 

The sputtering parameters of the AlN samples in TSD series are listed in Table 4-2. AlN thin films 
were prepared on 100 mm Si(001) substrates, the TSD was varied for different samples in the range of 
40-70 mm. The process pressure was kept constant for each sample at 9.5 × 10-4 mbar based on re-
sults of process pressure optimization in chapter 4.1.  
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4.2.1 Growth rate and stress 

As discussed in the pressure series, the large variation of growth rate as well as intrinsic stress as a 
function of sputtering parameter could indicate possible transition of the microstructure. The thick-
ness of the AlN/Si thin films was measured by the ellipsometry and fitted with Cauchy-function with 
Urbach tail. The wafer curvatures of the wafer are then measured before and after the AlN growth, the 
stress is calculated according to the Stoney-formula.  

 
 

 

Figure 4-7 (a) Growth rate and (b) intrinsic stress of sputtered thin film AlN as a function of the target-to-
substrate distance 
 
In Figure 4-7, the film thickness and intrinsic stress are shown for TSD series. In Figure 4-7 (a), the 
growth rate is varying between 8-9 nm/min, compared to 5-8 nm/min in pressure series, it indicates 
the growth rate is less sensitive to the TSD than to the process pressure. From Figure 4-7 (b), the in-
trinsic stress is also in a range between 750-1000 MPa. The stress difference when the TSD in the 
range of 55-65 mm is in a range of 150 MPa, both the samples with TSD 40 mm and 70 mm show 
generally lower stress than other samples. When the samples are sputtered with TSD 50-65 mm, the 
trend of the growth rate and the stress are quite similar: The samples with higher growth rate normally 
are more tensile stressed. However the stress differences between the samples are less than 200 MPa, 
indicating no clear trend. 

4.2.2 Crystallographic orientation and crystalline quality  

In Chapter 4.1 the XRD 2θ/θ scans were used to determine the preferred orientation of the AlN thin 
films. However, all the thin films showed only AlN 0002 reflection and are indicating pure c-axis ori-
entation. All of the 2θ/θ scans of the samples in the TSD series showed AlN 0002 reflection and were 
not influenced by TSD values. Therefore the 2θ/θ scans is not plotted here. The rocking curve 
FWHM of AlN 0002 is indicating the crystalline quality and also correlated to the possible distorted 
microstructure, therefore it is plotted in Figure 4-8 (a). The FWHM of the wafer center for TSD = 40 
mm is 1.35° and is slightly increased to 1.6° for TSD = 65 mm, and then suddenly increased to 2° for 
TSD = 70 mm. On the wafer edge, the FWHM shows a similar trend as in the wafer center. Interest-
ingly, it can be observed that the FWHM of these two wafer positions evolves with different increas-
ing trends and overlaps when TSD = 65 mm, which is marked by dashed lines in the Figure 4-8 (a). 
For better observation, Figure 4-8 (b) is plotted to show the (ω-FWHMcenter - ω-FWHMedge). When the 
TSD is in the range of 55-70 mm, the (ω-FWHMcenter - ω-FWHMedge) decreases with TSD and reached 
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to zero when TSD = 65 mm, indicating the similar crystalline quality at different positions on the wa-
fer. From the comparison of the FWHM value, the samples with best homogeneity of the crystalline 
quality are TSD = 65 mm. The next step is to confirm if microstructure is also homogenous as de-
scribed in the next section. 

 

                   
Figure 4-8 (a) Rocking curve FWHM of AlN 0002 reflection (b) difference of the FWHM in the wafer 
center and at the wafer edge as function of TSD, the lines are the guides for the eye 

4.2.3 Microstructure 

In the process pressure series, the difference of the ω-FWHM value of AlN 0002 peak normally indi-
cating microstructure change at different position on wafer. Although the thickness in the process 
pressure is playing a role on FWHM values, the difference of FWHM values is up to 2° and huge dif-
ference of microstructure is observed. In the TSD series, the FWHM value evolves with a different 
trend as the TSD increases. The SEM cross-section images are shown in Figure 4-9 to confirm wheth-
er the microstructure is homogenous at a certain TSD value.  
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Figure 4-9 SEM cross-sectional image of the samples deposited at (a) TSD = 54 mm, wafer center, (b) TSD = 
54 mm, wafer edge, (c) TSD = 58 mm, wafer center, (d) TSD = 58 mm, wafer edge, (e) TSD = 65 mm, wafer 
center (f) TSD = 65 mm, wafer edge 
 
From the cross-section of the wafer center, the columnar microstructure perpendicular to the sub-
strate could be observed from all the samples. Interestingly, there are the triangular shape crystallites 
on the surface of the sample TSD = 54 mm (Figure 4-9 (a)). The cross-section of the wafer edge 
shows different trend compared to wafer center, which is expected from FWHM values. While the 
TSD is 54 mm, tilt grains with low grain density are dominating in the cross-section, and it shows the 
mixture of the vertical grains and tiled grains can be seen in the case of TSD = 58 mm. When the TSD 
is increased further to 65 mm, the cross-section finally shows dense columnar grains along the thick-
ness direction. The microstructure evolution concurs the results of the FWHM values difference as a 
function of the TSD, the homogeneity of crystalline quality as well as microstructure is obtained only 
when TSD = 65 mm.  
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4.2.4 Discussion and summary 

In this section the evolution of crystalline quality and microstructure as a function of the TSD was 
shown, the crystalline quality of the AlN was the most uniform across the wafer when the 
TSD = 65 mm. The microstructure of the wafer center was not evolving in a visible trend as a func-
tion of the TSD, however the microstructure of wafer edge was depending on the TSD strongly. The 
tilting of the grains is observed with decreased TSD, the main reason is the co-sputtering configura-
tion, as mentioned in the previous section.  

 
 

Figure 4-10 Schematic figure of the sputtering set up when the TSD is changing. 
 
As shown in Figure 4-10, the configuration during process under different TSD is considered. When 
the process pressure is relatively low, the sputtering species experience less collisions and high kinetic 
energy when they land on the substrate surface. However, different path length of the sputtering spe-
cies could lead to different kinetic energy of the particles. Therefore the microstructure at the wafer 
edge is observed at TSD < 65 mm. When the TSD is increased to 65 mm, the kinetic energy of the 
particles at the wafer edge are high enough and the difference of the kinetic energy of different local-
ized area at wafer edge can be ignored, that is the reason the dense columnar grains in out-of-plane 
direction are observed. When the TSD is further increasing, the condition of particle collision and 
kinetic energy of the incoming sputtering species is similar to increase the process pressure. The in-
creasing probability of the collision leads to low kinetic energy and thus the crystalline quality is de-
graded. 

15° 

Lower TSD 

Higher TSD 
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Furthermore, the FWHM values vs. TSD plot showed the same crystalline quality at the wafer center 
and wafer edge at 65 mm TSD. If the FWHM values and microstructure are considered as the results 
mainly caused by the configuration and the kinetic energy of sputtering species, then under these sput-
tering conditions the virtual “focus” point of this co-sputtering chamber is defined as 65 mm. Certain-
ly, if the sputtering condition changed, e.g., the substrate size is changed from 100 mm to 200 mm, the 
target size, or the tilting angle of the target is changed, the “focus” point has to be found again.  

4.3 Influence of the N2 concentration (N2 / (Ar + N2)) 

By tuning the processing pressure and the TSD, the microstructure and also the crystalline quality of 
the AlN/Si were optimized. Columnar microstructure and pebble like surface morphology are ob-
served both in the wafer center and wafer edge. However, during the change of the TSD, there are 
also abnormal microstructure (triangular shape in Figure 4-9 (a)) observed on the sample surface, it is 
existing together with columnar structure. Therefore we are now focusing more on the surface mor-
phology to find the correlation of the sputter parameter and the abnormal grain formation.  

In this sample series, the N2 ratio (expressed as N2 / (Ar + N2)) will be regulated for different samples 
to study the crystalline quality and microstructure. The sputtering parameters are shown in Table 4-3, 
1100 nm AlN thin films were sputtered on the 100 mm Si(001) wafer. Base pressure and process pres-
sure are kept the same as in the Chapter 4.2. TSD and heater temperature are 65 mm and 500°C, re-
spectively.  

Table 4-3 Overview of the deposition parameter of the N2 concentration variation 
Parameter  Value  
PAl  1000 W 
Process pressure  9.5 × 10-4 mbar 
Target-to-substrate distance 65 mm 

N2 / (Ar + N2)  64-100% 
Heater temperature  500 °C  
Film thickness 1100 nm 

4.3.1 Growth rate and stress 

The growth rate as a function of N2 / (Ar + N2) is shown in Figure 4-11 (a). As expected, the film 
growth rate is decreasing with the increasing N2 / (Ar + N2), which is also reported in the literature 
[118,131]. The main reason for this effect is, the mass of a single charged ion (Ar+) is higher than the 
ionized molecule (N2+). When they are bombarding the targets, higher mass leads to higher kinetic 
energy, thus the sputtering yield is higher with the single charged ion (Ar+). The target poisoning is 
often reported in the literature [132,133], which is normally found in the DC reactive magnetron sput-
tering with N2 and Ar gas mixture. Because of the DC-pulse function, there is no obvious poisoning 
effect observed when the high N2 / (Ar + N2) is used in the sputtering process. In Figure 4-11 (b) the 
intrinsic stress is shown, it evolves in a non-linear trend with respect to the N2 / (Ar + N2). The stress 
is decreasing from 550 MPa for 64% N2 to 440 MPa for 90% N2 and again increasing to 520 MPa in 
the 100% N2. The trend of the decreasing stress with more N2 is also mentioned in the literature [134], 
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that the N2 will bring more ion bombardment and due to the impinging effect, the film is more com-
pressive stressed. However, when the N2 / (Ar + N2) is reaching 100%, the stress has different behav-
ior as lower N2 concentration, further studies are necessary to reveal the sudden change of the stress.  

 
 

 

Figure 4-11 (a) Growth rate and (b) Film stress of sputtered thin film AlN as a function of the N2 / (Ar+N2) 
 

4.3.2 Microstructure and surface morphology 

To determine the surface microstructure, SEM surface images were recorded for different cases of 
N2 / (Ar + N2) (Figure 4-12 (a) and (b)). When we compare the surface morphology of the 
N2 / (Ar + N2) = 64% and 100%, the small amounts of the abnormal grains are observed and marked 
on the SEM picture. The lateral size of grain is in the range of hundred nanometers. The sample with 
N2 / (Ar + N2) = 100% has pebble like morphology on the surface, no abnormal grain is observed. 
Typically, the well c-axis oriented AlN shows pebble-like surface morphology [6,8,106,135,136]. In 
order to investigate the correlation of the N2 / (Ar + N2) on the quantity of the abnormal grain, the 
density of abnormal grain is plotted as a function of N2 / (Ar + N2) (Figure 4-12 (c)). Generally the 
density of the abnormal grain does not excess 0.1 /um2, meaning in 100 µm2 AlN surface there are no 
more than 10 abnormal grains. Furthermore, the density is reducing with increasing N2 / (Ar + N2) 
and it reaches 0 at N2 / (Ar + N2) = 100%, while in the wafer center it is more dependent on the 
N2 / (Ar + N2). 
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Figure 4-12 (a) SEM surface morphology of the AlN with N2 / (Ar + N2) = 64%, wafer center, the abnormal 
grains are marked with circles; (b) SEM surface morphology of the AlN with N2 / (Ar + N2) = 100%, wafer 
center; (c) density of the abnormal grain at the wafer center and at the wafer edge as a function of 
N2 / (Ar + N2), the lines are a guide for the eye. 
 

4.3.3 Crystallographic orientation and crystalline quality 

Due to the abnormal graind found in the AlN with low N2 / (Ar + N2) ratio, XRD 2θ/θ scans of AlN 
with N2 / (Ar + N2) = 64% and 100% are compared in Figure 4-13. The observed reflections are “Si” 
002, AlN 0002, Si 004 and AlN 0004 for both samples, the peak position and the peak intensities are 
similar in both samples. It could be concluded that the low density abnormal grains observed in AlN 
thin film. 

The trend of the rocking curve FWHM of AlN 0002 reflection as a function of N2 / (Ar + N2) is 
shown in Figure 4-14. The FWHM is increasing with the increasing N2 / (Ar + N2) for both wafer 
center and wafer edge with almost the same trend. It shows at the wafer center and edge 1.58°, 1.64° 
for N2 / (Ar + N2) = 64% and 1.66°, 1.71° for N2 / (Ar + N2) = 100%, respectively. The differences 
of the value of the rocking curve ω-FWHM between center and edge are almost constant during the 
increasing of the N2 / (Ar + N2). If we compare it to the rocking curve FWMH change in the process 
pressure or TSD series, such a low density of the abnormal microstructure is difficult to detect from 
XRD 2θ/θ scans and FWHM values.   
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Figure 4-13 XRD 2θ/θ scans for the AlN grown with 64% and 100% N2/(Ar+N2), measurements were done at the 
wafer center. 
 
 

 
Figure 4-14 Rocking curve FWHM of AlN 0002 reflection as a function of N2 concentration, the lines are the 
guides for the eye 
 
 

4.3.4 Discussion and summary 

According to the SEM images, the abnormal grains exist when the N2 / (Ar + N2) is in a lower value, 
and will disappear with increasing N2 / (Ar + N2). Furthermore, the nitrogen gas during the sputtering 
leads to lower growth rate due to the low yield of the N2+ than Ar+ ions. This phenomenon is reported 
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in the literature [8,106], Reusch et al. [106] found abnormal grains in higher processing pressure, and it 
is less sensitive to the N2 concentration, which is different as observed in this work.  

However, more detailed characterization about the abnormal microstructure should be carried out, 
physical properties such as crystalline orientation, electrical properties, and other influences of the 
abnormal microstructures should be determined. Due to the low density abnormal microstructure in 
the AlN/Si film, this issue is not simply distinguished by the XRD but only SEM figures.  

4.4 Summary 

 

In this chapter, the sputtering deposition parameters: process pressure, TSD, and gas ratio are opti-
mized to achieve wurtzite c-axis oriented AlN thin films on Si(001) substrates. The optimization is 
done in the co-sputtering configuration with single Al-target, therefore the process window of AlN is a 
perfect reference of the AlScN sputtering deposition with the same setup. 

In the processing pressure variation, the influence of the process pressure on microstructure of the 
AlN/Si is observed, the low density inhomogeneous V-shape growth and tiled columnar growth are 
caused by the high process pressure. In the higher process pressure, the microstructure was different 
of different position on the wafer, which leads to the degrading of the crystalline quality at the edge of 
the wafer. Due to decreasing the kinetic energy of the sputtering species and the shadowing effect 
dominating in the sputtering process. In this case the c-axis orientation still exists in the sputtered AlN 
film, but the crystalline quality is decreased. The kinetic energy is higher in the lower process pressure 
due to less collisions, leading a dense columnar microstructure in cross-section and pebble like surface 
morphology. The crystalline quality was much better and more homogenous across the wafer. The 
piezoelectric coefficient d33 was also improved.  

Second, TSD was varied between 40 and 70 mm. In the co-sputtering setup the Al-target and Sc-target 
are 15° tiled (Figure 4-10). Therefore the change of the TSD is actually influencing not only the verti-
cal distance between the substrate and the target but also the “focus” point on the substrate surface. In 
the variation, the AlN/Si sputtered under 65 mm has the smallest difference of the AlN 0002 rocking 
curve ω-FWHM regarding wafer center and wafer edge, which could be also confirmed that the dense 
columnar microstructure of the AlN sputtered under 65 mm. The last but not least, the density of 
abnormal grains with triangular shape was decreased at TSD = 65 mm. 

Later on, the N2 concentration is investigated to solve the abnormal grains. With the achievable range 
of the gas ratio, the abnormal grains were still in a low density up to 0.1 /um2. The SEM figure so far 
was the only way of characterization. By increasing N2 concentration the density of abnormal grains 
decreased to zero. However, the investigation of the abnormal grains, crystallographic orientation, 
influences of the piezoelectric coefficient cannot be conducted due to the low density of the abnormal 
grains.  

Finally, the process window of high quality wurtzite c-axis oriented thin film AlN was defined. Based 
on the process parameters of the AlN, the AlScN thin film will be deposited and described in the fol-
lowing chapter.  
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5 AlScN thin film deposition 

This chapter is focused on the deposition process development part of AlScN. As a novel material 
first introduced by Akiyama et al. [3]. in 2009, the challenge has been the obtaining of the high piezoe-
lectric properties [4] as well as the sufficient crystalline quality concerning the metastability in high Sc 
concentration. In this chapter, two solutions and two improvements are introduced. The two solutions 
are: 1) the investigation and elimination of the abnormal grains, 2) solution of the possible degraded 
crystalline quality in the high Sc concentration. The two improvements are: 1) high piezoelectric coef-
ficient which is comparable to the state-of-the-art, 2) sputter deposition of c-axis oriented epitaxial 
Al1-xScxN/Al2O3 thin films. 

When the AlScN thin films are sputtered with similar sputtering parameter as AlN/Si thin films, ab-
normal grains are found with even higher density. Therefore GIXRD technique is used to confirm the 
misorientation and its correlation to the piezoelectric response is established. Through the combina-
tion of tuning N2 concentration and TSD, the misoriented grains are eliminated in the Al1-xScxN thin 
films. This work has been published in paper [126]. 

After the influence of the misoriented grains was reduced to the minimum, the partial power of the Al- 
and Sc-magnetrons was then adjusted to achieve higher Sc concentration, to achieve higher perfor-
mance of the acoustic devices. In order to determine Sc concentration, quantitative EDX measure-
ment procedure was established. Based on the literature, when the Sc concentration x is higher than 
0.4, phase instability is increasing especially deposited at higher heater temperatures [50,56]. By opti-
mizing the heater temperature, Al1-xScxN/Si with high Sc concentration up to x = 0.46 is sputtered and 
with high crystalline quality. The piezoelectric coefficient is measured and corrected by the mechanical 
properties of the Al1-xScxN and substrate, the value is comparable or even higher than the state-of-the-
art. The last part describes the magnetron sputter epitaxy of Al1-xScxN/Al2O3 with epitaxial relation-
ship, in which the crack issue caused by the intrinsic stress is solved. 

5.1 Abnormal grains in AlScN 

The abnormal grains were observed in the AlN using different N2 / (Ar + N2) ratio. However, in the 
AlN it was no more than 10 grains per 100 µm2, which means in a relatively low density. Furthermore, 
there are still some questions to be answered. How is the abnormal microstructure in AlScN? What 
properties of AlScN will be changed by abnormal microstructures? How to improve microstructure by 
optimizing the sputtering process? In this part the influence of abnormal microstructure in the AlScN 
will be analyzed in detail, from crystallographic orientation to piezoelectric properties, and finally the 
N2 concentration and TSD will be optimized to reduce the density of these abnormal microstructures. 
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Table 5-1 Overview of the deposition parameters of AlScN in the abnormal microstructure study 
Parameter Value 
PAl + PSc 1000 W 
Process pressure 9.5 × 10-4 mbar 
Target-to-substrate distance 55-75 mm 

N2 / (Ar + N2) 50-100% 
Heater temperature 500 °C 
Thin film thickness 900-1200 nm 

 

As shown in Table 5-1, 900-1200 nm thick AlN and Al0.87Sc0.13N thin films were prepared on 
Ø = 100 mm Si(001) substrates in Ar/N2 gas mixture from Al and Sc targets (Ø = 100 mm). Before 
the deposition, the process chamber base pressure was < 5 × 10-8 mbar. The Si (001) substrates were 
cleaned using ICP etching in Ar atmosphere to improve the AlScN nucleation behavior [123].  All 
depositions were made at heater temperature of 500 °C, the total Ar + N2 flow was kept constant at 
20 sccm, and the individual gas flows were controlled by mass flow controllers to provide the specific 
N2 gas concentration, expressed as N2 / (Ar + N2). The total sputtering power (PAl + PSc) was kept 
constant at 1000 W, i.e. PAl = 1000 W for AlN, and PAl = 800 W, PSc = 200 W for Al0.87Sc0.13N. Pre-
sputtering of the targets was performed prior to film deposition with a closed shutter for 1 minute in 
Ar/N2 mixture.  

In order to evaluate the influence of sputtering parameters on surface morphology and microstructure 
of Al1-xScxN thin films, two sample series were prepared as follows: (1) sample target-to-substrate dis-
tance (TSD) was fixed at 65 mm, and the N2 concentration was varied from 50 to 100%; (2) N2 con-
centration was fixed at 100%, while TSD was set to 55, 60, 65, 70, and 75 mm. As a reference, AlN 
thin films with TSD 65 mm and 100% N2 concentration were also prepared based on optimized AlN 
growth process described in previous chapter 

5.1.1 Compositional analysis 

To investigate the possible influence of N2 concentration in the gas mixture on thin film composition, 
Al1-xScxN films were sputtered at TSD = 65 mm, N2 / (Ar + N2) = 50-100% and Sc concentration was 
determined by EDX (Figure 5-1). As the EDX analysis revealed x = 0.13 ± 0.02 for all N2 concentra-
tions (uncertainty is discussed in [5,52]), indicating that within the measuring accuracy of EDX the 
variation of N2 concentration had very little influence on the Sc concentration. The same Sc concen-
tration was also confirmed by secondary ion mass spectroscopy measurements.  
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Figure 5-1 EDX spectra of the Al0.87Sc0.13N with N2 / (Ar + N2) = 100%, TSD = 65 mm 

5.1.2 Crystallographic orientation and crystalline quality 

Figure 5-2 shows the 2θ/θ scans for AlN and Al0.87Sc0.13N, both sputtered at TSD = 65 mm and 
N2 / (Ar + N2) = 100%. Only the Si 002 Renninger reflection, AlN or Al0.87Sc0.13N 000l (l =2, 4) re-
flections are present, suggesting AlN and Al0.87Sc0.13N films to be preferentially c-axis oriented. Addi-
tional 2θ/θ scans for the Al0.87Sc0.13N with (1) N2 / (Ar + N2) = 50, 60, 70, 80, 90, and 100%, 
TSD = 65 mm and (2) N2 / (Ar + N2) = 100%, TSD = 55, 60, 65, 70, and 75 mm (not shown) also 
indicate c-axis oriented thin films, meaning that changing these growth parameters had no influence 
on the preferential film orientation. 

 
Figure 5-2 X-ray diffraction patterns for the (a) AlN and (b) Al0.87Sc0.13N grown at target-to-substrate distance of 
65 mm and 100% N2 concentration. [126] 
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Figure 5-3 FWHM of AlScN (red squares) and AlN  (black triangle) 0002 rocking-curve as a function of (a) 
N2 / (Ar + N2) from 50 to 100%, target-to-substrate distance is fixed at 65 mm (b) target-to-substrate distances 
from 55 mm to 75 mm, N2 / (Ar + N2) = 100%. The lines are a guide for the eye. [126] 
 
The FWHM of the Al1-xScxN 0002 rocking curve for all samples was < 2° (Figure 5-3), indicating a 
high degree of c-axis orientation [56]. However, in the Figure 5-3 (a) the rocking curve FWHM de-
creases slightly from 1.88° for 50% N2 to 1.79° for 100% N2 suggesting an improvement in crystalline 
quality when using more N2 in the process gas mixture. In Figure 5-3 (b) the FWHM of 0002 rocking 
curve is plotted for samples with different TSD grown at 100% N2. With increasing TSD, FHWM 
increased from 1.66° to 1.89°. Although the samples at TSD = 55 mm and 60 mm showed lower 
FWHM, both of them exhibit increased thickness inhomogeneity of ~6% (not shown), therefore 
TSD = 65 mm for further investigations is chosen. The rocking curve FWHM of AlN sputtered under 
100% N2 concentration and 65 mm TSD is also shown in Figure 5-3 as a reference (1.77°). Comparing 
the rocking curve FWHM of AlN and Al0.87Sc0.13N films grown under comparable growth conditions, 
there is no obvious degradation of crystalline quality. 

Based on the results of Mishin et al. [7], high degree of c-axis orientation contributes to strong piezoe-
lectric response. According to [137] FWHM of 0002 rocking curve and the presence of non-0002 re-
flections are important factors when optimizing the piezoelectric quality of AlN thin films. In this case, 
based on 2θ/θ scans and measurements of rocking curve FWHM one can see: (1) all films investigated 
in this work showed only 000l (l = 2, 4) reflections in 2θ/θ scans; (2) the change in FWHM for differ-
ent N2 concentrations is less than 0.1°. Based on 2θ/θ scans, N2 gas concentration has little influence 
on the Al0.87Sc0.13N thin film crystalline quality. In order to investigate the influence of growth parame-
ters and the possible defects not detected by XRD 2θ/θ scans, the analysis of surface morphology of 
Al1-xScxN thin films was also performed and the results are summarized in the next section. 
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5.1.3 Surface morphology and microstructure  

  

  
Figure 5-4 Scanning electron microscopy images of Al0.87Sc0.13N thin films: (a)-(b) are the planar and cross-
sectional images of films grown under 50% N2 concentration and (c)-(d) are the films grown under 100% N2 con-
centration, respectively. [126] 
 
In order to examine the microstructure of the Al1-xScxN, SEM was used for planar and cross-sectional 
imaging of the samples. Figure 5-4 (a)-(b) shows the films grown with 50% N2 concentration. Large 
triangular shape grains are randomly distributed on the surface and based on cross-sectional analysis 
(Figure 5-4 (b)) they start forming in the early stages of the growth. Literature suggests that these ab-
normal grains might not be c-axis oriented [8,9,138] and described these structures as misoriented 
grains. Further investigations of their structure as well as influences on piezoelectric properties are 
discussed below. In the case of 100% N2 concentration, the films have dense, homogenous, pebble-
like surface morphology (Figure 5-4 (c)) and well developed columnar structure visible in cross-section 
(Figure 5-4 (d)) of the thin films. The surface roughness root-mean square (Rrms) value from AFM 
measurements (not shown) is below 2 nm, indicating a very smooth surface.  

Same as the observation from AlN films in previous chapter, based on the SEM results of the 
Al0.87Sc0.13N sputtered under 50% and 100% N2 concentration, the surface morphology is strongly 
dependent on N2 concentration. To quantify this phenomenon, the density of misoriented grains in 
10K magnification SEM micrographs was determined using ImageJ image processing program [139]. 
With increasing N2 concentration the density of abnormal grains is decreasing (Figure 5-5), and this 
behavior can be divided into three regimes: (1) up to 60% N2, where the density of misoriented grains 
is drastically decreased with increase in N2 concentration; (2) 60% – 90% N2, where relatively low den-
sity of misoriented grains is present, and with increasing N2 concentration there is no obvious change 
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in surface morphology; and (3) 100% N2, where the film surface is very uniform and smooth, and the 
density of misoriented grains is lower than 1 per 100 µm2. 

 
Figure 5-5 Number of abnormal grains in an area of 100 µm2 as a function of N2 concentration (large plot) and 
target-to-substrate distance (inset). In the N2 series the TSD is kept at 65 mm. In the TSD series, 100% and 50% 
N2 concentration are compared. The lines are a guide for the eye. [126] 
 
In the samples grown at different TSD (Figure 5-5, inset), one can observe even a higher density of 
abnormal grains when the TSD is increased to 75 mm at 50% N2 concentration. However, when the 
N2 concentration is fixed to 100%, from 55 mm to 75 mm, surface of the films is free of abnormal 
grains, indicating that the N2 concentration is the dominating factor during growth for controlling the 
density of abnormal grains. 

5.1.4 Piezoelectric properties 

 

 
Figure 5-6 Average piezoelectric coefficient d33 as a function of number of abnormal grains in an area of 100 µm2 
(the line is a guide for the eye). [126] 
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Figure 5-6 shows the measured piezoelectric coefficient d33, clamp as a function of density of abnormal 
grains, all films were N-face polarity. Al0.87Sc0.13N with highest density of abnormal grains showed 
lowest average piezoelectric coefficient d33, clamp = 10.7 pC/N. With decreasing density of abnormal 
grains the average piezoelectric response of the Al0.87Sc0.13N films is increased. Al0.87Sc0.13N deposited 
at 100% N2 concentration was free of abnormal grains and had the highest average piezoelectric coef-
ficient d33, clamp = 12.3 pC/N. AlN samples showed average piezoelectric coefficient 
d33, clamp = 7.3 pC/N, so the Al0.87Sc0.13N without misoriented grains has almost 170% higher d33, as 
compared to AlN and comparable to values found in literature [3,51,140]. Since the density of the 
abnormal grains had influence on the average piezoelectric coefficient d33, clamp, the Al1-xScxN samples 
were investigated by PFM in order to observe the piezoelectric properties on a nanoscale.  

In Figure 5-7 (a)-(c), Al0.87Sc0.13N sputtered at 50% N2 concentration at TSD = 65 mm is shown. Fig-
ure 5-7 shows the surface topography. Here, one can see the large misoriented grains protruding from 
the surface, with their height in the range of 30 nm, sometimes even to 100 nm. In the piezoelectric 
amplitude mapping (Figure 5-7 (b)) the same grains show very low or no piezoelectric activity. Based 
on varying piezoelectric phase signal in the Figure 5-7 (c), the abnormal grains appear to have several 
different polarization directions. 

PFM images of Al0.87Sc0.13N sputtered with 100% N2 concentration at TSD = 65 mm are shown in 
Figure 5-7 (d)-(f). The surface topography in Figure 5-7 (d) shows dense, homogenous surface with 
small pebble-like grains and all the grains have similar piezoelectric amplitude as shown in Figure 
5-7 (e). In Figure 5-7 (f) polarization phase map is showing single phase, where irregularities at the 
grain boundaries are a known artefact when performing PFM measurements at contact frequency 
[88,128]. The sample free of abnormal grains has continuous and homogenous N-face polarity, sup-
porting the high piezoelectric response d33, clamp measured by the Berlincourt method. 

   

   
Figure 5-7 Piezoresponse force microscopy images of Al0.87Sc0.13N grown with 50% and 100% N2. (a) and (d) 
surface topography; (b) and (e) piezo-amplitude; (c) and (f) vertical piezo-phase. (a)-(c) for Al1-xScxN prepared 
with 50 % N2 concentration, at target-substrate distance of 65 mm; (d)-(f) for Al0.87Sc0.13N prepared with 100% 
N2 concentration, 65 mm TSD. In (c) and (f), bright and dark areas correspond to N-face and Al-face polarity, 
respectively. [126] 
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5.1.5 Grazing Incidence X-ray Diffraction (GIXRD) 

Previous studies already discussed a lot about the characterization of high quality AlN and Al1-xScxN: 
typically, such films would have pebble-like surface morphology [6,8,106,135,136] and homogeneous 
columnar structure [36,128] can be observed in cross section. Additionally, 000l (l = 2, 4, 6) reflections 
in XRD 2θ/θ scan [3] and low rocking curve FWHM values indicate high degree of c-axis orientation. 
Higher piezoelectric response and homogenous polarity [141] enable improved piezoelectric perfor-
mance.  

However, to properly investigate the misoriented grains present in the underperforming AlScN thin 
films XRD 2θ/θ and SEM analysis is not enough. For example, Olivares et al. [8] used combination of 
XRD, infrared reflectance spectra, and AFM to determine the AlN film quality. Concerning the X-ray 
attenuation coefficient µ, the penetration depths of X-ray is in the 10 – 100 µm range [88]. Thus only 
negligible structural information is gained when investigating thin films with thicknesses of ~1 µm as it 
is in our case.  The thickness-induced limitation can be overcome by using low angle XRD techniques, 
such as gracing incidence X-ray diffraction (GIXRD). With incidence angle ω = 0.3°, the X-ray path 
length through the thin film is increased and more detailed structural information about randomly 
oriented grains can be extracted.  

 
Figure 5-8 Grazing incidence X-ray diffraction (GIXRD) profile of Al0.87Sc0.13N sputtered with 50 % N2 and 
100 % N2 concentration. [126] 
 
Figure 5-8 shows the comparison GIXRD spectra for Al1-xScxN sputtered using 50% and 100% N2 
concentrations. At lower N2 concentration the measurement shows multiple peaks corresponding to 
different AlScN orientations, indicating a presence of misoriented grains in the material. When the N2 
concentration is increased to 100% only the Al1-xScxN 101�3 reflection is observed, confirming a thin 
film with a single orientation.  
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5.1.6 Discussion and Summary 

To understand the influence of misoriented grains on the piezoelectric response, we start with the 
crystallographic orientation: The samples with large abnormal grains observed in SEM show a mixture 
of orientations in GIXRD measurements, even though all of them still correspond to wurtzite type 
AlScN. Additionally, PFM shows that these grains don’t behave the same way as their surroundings. 
Since only the c-axis oriented grains contribute to piezoelectric response, the average piezoelectric 
response increases for films where no misoriented grains are present.  

It is apparent from cross-sectional SEM images that the misoriented grains form early during growth. 
Higher N2 concentration leads to lower sputtering yield, and thus the sputtered species from Al and Sc 
targets have lower density as compared to lower N2 concentration case. Consequently, there is lower 
possibility that AlScN clusters are formed already in the plasma before they reach the substrate and 
initiate the formation of the misoriented grains [106]. When tuning the TSD, the possibility of collision 
of the individual plasma species is increasing with higher TSD and the probability of forming misori-
ented grains is increased. In our case when the TSD is larger than 65 mm, the density of the misorient-
ed grains is drastically increasing for 50% N2 concentration. 

The crystallographic orientation of the misoriented grains can be revealed by SAED (selected area 
diffraction) [9]. In the case of that study, a tilt of 60° to 90° for AlScN (0002) orientation in abnormal 
grains than the adjacent c-axis AlScN grains was observed, and explained by rocksalt structure in the 
embryonic nuclei reverting to the wurtzite phase and leading to a loss of c-axis orientation. Besides, 
the Sc segregation was also happening at the grain boundaries of these misoriented grains.  

5.2 Sc concentration variation 

In the previous section the misoriented grains were identified by GIXRD in AlScN thin film. The 
critical sputtering parameter for solving the misoriented grains was found to be the N2 concentration 
N2 / (Ar + N2), which has a linear relationship with respect to the number of the misoriented grains in 
unit area of the surface. Afterwards Al0.87Sc0.13N with dense and pebble like structure was obtained, 
columnar grains at the cross-section, c-axis orientation, high piezoelectric coefficient d33 and homoge-
nous piezo-domains was achieved. However, as reported by Akiyama et al. [3] that the higher piezoe-
lectric coefficient was achieved by higher Sc concentration, up to 43%. 

In this part, the AlScN/Si with different Sc concentration is studied. First, the characterization proce-
dure of EDX to measure the Sc concentration of the AlScN was established. As mentioned previously, 
the wurtzite phase and rocksalt phase could co-exist when the Sc concentration is higher than x = 0.4, 
due to metastability of AlScN. Therefore, the phase stability of the AlScN in high Sc concentration 
was studied and the heater temperature was thus optimized. Afterwards, the piezoelectric coefficient 
d33 was measured and corrected based on the relative hardness difference between AlScN layer and Si 
substrate. Finally the piezoelectric coefficient results were compared to the state-of-the-art for a better 
overview of this work. 
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Table 5-2 Overview of the deposition parameter of AlScN/Si with Sc concentration variation 
Parameter  Value  
PAl + PSc 1000 W 
Process pressure  9.5 × 10-4 mbar 
Target-to-substrate distance 65 mm 

N2 / (Ar + N2)  100% 
Heater temperature  300-500 °C  
Thin film thickness 900-1200 nm 

 

Based on the previous studies of the microstructure, crystallographic orientation, crystalline quality 
etc., the processing pressure was set at 9.5 × 10-4 mbar for all of the sample to have the dense colum-
nar growth and pebble like surface microstructure. N2 concentration was kept at 100% and the flow 
was 20 sccm to be sure the minimum influence by the misoriented grains. TSD was kept at 65 mm to 
achieve promising microstructure. The total power of the Al and Sc magnetron were kept as 1000 W, 
the partial power to achieve specific Sc concentration was plotted, as shown in Figure 5-9. The partial 
power was adjusted according to the EDX determined Sc concentration x = 0, 0.06, 0.13, 0.23, 0.32, 
0.41 and 0.46. Determination of the Sc concentration is going to be discussed in detail in the following 
section. The small concentration steps ensured that the trend of the properties evolution of the Sc 
concentration could be observed. The correlation of the PSc to the Sc concentration is not linear. Be-
tween 0% (AlN) to 14% the trend is rather linear, also the variation PSc is set for every 100 W. When 
the PSc is further increasing, the Sc concentration is increasing strongly, e.g., Sc concentration x = 0.41 
for PSc = 450 W and Sc x = 0.46 for PSc = 475 W.  

 
Figure 5-9 Plot of Sc concentration as a function of magnetron power of Sc target, the line is a guide for the eye. 
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5.2.1 Determination of Sc concentration 

The co-sputtering configuration, it is very convenient to adjust the partial power and then tune the Sc 
concentration of the AlScN thin film. The concentration of the Sc in AlScN thin films had been pre-
measured by SIMS and was used as reference sample, and the SIMS was calibrated accordingly. The 
samples with certain PAl and PSc were first measured by SIMS, the Sc concentration in SIMS was de-
termined. And then the sample was measured and used to calibrate the EDX, due to the measurement 
convenience and process time, later all the samples were measured by EDX. 

 
Figure 5-10 Intensity ratio Sc/(Al+Sc) measured in EDX as a function of SIMS measured Sc concentration, accel-
eration voltage EHT = 15 kV, the red dash line stands for the linear fitting of the EDX intensity ratio. 
 
The composition of AlScN is assumed that (Al + Sc) : N = 1 : 1, so that the ratio of Sc / (Al + Sc) 
measured from EDX is used as x in Al1-xScxN, as shown in Figure 5-10. As mentioned in the previous 
paragraph, the reference and standard specimens have to be measured under same conditions due to 
the deviation induced by characterization parameter. Therefore, according to different EHT, the corre-
lation of the EDX peak intensity ratio and composition measured by SIMS has to be adjusted, sepa-
rately. The Table 5-3 shows the characteristic X-ray intensity under EHT = 15 kV for corresponding 
Sc concentration. The intensity ratio of Sc / (Sc + Al) measured from EDX spectra is quite linear 
compared to the Sc concentration by SIMS, the variation is x = ± 0.02 for Sc concentration in AlScN 
determined by EDX.  

Table 5-3 Correlation of EDX intensity and Sc concentration 
SIMS Sc % 0.06 0.13 0.23 0.32 0.41 0.46 
EHT=15kV Intensity Al 195687 104710 104414 89701 76392 132625 

 Intensity Sc 4420 7240 13844 17623 22057 43671 

Fitting 
𝐶𝑆𝑆 = (

𝐼𝑆𝑆
𝐼𝑆𝑆 + 𝐼𝐴𝐴

+ 0.00754)/0.0000566 
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5.2.2 Temperature influences on the phase stability 

The AlScN is metastable material [142] which has increasing mixing enthalpy with increasing Sc con-
centration, and the preferred phase is thus influenced by the processing temperature [3]. Therefore the 
Al0.59Sc0.41N was sputtered on Si (001) with the different processing temperature.  

 
Figure 5-11 (a) X-ray 2θ/θ scans for the Al0.59Sc0.41N grown at heater temperature from 300°C to 500°C 
 
As shown in Figure 5-11, 2θ/θ scans of Al0.59Sc0.41N show influence of the heater temperature. When 
the Al0.59Sc0.41N was grown at 300 °C and 400 °C, AlScN 000l (l =2, 4) reflections is observed, indicat-
ing the preferred c-axis orientation. Here the Al0.59Sc0.41N grown under 300 °C has a reflection around 
2θ = 55° with a small intensity, which indicates non-wurtzite inclusion could form at such high heater 
temperatures. Furthermore, when the heater temperature is elevated to 500°C, the AlScN 0002 and 
0004 reflection has weak intensity and broadening, especially the AlScN 0004 is almost invisible in the 
500°C. Furthermore, the extra orientation at the peak positions 31°, 55° are already visible. However 
the 0002 reflection is still dominating in all of the samples. [3] The rocking curve FWHM also indicates 
the influence from the temperature (not shown here). The lowest value 1.26° is obtained at 400 °C, it 
becomes slightly higher at 1.51° when deposited at 300 °C. The distortion of the crystalline quality is 
observed when the temperature is at 500 °C, that the FWHM is reaching 4.5°. 

5.2.3 Crystalline quality 

The XRD 2θ/θ scans of AlScN up to x = 0.46 are shown in Figure 5-12. In all samles the AlScN 000l 
(l = 2, 4) reflections are observed, the peak position of AlScN 0002 and 0004 are around the 2θ = 36° 
and 76°, indicating the c-axis orientation of all the Sc concentration which is grown on the Si (001) 
wafer. It is reported in the literature that, in the higher Sc concentration x > 0.4, the probability to 
have extra orientation is high, including wurtzite AlScN (100), (101), (110) [57,103,143], strong peak 
shift in the first reported AlScN [3,51]. Here we could observe the peak position is with great intensity 
and the peak positions are around 36° when x ≤ 0.41, the 0002 reflection in Al0.54Sc0.46N exists at 2θ = 
36.5°. The peak shift towards both higher 2θ value [138,144] and lower 2θ value [56,80] is mentioned 
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in the literature. The relationship between peak position θ and c-lattice parameter is defined by the 
Bragg equation. According to the theoretical prediction[52], non-linear c-lattice parameter first increas-
es up to 5.049 Å and then decreases to 4.981 Å. The non-linear peak position is fitting the trend of c-
lattice parameter considering Bragg equation. Furthermore, other factors like lattice strain, volume and 
thermal strain, are also effecting the actual peak position, it cannot be considered as only clue to de-
termine c-lattice parameter.  

 
Figure 5-12 XRD 2θ/θ scans for the Al1-xScxN/Si up to x = 0.46, measurements was on wafer center from AlScN 
0002 reflections to AlScN 0004 reflections 
 
Figure 5-12 shows the rocking curve FWHM of the AlScN 0002 as a function of x in Al1-xScxN thin 
film sputtered on Si(001) substrate. First, all the samples showed the FWHM < 2°, indicating good 
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material quality. The trend shows a decreasing FHWM as increasing Sc content, e.g., 1.9° in the AlN 
compared to 1.35° in Al0.54Sc0.46N, which indicating the increasing crystalline quality of the AlScN thin 
film as respect to the increasing Sc concentration. However, the mixing enthalpy of AlScN in the liter-
ature is increasing in the higher Sc concentration and leads metastability of the hexagonal structure 
[142], thus the higher Sc concentration should cause degrading of the crystalline quality. In the similar 
study regarding the Sc concentration in sputtered AlScN/Si recently, no significant correlation be-
tween 0002 reflection rocking curve FWHM and Sc concentration was observed [138,145]. 

 
Figure 5-13 FWHM of AlScN 0002 reflection as a function of x in Al1-xScxN thin film sputtered on Si(001) sub-
strate, the line is a guide for the eye 

5.2.4 Piezoelectric coefficient 

To investigate the piezoelectric coefficient d33 as a function of the Sc concentration, piezoelectric coef-
ficient d33, clamp was measured using Berlincourt method (Piezotest), the plot is shown in the Figure 
5-14. 

From the measured d33, clamp as a function of Sc concentration, the value for AlN and Al0.54Sc0.46N is 
7.3 ± 0.3 pC/N and 27.2 ± 0.9 pC/N, respectively. It brings a huge boost of the piezoelectric coeffi-
cient d33 in Al0.54Sc0.46N compared to AlN by around 400%, similar to the 27.6 pC/N reported by Aki-
yama et al. [3] However the trend of the increasing d33 is not fitting to the measured value and theoreti-
cal prediction in the literature [3,53,104]. Although the Berlincourt method could characterize the pie-
zoelectric coefficient, however, it measures effective coefficient of the sample and is influenced by the 
substrate stiffness.  The real d33 is given when the stress is applied on the whole structure [146]: 

 𝑑33 = 𝑑33,𝑐𝑐𝑐𝑐𝑐 + 2𝑑31(𝑆13 + σ/Y)/(𝑆11 + 𝑆12) 
 

5-1 

where the σ and Y are the Poisson ratio and Young’s modulus of the substrate. In the actual calcula-
tion of measured d33, d31 and S13 are using the simulated value reported in literature [53]. 
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Figure 5-14 Piezoelectric coefficient d33 (clamped d33 as measured value, marked as red circles and corrected d33, 
marked as black squares) as a function of Sc concentration x in Al1-xScxN, the lines are the guide for the eye. [147] 
The calculated d33 is also plotted as a function of Sc concentration in Figure 5-14. Compared to the 
d33, clamp, the d33 value for AlN is 5.5 pC/N and it is fitting to the theoretical value [53]. According to 
the trend and the guide line, the corrected values intersect the measured values at around x = 0.27, and 
corrected value experience a strong increase when x > 0.4. The achieved d33 after the correction for the 
Al0.54Sc0.46N is 44 pC/N. 

 
Figure 5-15 Piezoelectric coefficient d33 as a function of Sc concentration and comparison to the literature values, 
including the data from Switzerland [148], Sweden [149], Japan [3,150], China [151–153], Germany [103], Austria 
[154]. 
 
In Figure 5-15 the piezoelectric coefficient measured in this work is compared with part of the exper-
imental value in the literature. Concerning the Sc concentration, the AlScN in this work is the with 
highest Sc concentration among the reported in the literature, and still with c-axis crystallographic 
orientation. Furthermore, the piezoelectric coefficient are much higher than the AlScN synthesized by 
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other research groups around the world. However, it is not explained whether the similar corrections is 
made in the literature values. The comparison of the absolute piezoelectric coefficient should be down 
by verifying the experimental and calculation methods mentioned in the literature. Therefore the 
AlScN/Si with high Sc concentration synthesized in this work already reach the standard of state-of-
the-art, and the optimization of the sputtering parameter has proven as an effective approach.  

5.3 AlScN on Al2O3 (0001) substrates 

The Al1-xScxN grown on the Si(001) showed the columnar growth from the cross-section SEM image. 
However, due to the large in-plane lattice mismatch, Al1-xScxN and Si(001) will not have epitaxial rela-
tionship. Literatures reported that the sputtered AlN on Al2O3 shows epitaxial relationship and rela-
tively high crystalline quality [89]. Furthermore, the electro-acoustic devices based on Al2O3 also shows 
better performance and unique properties because of the improved crystalline quality of AlN and high 
hardness of the Al2O3 substrate [60]. Therefore the Al1-xScxN with Sc concentration variation x up to 
0.46 is thus grown on the Al2O3(0001) substrates and their properties are evaluated.  

Table 5-4 Overview of the sputtering parameter of the AlScN/Al2O3 
Parameter  Value  
PAl + PSc 1000 W 
Process pressure  9.5 × 10-4 mbar 
Target-to-substrate distance 65 mm 

N2 / (Ar + N2)  100% 
Heater temperature  300-400 °C  
Thin film thickness 1000 nm 

 

The sputtering parameters are shown in Table 5-4. The partial power variation to achieve the specific 
Sc concentration in the Al1-xScxN is the same as Al1-xScxN/Si mentioned in Figure 5-9. Here the heater 
temperature needs to be noticed. Because of the risk of the cracks to sputter on the Al2O3(0001) sub-
strate, the heater temperature is tuned. As the plotted figure of the intrinsic stress measured by laser 
profiler for Al1-xScxN/Al2O3 in Figure 5-16, a higher tensile stress for the Al1-xScxN/Al2O3 with corre-
sponding Sc concentration is observed to have 250-500 MPa higher than Al1-xScxN/Si, which could be 
the reason of the risk of the cracks for Al1-xScxN/Al2O3. When the Sc concentration is increasing, the 
AlN/Al2O3 and Al0.54Sc0.46N/Al2O3 showed 1074 MPa and -670 MPa, respectively. The differences of 
these two Sc concentrations are larger than that on the Si, which showed 545 and -1016 MPa, respec-
tively. Both the stress in Al1-xScxN/Si and Al1-xScxN/Al2O3 is decreasing with the increasing Sc con-
centration, which is caused by introduction of more Sc atoms and thus the lager lattice parameter. The 
stress, could come from the microstructure, crystalline quality (will be shown later), lattice mismatch, 
thermal strain (especially here the heater temperature for the sputtering is different) and so on, which 
is so difficult to argue the dominating effect here.  

Considering also the effect of the phase separation of the high Sc concentration in the AlScN/Si sys-
tem, as well as the high tensile stress of Al1-xScxN/Al2O3, the actual heater temperature is set as 400°C 
(Sc concentration x = 0, 6, 14, 23, 32) and 300°C (Sc concentration x = 0.41 and 0.46) 
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Figure 5-16 Intrinsic stress of Al1-xScxN/Al2O3 as a function of Sc concentration compared to Al1-xScxN/Si, the lines 
are guides for the eye. [147] 
 
XRD 2θ/θ scans of the Al1-xScxN/Al2O3 are shown in the Figure 5-17. Only AlScN 000l (l = 2, 4) 
reflections and Al2O3 000l (l = 6, 9) in the measured range of the 2θ can be seen. No extra reflection 
indicates that all thin films of AlScN/Al2O3 are c-axis oriented, including the AlScN with Sc concen-
tration over x = 0.4. The peak position of the Al1-xScxN 0002 and Al2O3 0006 are at around 2θ = 36° 
and 42°, respectively, similar to the value reported in the literature [104,155]. However, there is not a 
clear trend of the peak shift for the Al1-xScxN 0002 with respect to the Sc concentration, e.g. The 2θ = 
36.11°, 35.99° and 36.19° are for AlN, Al0.87Sc0.13N and Al0.54Sc0.46N, respectively. The peak shift in a 
non-linear behavior is similar to the Al1-xScxN/Si, that the non-linear evolution of c-lattice parameter is 
the reason. Also the relationship of the peak position and the c-lattice parameter is not straightfor-
ward, due to the effect of the thermal strain, lattice strain and other effects during the sputtering.  
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Figure 5-17 XRD 2θ/θ scans for the Al1-xScxN/Al2O3 up to x = 0.46, measurements was at the center on the wafer 
from AlScN 0002 reflections to AlScN 0004 reflections. 
 
Texture analysis (XRD pole figure measurements) was done at wurtzite-type AlN 101�1 reflection 
position (Figure 5-18 (a) and (b)). For all Al1-xScxN/Si samples, a closed ring is seen at the polar angle 
ψ = 62° which indicates fiber textured material with no preferential orientation in-plane [36,57] and for 
Al1-xScxN/Al2O3 the 6-fold symmetry was observed with the rotation of 30° between the substrate and 
the film, typical for epitaxial growth of group-III nitrides on Al2O3 substrates [89,156] where the epi-
taxial relationship can be defined [101�0]AlScN//[112�0]sapphire and (0001)AlScN//(0001)sapphire. 



   AlScN thin film  
 

73 
 

  
Figure 5-18 XRD pole figures for Al0.68Sc0.32N sputtered on (a)Si (001) (b)Al2O3 (0001). [147] 
 
The rocking curve FWHM of Al1-xScxN 0002 are shown in Figure 5-19. The AlN/Al2O3 shows low 
FWHM of 0.7°, which indicates a very good crystalline quality. As the Sc concentration is increasing, 
the value goes up to 1.66° in the Al0.54Sc0.46N. Compared to the value of Al1-xScxN/Si, the 
Al1-xScxN/Al2O3 thin films have generally lower FWHM, which stands for a better crystalline quality 
when the Al1-xScxN is sputtered on the Al2O3 instead of Si. However, the evolution trend shows dif-
ferent behavior of these two substrates. 

 
Figure 5-19 Rocking curve FWHM of AlScN 0002 as a function of x in Al1-xScxN thin film sputtered on Si (001) 
(black square) substrate and Al2O3 (0001) (red circle), the lines are guides for the eye. [147] 
 
As mentioned previously that the value goes down for the Si samples, but it goes up with the increas-
ing Sc concentration for the Al2O3 samples. This is possibly due to the fiber texture of the Al1-

xScxN/Si and epitaxial growth of the Al1-xScxN/Al2O3. When the incorporated Sc concentration is 
increasing, the expected lattice parameter is also increasing due to the larger atomic size of the Sc. In 
the case of Al1-xScxN/Si, there is no in-plane alignment due to the confirmed fiber texture by the pole 
figure, the relaxation could happen and it will reduce the intrinsic stress. However, in the case of the 
Al1-xScxN/Al2O3, due to the epitaxial relationship confirmed by the 6-fold symmetric pole figure, there 
is no possibility of the relaxation when the Sc concentration is going up. Therefore the higher overall 
tensile stress and more sensible evolution trend with respect to the Sc concentration are observed.  
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5.4 Discussion and summary 

In this chapter, the procedure of optimizing Al1-xScxN sputtering in a large Sc concentration range on 
both Si(001) and Al2O3(0001) were discussed.  

First the nitrogen ratio (N2 / (Ar + N2)) for thin film Al1-xScxN sputtering is investigated for the study 
of misoriented grains. Randomly oriented AlN or Al1-xScxN grains are not detected in XRD 2θ/θ scans 
when they are in a low density due to the small volume compared to substrate. Mapping of the piezo-
domains in PFM reveal that those grains is possibly without piezoelectricity, therefore they are influ-
encing the macroscopic piezoelectric performance of the Al1-xScxN layer when the density of the miso-
riented grains is high. The density of the misoriented grains will decrease when: 1) the N2 concentra-
tion is increasing, 2) the TSD is decreasing; and the N2 concentration is more important for the density 
of the misoriented grains. Using 100% N2 concentration could eliminate the existence of the misori-
ented grains. Regarding films without misoriented grains, the surface roughness Rrms of the Al1-xScxN is 
as low as 1.5 nm.  The non-existence of the misoriented grains can be double-checked with GIXRD, 
in this configuration the X-ray path into the Al1-xScxN is much increased, thus the sensitivity for the 
surface microstructure and crystallographic orientation, the only drawback is the long measuring time. 
However, for the preliminary check of the thin film quality considering misoriented grains, SEM cross-
section and planar images are sufficient.  

After the effects of misoriented grains were reduced or eliminated in the Al1-xScxN thin films, the Sc 
concentration was increased with tuning partial power of the Al and Sc (PAl and PSc). Sc concentration 
was determined by EDX, based on reference SIMS samples. To solve the phase-instability of the 
Al1-xScxN in higher Sc concentration (x > 0.4 in Al1-xScxN), the heater temperature was decreased at 
400°C to maintain the wurtzite structure of the Al1-xScxN, while the films with lower Sc concentration 
were sputtered still at 500°C to achieve high crystalline quality. In this work the Al1-xScxN with Sc con-
centration up to x = 0.46 is successfully synthesized, it is by far the Al1-xScxN with highest Sc concen-
tration with hexagonal wurtzite c-axis orientation. The piezoelectric coefficient d33 reached 44 pC/N, 
the highest value already exceed the literature value 27.6 pC/N achieved by Akiyama et al. in 2009. 
Furthermore, Al1-xScxN with Sc concentration variation was also grown on the Al2O3(0001) substrates, 
and the heater temperature has been optimized to reduce the risk of macro cracks of AlScN. The 
Al1-xScxN/Al2O3 has higher crystalline quality regarding the corresponding Sc concentration on the 
Si(001), also from the pole figure, the Al1-xScxN/Al2O3 layers were grown epitaxially, with epitaxial 
relationship defined as [101�0] AlScN// [112�0] sapphire and (0001)AlScN//(0001)sapphire. The epitaxial 
Al1-xScxN/Al2O3 reached better quality and unique properties of Al1-xScxN enable more potential ap-
plications for Al1-xScxN. 

In this chapter, the XRD 2θ/θ scans of Al1-xScxN/Si and Al1-xScxN/Al2O3 were showing the same 
trend, that 2θ angle of AlScN 0002 and 0004 reflections first decreased and increased as a function of 
Sc concentration. The c-lattice parameters reported in the literature [52] is indicating similar non-linear 
trend, that is supporting the trend of peak shift of XRD in this work. 
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6 Mechanical and optical properties of AlScN   

The hexagonal c-axis oriented Al1-xScxN thin films up to x = 0.46 were synthesized on Si(001) and 
Al2O3(0001). In this chapter, the mechanical and optical properties of the Al1-xScxN are investigated. 
First, the elastic modulus and the coefficient of thermal expansion will be determined by thermal cy-
cling method. These two material parameters are evolving with Sc concentration and are very im-
portant regarding the design and fabrication of the electro-acoustic devices, and the device perfor-
mance, thermal stability and long-term stability will be strongly influenced. This work was published 
and became the first systematic experimental study of the coefficient of thermal expansion of AlScN 
[147]. Secondly, the Raman spectroscopy is used to determine the Sc concentration dependent phonon 
vibration modes. It is the first time to observe the E2(high) modes in samples with high Sc concentra-
tion due to the high crystalline quality of the Al1-xScxN/Al2O3. At last the spectroscopic ellipsometry is 
used to determine the refractive index and band gap of the Al1-xScxN.   

6.1 Elastic modulus and coefficient of thermal expansion 

For MEMS device design the mechanical properties, such as elastic modulus, and coefficient of the 
thermal expansion (CTE) are important parameters [157]. However, there are only few works which 
experimentally assess the elastic properties of this novel material and there is only one report on the 
elastic modulus of Al1-xScxN with relatively high Sc concentration [53]. Moreover, to the best of my 
knowledge, the CTE of Al1-xScxN thin films has not been reported until now and in addition to 
providing support for device design it is also a significant parameter for the accurate determination of 
the pyroelectric coefficient of  Al1-xScxN [158]. 

As reported in the literature, elastic modulus of Al1-xScxN thin films can be locally measured by 
nanoindentation [6,157]. However, the indentation modulus can be influenced by the indentation 
depth, the substrate, and other factors [159]. Measuring the temperature-stress relationship of thin 
films grown on substrates with different CTE is a non-destructive method that not only enables the 
determination of the elastic modulus, but the CTE as well, as it was previously reported for AlN [36] 
and other materials [160,161]. The temperature-induced stress σT can be described by the following 
equations [162]: 

 σ𝑇 = 𝐸𝑓
�1−𝑣𝑓�

∫ (𝛼𝑠 − 𝛼𝑓)𝑑𝑑𝑇1
𝑇2

, 6-1 

where 𝐸𝑓/(1 − 𝑣𝑓) is the biaxial elastic modulus and Ef and νf are Young’s modulus and Poisson ratio 
of the film, respectively. αs and αf stand for the CTE of the substrate and the film, respectively. The 
CTE of the film αf can also be described by: 

 𝛼𝑓 = 𝛼𝑠1−𝑘𝛼𝑠2
1−𝑘

, 6-2 
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here 𝑘 =  (𝛥𝛥𝑠1/𝛥𝛥)/(𝛥𝜎𝑠2/𝛥𝛥) is a ratio of stress-temperature slopes, which are calculated based 
on temperature-induced stress as a function of temperature on substrates “s1” with CTE αs1 and “s2” 
with CTE αs2. 

The CTE and biaxial elastic modulus of Al1-xScxN are extracted based on Equation 6-1 and 6-2 by 
analyzing thin films deposited on Ø=100 mm Si(001) and Al2O3(0001) substrates. The sputtering pa-
rameters and the crystalline quality were already descripted in the Chapter 4. To determine the film 
stress in as-deposited Al1-xScxN, first the film thickness was measured by ellipsometry (SENTECH 
SE800), the wafer curvature before and after the sputtering was measured by FSM 500TC laser profiler, 
and then the in-plane stress σ was calculated by using Stoney-equation [163]: 

 𝜎 = 𝐸𝑠𝑑𝑠2

6(1−𝑣𝑠)𝑑𝑓
(1
𝑅
− 1

𝑅0
), 6-3 

here the  𝐸𝑠/(1 − 𝑣𝑠)   is biaxial elastic modulus of the substrate and df and ds are the thicknesses of 
the film and substrate, respectively. R0 and R stand for the radius of curvature before and after the film 
deposition. In order to determine the CTE and the biaxial elastic modulus of Al1-xScxN, the tempera-
ture-induced stress was measured under N2 atmosphere, in the same laser profiler experimental set-up. 
First, thermal cycling for Al1-xScxN/Si and Al1-xScxN/Al2O3 samples was done between room tempera-
ture and 400°C with heating and cooling rate of 2 K/min, where every 25 K the temperature was held 
constant for 5 min before the wafer curvature measurement was performed. However, 
Al1-xScxN/Al2O3 samples with x = 0.06 and 0.14 were prone to cracking at elevated temperatures and 
thus the maximum temperature in the thermal cycling experiments was reduced to 125 °C with 
2 K/min heating and cooling rate and the wafer curvature was recorded every 10 K for improved 
accuracy.  

6.1.1 Elastic modulus and CTE as a function of Sc concentration 

Additional thermal cycling experiments under the same conditions were also performed for 
Al1-xScxN/Si samples and the stress-temperature slopes did not show any significant difference from 
the original thermal cycling series up to 400 °C, thus the original measurement data was used. To in-
vestigate the possible film quality degradation or structural changes before and after the thermal cy-
cling, FWHM of Al1-xScxN 0002 reflection rocking curve were compared and showed ±0.1° difference 
for all investigated samples; sample composition recorded in EDX varied only within the measurement 
error; surface roughness Rrms <1.5 nm was measured by AFM both before and after the thermal cy-
cling, indicating that the samples did not undergo any irreversible changes in their microstructural or 
crystalline properties. 

For calculation of the Al1-xScxN CTE and biaxial elastic modulus, CTE was assumed to be constant in 
the temperature range 25-400°C, and the following literature values were used for Si(001): biaxial elas-
tic modulus 𝐸𝑠/(1 − 𝑣𝑠) = 180 GPa [164], CTE α = 3.57×10-6 K-1 [34] and for Al2O3(0001) [165]: 
biaxial elastic modulus 𝐸𝑠/(1 − 𝑣𝑠) = 472.6 GPa, CTE α = 5.23 ×10-6 K-1.   
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Figure 6-1 (a) Temperature-induced stress as a function of temperature in Al0.94Sc0.06N grown on Si(001) (black 
squares) and on Al2O3 (0001) (red circles); (b) Biaxial elastic modulus (blue circles) and average coefficient of 
thermal expansion (black squares) as a function of Sc concentration in Al1-xScxN, lines are a guide for the eye.  
[147] 
 
Due to the different substrate CTE the Al1-xScxN/Si films become more compressive stressed and the 
Al1-xScxN/Al2O3 more tensile, as an example the temperature-induced stress curves recorded for 
Al0.94Sc0.06N are shown in Figure 6-1 (a). Using Equation 6-1 and 6-2 the average CTE and biaxial 
elastic modulus were calculated and the results are shown in Figure 6-1 (b), here the error originates 
from scattering of the data when fitting the stress-temperature slope and increases with the Sc concen-
tration. CTE of AlN was determined to be α = 4.65 ± 0.20 × 10-6 K-1  (black squares) while values in 
the literature range from 2.56 to 5.27 × 10-6 K-1 [158,166,167] and biaxial elastic modulus of 535 GPa 
(blue circles) while 450-489 GPa has been reported previously [36,53]. With increasing Sc concentra-
tion the CTE of Al1-xScxN is first increasing  and reaches the highest value of 
α = 4.95 ± 0.26 × 10-6 K-1 at x = 0.23 and then decreases down to α = 4.29 ± 0.36 × 10-6 K-1 for 
x = 0.41. The biaxial elastic modulus of Al1-xScxN as a function of Sc decreases linearly by 
Ef / (1 - vf) = 534.77 – x · 601.36   The findings are in good agreement with theoretically predicted and 
experimentally determined biaxial elastic modulus by Caro et al. [53]. The non-linear behavior of CTE 
could be explained by the non-linear evolution of lattice parameter c [3,50,54] suggesting that the shape 
of the unit cell is changing non-linearly as a function of Sc concentration. 

 

6.1.2 Temperature dependent CTE 

In addition, temperature-dependent CTE of AlN and Al0.68Sc0.32N were calculated by using tempera-
ture-dependent stress data (Figure 6-2 (a)) as well as temperature-dependent Si(001) and Al2O3(0001) 
CTE every 50°C [34,165]. The calculation of temperature-dependent CTE not only helps optimization 
of mechanical properties during film deposition but also the design of the temperature-compensated 
devices [168,169]. Figure 6-2 (b) shows the CTE of AlN (black squares) and Al0.68Sc0.32N (blue trian-
gles) as a function of temperature. 
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Figure 6-2 (a) Temperature-induced stress as a function of temperature in Al0.68Sc0.32N grown on Si(001) (black 
squares) and on Al2O3 (0001) (red circles); (b) Temperature-dependent coefficient of thermal expansion of AlN 
(black squares) and Al0.68Sc0.32N (blue triangles) as a function of temperature, lines are a guide for the eye. [147] 
 
The CTE increases with temperature from 4.21 × 10-6 K-1 at 65°C to 5.75 × 10-6 K-1 at 400°C for AlN 
and from 4.18 × 10-6 K-1 at 65°C to 6.38 × 10-6 K-1 at 400 °C for Al0.68Sc0.32N. Similar trends in litera-
ture can be seen in previous studies of temperature-dependent CTE in AlN [34,35]. Summary of ex-
perimentally determined average CTE and elastic modulus as a function of Sc concentration, as well as 
calculated values based on literature are summarized in Table 6-1: 

Table 6-1 Experimental CTE, elastic modulus, and theoretical elastic modulus of Al1-xScxN 

Sc concentration x 
CTE 
(×10-6 K-1) 

Elastic modulus 
(GPa) 

Elastic modulus in 
literature [53] (GPa) 

0 (AlN) 4.65 ± 0.20 535 490 
0.06 4.70 ± 0.26 492 452 
0.14 4.73 ± 0.30 456 415 
0.23 4.95 ± 0.26 389 367 
0.32 4.84 ± 0.17 371 317 
0.41 4.29 ± 0.36 270 261 

6.1.3 Discussion 

The CTE of Al1-xScxN has a non-linear trend as a function of Sc concentration, although the elastic 
modulus is decreasing linearly. The atomic structure of Al1-xScxN with different Sc concentration is 
shown in Figure 6-3. Two effects should be considered when more and more Al atoms are replaced by 
Sc atoms. 
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Figure 6-3 Atomic structure of AlN, AlScN (low Sc concentration) and AlScN (high Sc concentration), B1 and B2 
stand for different Al(Sc)-N bond.  
 

1. Bond length and strength: B1 and B2 are the Al(Sc)-N bonds. If considering a larger atom ra-
dius of Sc (230 pm) compared to Al (184 pm), replacing Al by Sc atoms leads to larger bond 
length of both B1 and B2. Therefore, the bond strength of B1 and B2 is generally weaker at 
high Sc concentration. 

2. Bond angle of B1: Considering the non-linear evolution of c-lattice parameter and increasing 
a-lattice parameter in the theoretical prediction [52], bond angle of B1 is increasing. As a result, 
B1 contributes more in the a-lattice parameter and less in the c-lattice parameter. 

The non-linear of trend CTE change as a function of Sc concentration can be explained by com-
bining these two effects. The CTE is calculated by thermal-induced biaxial stress, therefore it is af-
fected by in-plane crystal lattice parameter. The competition is happening between weak bond 
strength and large bond angle, it finally results in non-linear behavior of CTE in a-direction. Simi-
larly, CTE in c-direction is much weaker as Sc concentration is increased. The reason is reduced 
strength in both B2 and B1, and B1 bond is affecting less in c-direction.   

6.2 Phonon modes 

Raman spectroscopy measures the phonon vibrational information, which can be used to determine 
the crystalline quality, the stress, compositional information and so on[32]. It was reported in the lit-
erature that the E2(high) peak of the AlN is used to determine the stress of the AlN/Si wafer[106]. 
The first Raman spectroscopy measurement for Al1-xScxN/Al2O3 was reported by Deng et al. [109], the 
optical phonon modes E2(High) and A1(LO) is identified in the AlScN, however the results were only 
up to x = 0.16 due to the material quality and signal-to-noise ratio. 

In this work 1 um thick Al1-xScxN/Al2O3 and Al1-xScxN/Si up to x = 0.41 were used for Raman. The 
measurement was done with Renishaw Invia Raman Microscope. The Si calibration sample was used 
before measurement, to correct the peak shift and peak intensity. The measurement points were in the 
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center of the 100 mm Al1-xScxN/Al2O3 wafer using 5% of the laser power and 200 accumulations. 
First, the stress mapping of AlN/Si will be introduced, to determine the average stress of the 100 mm 
wafer and also to map the localized stress of AlN/Si and AlN/Al2O3 in macroscopic range. Secondly, 
the Raman mode of Al1-xScxN /Al2O3 in higher Sc concentration is recorded, due to the high crystal-
line quality it is the first time to observe the phonon modes in Sc concentration x > 0.2. 

6.2.1 Stress determination of AlN 

In the normal procedure of stress determination, the thickness of the wafer is characterized by spec-
troscopic ellipsometry using Cauchy-equation with Urbach tail. Afterwards, the average wafer curva-
ture of 100 mm wafer could be calculated by the Stoney equation[163]. However, the stress deter-
mined by wafer curvature is could not describe the local stress, especially to analyzed the relaxed area 
with macro cracks, e.g. If the cracks could be observed on the surface of the AlN/Al2O3 in the micro- 
and macro range from SEM or optical microscopy, the tensile stress measured by laser-profiler is al-
ready the stress value after the relaxation. In order to evaluate the local stress in the AlN/Al2O3, Ra-
man spectroscopy is used for the determination. Based on characterization methods described by 
[106,170], AlN E2 peak position in the Raman spectra as a function of average film stress is shown in 
Figure 6-4. 

 
Figure 6-4 AlN/Si E2(High) peak position as a function of intrinsic stress measured by laser profiler, the line is a 
guide for the eye. 
 
In Figure 6-4 shows the reflection at peak position of the 653 cm-1 for AlN E2 (high) phonon mode 
[32], the peak position of the E2 (high) is dependent on the stress of the film, therefore a correlation is 
established to the stress measured by laser-profiler. It could be observed that E2 (High) peak position 
is proportional to the stress measured and calculated by the wafer curvature. The calculated slope is 
3.55 ± 0.55 GPa/cm-1, close to the literature value 3.7 ± 0.3 GPa/cm-1[170].  

By doing mapping of the Raman spectra of the desired local area, the local stress of the AlN/Al2O3 
thin film with cracks can be easily estimated (Figure 6-5). Although the stress from wafer curvature 
shows an average value of 400 MPa, in the stress mapping by the Raman spectra it is ranging 
from -125 MPa to 1360 MPa. The area with larger size between the cracks experience high tensile 
stress up to 1360 MPa in the center of the mapping, while the area with smaller size between the 
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cracks have the stress approaching to zero, likely relaxed. From this local stress mapping, the as-
deposited AlN/Al2O3 determined by the laser profiler as slightly tensile-stressed is not reliable due to 
the relaxation of the cracks. The real stress could be higher than 1000 MPa and it causes crack after the 
sputtering.  

6.2.2 Phonon modes in the AlScN/Al2O3 

The stress-E2(High) peak position relations of AlN is already introduced. However, the reader may ask 
why it is applied only for AlN/Si instead of Al1-xScxN. When there is no Sc incorporated, the E2(High) 
peak shift is mainly caused by the strain. However, when the Sc is incorporated, it is hard to determine 
whether the peak shift is from the stress or from the Sc concentration. Also, in this work the Al1-

xScxN/Si had very low Raman intensity, and with Sc concentration x > 0.14 it is hard to distinguish it 
from the background noise. Therefore the Al1-xScxN/Al2O3 was investigated, and the Raman spectra 
with different Sc concentrations are listed in Figure 6-6. 

As shown in Figure 6-6, the E2(High), A1(LO) and E1(LO) are marked in the Raman spectra. First the 
E2(High) has a peak shift to the lower wavenumbers: AlN shows E2(High) at 651.06 cm-1 and it shifted 
to the 581.20 cm-1 in the Al0.59Sc0.41N. However the peak intensity in the Al0.59Sc0.41N is much lower 
and the peak is much wider than that in the AlN, but it still can be recognized. The E2(High) is shifted 
to the lower wavenumbers also due to the stress change, which was discussed in Chapter 5.3. Howev-
er, if considering the stress in the stress-E2(High) peak position relations of AlN having the trend 
3.55 ± 0.55 GPa/cm-1, the peak shift is not only caused by the stress in the Al1-xScxN thin film, in that 
case the wavenumbers of Al0.59Sc0.41N should be around the 645 cm-1. Apparently, the measured 
E2(High) has a much lower wavenumber and it is caused by the incorporation of the Sc. The width of 
the E2(High) is increasing of the increasing Sc concentration, indicating more degraded crystalline 
quality in the higher Sc concentration. 

 
Figure 6-5 Stress mapping evaluated from the E2(high) peak of the AlN/Al2O3 from Raman spectroscopy, sput-
tered under 500°C. 
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Figure 6-6 Raman scattering for AlScN/Al2O3 with x = 0-0.41. The red dash lines are indicating the Eg 
modes of Al2O3(0001) substrate, and the blue dash lines are indicating AlScN E2(High), A1(LO) and 
E1(LO) modes. 
 
The degraded crystalline quality in AlScN/Al2O3 is confirmed by the XRD rocking curve FWHM in 
the Chapter 5.3. Deng et al. reported a more than 14x wider E2(High) peak as in the AlN, explained 
with a bond softening caused by substantially incorporation of Sc [109]. The A1(LO) peak is shifting to 
the small wavenumber, as well. The A1(LO) peak is at 885 cm-1 for AlN and 812 cm-1 for Al0.59Sc0.41N, 
which fits the 890 cm-1 for AlN in the literature [109]. It is reported that the A1(LO) peak position is 
affected by the composition in the Al1-xGaxN [32]. The similar trend is also found in the Al1-xScxN 
(Figure 6-7). The trend is similar to the linear behavior, the correlation of the wavelength of Raman 
A1(LO) peak position ωA1(LO) and Sc concentration x can be expressed as: ωA1(LO) = 883 -  184x. The 
trend of A1(LO) is similar to the reported data [109]. 

 
Figure 6-7 Wavenumber of the A1(LO) peak in the Raman spectra of AlScN/Al2O3 as a function of the Sc concen-
tration, the line is a guide for the eye. 
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6.2.3 Discussion 

In this section, the Raman spectroscopy was used to determine the phonon modes A1(LO) and 
E2(High) in Al1-xScxN/Al2O3. The wavenumber of the both phonon modes were decreased to lower 
values as a function of Sc concentration, which is fitting the trend of reported values up to 
Al0.85Sc0.15N [109]. 

 
Figure 6-8 Atomic structure of AlN, AlScN (low Sc concentration) and AlScN (high Sc concentration), B1 and B2 
stand for different Al(Sc)-N bond and arrows are showing A1 and E2(High) phonon modes 
 
The schematic figure of the Al1-xScxN, similar to the one in Chapter 6.1.3, in Figure 6-3 is showing the 
vibrating of the A1(LO) and E2(High). The atomic mass of Sc than Al, 45 and 27 g/mol, respectively. 
The atomic mass of the metal atoms in the film mmetal is expressed as mmetal = (1 - x) mAl + mSc, which 
is statistically increasing as a function of Sc concentration. The increased atomic mass leads to a vibra-
tion at lower frequency in both A1(LO) and E2(High), as measured in the Raman spectroscopy. How-
ever, because the A1(TO) peak is missing in the Raman spectra, the covalent bond strength for 
Al1-xScxN is not quantitatively determined.   

6.3 Band gap of AlScN 

Due to the band gap engineering for optoelectronics, there are quite a lot of works on III-metal-N 
compounds [171]. Zhang et al. [52] calculated the band gap of AlScN up to Sc concentration x = 0.5 
when the structure is still wurtzite. Later on, Deng et al. determined the band gap up to Sc concentra-
tion x < 0.2. In this part, the spectroscopic ellipsometry measurements for Al1-xScxN/Al2O3 up to Sc 
concentration x = 0.41 will be described. 

The epitaxial grown Al1-xScxN/Al2O3 up to x = 0.41 were measured by Woollam V.A.S.E. Further-
more, additional samples with Sc concentration x = 0.09 and 0.17 were fabricated to show better trend 
of the band gap evolution as function of Sc concentration. During the measurements, the incident 
angle is set at 65°, 70°, 75° and the detailed data are based on 65°. Optical constant of Cauchy-fitting 
with Urbach tail of Al2O3 is based on the result of Yao et al. [172]. In Figure 6-6, the reflection spectra 
of the Al1-xScxN/Al2O3 up to x = 0.41 is shown. The Fresnel fringes are observed in a lower energy 
range and the amplitude is decreasing with increasing energy and then disappears, which indicates a 
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strong absorption when the energy of the light is approaching the band gap. The absorption energy is 
decreasing with the increasing Sc concentration, it shows band gap energy Eg is 5.8 eV in the AlN and 
4.4 eV in the Al0.59Sc0.41N. The Eg in the AlN is lower than the value in the literature, which is around 
6.2 eV [52,171,173], and the Eg of Al0.59Sc0.41N is higher than the measured value [171] and the theoret-
ical prediction [52].  

 
Figure 6-9 Reflection spectra from spectroscopic ellipsometry, from AlScN up to Sc concentration x = 0.41. [174] 
 

Later, based on the spectroscopic ellipsometry spectra amplitude ratio Ψ(E) and phase difference 
∆(E), as well as the reflection spectra, absorption coefficient and Tauc plot is extracted. These results 
are showing AlN with band gap around 6.2 eV, and Al0.59Sc0.41N with band gap between 4.6-4.8 eV. 
Compared to the theoretical band gap from Zhang et al. [52], the experimental determined band gap is 
fitting to the calculated value very well, showing the good material quality of sputtered AlScN. The 
more detailed discussion of the accuracy as well as combination of other determination to analyze the 
band gap of AlScN is discussed in [174]. 

6.4 Summary 

In this chapter, the characterization of the Al1-xScxN mechanical and optical properties were described.  

The elastic modulus and coefficient of thermal expansion coefficient were successfully determined by 
thermal cycling method and first reported in this work. Elastic modulus is decreasing as the increasing 
Sc concentration, from 535 GPa in AlN to 270 GPa in Al0.59Sc0.41N. Furthermore, the CTE of the 
Al1-xScxN showed non-linear behavior regarding the increasing Sc concentration, which could be 
caused by anisotropic evolution of crystal dimensions. Temperature dependent CTE of Al0.68Sc0.32N 
was determined and had similar increasing trend with temperature as reported value for AlN in the 
literature[35]. The measurement and analysis of these effects was possible because the high crystalline 
quality and highly c-axis oriented Al1-xScxN achieved at Fraunhofer IAF. The elastic modulus and CTE 
will help the design of the electro-acoustic device in predicting device performance at the elevated 
temperatures.  
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Afterwards, the optical measurements such as Raman spectroscopy and spectroscopic ellipsometry 
were carried out. The peak shift of the E2(High) and A1(LO) are first observed in the higher Sc con-
centration, both are correlated to the Sc concentration and crystalline quality. In the Raman spectros-
copy the correlation between AlN E2(High) peak shift and stress was made, the established relation-
ship was used to find the macrocracks in the optimization of the AlN/Al2O3 sputtering deposition. 
Thanks to the developed stress-management, the epitaxial Al1-xScxN/Al2O3 thin films as well as high 
Sc concentration were achieved.  

In order to determine band gap with respect to the Sc concentration in the AlScN, spectroscopic ellip-
sometry measurement is done by analyzing Al1-xScxN/Al2O3 up to x = 0.41. However, determination 
based on the absorption of the reflectance spectra still have higher deviation regarding to the existing 
value in the theoretical prediction [52] and parts of the measurement [171]. Therefore the further 
AlScN/Al2O3 with transparent substrate are under preparation and more measurements are being 
organized. The plan is to precisely determine the band gap of the Al1-xScxN to confirm the capability 
of band gap engineering by adjusting Sc concentration, which makes Al1-xScxN a material with great 
potential for the optoelectronic applications.  
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7 AlScN based SAW resonators 

In this chapter, surface acoustic wave (SAW) resonators were fabricated and characterized to deter-
mine the material properties and guides the further optimization of the sputtering deposition. Al1-

xScxN film in the SAW serves as piezoelectric material, therefore the properties of the SAW resonators, 
such as resonance frequency, electro-mechanical coupling coefficient are also the important parame-
ters to describe the material. The highest resonance frequency achieved by the SAW is around 2 GHz 
with the smallest wavelength of 2 um, which proves the application of Al1-xScxN in the frequency 
range of the 5G telecommunications. 

The Al1-xScxN thin films were deposited on the 100 mm diameter Si (001) substrates with the resistivi-
ty 3000-10000 Ohm·cm, different from the common Si (001) in the previous material development 
with resistivity 1-5 Ohm·cm. Clement et al.[175] reported that the distorted response and low in-band 
insertion loss in the AlN-based SAW structure sputtered on conductive Si (001) substrates. Therefore 
the Al1-xScxN thin films up to Sc concentration x = 0.32 on high-resistivity Si (001) are sputtered under 
the following parameters: 

Table 7-1 Sputtering parameter of the AlScN/High-resistivity Si(001) 
Parameter  Value  
PAl + PSc 1000 W 
Process pressure  9.5 × 10-4 mbar 
Target-to-substrate distance 65 mm 

N2 / (Ar + N2)  100% 
Heater temperature  400-500 °C  
Thin film thickness 1000 nm 

 

The sputtering parameters listed in Table 7-1 are similar to the parameters in Chapter 5. The PAl and 
PSc were set to 1000/0, 800/200 and 625/325 to achieve the Sc concentration x = 0, 0.14 and 0.32. 
The heater temperature is 400°C and 500°C for x = 0 and 0.14, respectively, to control the wafer cur-
vature. Other details such as pre-sputtering, TSD and process pressure are same as the recipe in Chap-
ter 5. 

The crystallographic orientation and crystalline quality are determined by XRD 2θ/θ scan and ω-scan, 
which is shown in Figure 7-1. First, all the Al1-xScxN thin films showed 000l (l = 2, 4) in the 2θ/θ scan, 
no extra reflections, indicating the c-axis orientation in the Al1-xScxN thin film. Compared to the sam-
ples in Chapter 5.2 the preferred orientation didn’t change under the different resistivity of the Si sub-
strate. The peak shift towards lower 2θ was observed with increasing Sc concentration, which is caused  
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by the lattice strain due to Sc incorporation. The FWHM of Al1-xScxN/High-resistivity Si 0002 rocking 
curve was characterized by XRD ω-scan, FWHM increases to 1.74° in the Al0.86Sc0.14N from 1.69° in 
the AlN, and with further decrease to 1.47° in Al0.68Sc0.32N. The similar trend when the Al1-xScxN in 
deposited on lower resistivity substrates in the chapter 5.4 was shown, that in the low Sc concentration 
ranging from x = 0 to 0.14 the FWHM is only fluctuating in ± 0.5°, and it decreases drastically when 
the Sc concentration is larger than x = 0.23, indicating the better crystalline quality in the higher Sc 
concentration.  

Concerning that the existence of the misoriented grains mentioned in the Chapter 5.1, the height of 
the misoriented grains was up to 100 nm out of the surface and caused influence in the fabrication. 
Change the resistivity of the substrate can influence the charge condition on the substrate, and the 
kinetic energy of the incoming species can be correspondingly altered. The surface morphology was 

  
Figure 7-1 (a) XRD 2θ/θ scan of the AlScN/High-resistivity Si substrate (b) rocking curve FWHM of AlScN 0002 
as a function of Sc concentration 
 

 
Figure 7-2 Surface morphology of Al0.68Sc0.32N/High-resistivity Si measured by SEM.  
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characterized by SEM, image was taken in planar view, and the surface of the Al0.68Sc0.32N/High-
resistivity Si is shown in the Figure 7-2. The Al0.68Sc0.32N shows homogeneous pebble-like surface 
morphology as it is grown on the low resistivity Si wafers. The amount of the visible misoriented 
grains in the image is almost zero, confirming the quality of the AlScN on the high-resistivity wafer is 
suitable for fabrication of SAW resonators. 

 
Figure 7-3 Photo of the AlScN based SAW resonators, copyright © Fraunhofer IAF 
 
The Al1-xScxN based SAW resonators were fabricated to evaluate the benefit of the Al1-xScxN com-
pared to AlN. The SAW resonators are using platinum(Pt) as IDT fingers and reflectors, better elec-
tro-mechanical coupling is expected here by using heavier mass loading of Pt instead of light metal like 
Al[176]. The parameter of the SAW resonators are listed in the following table, other parameter and 
fabrication process are reported elsewhere[177]: 

Table 7-2 Parameter of the AlScN based SAW 
Sc concentration x 0(AlN), 0.14, 0.32 
Wavelength λ 2-24 um 
Aperture W 30 λ 
Number of IDT finger pairs  50 
Number of reflector finger pairs 20 
Thickness of IDT and reflectors electrodes 100 nm 

 

The frequency response of the SAW resonators was characterized by Agilent E5061B network analyz-
er with Cascade Air Coplanar probes (350 um pitch). An open-short-load calibration with a reference 
sample was utilized to obtain the best precision.  
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7.1 Results and discussion 

 
Figure 7-4 (a) Admittance and (b) phase change of the Al0.68Sc0.32N SAW resonator with wavelength 
λ = 2 um(bold, blue line), fitted with modified Butterworth-Van Dyke (mBVD) model (red line) [177] 
 
The admittance plot of the Al0.68Sc0.32N based SAW resonator with wavelength λ = 2 um is shown in 
the Figure 7-4, the series resonance frequency fs is around 1.82 GHz, according to the formula 2-16, 
the effective electro-mechanical coupling keff2 is 2.2%. The resonance frequency and the coupling of 
the resonators with same wavelength but different Sc concentrations are listed in the following table: 

Table 7-3 Resonance frequency and effective electro-mechanical coupling of AlScN based SAW 
Sc concentration x fs (GHz) keff

2 (%) 
0(AlN) 2.08 0.5 
0.14 1.97 0.9 
0.32 1.82 2.2 

 

The series resonance frequency is decreasing as the Sc concentration is increasing, from 2.08 GHz in 
the AlN to 1.82 GHz in the Al0.68Sc0.32N, decreased 12.5%. The decreasing of the resonance frequency 
is mainly due to the softening of the AlScN. According to the calculations of the elastic modulus in the 
Chapter 6.1, it decreases from the 535 GPa for AlN to 371 GPa in Al0.68Sc0.32N by 31%. In the litera-
ture the decrease of the phase velocity or resonance frequency for Al1-xScxN is also reported [178–180]. 
On the other hand, the effective electro-mechanical coupling is increasing from 0.5% in the AlN to 
the 2.2% in the Al0.68Sc0.32N, a 440% increase compared to AlN.  
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Figure 7-5 Phase velocity dispersion curve of the AlScN based SAW resonators (Sc concentration x = 0, 0.14, 0.32) 
as a function of normalized thickness [177]. 
 
In the next step, all the resonator with wavelength λ from 2-24 um are characterized, and it is plotted 
as a function of normalized thickness (hAlScN/λ, hAlScN stands for the thickness of Al1-xScxN layer). The 
phase velocity measured in hAlScN/λ = 0.04 to 0.15 region is affected by the substrate due to higher 
penetration depth. When hAlScN/λ increased further, acoustic wave is confined in the Al1-xScxN layer 
due to the relatively small wavelength λ. In this case, the dispersion curves of Sc concentration from x 
= 0 to 0.32 differ from each other, this behavior is mainly caused by the more and more incorporation 
of Sc. The dispersion curve reported in [61] also indicated the decreasing phase velocity as increasing 
normalized thickness further until hAlScN/λ reached 1.2, where the SAW resonator is based on IDT/ 
Al1-xScxN/single crystalline diamond.  

The combination of the decrease of the resonance frequency and the increase of the electro-
mechanical coupling limits the electro-acoustic application of the Al1-xScxN based resonators. However, 
if we compare the 12.5% decrease in frequency exchange for the 440% increase in the coupling, and it 
is further increasing with even higher Sc concentration, like the Sc concentration x = 0.41 - 0.46 de-
posited in this work, this behavior of Al1-xScxN will enhance the response of the resonator drastically. 
Meanwhile, other methods to improve the resonance frequency of Al1-xScxN based resonator are also 
necessary to overcome the material softening issue, e.g. The IDT/Al1-xScxN/single crystalline diamond 
layer structure will have higher order modes and enjoy higher resonance frequency[61]; using ion beam 
to achieve smaller pitch leading to shorter wavelengths of IDT. 

7.2 Summary 

In this part the Al1-xScxN thin films were sputtered on the 100 mm high resistivity Si (001) wafers and 
Al1-xScxN-based SAW resonators were fabricated to assess the performance of the material. The sput-
tered films showed 000l (l = 2, 4) peaks in the XRD 2θ/θ scan without extra reflections and rocking 
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curve FWHM of Al1-xScxN 0002 peak lower than 2°, indicating the wurtzite c-axis orientation 
Al1-xScxN with good crystalline quality on the high-resistivity Si wafer. The SEM planar view con-
firmed low density of the misoriented grains on the surface, guaranteeing appropriate surface for 
propagating of the SAW and convenience for the fabrication processes. The fabricated Al1-xScxN-
based SAW resonators showed resonance frequency 1.82 GHz with Sc concentration x = 0.32, wave-
length λ = 2 um, decreased 12.5% compared 2.09 GHz in the AlN. On the other hand the effective 
mechanical coupling coefficient keff2 increased 440% than that in AlN and reached 2.2%. The high 
performance in the electro-mechanical coupling gives AlScN a huge potential in the high frequency 
application, but method to compensate the material softening issue in the high Sc concentration 
should be considered in the future. 
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8 Conclusion and outlook 

8.1 Conclusion 

In this dissertation the development of wurtzite Al1-xScxN thin films with homogenous microstructure 
and high crystalline quality up to Sc concentration x = 0.46 was accomplished. The results achieved in 
this work are concluded concerning three keywords already mentioned in the beginning: microstruc-
ture, crystalline quality and piezoelectric response. 

Microstructure: 

The SEM images revealed a dense columnar microstructure in cross-section and pebble-like surface 
morphology for Al1-xScxN/Si thin films up to Sc concentration x = 0.46. All the columns in the cross-
section were densely packed, well aligned to the substrate normal direction, V-shape, tilt columns or 
misoriented grains were eliminated by optimizing the deposition process. Models connecting micro-
structure, process pressure, and TSD were established based on co-sputtering geometry. 

Crystalline quality: 

The sputtered wurtziteAl1-xScxN thin films are grown with c-axis orientation on both Si(001) and 
Al2O3(0001) substrates, FWHM < 2° for all compositions indicates a good crystalline quality. Misori-
ented grains and phase separation was not found in the optimized Al1-xScxN thin film up to Sc concen-
tration x = 0.46. XRD pole figures indicate fiber textured Al1-xScxN(0002)/Si(001) and epitaxial rela-
tionship in Al1-xScxN(0002)/Al2O3(0001), the epitaxial relationship was defined as 
[101�0]AlScN//[112�0]sapphire and (0001)AlScN//(0001)sapphire. 

Piezoelectric response: 

Al1-xScxN/Si thin films are showing homogenous piezoelectric domains with N-polarity. The piezoe-
lectric coefficient d33 = 44 pC/N is achieved by Al0.54Sc0.46N/Si, the value was obtained by correcting 
for different hardness of AlScN and Si substrate. It is also fitting the theoretical calculation and higher 
than reported value in the state-of-the-art. 

To determine the mechanical properties of the AlScN for better designing of the electro-acoustic res-
onators, elastic modulus and coefficient of thermal expansion (CTE) of the AlScN were determined by 
thermal cycling method for AlScN/Si and AlScN/Al2O3. The elastic modulus decreased from 
535 GPa for AlN to 270 GPa for Al0.59Sc0.41N, while the CTE evolved non-linearly regarding increas-
ing Sc concentration. Preliminary results of spectroscopic ellipsometry showed the absorption in the 
reflectance spectra for the Sc concentration variation, indicating evolution of band gap from 5.8 eV in 
AlN to 4.4 eV in Al0.59Sc0.41N.  

AlScN-based surface acoustic wave (SAW) resonators were fabricated to evaluate the performance of 
the material. Al1-xScxN with Sc concentration up to x = 0.32 was sputtered on the high resistivity 
Si(001) wafers with FWHM < 2° and smooth surface. The SAW resonators with wavelength 
λ = 2-24 um with Pt as electrode and reflector material were fabricated. The Al0.68Sc0.32N based SAW 
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resonators with λ = 2 um reached resonance frequency 1.82 GHz and electro-mechanical coupling 
2.2%, respectively. As a comparison, AlN reached resonance frequency 2.09 GHz and electro-
mechanical coupling 0.5%. The Al0.68Sc0.32N-based resonators showed 13.5% decrease in the reso-
nance frequency but 440% increase in the electro-mechanical coupling, which indicates the great po-
tential of AlScN in the electro-acoustic applications. 

Last but not least, future research directions will be discussed in the next section. Besides analysis of 
the optical properties, other research plans include the novel material graphene: SAW resonator using 
Al1-xScxN as piezoelectric material and graphene as top electrode; the growth of the Al1-xScxN on 
Bragg-mirror (multiple layer structure to reflect acoustic waves) with Mo as bottom electrode and gra-
phene as top electrode, for BAW to achieve higher resonator performance by combining high piezoe-
lectric performance of Al1-xScxN and mass-free electrode graphene.  

8.2 Outlook 

In this dissertation, the development and characterization of AlScN for electro-acoustic application 
was presented. The sputtered AlScN thin films on Si and Al2O3 were also used for the fabrication of 
the surface acoustic wave (SAW) resonators. At Fraunhofer IAF, the designing and fabrication of 
AlScN-based SAW resonators was done by A. Ding and N. Kurz. Besides, the author was also inter-
ested in combining AlScN with other material in the acoustic applications, such as graphene to fabri-
cate the electrodes of the bulk acoustic wave (BAW) resonators. Thanks to the massless top electrode 
graphene, the BAW resonators achieved higher resonance frequency than the resonators with conven-
tional Ti/Au pads[181]. As already mentioned the softening of the material by incorporation of the Sc 
[147], which could lead to lower resonance frequency of the electro-acoustic resonators[60,179,180]. 
Combining AlScN and graphene in electro-acoustic resonator could help to reach high resonance fre-
quency as well as high electro-mechanical coupling. 

Furthermore, the Sc is rare earth element, the source to obtain high purity Sc or AlSc target for sput-
tering is limited and normally the price of high quality Sc or AlSc target is expensive. Under such cir-
cumstances, other transition metals such as Y, Cr were also considered to the wurtzite AlN for higher 
piezoelectric coefficient. The potential of these alternatives were studied in the literature concerning 
the predicted piezoelectric coefficient and phase stability of the wurtzite structure, discussed in below.  

8.2.1 AlScN-based SAW resonators with laser patterned graphene 
IDT  

The idea to use graphene as electrode in the sensor application has drawn a lot of the attention in the 
recent years. Qian et al reported infrared detector combining graphene and AlN to reach the higher 
electro mechanical coupling and Mayorov et al. successfully used graphene as IDT in SAW resonators 
[182]. To prove the concept of the graphene-AlScN based SAW, the sketch of the shadow mask for 
the metal deposition and the graphene patterning was designed base on and shown below (Figure 8-1): 

First, the AlScN would be sputtered and the CVD graphene would be transferred from Cu foil to the 
surface of the AlScN. From preliminary results, the reflectors are working when it is made by metal 
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with larger mass, therefore the reflectors are not made from graphene. Afterwards, the graphene is 
removed by the laser, there the IDT and the isolation is formed.  

The fabrication of the graphene-AlScN SAW resonators was to planned investigated phase velocity 
thus the resonance frequency from the graphene IDT would be evaluated and the performance ana-
lyzed. When the concept is proven, the photolithography [183,184] as well as electron-beam etching 
could be also used to achieve higher resonance frequency. Additionally using diamond as substrate to 
improve the resonance frequency as well as the electro-mechanical coupling is reported [65]. However, 
the conductivity of the graphene should be high enough to avoid losses [185]. 

 
Figure 8-1 Mask of the SAW resonator with graphene as IDT and metal busbar, the purple grid parts stand for 
the metal busbar and purple solid parts stand for the reflectors, while the red part are covered with graphene. 
 

8.2.2 AlScN-based BAW resonators with AlScN and graphene top 
electrode 

The bulk acoustic wave (BAW) devices are widely used in the 3G/4G communication industry. Due 
to the higher electro-mechanical coupling, and higher resonance frequency [186]. Normally, the AlN-
based BAW shows electro-mechanical coupling around 7%, while the Al0.7Sc0.3N is showing 15% alt-
hough the crystalline quality is degraded[4,17]. Compared to the SAW, BAW is travelling along the 
thickness direction, therefore it is necessary to combine bottom electrode and the top electrode. 
Therefore, the growth recipe of the AlScN must be adjusted to adapt to the bottom electrode, such as 
Mo or Pt. Literature shows [10] a distorted crystalline quality and misoriented grains in AlScN can be 
caused by poor quality of the bottom electrode. It makes the optimization so challenging due to the 
substrate and also very interesting to investigate the electro-mechanical coupling of the AlScN when 
the x > 0.4. 
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The proof-of-concept structure is shown in the Figure 8-2, on the Si substrate the W/SiO2 Bragg-
mirror. The aim of the Bragg-mirror is to reflect the acoustic energy back to the resonator [186]. 
AlScN/Mo structure with higher Sc concentration would be sputtered and the graphene would be 
transferred on the AlScN, as top electrode. Because the transferring of the graphene needs a smooth 
and homogenous layer, the surface morphology of AlScN is the key point for the optimization. In the 
future, the thickness of the AlScN and the Bragg-mirror could be further adjusted to achieve even 
higher resonance frequency and benefit from the advanced electro-mechanic coupling [187].   

 
Figure 8-2 Structure of the BAW combined with AlScN and graphene, modified from [181]. The AlScN is grown 
on the Mo bottom electrode. Underneath is the Si and Bragg-mirror, for reflecting the acoustic wave. The active 
top electrode is graphene with Au/Ti as a contact pad. 
 

8.2.3 Other AlN-based material  

The researchers are still looking for other elements incorporating the AlN and achieve higher piezoe-
lectric properties, including Cr and Y. The idea of synthesize AlCrN as piezoelectric material is even 
earlier than AlScN, in 2002 AlCrN was deposited and analyzed due to the magnetic properties [188]. 
Later, Manna et al. [189] calculated the piezoelectric response and phase stability of the AlCrN, 
Al0.75Cr0.25N could reach piezoelectric coefficient d33 = 16.45 pC/N. However, the wurtzite structure is 
lost when Cr concentration is larger than x = 0.25, but it makes AlCrN still promising piezoelectric 
material with small Cr concentration. Žukauskaitė et al. [190] first reported the YAlN thin film by 
magnetron sputtering on Si and Al2O3 substrates and calculated mixing enthalpy as a function of Y 
concentration, indicating the wurtzite structure up to Y content of x = 0.75; Mayrhofer et al. [79] 
measured the increasing d33 from 3.2 pm/V in Y0.01Al0.99N to 3.7 pm/V in Y0.059Al0.941N.  
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