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I 

ABSTRACT 
The growth of micro-scale wireless electronics is increasing significantly because of 

their miniaturisation and low power consumption. These devices currently draw power from 

batteries or chemical fuel cells. Their limited life-spans prompt active research to find an 

alternative solution by harvesting ambient energy from the environment. Numerous sources 

are available such as solar, thermoelectric, acoustic, and mechanical vibrations. Among them, 

mechanical vibration is perhaps the most practical to power these wireless electronic devices 

via piezoelectric transduction. Three most common piezoelectric materials are Lead zirconate 

titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AlN). AlN is preferred over ZnO and 

PZT for several reasons. Chiefly among them is because it has the highest electromechanical 

coupling along the c-axis of wurzite AlN for longitudinal deformation.  

This thesis investigates the sputtering of c-axis oriented AlN on top of cubic-silicon 

carbide-on-silicon (3C-SiC-on-Si) substrates for piezoelectric applications. The 3C-SiC 

buffer layer was used to reduce the lattice mismatch and thermal expansion coefficient 

between AlN and Si. In the first part of the research, RF sputtering was utilised for depositing 

AlN. The low growth rate of RF sputtering prompted the switch to DC sputtering. The DC 

sputtering suffered from electrical arching problems, which were addressed by gradually 

decreasing the sputtering pressure. However, the system had the limitation of 1200 W of 

maximum power. Therefore, Pulsed DC sputtering was employed to ramp up the power to 

2400 W, as well as obtaining higher growth rate and low electrical arching. Throughout these 

experiments, the role of deposition pressure, sputtering power, deposition temperature, 

nitrogen concentration and substrate orientation towards the formation of a highly c-axis AlN 

films were systematically elucidated. The deposited films were selectively characterised in 

term of deposition rate, surface roughness, crystal quality, refractive index, in-plane stress 

and piezoelectric coefficient.  

In the last part of this study, the applications of the AlN thin films as cantilever-based 

energy harvesters and bio-sensors were simulated. All structures used 3C-SiC as the bottom 

electrode, AlN as an active layer (piezoelectric element), and molybdenum (Mo) as the top 

electrode and proof mass. The dimensions of these structures were optimised using Matlab 

and verified by Finite Element Analysis (FEA) using Comsol and Intellisuite. The results 

from mathematical and FEA modelling were then compared and discussed. 
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1.1 Significance of Research Work 

The use of wireless sensor networks are growing for various applications; security, 

agriculture, building environmental control, and monitoring structural and machine health. A 

wireless sensor network consists of sensor nodes that are spatially distributed and capable of 

communicating with other nodes to transmit data to the central hub. A sensor node comprises 

of a sensing unit, processing unit (microcontroller and external memory), transceiver, and 

communicating unit. The advancement in integrated circuit design and reduction in the size 

of the chips has reduced the power requirements for these sensor nodes. They have an 

average power consumption of 6-300μW, depending on the mode of operation i.e. idle or 

active [1]. 

Wireless sensor nodes are designed to run on conventional batteries. The increase in 

the use of wireless nodes and the decrease in their sizes have attracted researchers to seek 

alternative solutions to power the nodes. Common alternative solutions being developed are 

micro fuel cells and microturbine generators that involve chemical energy that need to be 

refuelled. Both are capable of providing high energy and power density for recharging 

devices such as laptops and mobile batteries. However, due to the prolonged service life of 

wireless sensors, the fuel replacement of their batteries is becoming a formidable and 

expensive process. Ambient energy sources are another alternative for powering these low-

power wireless sensor nodes or electronics [2, 3].  

Numerous sources are available such as solar, thermoelectric, acoustic, and 

mechanical vibrations. Among these, mechanical vibration is perhaps the most practical to 

power these wireless electronic devices via piezoelectric transduction. Three most common 

piezoelectric materials are Lead zirconate titanate (PZT), zinc oxide (ZnO) and aluminium 

nitride (AlN). AlN is preferred over ZnO and PZT for several reasons. Chiefly among them is 

because it has the highest electromechanical coupling along the c-axis of wurtzite AlN for 

longitudinal deformation [4].  

This thesis investigates the sputtering of c-axis oriented AlN on top of cubic-silicon 

carbide-on-silicon (3C-SiC-on-Si) substrates for piezoelectric applications. The 3C-SiC 

buffer layer was used to reduce the lattice mismatch and thermal expansion coefficient 

between AlN and Si. The deposited films were selectively characterised in term of deposition 

rate, surface roughness, crystal quality, refractive index, in-plane stress and piezoelectric 

coefficient.   



CHAPTER 1 

 

 
3 

The use of silicon carbide materials also opens up new research areas for microsensors 

and electronics to operate in high temperature, high shock, and chemically corrosive 

enviroments. Silicon Carbide (SiC) has been identified as a platform material for electronics 

in harsh environments due to its strong characteristics of thermal, mechanical, and electrical 

stability[5].  

 

1.2 Piezoelectricity 

Piezoelectricity was derived from the Greek word “piezo”, which means “to squeeze”. It is 

the property of crystalline materials that develop an electric dipole when mechanical strain is 

applied to them, and they conversely exhibit an induced mechanical strain when subjected to 

an electric potential. In dielectrics, the electrons are strongly tied to the outermost atomic 

shells and form a symmetrical cloud around the nucleus in the absence of an electric field. In 

non-polar dielectrics, the electric field polarizes the atom or molecules in the material by 

moving the centre of the electron cloud away from the nucleus, resulting in the formation of 

the net electric dipole. All of these individual dipoles add up over the entire crystal and 

produce a net polarisation that results in electric field generation across the material [6]. 

The relation between the stress and strain in the linear elastic material can be given by 

Hooke’s law: 

                                                          (1.1) 

where S is the mechanical strain, T is the mechanical stress, s is the elastic compliance 

constant, and c is the elastic stiffness constants. Similarly, the relation between electrical 

charge density displacement (D) and electric field (E) can be given by Gauss’s law: 

 

                                                   (1.2) 

where D is the electric displacement vector (C/m
2
), ε0 is permittivity of free space (F/m), E is 

the electric field intensity (C/m
2
) and P is the electric polarisation vector (C/m

2
). The 

piezoelectric properties of the material can be combined using Gauss’s and Hooke’s law, 

which is called electromechanical coupling. Equation 1.3 is typically used for the direct 

piezoelectric effect, while equation 1.4 is typically used for the indirect piezoelectric effect 

[6]. 

                                                   (1.3) 

                                       (1.4) 
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where D is electric displacement vector,  .  is six by six compliance matrix at constant 

electric field, ε
T
 is a dielectric constant tensor under constant stress, E is the electric field 

vector, S
E
 is the elastic compliance tensor at constant electric field, S is a six-dimensional 

strain vector, T is mechanical stress, and d is the piezoelectric constant tensor. The 

piezoelectric strain coefficient is defined as the strain developed per unit applied electric field 

strength or developed charge density per given strain.  

 

1.2.1 Electromechanical Coupling Coefficient: 

 

The electromechanical coupling coefficient k measures the efficiency of the 

mechanical energy that is converted into the electrical energy or vice versa. Therefore, it can 

be defined by equation 1.5 or 1.6 [7]:  

   
                                                 

                                                 
                   (1.5) 

 

   
                                                  

                                                 
             (1.6) 

 

1.2.2 Piezoelectric Material Properties: 

 

Piezoelectric materials are evaluated based on key properties such as 

electromechanical coupling coefficient (k), piezoelectric strain coefficient (d) dielectric 

constant (ɛ) and Young’s modulus (Y). The values of d and k must be significant for energy 

harvesting application. The Young’s modulus deals with the stiffness of the piezoelectric 

material, which plays a vital role in resonance frequency and material strength. It is 

preferable that the dielectric constant (ɛ) of the piezoelectric materials is higher to decrease 

the source impedance [8]. 

 

 

1.2.3 Modes of Operation: 

In piezoelectric materials, the positive charges are not uniformly distributed at the 

centre of atoms that creates a charge dipole. The direction along which the dipoles align is 

known as the "poling direction". In general, this poling direction is randomly distributed in 

the polycrystalline piezoelectric material, as shown in Figure 1.1 (a). This direction can be 

modified by applying voltages or a heat gradient across the material, as shown in Figure 1.1 

(b). A Piezoelectric material has its specific temperature, known as the Curie temperature. 
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The material can be de-poled if it is exposed to a temperature higher than the Curie 

temperature of the material. When the voltage is applied across the piezoelectric material, the 

new poling direction will remain the same, even after the removal of voltage as shown in 

Figure1.1 (c) [9]. 

 

 
Fig.1.1. (a) Random poling direction; ( b) Applied voltage above Curie temperature; (c) Poling direction 

remains same after removal of applied voltage. 

 

In a linear dielectric medium, the induced polarisation field is directly proportional to 

the magnitude of electric field. This polarization field depends on the material properties. The 

isotropic piezoelectric material allows the polarisation field and electric field to remain equal 

in all directions. Alternately, an anisotropic piezoelectric materials allow polarization to take 

place along certain directions.  

The relationship between the applied stress and the charge generated can be defined 

as the piezoelectric constant (Dk). This piezoelectric constant remains the same under static 

load conditions while it changes dramatically near resonance conditions.  This relationship 

under the open circuit and static conditions can be given as: 

                                                                                    (1.7) 

where Dk represents charge per area and σij is applied stress on the piezoelectric material. dkij 

(C/N) is a third-rank tensor of piezoelectric coefficients. Both direct and converse 

piezoelectric effects are frequently expressed using the reduced matrix notation dkm, where k 

denotes the component of electric displacement D or field E in the Cartesian coordinates (x1, 

x2, x3), and the index m = 1,...,6 is used to define the mechanical stress or strain. The value of 

m = 1, 2, and 3 correspond to the normal stresses along the x1, x2, and x3 axes, respectively, 

whereas m = 4, 5, and 6 denote the shear stresses. The piezoelectric materials have five 

piezoelectric constants: d31, d32, d33, d15 and d24. Among these, piezoelectric constants d31 and 

d32 are equal in magnitude. Similarly, d15 and d24 have the same magnitude. Conventionally, 

the value of d15 and d33 is five and three times greater than d31, respectively [9]. 

 

1.2.4 Vibration modes: 

http://en.wikipedia.org/wiki/Curie_temperature
http://en.wikipedia.org/wiki/Curie_temperature


Chapter 1 Introduction 

 

 
6 

 

There are two vibrating modes for the piezoelectric effect; A longitudinal mode, 

which is also known as the d33 mode and transverse mode, which is commonly referred to as 

a d31 mode. In the longitudinal mode, the direction of the force is parallel to the poling 

direction, while in the transverse mode the force is perpendicular to the poling direction [9]. 

Both modes are illustrated in Figure 1.2 and Figure 1.3. 

 

     

Fig.1.2 (left figure) Piezoelectric stacked and its poling direction in d33 mode 

(right figure) Interdigitated electrode arrangement on piezoelectric layer 

 

 
Fig.1.3 d31 mode piezoelectric device 

 

 

1.3    Current status and practical challenges:  

An exhaustive literature review on the sputtering of c-axis AlN will be covered in 

chapter 2. From that review, it was found that only a few reports have been published on the 

utilisation of 3C-SiC buffer layers to minimize the lattice mismatch and coefficient of 

thermal expansion between the Si substrate and AlN film. These values are shown in Table 

1.1. 

In terms of the intended applications, most of the reported energy harvesters are 

designed and tested for normal environmental conditions. Only a few of the energy harvesters 

are designed for harsh environmental conditions such as high temperature and corrosive 

environments [10]. Silicon carbide is highly stable in high temperatures and corrosive 
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environments. Therefore, we simulated the employment of silicon carbide as a structural 

layer as well as a lower electrode for electrical connections. Aluminium nitride is proposed as 

the piezoelectric materials because of its high Curie temperature of 1100 degree Celcius [11], 

which is needed if we target the application around 600 degree Celcius. Molybdenum (Mo) is 

proposed for use as a second electrode as well as for the mass, due to its high melting point 

(2623 °C) and high density. The material properties of all three layers are shown in Table 1.1.   

 

Table 1.1: Material Properties of 3C-SiC, AlN, and Mo 

 

Parameters Si 3C-

SiC 

AlN Mo 

Young’s 

Modulus 

[GPa] 

140-

188 

440 330 312 

Density 

[kg/m3] 

3200 3100 3300 10200 

Poisson’s 

Ratio 

0.28 0.14 0.24 0.30 

Coefficient of 

Thermal 

Expansion 10-

6 [1/K] 

2.6 4 4.6 4.8 

Specific Heat 

[J/(kg*K)] 

700 750 740 250 

Thermal 

Conductivity 

[W/(m*K)] 

149 120 140-

180 

138 

 

1.4    Original research contributions 

The original research contributions can be summarised as follows:  

 An exhaustive literature review of the sputtering conditions and their effects on the 

formation of AlN (002) films being deposited on a variety of substrates; 

 the sputtering of highly c-axis oriented AlN films on top of 3C-SiC-on-Si substrates 

for piezoelectric applications; 

 the characterization of the crystal quality of the said films on the crystal quality, 

surface roughness, deposition rate, refractive index, residual stress and piezoelectric 

constant; 
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 the elucidation on the role of sputtering parameters (sputtering pressure, substrate 

temperature, gas ratio, and deposition power, etc.) on the crystal orientation and 

surface roughness of deposited AlN thin films; 

 the tuning of the residual stress of the selected AlN films from compressive to tensile 

using RF bias; 

 the simulated applications of the sputtered AlN films for energy harvester and bio-

sensor. 

 

1.5   Thesis outline 

 

The rest of the thesis will cover the following:  

Given that the sputtering parameters play a vital role in crystal orientation and quality of 

deposited films, a literature review of AlN (002) deposition on a variety of substrates is 

presented in Chapter 2. This chapter will be submitted as a review in Microelectronic 

Engineering or equivalent. 

Chapter 3 discusses the RF sputtering of polycrystalline AlN on top of 3C-SiC/Si (100) 

substrates. We studied the role of gas ratio, sputtering pressure, and power on AlN crystal 

orientations. This chapter was published as a research article in Journal of Vacuum Science 

and Technology B. 

Chapter 4 discusses the effect of Nitrogen/Argon ratio on crystal orientations of 

polycrystalline AlN on top of 3C-SiC/Si (100) substrates using a standard DC sputterer. This 

chapter was published as a research article in Journal of Crystal Growth. 

Chapter 5 elucidates the effect of low lattice mismatch of 1 % between AlN (002) and 

3C-SiC/Si(111) substrates to produce a highly c-axis oriented AlN film using the same 

sputtering technique and equipment as in chapter 4. This chapter has been submitted as a 

manuscript to the Journal of Crystal Growth. 

Chapter 6 describes the effect of deposition temperature to produce a highly c-axis 

oriented AlN film on top of on-axis and off-axis 3C-SiC/Si(111) substrates using a pulsed-

DC sputtering system. This chapter will be submitted as a manuscript in Thin Solid Films or 

equivalent. 
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Chapter 7 investigates the role of substrate temperature and sputtering power of AlN 

films being grown on top of 3C-SiC/Si (100) substrates, which has been batch-fabricated with 

samples from chapter 6. This chapter will be submitted as a manuscript in Thin Solid Films or 

equivalent. 

Chapter 8 includes three conference papers that have been published to simulate the 

applications of the AlN films as an energy harvesters and bio-sensors using the Mo/AlN/3C-

SiC-on/Si structure.   

Finally, the key conclusions and developments made throughout the study, along with 

recommendations for future work, are summarised in Chapter 9. 
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The role and ranges of sputtering parameters to grow c-axis oriented aluminium nitride for piezoelectric 

applications 

Abstract: 

A highly c-axis oriented Aluminum Nitride thin film is preferred for piezoelectric applications. This paper provides guidelines on the commonly 

used ranges of sputtering parameters towards this goal. These guidelines are compiled based on 50 journal articles that report the sputtering of c-

axis AlN films on a wide variety of substrate materials and equipment. We selectively highlight key works that study the role of each sputtering 

parameters. Finally, the interdependent relationships between all the sputtering parameters in view of the kinetic energies and surface mobility of 

the adatoms towards growing highly c-axis AlN films are illustrated.  

Keywords: physical vapor deposition; sputtering ; aluminium nitride; piezoelectric  

 

I. Introduction 

Energy harvesting or energy scavenging is the process of extracting minute amounts of energy from ambient sources in the environment. 

The energy harvester is used to power wireless sensors instead of conventional batteries because of their limited life span and inefficient 

recharging and battery replacement. The ambient sources are broadly divided into four categories: solar, thermal, wind and mechanical vibration 

[1]. Numerous research groups have investigated different methods to convert the ambient sources into electrical energy via non-resonant and 

resonant devices [2]. In recent years, energy harvesting approaches have been proposed using solar, thermoelectric, electromagnetic, piezo-

electric, and capacitive schemes at the micro and nanoscales. Among them, piezoelectric emerges as the most practical solution. Piezoelectric 

transduction does not require external power sources for polarisation in comparison to electrostatic transductions, and also it is easy to fabricate 

compared to electromagnetic transductions [3].  
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Piezoelectricity was derived from the Greek word “piezo”, which means “to squeeze”. It is the property of crystalline materials that 

develop an electric dipole when mechanical strain is applied to them. They conversely exhibit an induced mechanical strain when subjected to an 

electric potential. In dielectrics, the electrons are strongly tied to the outermost atomic shells and form a symmetrical cloud around the nucleus in 

the absence of an electric field. In non-polar dielectric, the electric field polarizes the atom or molecules in the material by moving the centre of 

the electron cloud away from the nucleus, resulting in the formation of the net electric dipole. All of these individual dipoles add up over the 

entire crystal and produce a net polarisation that results in electric field generation across the material [4].  

Figure 1 shows the process of converting mechanical to electrical energies through piezoelectric transduction. There are three primary 

steps. In the first step, the mechanical energy is absorbed from the ambient environment. It can be in the form of vibration, force or motion. In 

the second step, this energy is piezoeletrically transducted to electrical voltage and current. Finally, the electrical energy is rectified and stored 

[5].  

 

 

Fig 1: Piezoelectric transduction of mechanical to electrical energies. 

Piezoelectric materials are classified into five categories i.e., polycrystalline, single crystal, polymers, ceramics and thin films [6]. The 

selection of these materials depends on the deposition methods, process complexity and application’s compatibility. Thin films have a substantial 
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range of advantages such as low hysteresis, high sensitivity, low power requirements and the ability to generate large mechanical deflections. 

The three most commonly used piezoelectric thin films are lead zirconate titanate (PZT), zinc oxide (ZnO) and aluminium nitride (AlN). 

PZT is preferred in piezoelectric applications due to its high electromechanical coupling coefficient (k) and piezoelectric coefficient (dij). 

However, the presence of lead in PZT results in possible contamination in the clean room during its processing. ZnO and AlN exhibit similar 

values of k and dij. The key difference is the fact that zinc oxide performance degrades significantly at high temperature due to its low Curie 

point (50
o
 Celcius). If the micro-scale energy harvester is targeted to work at high temperature, AlN trumps over PZT and ZnO due to these 

reasons.  

The primary contribution of this review is the generic guidelines on the role and ranges of sputtering parameters towards achieving 

highly c-axis AlN films. This information has been extracted from 50 journal articles. The rest of the chapter is as follows. Section II first 

describes the AlN crystal structure. Section III then states the structural, optical, thermal, and piezoelectric properties of AlN. Section IV and V 

discuss the basic sputtering system and the summaries of AlN deposition works, respectively. In several of these reviewed articles, the intended 

applications are also described. Some examples include BAW and SAW devices [7], PZT transducers [8] and a large voltage source [9]. Section 

VI concludes by providing the optimized range of sputtering parameters for c-axis AlN thin films from a variety of substrates and sputtering 

equipment. 

 

II. AlN Crystalline Structure 

AlN belongs to the III–V semiconductor family because it has a close-packed crystal structure [10]. In particular, AlN has a hexagonal closed-

packed wurtzite structure, with lattice parameters ranging from 3.110 to 3.113 Å for the a-axis, and from 4.978 to 4.982 Å for the c-axis. The c/a 

ratio varies between 1.600 and 1.602, deviating from the ideal wurtzite structure, which is probably due to lattice instability [11]. It has higher 

values of hardness and thermal conductivity compared to the other members of the III-V nitride semiconductors. The AlN crystalline structure, 
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bond configuration and different planes in AlN are shown in Figure 2. Each Al atom is surrounded by four N atoms, forming a tetrahedron with 

three B1 bonds between Al-N(i) (i=1,2,3) and one B2 bond between Al-N0 bond in the c-axis direction. The bond lengths of B1 and B2 are 0.1885 

and 0.1917 nm, respectively. The bond angle for N0-Al-N1 is 107.7
o,
 and that for N1-Al-N2 is 110.5

o
.  The (100) plane is composed of the B1 

bonds, while (002) and (101) planes consist of the B1 and B2 bonds [12]. The kinetic energy of the sputtering particles directly modifies the 

adatoms mobility. The adatoms with low mobility contributes to B1 bonds that produced the (100) plane, while the adatoms with high kinetic 

energy contributes to B1 and B2 bonds that create (101) and (002) plane.  

The standard PDF card of AlN (PDF-65-0832) XRD pattern is shown in Figure 3.  

 

Figure 2: (a) Crystal structure of AlN (b) Bond configuration of AlN (c) Bonds in configurations (d) Planes in AlN 

 

http://www.nature.com/articles/srep06013#f1
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Figure 3: The standard PDF card of AlN (PDF-65-0832) XRD patterns. 

 

III. Aluminium Nitride Properties  

The structural, optical, thermal, and piezoelectric properties of AlN are given in Table 1 [13, 14]. AlN possesses a large energy band-gap of 

about 6 eV [8, 9], high thermal conductivity (260 W/(m.K)), high breakdown voltage (15 kV/mm), high resistivity (10
14 

Ω.cm), and high thermal 

and chemical stability at high temperatures in comparison to other common piezoelectric materials. It has high SAW velocity (5910 m/s) and 

moderate electromechanical coupling coefficient (~1 %) [15]. The value of this parameter is highest along the (002) plane i.e. c-axis.    
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Table 1. The List of AlN Basic Properties 
S

tr
u

ct
u

ra
l 

P
ro

p
er

ti
es

 

 
Density (g/cm

3
)  3.257 

Modulus of Elasticity (GPa)  331 

Elastic Constant C11  (GPa)  410±10 

Elastic Constant C12 (GPa)  149±1 

Elastic Constant C13 (GPa)  99±4 

Poisson’s Ratio  0.22 

Common Crystal Structure  Wurtzite 

Lattice constant (Å)  a = 3.112 

c = 4.982 

Hardness (Kg/mm
2
)  1100 

Water Absorption  None 

O
p

ti
ca

l 

P
ro

p
er

ti
es

 

 

Density of tates Conduction Band (cm
-3

) 4.1×10
18

 

Effective hole mass  mhz = 3.53 m0 

mhx =10.42 m0 

Density of states V band (cm
-3

)  4.8×10
20

 

Optical phonon energy (meV)  113 

Refractive index (vis-ir)  ~2.15 

E
le

ct
ri

ca
l 

P
ro

p
er

ti
es

 

 

Breakdown field (V/cm)  1.2-1.8×10
6
 

Mobility electrons holes (cm
2
/VS)  135 /14 

Dielectric constant (static/high frequency) 8.5-9.14/4.6-4.84 

Energy Band Gap (eV)  6.13-6.23 

Resistivity (Ohm.cm)  10
14

 

T
h

er
m

a
l 

P
ro

p
er

ti
es

 

 

Thermal conductivity (W/m˚K)  175 

Thermal expansion (×10
-6

/˚C)  4.2-5.3 

Debye temperature (K)  980 

Melting Point (°C)  2200 
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P
ie

zo
el

e
ct

ri
c
 

P
ro

p
er

ti
es

 

Coupling Coefficient (C/m
2
) e15 -0.33~-0.48 

Coupling Coefficient (C/m
2
) e31 -0.38~-0.82 

Coupling Coefficient (C/m
2
) e33  1.26-2.1 

Relativity Permittivity Coefficient ɛ11  9 

Relativity Permittivity Coefficient ε22  9 

Relativity Permittivity Coefficient ε33 11 

 

IV. Sputtering: 

Sputtering is one of the physical vapour deposition (PVD) methods that are widely used for the deposition of thin films. The schematic of 

the generic sputtering system is shown in Figure 4. The sputtering system consists of two chambers. The first chamber is the load lock chamber 

with wafer degas heater. The samples are heated with an IR heater in this chamber in order to remove the moisture.  The load lock chamber 

system are generally turbo-pumped down to a low base pressure (≈10-8 Torr) to create an ultra-high vacuum in order to reduce the number of 

particles in the sputtering atmosphere and this decreases possible film contamination. The second chamber, also known as “the main chamber” 

consists of a high vacuum chamber with sputtering targets, shutters, gas feeds, electrical power supplied (Pulsed DC, RF or DC power), wafer 

handling and a vacuum system (cryopump system). It is connected to the load lock via a gate valve. The main chamber is normally purged with 

Ar gas prior to the samples being loaded to avoid contamination. 

The samples are placed on a susceptor (sample carrier) and loaded into the load locked chamber which is turbo-pumped down to the low 

base pressure. They are heated initially to remove the moisture and transferred to the main chamber. The targets generally of 4 ʺ in diameter are 

set at 20 degress off perpendicular to the susceptor. The target materials are generally of any solid types such as single metal, alloys or 

compounds, or insulating and conducting materials. In the sputtering process, electrically neutral argon atoms are introduced into a vacuum 

chamber at a low pressure (1 to 20 mTorr). The voltage (AC, DC or pulsating DC depends on the system) is applied between the target and 

substrate which ionizes the argon atoms that creates plasma (consisting of ions and electrons) in the chamber.  The negative voltage is applied to 
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the target, which serves as the cathode, while the positive potential is applied to the susceptor that acts as the anode. These argon ions are 

accelerated to the target (anode).  The target atoms are ejected out from the target surface because of forceful collision from these ions. These 

target atoms are attracted towards the substrate, where they eventually start to condense into a thin film. The electrons released during argon 

ionization are also accelerating to the anode substrate; subsequently they collide with additional argon atoms, creating more ions and free 

electrons in the process and continuing the cycle. 

   

 

Figure 4: Schematic of a sputtering system used for AlN sputtering [16] 
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V. The role of sputtering parameters 

Table 2 summarises the published works on the deposition of c-axis AlN film on various substrates and using different sputtering 

equipment. Each row lists the details of one particular work, which is identified by the last name of the first author and year of publication. There 

are in total 50 articles that were collected and reviewed. The columns listed the following: Author (Year of publication), substrate material, 

processing type, sputtering power, sputtering pressure, base pressure, N2/Ar ratio, total gas, distance between target to substrate, FWHM, 

deposition rate, thickness, surface roughness and notes. The notes column contains additional information that is unique to that particular work. 

For example, some workers perform annealing on the samples. Therefore the temperature for the post-annealing treatment will be provided, 

along with the condition and duration of the annealing. Few researchers reported work on the tuning of the in-plane stress of the AlN film via RF 

bias. Hence, the values of the substrate bias voltage will be provided together with the values of the stresses (in MPa). 

The crystal quality of the AlN film is normally given by its FWHM value. However, this review is not able to rank these published works 

using this parameter because some groups used FWHM of the rocking curve, while others used FWHM of the diffraction peak. There also few 

older papers that characterized crystal quality in term of peak intensity. Nevertheless, other qualities of thin films such as their deposition rate, 

thickness and surface roughness are uniformly provided. 

The rest of section V discusses the role of the main sputtering parameters, namely the process pressure, the deposition power, the ratio of 

N2/Ar, the sputtering temperature, the film thickness, the distance between target to substrate, the bias voltage, the base pressure and the pre-

sputtering steps. For each parameter, the supporting physics in view of the kinetic energy and surface mobility of the adatoms will be explained. 

Afterwards, selected works that explain the dominant role of each sputtering parameter will be highlighted.  
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Table 2: Summary of published works on the deposition of c-axis AlN film 

Authors [ref] 

Year of 

Publication 

Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power 

(W) 

Total 

Gas 

(sccm) 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

(nm) 

Notes 

Ohtsuka et al. [17] 

(2016) 

sapphire Pulsed DC 

magnetron 

sputterer 

550 3 to 11 

mTorr 

 50 800  6 3.3 

(FWHM of Rocking Curve) 

60 1.5  Effect of sputtering 

pressure on crystalline 

quality and residual stress. 

Stan et al. [18] 

(2015) 

Si RF magnetron 

sputterer 

50 1.5  25  40 3.5 11, 7.1 

(FWHM of Rocking Curve) 

19 0.6, 

1.1 

0.5 to 1.6 Investigated Electric and 
pyroelectric properties of 

deposited films. 

Wang et al. [19] 

(2016) 

Glass DC 

magnetron 

sputtering 

400 9  15 170 35 4.7  66.5 8.35 48 Investigated effect of 
substrate temperature and 

bias voltage on crystal 

orientation. 

Jiao et al. [20] 

(2015) 

Si (100), Si 

(111), SiO2, 

and amorphous 

Si (a-Si) 

RF Magnetron 

sputtering 

Room 

temperature 

5 5e-4 50, 66, 

75, 80 

150, 200, 

250, 300 

60 6    4.22 Effect of various Si 

substrates on film quality.  

Effect of RF power and 
gas flow on residual stress 

and film quality.  

Bi, et al. [21] 

(2014) 

Si (100) DC magnetron 

sputtering 

400 3 1.12e-10 85 460 22.8 7.5 1.63 

(FWHM of Rocking Curve) 

7.5 1.8  Measured the longitudinal 
piezoelectric coefficient 

of deposited films. 

Shih, et al. [22] 

(2014) 

Si3N4/Si RF Magnetron 

sputtering 

300 5, 10, 15 6.67e-8 60 200, 250, 

300 

 5  11.2 1.9 6.42 Effect of RF power and 
sputtering pressure on 

film quality. 

Fabricated Saw device. 

Stoeckel, et al. [23] 

(2014) 

Si (100) Pulsed DC 

magnetron 

sputtering 

350 5.25  80 865  7.5 0.39 0.204   Measured Transverse 

piezoelectric coefficient 

d31.  
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Authors Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Jiao, et al. [24] 

(2015) 

Si(100) and Si 

(111) 

RF magnetron 

sputtering 

Room temp 4.87 5e-4 50  to 80 150- 350 60 6    4.22 Effect of various Si 

substrates on film quality.  

Yang, et al. [25] 

(2014) 

Mo/Si(100) RF magnetron 

sputtering 

20 to 600. 7.5 2e-7 50 200  6.5 2.4 

(FWHM of Rocking Curve) 

   Effect of substrate 

temperature on film 
quality. 

García Molleja, et 

al. [26] 

(2013) 

SiO2/Si (100) DC reactive 

magnetron 

sputtering 

Room temp 3 2e-8 30 100  3 0.8 to 0.19◦ 

(FWHM of Diffraction 

peak) 

 1.5  Effect of film thickness on 

residual stress and film 
quality. 

Monteagudo-

Lerma, et al. [27] 

(2013) 

C-sapphire RF reactive 

sputtering 

400 3.5 1e-5 100 150  10.5 1.63 

(FWHM of Rocking Curve) 

 120 nm 1.8 to 0.3 Effect of substrate bias, 

RF power and substrate 

temperature on deposited 

films. 

Aissa, et al. [28] 

(2013) 

Si(100) DC Magnetron 

sputtering 

Room temp 3 6e-5 35 150 40 3  20 to 

40 

580 fr 

dcm and 

980 fr 

HiPMS 

 Comparison of the 

structural properties and 

residual stress as a 
function of sputtering 

pressure deposited via 

DCM and HiPMS.   

Kale, et al. [29] 

(2012) 

Si, copper, 

quartz 

RF magnetron 

sputtering 

200 6 1e-7 50 100  5     Structural and electrical 

properties as a function of 

N2 concentration.  

Rodríguez-Madrid, 

et al. [30] 

(2012) 

Microcrystalline 

diamond 

Balanced 

magnetron 

sputter deposition 

25 3 6.6e-8 75 700 12 4.5 2 

(FWHM of Rocking Curve) 

 3 4.2 Effect of film thickness on 

film quality for SAW 
devices.  
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Authors Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Jin, et al. [31] 

(2013) 

Si(100) DC magnetron 

sputtering 

430 3 5e-6 50 270 100  2.259 

(FWHM of Rocking Curve) 

21.78 1 1.97 Effect of substrate 

temperature on structural 
properties. 

Ababneh, et al. 

[32] 

(2012) 

Ti/sc DC 

magnetron 

sputtering 

  4e-3 100 1000  6.5 0.3 

(FWHM of Diffraction 

peak) 

 0.6 1 Effect of base pressure on 

film quality. 

García-Gancedo, et 

al. [33] 

(2011) 

IR /Si(100) Pulse DC 

magnetron 

sputtering 

400 1.2 2.39e-5 70 1200   1.8 

(FWHM of Rocking Curve) 

40 1.5 7 AlN based BAW sensors 
for biometric applications 

Phan and Chung 

[34] 

(2011) 

Si(100) Pulse DC 

magnetron 

sputtering 

Room temp 3.5 5e-7 90   8 0.21 

(FWHM of Diffraction 

peak) 

8   Effect of post annealing 

on acoustic wave 

applications. 

Singh, et al. [35] 

(2011) 

N-type Si(100) RF magnetron 

sputtering 

Room temp 5,10,20 2e-6 50 100,20

0,300 

 5     Effect of sputtering 

pressure on deposited 

films.  

Cardenas-

Valencia, et al. 

[36] 

(2011) 

Sapphire Pulse DC 

magnetron 

sputtering 

860 1.25, 1.5  50 205 11.5  0.32 

(FWHM of Diffraction 

peak) 

200   Novel sputterer as the 

magnet was embedded in 
the target. 

Iriarte, et al. [37] 

(2011) 

Au/Si substrate Pulsed DC 

reactive ion beam 

50 2 6.6e-8 55 900 65 5.5 1.3 

(FWHM of Rocking 

Curve) 

  1.43 AlN growth on Au 
substrate. 
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Authors Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Moreira, et al. [38] 

(2011) 

P-Si-(100) DC magnetron 

sputtering 

50 3 2e-8 27 50 80   70   Electrical characterization 

of AlN prepared at 
different N2 concentration. 

Singh, et al. [39] 

(2011) 

Glass, Si, 

oxidized Si, Al–

SiO2–Si, Cr– 

SiO2–Si, and 

Au–Cr–SiO2–

Si 

RF magnetron 

sputtering 

Room temp 5,10,20 2e-6 100 100,20

0,300 

  0.32-0.40 

(FWHM of Diffraction 

peak) 

 1 7.7 Comparison of AlN 

sputtered at different 
power and pressure on 

various substrates. 

Subramanian, et al. 

[40] 

(2011) 

Si(100), glass DC magnetron 

sputtering 

200 1 

*10^-6 

m bar 

1e-6 50 180  6     Mechanical and Optical 

properties of deposited 
films. 

Ababneh, et al. 

[41] 

(2010) 

Si (100)  150-200 1.5,  

4.5 

5e-6  300, 

500, 1000 

50 6.5 0.29-0.35 

(FWHM of Diffraction 

peak) 

6-12 0.5  Effect of N2 
concentration, sputtering 

pressure and deposition 

power on deposited films. 

Stan, et al. [42] 

(2010) 

Si(100) RF magnetron 

sputtering 

150 ~10-

4 Pa 

1e-6 25 100 40 3 3.5 

(FWHM of Rocking 

Curve) 

12.5 0.2, 

0.75 and 1 

 Effect of film thickness on 

Si, SiO2 and Pt substrates. 

Vashai et al. [43] 

(2009) 

Silicon Pulse DC 

magnetron 

sputtering 

300 2.1  100 1500 50 6 1.2-2.4 

(FWHM of Rocking Curve) 

 0.28 pa  Influence of sputtering 

parameters on AlNfilm 
quality. 
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Authors  Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Clement, et al. [44] 

(2009) 

Iridium layers Pulse DC 

magnetron 

sputtering 

400 5 6.6e-8 80 10000  5 2 

(FWHM of Rocking 

Curve) 

24   Comparison of BAW 

resonator performance on 
Mo and Ir substrates. 

Cherng, et al. [45] 

(2008) 

Si(100) Pulse DC 

magnetron 

sputtering 

  4e-6 40-100 1500  7 2 

(FWHM of Rocking 

Curve) 

   Two step deposition 
method by varying power, 

pressure and N2 

concentration.  

Abdallah, et al. 

[46] 

(2008) 

Si(100) DC reactive 

magnetron 

sputtering 

Room temp 3 1.32e-5 30   3 0.14-0.4 

(FWHM of Diffraction 

peak) 

40   Effect of thickness on film 

quality. 

Cherng and Chang 

[47] (2008) 

 Pulse DC 

magnetron 

sputtering 

Room temp 2 5.33e-7 60 600  7 2 

(FWHM of Rocking Curve) 

 1.6  Role of base pressure in 

AlN deposition.  

Chiu, et al. [48] 

(2007) 

 DC reactive 

magnetron 

sputtering 

250–450 3–7.5  30–100 1000–

1600 

 2–12 2.7° 

(FWHM of Rocking Curve) 

12 2 1 Effect of substrate 

temperature, sputtering 

power and N2 
concentration on AlN 

films.  

Kano, et al. [49] 

(2006) 

Si, SiO2 RF magnetron 

sputtering 

100 3.75  50 460   8.3    Measured Piezoelectric 
coefficient up to 300 ˚C.  

Venkataraj, et al. 

[50] 

(2006) 

 DC reactive 

magnetron 

sputtering 

Room temp 6 1.3e-4 variable 500  5.5 0.4 

(FWHM of 

Diffraction peak) 

60   Effect of N2 concentration 
on structural, optical and 

mechanical properties of 
deposited films. 
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Authors  Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Benetti, et al. [51] 

(2006) 

Diamond RF magnetron 

sputtering 

200-500 3  100 500  5 0.4 

(FWHM of 

Diffraction peak) 

   Effect of sputtering 

temperature 

Kar, et al. [52] 

(2006) 

Si(100) RF magnetron 

reactive sputtering 

200 4.5 3e-6 80 400  5  5.5  2.4 Effect of nitrogen 
concentration of film 

quality 

Umeda, et al. [53] 

(2006) 

Si(100) RF magnetron 

sputtering 

200 1.5 1e-6 70 1300-1800 60 5 1.4and 2.1 

(FWHM of Rocking Curve) 

  1.7 Effect of sputtering 
parameters on residual 

stress 

Guo, et al. [54] 

(2006) 

Sapphire RF magnetron 

sputtering 

100 5 1e-7 40 100–250 9   8  6 Effect of sputtering power 

Medjani, et al. 

[55] 

(2006) 

Si(100) RF magnetron 

sputtering 

room, 

400,800 

3.75 4e-9 14 150 18 6.5     Effect of substrate 

temperature and bias 

voltage on the crystallite 
orientation  

Vergara, et al. [56] 

(2006) 

Si(100) RF magnetron 

sputtering 

900-1300 6.75 2.5e-7 50        Effect of rapid thermal 

annealing on piezoelectric 
response 

Kar, et al. [57] 

(2006) 

P-type Si(100) RF magnetron 

sputtering 

100-400 4.5 3e-6 80 400  8    2 Role of sputtering 

temperature 

Jang, et al. [58] 

(2006) 

P-type Si RF magnetron 

sputtering 

300 2-5.25 6.6e-5  100       Effect of rapid thermal 
annealing in oxygen 

ambient 
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Authors  Substrate Sputtering type Substrate 

temperature  

C 

Pressure 

(mTorr) 

Base 

pressure 

(mbar) 

Nitrogen 

% 

Power Total 

Gas 

sccm 

Distance 

between 

substrate 

(cm) 

FWHM Deposition 

rate 

(nm/min) 

Thickness 

(µm) 

Surface 

roughness 

nm 

Notes 

Kar, et al. [59] 

(2005) 

Silicon, copper, 

quartz 

RF magnetron 

reactive sputtering 

200 4.5 3e-6 80 400  5 0.25 

(FWHM of Diffraction 

peak) 

  2.1-3.68 Influence of rapid 

thermal annealing on 
morphological and 

electrical properties 

Iriarte, et al. [60] 

(2005) 

 Pulse DC 

magnetron 

sputtering 

 2 6.6e-8 70 900  5.5 1.3 

(FWHM of Rocking Curve) 

   Comparison of 
metallic substrate on 

crystal orientation 

Zhang, et al. [61] 

(2005) 

Si (100), Si 

111) 

RF magnetron 

sputtering 

350 6 3.7e-7 100 500  8     Effect of sputtering 

power on crystal quality 
and strain in film 

Sanz-Hervas, et al. 

[62] 

(2005) 

Al, Si02, Cr, Mo 

and Ti 

RF reactive 

sputtering 

 7  50 800       Effect of substrate 
bias on crystal quality 
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i. Process pressure 

According to the kinetic theory of molecular gases, the mean free path of a gas 

molecule is inversely proportional to the pressure at constant temperature. In other words, a 

low process pressure maintains a high particle energy, resulting in high adatoms mobility, 

which then translates into high growth of AlN (002) films [63]. On the contrary, it was 

reported that when the sputtering pressure increases, the collision between sputtering particles 

and Ar ions led to the formation of AlN (100) films [64]. 

In one study, Cherng et al. [45] utilized multistep deposition pressures to enhance the 

quality of deposited AlN on Si (100) using pulsed DC reactive sputtering. They used a 

smaller pressure of 0.8 mTorr for initial nucleation for 10 minutes. Afterwards, a second step 

was done at 2 mTorr, 3.3 mTorr, and 4.6 mTorr respectively. They observed that the two-step 

sputtering shows a better figure of merit compared to the one step method, which resulted in 

smaller FWHM of the rocking curve as well as the smaller magnitude of residual stress. The 

value of stress decreased from −926 MPa to −317 MPa and with a constant deposition rate of 

about 36 nm/min.  

Kar et al. [65] investigated the effect of sputtering pressure on the crystal orientation 

and the morphological properties of deposited AlN on a p-type Si substrate in the range of 1.5 

to 6 mTorr. They observed the successful deposition of AlN (002) film until 4.5 mTorr. They 

further observed that the crystal orientation changed to (100) with a further increase of 

deposition pressure to 8 mTorr. The surface roughness increased from 1.56 nm to 3.24 nm 

with an increase in sputtering pressure. Also, the grain size of the deposited film rises to 114 

nm until the 4.5 mTorr deposition pressure, but then decreased to 80 nm at 6 mTorr. 

There are two more works that are worth mentioning. Atul Vir Singh et al. [39] 

reported an increase in deposition rate with an increase in sputtering pressure over different 

substrates (Glass, Si, oxidized Si, Al–SiO2–Si, Cr– SiO2–Si, and Au–Cr–SiO2–Si). They 

varied the sputtering pressure from 5, 10, and 20 mTorr and concluded that low pressure was 

favourable for the highly crystalline c-axis oriented AlN. Chiu et al. [48] observed that 

deposition rate increased with the decrease in pressure due to the increased of the sputtered 

particles. They theorised that the FWHM values decreased at low pressure because the 

adatoms had more kinetic energy to settle in the close (002) plane.  
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ii. Sputtering power 

The kinetic energy of the sputtering particle is directly proportional to the sputtering 

power. The latter enhances the energy of adatoms, so that they move to the lowest energy 

state and arrange themselves along the c-axis orientation. Various research groups employed 

high deposition power at low deposition pressure to achieve AlN (002) film. The power 

ranges from 100 W to 5.5 KW. However, several groups demonstrated that the high power 

can negatively affect the quality of c-axis orientation because of an increase in the kinetic 

energies of the secondary atoms. These atoms attacked the substrate surface, causing surface 

damage and prompting deterioration in the preferred c-axis orientation [66]. 

The sputtering power also depends on the substrate to target distance and the type of 

sputtering system. Lower power is needed for shorter distance. A low sputtering power in the 

range of 300 W to 500 W is typically used in RF sputtering, while a high power in the range 

of 1000 W to 1800 W is typically employed in D.C. sputtering.  

In one published work, Kusaka et al. [43, 66] employed D.C. magnetron sputtering on 

a glass substrate to deposit AlN films at a constant N2 gas pressure at various sputtering 

powers. They observed that the grain size and the crystal quality improve with increasing 

power. Further, they noted that tensile stresses were obtained at low input power, while large 

compressive stresses were achieved at high powers.   

Vashaei et al. [43] varied RF power and base pressure from 250 W to 900 W and 4–

20 mTorr, respectively. The substrate temperature was set from 200 ˚C to 400 ˚C. They 

reported an improvement in crystal quality and deposition rate with an increase in nitrogen 

concentration and RF power. This result is supported by Cheng et al. [63]. They concluded 

that higher power, shorter substrate-to-target distance, lower sputtering pressure, and lower 

N2 ratio were the formula to form AlN (002) film.  

Another group, Guo et al. [54] investigated the effect of RF power on the deposition 

rate, surface roughness, and optical transmittance (transmittance is the fraction of incident 

light of a specific wavelength which passes via a sample over a specific range of wavelength) 

of AlN films. The deposition rate and the surface roughness increased and decreased, 

respectively with the increase in RF power. They also reported that the absorption edge of 

AlN films shifts to longer wavelengths with an increase in RF sputtering power and was 

attributed to the defects induced by highly energetic ion bombardment, that is directly related 

to the sputtering power.  
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Kumada et al. [67] studied the impact of sputtering power on the shift in AlN crystal 

orientation. In their experiment using RF sputtering, they varied the power from 200 to 900 

W in steps of 100 W and at 50 % Nitrogen concentration. AlN (101) and (002) poly crystals 

were obtained between 200-600 W power, while AlN (002) film were obtained starting from 

700 W power.   

A Berkeley group i.e. Lin et al. [68] used a two-steps deposition method to obtain 

highly c-axis oriented AlN thin films on epitaxial 3C-SiC/Si (100) substrate. The first 50-nm-

nucleation layer was deposited with high nitrogen concentration with an AC power of 3 kW. 

The second step used 5.5 kW. They obtained AlN (002) film with the lowest FWHM rocking 

curve values of 1.73°.   

 

iii. N2 to Ar ratio 

There are two opposite theories to explain the need for higher or lower N2/Ar ratio to 

grow AlN (002) film. During the sputtering process, plasma state is created around the target. 

This plasma is composed of electrons, argon and nitrogen atoms, divalent nitrogen molecules, 

and argon and nitrogen ions.  The positive ions, N2 
+
 and Ar

+
 are attracted towards the 

substrate. Due to its heavier atomic mass, Ar
+ 

transfers more kinetic energy to the target and 

generates more Al atoms. Hence, the ejected Al particles have higher kinetic energy.  That 

increases the adatoms’ mobility on the surface of the growing films, so they can arrange 

themselves along the (002) orientation [63]. An increase of nitrogen concentration lowers the 

kinetic energy of sputtered ions because of the N2
+
 lower atomic mass. These scattered ions 

undergo more scattering due to the increased probability of collision between the sputtered 

particles and nitrogen atoms. Hence, the adatoms’ mobility decreases, and they arrange 

themselves into a loosely packed crystal orientations such as the (100) orientation [69]. 

Zhong et al. also reported the strong influence of the N2 concentration on the AlN 

films.  They reported a decrease in the diffraction peak amplitude in (002) with an increase in 

the N2 concentration. The FWHM rocking curve values also increased from 2.02 to 3 with an 

increase in N2 concentration from 25 % to 75% [70]. Clement et al. [71] also reported similar 

results. The XRD spectra shows that (002) was more predominant at 15 % N2. The (002) 

diffraction peak amplitude decreased with an increase in Nitrogen concentration, and the 

amplitude of the other diffractions peaks such as (102) and (101) was increased.  

Lui et al. [69] studied the effect of nitrogen concentration in the range of 20 % to 80 

%. They reported a FWHM value of 3.1˚ at 20 % and 40 % Nitrogen concentration that 
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increase dramatically to 7.41˚ with further increase in nitrogen concentration. They also 

observed that the intensity of the (002) peak decreased significantly when the nitrogen 

concentration was in the range of 60–100 %. 

There is a contradictory theory. Some groups achieved highly c-axis oriented AlN at 

higher N2 concentration. According to them, the deposition rate has a strong effect on the 

crystal orientation. At higher N2 to Ar ratio, the deposition rate is low because of the lower 

number of argon ions in the plasma. This provides a longer time interval for the Al atoms to 

react with N2 and arrange themselves with previously synthesized AlN grains to form the 

(002) plane. At lower N2 to Ar ratio, higher deposition rate is achieved. Therefore, the faster 

arrival of the Al atoms at the surface results in weak AlN bonding [52, 66]. 

There are many supporters of this contradictory theory. Kale et al. [52] studied the 

effect of nitrogen concentration on AlN crystal orientation. They reported that at low N2 

concentration, a strong (100) peak with a minor peak of (110) was observed. The increase in 

nitrogen concentration enhanced the (002) orientation. After 50% nitrogen concentration, the 

films are fully (002) oriented.  

Another proponent of the second theory is Kar et al. [29]. They studied the effect of 

nitrogen concentration on grain growth, structural, and electrical properties of AlN films. 

They varied the nitrogen concentration from 20% to 80%. At 20 % N2, the (100) orientation 

was prominent compared to (002). The trend reverses, and highly oriented (002) peak 

dominated around 80 % N2.  

Xiangquan Jiao et al. [24] RF sputtered AlN films on various substrates such as Si 

(100), Si (111), oxidized Si (SiO2), and amorphous Si (a-Si).  The concluded that SiO2 was 

the most appropriate candidate for the growth of well-textured AlN thin films. They observed 

that the sputtering at 150 W and 75 % concentration yielded the strongest (002) crystal peak 

on SiO2 . 

 

iv. Substrate temperature and annealing 

The substrate temperature influences the kinetic energy available to the adatoms on 

the surface of the substrate. As mentioned previously, higher kinetic energy assists in the 

deposition of highly c-axis oriented films [31, 72]. However, increasing the substrate 

temperature also has a negative effect. Because the substrate material differs from AlN, this 

results in higher coefficient of thermal expansion (CTE) difference between the two layers. 

This translates as thermal stresses, which deteriorates the film quality [73].  
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The effect of substrate temperature on AlN orientation has been reported by numerous 

groups. They deposited c-axis oriented AlN from room temperature to 650 ˚C. Jie Yang et al. 

[25] deposited AlN on a Mo buffer layer utilizing DC and RF sputtering. The main aim was 

to study the effect of substrate temperature on the crystal orientation of AlN and the film’s 

morphology. They caried out the sputtering at the following substrate temperatures: 20 ˚C, 

200 ˚C, 400 ˚C, and 600 ˚C. As the deposition temperature increased from 20 ˚C, the crystal 

orientation changes from (101) to (002) at 400 ˚C. When the substrate temperature was 

further increased to 600 ˚C, the intensity of the AlN (0002) peak decreased. They also 

observed changes in surface morphology. The AlN deposited at 20 ˚C exhibited irregular 

granular grains, while at 400 ˚C, only spherical grains were observed.  

Another group studied the effect of substrate temperature on deposition rate and the 

crystal orientation. Hao Jin et al. [31] deposited AlN thin films by DC magnetron sputtering 

onto a Si(100) substrate. They used a substrate temperature of 60 ˚C, 160 ˚C, 250 ˚C, 340 ˚C, 

430 ˚C, and 520 ˚C. The deposition rate increased from 60 ˚C to 250 ˚C and saturates 

afterwards (21.78 nm/min). However, the deposition rate does not decrease monotonically 

above 250 ˚C. The XRD results showed that the highest peak of the (002) orientation was 

observed at 430 ˚C. The intensity of the AlN (002) peak decreased afterwards. 

Medjani et al. [55] investigated the combined effect of substrate temperature and 

substrate bias. They deposited AlN films on Si (100) by R.F. magnetron sputtering by 

varying the deposition temperature (from 25 ˚C to 800 ˚C) and bias voltage (from 0 V to -100 

V). It was found that the lower substrate temperature and moderate bias voltage helps in the 

formation of the (002) plane. A bias voltage smaller than -75 V and a deposition temperature 

of 400 ˚C resulted in the growth of the (100) plane. 

Guo et al. [74] studied the effect substrate temperature on the surface roughness. They 

sputtered c-axis oriented AlN using the R.F. sputtering at a substrate temperature of 100 ˚C 

and a nitrogen concentration of 20%. They observed that the surface roughness increased 

linearly with substrate temperature and nitrogen concentration.  

One group performed post-annealing treatment. Kar et al. [59] increased the annealing 

temperature from 400 ˚C to 1000 ˚C in steps of 200 ˚C. They observed that the intensity of 

AlN (002) diffraction peak increased until 800 ˚C, and then marginally decreased at 1000 ˚C. 

They also reported a small shift in the XRD diffraction peaks at higher temperatures, due to 
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the residual stress during thermal annealing. Also, the surface roughness (in rms) increased 

from 2.1 nm to 3.68 nm at annealing temperature of 400 ˚C to 1000 ˚C, respectively.    

v. Film Thickness: 

The good lattice matching between the substrate and the deposited thin film is beneficial 

for AlN crystal growth along the c-axis orientation. Numerous research groups have 

successfully deposited c-axis oriented AlN on a broad range of materials such Si (100), Si 

(111), titanium, molybdenum, aluminium, c-sapphire, aluminium oxide, microcrystalline 

diamond, glass, silicon dioxide, copper, silicon carbide, chromium and so on. The majority of 

the commonly used substrates have a large lattice mismatch with AlN, which affects the 

crystal quality. In thin films, the large lattice mismatch leads to the large misfit strain that is 

inversely proportional to the film thickness, and deteriorates the crystal quality. However, as 

the film thickness increases, the large lattice mismatch has less impact on the crystal quality. 

The misfit strain decreases with an increase in film thickness that reduces the effect of large 

lattice mismatch [75].   

Martin et al. [76] investigated the influence of AlN film thickness on its properties. They 

deposited AlN of thickness from 35 nm to 2 µm, on top of Pt (111) electrodes. They reported 

the FWHM of the rocking curve decreased from 2.60 to 1.14°, the RMS roughness was 

increased from 3.8 to 18.6 Å and the effective piezoelectric coefficient (namely d33,f)  

increased from 2.75 to 5.15 pm/V. 

Molleja et al. [26] investigated the role of AlN film thickness on crystal quality and 

residual stress. The FWHM of the diffraction peak indicating a (002) orientation decreased 

from 0.8 to 0.19 when the thickness was increased from 80 nm to 1.5 μm. They further 

reported that the thinner film had compressive stresses, while the thicker ones (> 0.9 μm) had 

tensile stress. Madrid et al. [30] supported Molleja’s group result by using the FWHM of the 

rocking curve measurement.  

Ababneh et al. [41] studied the effect of film thickness on the values of d33 and d31 

piezoelectric coefficient. They noticed that by increasing the AlN film thickness from 600 nm 

to 2400 nm, on the values for the d33 and d31 increases from 3.0 and −1.0 pm/V to 5.0 and 

−1.8 pm/V, respectively. The values for the thicker film were close to the d33 and d31 values 

of bulk AlN. 
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vi. Target- substrate distance  

The target-substrate distance plays a role in obtaining c-axis oriented films. According 

to the Kinetic theory of molecular gases, the sputtering parameters have a direct impact on 

the mean free path (λ) of particles which directly influences the crystal orientation of 

deposited films. In the case of a smaller distance between the target and the substrate (D) 

compared to mean free path (λ) of the particles, the sputtering particles reach the substrate 

with higher kinetic energy and adatom mobility. The lower number of collisions because of 

less collisions with other particles, that assists them to align along the (002) orientation. On 

the other hand, when the distance between the target and the substrate (D) is larger compared 

to the mean free path (λ) of particles, most of the sputtering particles collide one or many 

times with other particles before reaching the substrate. Thus, the kinetic energy and adatom 

mobility of the sputtered particles would decrease and the particles will align them along 

other crystal orientations.  

A target to substrate distance in the range of 5 cm to 25 cm was used by different 

research groups. The smaller distance is used in a low deposition power system. Most of the 

groups used the target to substrate distance in the range of 3 cm to 8 cm for a sputtering 

power in the range of 300 W to 1000 W.  

Xiao-Hong et al. [77] deposited AlN on Si (111) substrates using DC sputtering. They 

studied the effects of the sputtering pressure, sputtering power, and target to the substrate 

distance on the crystal orientation of the AlN films. The distance between the substrate to 

target was varied from 3cm to 12 cm. They reported that a lower sputtering pressure and 

shorter distance helped to form the (002) plane. On the contrary, a higher sputtering pressure 

and longer distance are beneficial for the growth of the (100) plane. The findings from this 

group was supported by another works by Chen et al. [78], as well as Cheng et al. [63]. 

  

vii. Substrate bias voltage 

At low sputtering pressure, highly oriented AlN thin films can be obtained without 

substrate bias. The substrate bias is also normally used to increase the deposition rate. 

However, a higher substrate bias can also result in stress at the film–substrate interface and 

other crystal orientations such as (100) or (101), which will diminish the coupling coefficient 

of an electro-acoustic devices. 



Chapter 2 
 

 
36 

In some work, the substrate voltage is used to tune the intrinsic stress of the film. This 

is because the energy of the depositing species is proportional to the bias voltage. Figure 5 

illustrates this. The ions normally have low energy in case of no voltage bias at the substrate, 

which results in intrinsic tensile stress. In the case of substrate bias, the ions have higher 

energy, which generates a compressive stress in the thin films. 

 

 

Fig  5: Types of stress within a thin film coating. 

Medjani et al. [55] studied the deposition of AlN on Si (100) substrates by RF 

sputtering under various substrate negative bias Vs (0 up to -100 V) and deposition 

temperature (25 ˚C up to 800 ˚C). They observed that lower deposition temperature and 

moderate bias favour the formation of (002) planes. Further, strong biasing beyond -75 V and 

deposition temperature higher than 400 ˚C led to the growth of the (100) plane.  

Chu et al. [79] RF sputtered AlN thin films on glass substrates at room temperature. 

They applied different negative bias voltage from 0 V to 320 V. The XRD diffraction showed 

a (002) oriented AlN up to -210 V. Afterwards, small diffraction peaks of AlN (002) and 

(100) planes were observed starting at a bias voltage of -240 V. The (002) plane vanished at 

the bias voltage of -320 V. 

There is one group who reported contradictory results on substrate bias effect. Iborra 

et al. [80] applied a bias voltage from -14 V to -28 V on the substrate. The XRD diffraction 

results showed that high bias voltage of larger than -24 V is required to achieve purely (002) 

oriented films. Prior to this value,  the (102) and (103) diffraction peaks were more dominant. 
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viii. Base pressure 

In general, a low base pressure is essential to obtain a high-quality film. Al has high 

affinity for the oxygen, which in turn degrades the crystalline quality of AlN. It is observed 

that low base pressure minimizes the oxygen content in the chamber. Many groups have used 

a base pressure of 3.6×10
-3 

to 3.6×10
-7 

Torr for the deposition of AlN. The effects of 

outgassing on the deposition of AlN using pulsed-DC reactive sputtering of highly (002) 

oriented AlN thin film was conducted by Cherng et al. [47]. They studied the effect of 

outgassing by pumping down the system into the base pressure of 3 × 10
−6

 Torr , 1 × 10
−6

 

Torr and  4 × 10
−7

 Torr before admitting the gas mixture into the chamber. Outgassing is the 

desorption of gases/ vapors from the vacuum surfaces in the absence of deliberately injected 

gas that results in unavoidable contamination at the time of films sputtering. They observed 

that outgassing was directly related to the base pressure and at lower base pressure, the 

sputtering parameters become less efficient on both rocking curve width and residual stress 

because of less contamination.  

ix. Pre-Sputtering 

The pre-sputtering is performed to remove impurities that are present in the target, 

substrate and the chamber. A pure aluminium target is normally used for reactively sputtering 

AlN films. This target oxidizes over time, producing a thin layer of aluminium oxide (Al2O3) 

on the target’s surface. Furthermore, impurities can also be deposited on the target’s surface 

during sputtering. Pre-sputtering is crucial to remove these oxide layer and other impurities.  

 

VI. Conclusion: 

The sputtering parameters and their roles in depositing c-axis oriented AlN films have been 

explained in this chapter. These relationships are derived by analysing 50 journal articles that 

reports c-axis AlN sputtering on a wide variety of substrates and equipment. Several general 

guidelines have been established towards this goal. First, the process pressure should be 

lower than 4 mTorr. Second, the sputtering power should be between 300 to 500 W for R.F. 

system and between 1k to 1.8 kW for D.C. system. Third, the N2/Ar ratio should be over 50 

%. Fourth, the substrate temperature should be in a range of 300 to 400 degree Celsius. Fifth, 

the film’s thickness should be over 1 um. Sixth, the target to substrate distance should be 
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between 3 to 8 cm. Seventh, the substrate voltage bias should be 0 or smaller than -75 V. 

Eighth, the base pressure should be lower than 3.6×10
-7 

Torr.  

 

 

Fig  6: Flow chart on the role of sputtering parameters towards depositing c-axis AlN 

 

Figure 6 shows the flow chart depicting the relationship between all sputtering parameters 

and the goal of growing a highly c-axis AlN film. The kinetic energy and adatom mobility on 

the surface of the substrate are used as the supporting physics to explain the relationships. 

Other items of the flow chart are self-explanatory. There are two main points. First, all these 

parameters alter the kinetic energy and the surface mobility of the adatoms, which ultimately 

arrange themselves along specific crystal orientations. Second, the net energy of adatoms is 

dependent on all the sputtering parameters. This value will be shifted by varying one or more 

parameters. Therefore, it is important to finely tune the sputtering recipe to achieve the right 

balance. 
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Abstract: 

In this paper, the RF sputtering of polycrystalline AlN thin film on epitaxial 3C-SiC(100) on Si(100) 

substrate is presented. The effect of nitrogen concentration, deposition temperature, and sputtering 

pressure are studied. These parameters are optimized to improve the crystal quality and deposition rate. 

Nitrogen concentration was varied from 40 % to 100 %, and it was found that the maximum deposition 

rate was observed at 40 %. The RF bias power on the substrate was also varied from 100 W to 400 W, 

and it was observed that the deposition rate increases proportionally. The process temperature was 

varied from 200-400
0
C to see the effect on the crystal quality and deposition rate; it was found that 

temperature variation doesn’t yield significant shifts. This paper can demonstrate a successful RF 

sputtering of a polycrystalline AlN (100), (101) and (002) on epitaxial 3C-SiC(100) using RF power supply 

of 550W. 
 

1. INTRODUCTION 

Silicon (Si) based micro-system cannot operate in extreme environments because its 

mechanical properties fail beyond 500
0
C

1
. This is overcome by exploiting silicon carbide 

(SiC) material because, in addition to its ability to operate above 1000
0
C, it has other 

excellent mechanical and chemical properties such as extreme hardness, low-friction 

reducing mechanical wear-out and chemical inertness to corrosive atmospheres
2
. For 

examples, SiC-based electric micromotors and micro jet-engine power generation sources 

show SiC’s excellent durability where mechanical properties of Si are insufficient
3
. Another 

example is for the monitoring and controlling of the combustion engines to improve the fuel 

efficiency and pollution reduction, which can be conducted by SiC-based harsh environment 

sensors. One another example is on the development of catalytic metal-SiC and metal 

insulator- SiC prototype gas sensors for monitoring gas emission and fuel leakage detection
4
. 

It is very clear from these examples that the automobile and aircraft industries are looking 

into SiC for coming up with the solutions for their advanced systems. One pertinent question 

that still needs to be addressed for these future systems is their power supply. The 

conventional power system will not be able to withstand the extreme environment. Due to the 

vibratory natures of automotive and aircraft system, piezoelectric energy harvesting is one of 

the promising candidates to power up these systems in this particular environment.  
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Piezoelectric materials are available in different forms and are classified into four 

different types namely polycrystalline ceramics, single crystal material, polymer and thin 

film
5
. Thin film has a significant range of advantages such as low hysteresis, large 

deflections, high sensitivity and low power requirements. The selection of these piezoelectric 

thin film materials also depends on the deposition methods, process complexity and sensor 

networks node compatibility. The most common piezoelectric thin films are lead zirconate 

titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AlN). PZT is a common piezoelectric 

material in energy harvesting applications because of its higher electromechanical coupling 

coefficient (k) and piezoelectric strain coefficient (d) over ZnO and AlN. However, the 

presence of lead, which is a hazardous material in PZT, causes contamination in the clean 

room and also it has low Curie temperature compared to AlN and ZnO. The second 

candidate, ZnO has better piezoelectric performances i.e. d and k over AlN. Unfortunately, its 

performance degrades at a higher temperature because of its low Curie temperature
6 

compared to AlN.  

AlN is a material of great technological advantages in the microelectronics industry 

due to its wide bandgap (6.2 eV), high thermal conductivity (3.3 WK
-1

cm
-1

) and high 

electrical resistivity (1013 Ω/cm) for applications in high power electronics High-electron-

mobility transistor (HEMTs) and optoelectronics (UV LEDs)
7-8

. The AlN’s low permittivity 

is the key advantage over ZnO as it would allow for higher voltage generation
9
. Due to its 

comparatively high piezoelectric coefficient, the high acoustic velocity of 12,000 m/s and 

CMOS compatibility, AlN has been widely used in RF MEMS devices. The piezoelectric 

property of AlN remains same at high temperatures, thus coupling AlN and 3C-SiC for RF 

MEMS devices and piezo electric actuators can be made for harsh environment 

applications
10

.  

Polycrystalline AlN thin films normally exhibit (002), (100), (101) and (103) oriented 

hexagonal wurtzite structure. The coupling coefficient of the (100)-oriented AlN thin films is 

larger than the AlN (002)-oriented thin films. However, AlN with (100) orientation is 

difficult to deposit using PVD methods
11

. So generally, AlN (002) orientation is utilized for 

micro-piezoelectric devices. One of the major applications for the AlN (100), (002) and (101) 

is for surface acoustic wave (SAW) and bulk acoustic wave (BAW) devices. The (002) 

oriented AlN is used for longitudinal devices while (100) and (101) provides a pure fast shear 

mode and a quasi-longitudinal mode and a quasi-shear mode respectively 
11

. 
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AlN is typically grown on SiC or sapphire to decrease the crystal lattice mismatch. 

However, these substrates are expensive as compared to Si. The 47% difference in thermal 

expansion coefficient (TEC) between AlN and Si will generate disruptions and stresses, 

especially when thin composite structures have to work at very high temperature. One 

practical solution is to deposit AlN on top of cubic-silicon carbide (3C-SiC)-on-Si since the 

cost of fabricating the thin layer of 3C-SiC on the Si substrate reduces drastically. The lattice 

mismatch between AlN (002) orientation and 3C-SiC (100) is 28.6%, but the difference in 

thermal expansion coefficients is 18 %, which is much smaller than AlN/Si. In one such 

report
12

, the AlN (001) film was grown on a silicon (111) substrate through hydride vapour 

epitaxy (HVPE) using 3C-SiC as an epitaxial layer. A smoother 5µm thickness of AlN was 

achieved using a 1 micron thick 3C-SiC intermediate layer, but the crystal quality of the AlN 

was not evaluated.  One research group has successfully deposited AlN (002) film on a 4H-

SiC (100) substrate
 
for a SAW transducer

13
. The latest work performed by Lin et al.

 14
, who 

deposited highly oriented AlN (002) films on 3C-SiC(100)/Si(100) substrates using AC 

reactive magnetron sputtering utilizing a very high (5.5 kW) and expensive pulsed power 

supply.  

In this paper we present the successful deposition of polycrystalline AlN (100), (101) 

and (002) thin films on a doped n-type SiC(100)-on-Si (100) wafer using a typical RF 

magnetron sputtering system ( Surrey sputterer) at the low power of 550W, and without an 

extra annealing process. RF sputtering is used for AlN deposition because the insulator like 

AlN deposition causes charge build-up on insulating targets due to DC voltage, which results 

in arcing on the targets. This can be avoided using an R.F. power supply, where the power is 

varied at a high rate, i.e. 13.56MHz. Alternatively, the arcing using DC sputtering can be 

decreased by utilizing a pulsed DC power supply, but the equipment is very expensive. The 

250 nm thick AlN film is sputtered for 5 hours with three crystal orientations being able to be 

deposited successfully on epitaxial 3C-SiC (100) of 1µm thick on Si (100) substrate. The 

sputtering is done for 5 hours because the prolonged sputtering time results in the formation 

of particle dust which affects the growth of AlN on the substrate. The whole deposition 

process was divided into 30 minutes slots while 5 minutes pumping is used to pump the 

chamber to high vacuum before proceeding for further deposition. The concern of the large 

TEC mismatch between AlN and 3C-SiC (100) was remedied via optimizing the deposition 

condition at a low temperature of 300
0
C and low deposition power of 550 W.  The effect of 

nitrogen concentration, deposition temperature, and sputtering pressure are optimized to 

improve the crystal quality and deposition rate.  
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2. Experimental Setup: 

Aluminium Nitride is deposited using a physical vapor deposition (PVD) sputtering 

technique using a Surrey Nanosystems sputter (SNS) as shown in Fig 1. The 

SiC(100)/Si(100) samples of size 15mm by 15mm were prepared using a Dicso wafer dicer. 

The SiC(100) thin films are epitaxially deposited onto the Si (100) substrate in-house at the 

Griffith University. The samples are cleaned via the piranha cleaning process, which removes 

any organic substance that exists on the samples. A piranha clean was performed using 4 part 

of 98% H2SO4 (sulphuric acid) to 1 part of 30% H2O2 (Hydrogen Peroxide) at 90°C for 15 

mins.  

 

Fig 1 (Color online): Schematic of Nanosurrey PVD sputtering system 

 

The samples were loaded into the loadloack of the two stage loading system of the 

SNS sputterer. The main chamber of the sputterer was constantly being pumped down to the 

limit of the cryogenic pump of the sputterer (1μPa) to decrease the contamination. An argon 

purge process was introduced before the samples were loaded into the main chamber. It 

purged the main chamber with 15 sccm of 99.999% Ar gas for three mins, while the loadlock 
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was being pumped down by a turbo molecular pump to achieve low level vacuum. The 

samples were heated to 300°C with an IR heater for three mins after the low level vacuum is 

achieved in the loadlock, to remove any moisture on the sample to minimize contamination in 

the main chamber. The deposition conditions are shown in Table 1.  

 
Table 1: AlN Deposition Parameters 

Parameters Values 

Deposition Frequency 13.6 MHz 

Ar flow rates 0 to 60 % 

N2 flow rates 40 to 100 % 

Target to substrate spacing 20 cm 

RF power 550 W 

Pressure 2 to 10 mTorr 

Temperature  200 to 400 ˚C 

Base Pressure 2*10
-8 

Torr 

Deposition rate  5 to 9 ˚A/min 

 

3. Optimization of Process Parameters and Observations 

 

RF instead of DC sputtering is widely used to sputter insulating material, as the 

insulator causes charge build-up on an insulating target resulting in arcing. This can be 

avoided by using a RF power supply, where the power is varied at a high rate i.e. 13.56MHz. 

During RF sputtering, to sustain the plasma for the process, the susceptor (refer to Fig. 1) is 

R.F. biased, and the matching network for the power supply has to be reconfigured for every 

different process parameter. The base pressure is one of the important sputtering parameters 

which affect the crystal quality of AlN. It is observed that low base pressure results in high 

crystalline quality and vice versa. The low base pressure also prevents the incorporation of 

oxygen into the growing AlN thin film. Aluminum has a strong chemical affinity for oxygen 

for the formation of Al2O3 which retards the single grain columnar growth and leads to a poor 

preferred orientation. In our sputtering systems, we utilize the minimum base pressure of 

2*10
-8 

Torr. 

The decent lattice matches between the substrate and the deposited thin film play a 

vital role in crystal growth. The majority of the commonly used substrates have a large lattice 
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mismatch with AIN which affects the c-axis oriented crystal quality. Also, the surface 

roughness and the grain size influence the growth of AlN thin films. It is observed that a 

substrate surface roughness below 4nmrms obtain high c-axis oriented AlN.   

 

A. Etching of SiC/Si samples before AlN deposition  

In-situ Argon plasma etching before the AlN deposition has been demonstrated to 

improve the crystal quality 
11.

 The etching rate of the SiC/Si samples were measured at 10 

mTorr processing pressure, for 18 minutes. The result shows that the etch rate decreases with 

the increase of temperature. The etch rate for SiC is measured as 1.5nm/min at 350°C and 

1.4nm/min at 500°C.  

 

B. Reactive Mode at Various Deposition Pressures 

The deposition of AlN is performed in reactive mode, which means the target is 

poisoned with the reactive gas to form a thin layer of compound on the surface before being 

sputtered off for deposition. To reach the reactive mode, the transition point from the metallic 

to the reactive modes was found by using a dummy wafer loaded into the loadlock, and 

standard pre-deposition steps are performed to maintain the quality control. Twenty 

experimental run were performed to figure out the transition point from metallic to reactive 

modes for AlN deposition at various sputtering pressures. The concentration of nitrogen gas 

at different base pressure for reaching the reactive mode is shown in Figure 2. The transition 

point is represented by the thick straight line. The result shows that the transition from the 

metallic mode to reactive mode sputtering occurs around 40% of the nitrogen concentration 

at the base pressure of 1 and 2 mTorr. As the base pressures increase to 5 and 10 mTorr, the 

transition point of the nitrogen concentration decrease to about 40%.  



Chapter 3 
 

 
54 

 

Figure 2 (Color online): Transition point from metallic to reactive modes for AlN deposition 

 

 

C. The Effect of Nitrogen Concentration on the Deposition Rate and Crystal 

Quality  

The nitrogen concentration plays an important role in determining the crystal quality 

and orientation of deposited AlN.  The literature review shows that various groups have 

verified the deposition of c- axis oriented AlN at a nitrogen concentration of 30 %, 40 %, and 

60 %. 

In this work, the nitrogen concentration was varied from 40 % to 100 % to study the 

effect of nitrogen concentration on the deposition rate and crystal quality. The sputtering was 

carried out for 5 hours, and the thickness of deposited film is measured on a silicon wafer 

using an elipsometer and nanospec.  The nitrogen to argon ratio is chosen as 40 % for the 

starting point as it is the transition point from metallic to reactive modes. The data is plotted 

in Figure 3, where the base pressure is set at 10 mTorr and the RF power is set at 300W. The 

deposition rate is observed to be maximum at 40 % and decreasing onwards. In between 60 

% to 90 % of the nitrogen concentration, the deposition rate is relatively constant. 

Afterwards, the increase in deposition rate is observed at 100 % concentration of Nitrogen.   
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Figure 3: Deposition rate with nitrogen to argon ratio at 10 mTorr sputtering pressure and 300 W Rf 

power 

 

Figure 4 shows the XRD result of the AlN deposition at different nitrogen 

concentration. The peak position in the XRD data indicates the phase or orientation of the 

material present in the sample, while the peak intensity quantifies the amount of each phase 

present in the sample. The peak width indicates the quality of each phase of material i.e. the 

sharper the peak is, then the smaller variation of the phase of the material. The 1
0
 grazing 

angle XRD is utilized for the characterization of the deposited AlN thin film due to the small 

thickness of the film compared to the substrate. The XRD results show the (100), (002) and 

(101) crystal orientation of AlN at 2θ angles of 33º, 36º and 38º respectively, as can be 

observed in Fig 4. The maximum peak intensity of the AlN (002) is observed at 67% N2 to 

argon ratio.   The highly (100) oriented film was deposited at 40 % N2 to Argon ratio. Also, 

the Al (101) orientation presents in all samples with relatively similar peaks regardless of the 

N2 to Argon ratio, which can be observed in Fig 4. 
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Figure 4: XRD result of AlN deposited with varying percentage of Nitrogen and Argon concentration at 10 

mTorr pressure and 300 W RF power 

D. The Effect of Deposition Pressure on Crystal Quality 

The Kinetic theory of molecular gases states that the mean free path of a gas molecule 

is inversely proportional to the pressure at constant temperature. Thus the kinetic energy 

transfers from the plasma to the growing film surface increase with a decrease in pressure. 

Therefore the chance of getting better crystal deposition increases as the sputtering pressure 

decreases. Figure 5 shows the XRD data of AlN at different process pressures. As in Figure 

4, the peaks of AlN (100), AlN (002) and AlN (101) are present in all the samples. It can be 

observed that the peak intensity of AlN (002) increases from the process pressure of 10 

mTorr down to 3 mTorr, while the reverse is true for the other two AlN orientations.  
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Figure 5: XRD result of AlN deposited at deposition pressure of 3mTorr, 5mTorr, and 10 mTorr pressures 

 

E. Effect of Substrate Temperature and RF Power on Crystal Quality  

 

The effect of substrate temperature on the AlN deposition has been studied by various 

researchers. The substrate temperature is varied from room temperature to 650
0
C.  In this 

work, the substrate temperature is varied from 200-400
0
C. Figure 6 shows the XRD data of 

the AlN deposition at 300
0
C (blue line) and 400

0
C (cyan line). It is very clear that there is not 

much variation in term of the peak intensity of AlN (100), (002) and (101) at both 

temperatures. That is, temperature variation doesn’t provide a significant effect on the crystal 

orientation.  
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Figure 6 (Color online): XRD result of AlN deposited at 300 W and 400 W rf power and 300 ºC and 400 ºC 

substrate temperature 

 

In this particular experiment, the RF bias has been varied from 300W to 400W to 

observe its effect on the deposition rate. The effect of varying the bias power on the 

deposition rate has been dramatic, where the latter film thickness decreased from 2609 A
o
 to 

1530 A
o
. The hypothesis is that the argons ions intensity striking at the deposited film is 

directly proportional to the bias power applied on the susceptor. The intensity of the argons 

ions sticking on the deposited films increases with an increase in bias voltage that decreases 

the deposition rate because of high number of Ar atoms sticking at the substrate. Conversely, 

the intensity of argon ions decreases with a decrease in bias voltage on the substrate that 

increases the deposition rate because of less number of Argon ions striking on the deposited 

film. 

At the beginning of RF sputtering, it is found that 300W bias power provides the most 

stable plasma formation during the fabrication process. However, the XRD result shows that 

by increasing the bias power to 400W, it improves the crystal quality of AlN (002), where 

AlN (001) and AlN (101) peak intensities are relative lower compare to the other results as 

<100> 

<002> 

<101> 
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can be observed in Figure 6. The red line represents the XRD data at 400W, and the black 

line represents the XRD data at 300W.  

The AFM image of AlN deposited on 3C-SiC is shown in Figure 7. The mean square 

roughness rms of the 3C-SiC was measured as 4nm before AlN deposition while the mean 

square roughness rms value of the AlN layer is measured as 8 nm. Therefore, we can 

conclude that the 8 nm roughness of the AlN thin film is largely caused by the roughness of 

the epitaxial 3C-SiC layer beneath it. 

 

Figure 7: AFM of AlN sputtered on 3C- SiC presenting roughness of the deposited thin film 

 

 

F. Refractive Index and Stress 

The refractive index of the deposited samples is measured using elipsometer.  A 

wavelength of 632 nm is used for finding the refractive index and the thickness of the AlN 

deposited on a silicon wafer. The results show the variation of refractive index with nitrogen 

concentration as shown in Figure 8. The value of refractive index varies from 2.07 to 2.16 

depending upon the nitrogen concentration. The theoretical value of refractive index for 

crystalline AlN is 2.14 at 632nm, which is close enough to our results. Since the theoretical 

refractive index of 3C-SiC and Si is 2.635 and 3.49 respectively at 632nm, we conclude that 

the range of 2.07-2.16 indeed belongs to AlN.   
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Figure 8: Refractive index of AlN deposited at 10 mTorr at various nitrogen to argon ratio  

 

The residual stress of the deposited film was measured on the 2 inch Si (100) wafer 

using a Tencor Flexus 2320 system. The stress was then calculated according to the change in 

curvature using Stoney's equation. 

  
 

      

  
 

  
 
 

  
 

 

  
  

where E, υ, ts and tf are the Young's modulus, Poisson's ratio for the silicon substrate, 

silicon thickness and film thickness respectively, while ru and rc are the radii of curvature of 

the Si substrates before and after AlN deposition, respectively.  The residual stress is found to 

be 3.2 GPa and is compressive in nature for 100 W RF bias on the substrate. The value of the 

stress and its nature can be changed from tensile to compressive by modifying the RF biasing 

on the substrate from 0 W to 100 W.  

 

4. Conclusion 

 

The deposition of polycrystalline AlN (100), (101) and (002) thin film on a SiC (100) 

thin film as an intermediate layer on a Si (100) substrate is demonstrated using RF sputtering. 

Various parameters are optimized such as nitrogen concentration, substrate temperature, 

deposition pressure and RF power. The results revealed that the pressure, RF power, and 
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nitrogen concentration play an important role in AlN deposition which is revealed from XRD 

results. The N2 to Argon ratio plays a vital role in crystal orientation. The (100) crystal 

orientation was prominent at 40 % N2 to argon ratio while all other parameters were kept 

constant. The XRD results also show that (100), (002) and (101) oriented crystal orientation 

were present in all the samples deposited at different N2 to argon ratio.  Also, it is observed 

that the high flow rate of argon and nitrogen gases improves the deposition rate. The 

deposition temperature, however, doesn’t play a significant role in increasing the crystal 

quality of any specific crystal orientation. In general, the low pressure and high RF power 

result in good AlN at all three orientations. Finally, the measurement of the refractive index 

verifies the deposition of polycrystalline AlN on the epitaxial 3C-SiC (100) on Si (100) 

substrate, which will be most useful for SAW and BAW applications.  
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Orientations on Epitaxial 3C-SiC-on-Si (100) Substrate 

 

A. Iqbal, G. Walker, A. Iacopi and F. Mohd-Yasin*1 

Queensland Micro- and Nanotechnology Centre, Griffith University, Nathan, 4111, Australia 

Abstract 

Aluminum Nitride (AlN) thin films are successfully deposited on epitaxial 3C-SiC-on-Si (100) substrates using DC 

magnetron sputtering. The sputtered films are characterized by the following parameters: crystal orientations (Siemens D500 

X-Ray diffraction tool), deposition rate (Nanospec AFT 180), surface roughness (Park NX20 Atomic Force Microscopy), 

refractive index (Rudolph AutoEL IV Ellipsometer), in-plane stress (Tencor Flexus 2320 System) and Raman Spectra 

(Rennishaw InVia Spectrometer). XRD results demonstrate that the orientation of the AlN thin films can be changed from 

(002) to (101) by increasing the Nitrogen to Argon ratio from 40% to 80% at the total gas flow of 50 sccm. We are also able 

to tune the in-plane stress via RF biasing on the substrate. Both controlling abilities enable the applications of these thin 

films for low cost longitudinal piezoelectric devices and a quasi-shear mode devices using (002) and (101) orientations, 

respectively. 

 

Keywords: A3. Physical vapor deposition processes; A3. Polycrystalline deposition;   A1. X-ray diffraction;  B1. Nitride; B1. Silicon 

carbide 

1. INTRODUCTION 

Thin film- instead of bulk-piezoelectric material is advantageous regarding higher 

sensitivity, lower hysteresis, larger mechanical deflections and lower power requirements. 

Lead zirconate titanate (PZT), zinc oxide (ZnO) and aluminum nitride (AlN) are the 

commonly used thin film materials for piezoelectric devices. PZT is the preferred choice 

because of its higher piezoelectric coefficient (e31,-6.5C/m
3
), but it has the risk of 

contaminating the clean room during the deposition process. The piezoelectric coefficients of 

AlN and ZnO are comparatively similar i.e. (e31,-0.58 C/m
3
) and (e31,-0.57 C/m

3
), 

respectively.  

Piezoelectric sensors are in great demand for use in ultra-high-temperatures (>800 °C), 

particularly in the automotive, aerospace, and energy industries. In automotive combustion 

systems, high temperature sensors are being used for recording engine temperature, pressure, 

and vibration to improve the efficiency and reliability of internal combustion engines. AlN is 

preferred for high temperature applications because of its high Curie temperature (1200 ˚C) 

[1], whereas the performance of the ZnO and PZT degrades significantly [2,3].  

Also, AlN has a high figure of merit in term of piezoelectric coefficient per dielectric 

constant (e31
2
/εr) compared to PZT [3]. Also, the electromechanical coupling (k2) along the c-
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axis of wurzite AlN is highest for longitudinal deformation [4]. Moreover, the acoustic 

velocity for the SAW devices is at its maximum along the c-axis  [5]. Due to these factors, 

highly c-axis oriented AlN thin films have been deposited by groups around the world using 

molecular beam epitaxy [6]-[7], chemical vapor deposition [8], vapor phase epitaxy[9]-[10], 

ion beam nitridation [11], pulsed laser deposition[12] and reactive sputtering [13]. The lattice 

matching between the chosen substrates and the deposited AlN thin film plays a vital role in 

the orientation of the crystal growth. AlN is mostly deposited on Silicon (Si) substrates due to 

a lower cost per surface unit than other substrates. However, the difference of 47% in the 

coefficient of thermal expansion (CTE) between AlN (4.3×10
-6

 K
-1

)[108] and Si (2.6×10
-6

 K
-

1
)[14] generates thermal stresses and crystal defects when it is being cooled down from high 

deposition temperature. Therefore, several researchers investigated AlN growth on other 

substrates that have lower CTE difference, such as Si (111)[15], sapphire[16, 17], platinum 

[18, 19], silicon dioxide[20] and aluminum[21]. The best results were obtained using 

substrates with the closest lattice constant and CTE, namely Silicon carbide (SiC) (4.3596 ˚A) 

and (0001) sapphire, where the latter has a lower lattice mismatch with AlN [22]. However, it 

has a higher cost per unit area compare to Si.  

One practical solution is to deposit AlN on top of a few hundred nanometre thick cubic 

silicon carbide ( 3C-SiC) that has been epitaxially grown on Si substrate. The introduction of 

3C-SiC intermediate (sometimes referred to as the pseudo) layer reduces the lattice and CTE 

mismatches between AlN and Si substrate to 28.6% and 18%, respectively. In one such work, 

an AlN (001) film of 5 microns was deposited on a 3C-SiC-on-Si (111) substrates employing 

hydride vapour epitaxy (HVPE)[14]. Lin et al. [15] deposited the highest crystal quality AlN 

(002) film on 3C-SiC-on-Si (100) substrates using reactive magnetron sputtering and 

achieved a rocking curve Full Width at Half Maximum (FWHM) value of 1.73
o
. However, 

the lowest rocking curve FWHM value ever recorded (1.22
o
) on a similar structures is by 

Nader et al. This group deposited AlN (002) thin films of 200 nm thickness on a 3C-

SiC/Si(111) substrates at 720 °C using plasma induced molecular-beam epitaxy (MBE) [23]. 

Even though MBE provides better crystal quality as compared to sputtering, these systems are 

being avoided in low cost applications because of low growth rate, expensive instrument 

setup and a high process temperature [24]. Also, sputtering method is preferred over 

MBE/MOCVD for AlN thin film application in MEMS because of its ability to tune the in-

plane stress via RF biasing on the substrate [25].  
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Polycrystalline AlN thin films normally exhibit (100), (002), (101) and (103) oriented 

hexagonal wurtzite structures and are used for SAW and BAW devices. The (002) and (101) 

oriented AlN thin films are specifically used for longitudinal and quasi-shear mode devices, 

respectively [26]. In this paper, we present the controlled deposition of (002) and (101) 

oriented AlN thin film on 3C-SiC-on-Si (100) substrates. The 300 nm thick 3C-SiC(100) film 

had been epitaxially grown on top of 6 inch Si (100) wafer using a custom-made hot-wall 

horizontal low pressure chemical vapor deposition (LPCVD) at Griffith University [27]. The 

main contribution detailed in this paper is the ability to control the crystal orientations of AlN 

by varying N2 concentrations. We can change the AlN orientation from (002) to (101) by 

increasing the Nitrogen to Argon ((N2/Ar) ratio from 40 % to 80 % with a total gas flow of 50 

sccm. We use DC magnetron sputtering because it yields a higher deposition rate compared to 

our previous work using RF magnetron sputtering[28].    

2. Experimental Setup 

We employed a D.C. magnetron sputtering system (Surrey NanoSystems Gama 1000) 

operating at 1200 W to deposit the AlN film on top of the 3C-SiC layer. The Al target was 

100 mm in diameter with 99.999 % purity. The target to substrate distance was set to 20 cm. 

The 3C-SiC-on-Si samples of 15 mm by 15 mm were cut using a Dicso wafer dicer and 

cleaned via a standard piranha cleaning process to remove organic substances. The oxidation 

on the samples was removed by submerging it in diluted 1% HF acid for 5 minutes. The 

sputtering system was turbo-pumped down to the base pressure of 2×10
-8

 Torr, followed by 

constant pumping through the cryogenic pump. The low base pressure encouraged the 

formation of highly crystalline AlN by preventing the incorporation of oxygen into the 

growing AlN thin film. The main chamber was purged with 15 sccm of 99.999 % Ar gas for 3 

minutes before the sample loading to avoid contamination. The samples were inserted into the 

main chamber via a two-stage loading system. The samples were heated to 300 °C with an IR 

heater for 3 minutes to remove moisture. The sputtering parameters used for the deposition of 

AlN are given in Table 1. The sputtering pressure was gradually decreased from 20 mTorr to 

2 mTorr to avoid the electrical arcing. The N2/Ar ratio is increased from 40 % to 100 % in a 

steps of 20 %,  with a total gas at a flow rate of 50 sccm to evaluate the effect of N2 

concentration on the following criteria (name of equipment): crystal orientation (Siemens 

D500 X-Ray diffraction tool) , deposition rate (Nanospec AFT 180), surface roughness (Park 

NX20 Atomic Force Microscopy), refractive index (Rudolph AutoEL IV Ellipsometer), the 
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in-plane stress (Tencor Flexus 2320 System) and Raman spectroscopy (Rennishaw InVia 

Spectrometer).  

 

 

Table 1: AlN Deposition Parameters 

Parameters Values 

Total Gas Flow  50 sccm 

Ar flows rate 0 to 60 % 

N2 flow rate 40 to 100 % 

Target to substrate spacing 20 cm 

DC power 1200 W 

Pressure 2 mTorr 

Base Pressure 2×10-8 Torr 

Temperature  350 ˚C 

 

 

Fig. 1. Poison run for AlN deposition at 2mTorr and 350ºC at 50 sccm total gas flow 

 

The AlN was sputtered on top of the substrate in reactive mode. This mode was 

characterized via a parametric sweep of N2/Ar ratio while keeping other sputtering parameters 

constant. The N2 concentration was swept from 0 % to 100 % and back to 0 % at a flow rate 

of 50 sccm to measure the hysteresis 50. Fig. 1 shows the parametric sweep of the N2/Ar ratio 

to get the voltage and current values for the transition from metal to reactive modes. The 

higher secondary electron emission of the nitride formed at the cathode surface pulled down 

the plasma impedance in the reactive mode, resulting in the drop of the cathode voltage at 
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constant DC power. The voltage then remained approximately the same in the reactive mode. 

We found that the transition from metal to reactive modes started at 40 % N2/Ar ratio at 50 

sccm total flow of gas. Overall, the deposition current increased from 2.6 A to 4 A, while the 

deposition voltage decreased from 420 V to 320 V.  

 

3. Results and Discussion 

A grazing angle incident X-Ray diffraction (GIXRD) measurement at 1˚ incidence was 

employed due to the smaller thickness of AlN film compared to the substrate using a Siemens 

D500 X-Ray diffraction tool. Figure 2 shows the θ-2θ scan of the four samples at the different 

N2/Ar ratio. These X-Ray diffractometry (XRD) data verified the deposition of 

polycrystalline AlN films. The two major diffraction peaks could be observed at 36˚ and 38˚, 

indicating (002) and (101) crystal orientations, respectively. The minor peaks at 34 ˚ and 50˚ 

refer to (100) and (102) orientations of AlN, respectively. The FWHM values were extracted 

from the diffraction peaks using Gaussian fitting instead of Lorentz fitting, as the former 

provides better curve fitting for all the curves [19, 26]. This particular technique of extracting 

the FWHM values from the diffraction peaks had been employed by three similar works on 

AlN [27-29]. We benchmark our FWHM data against these three. Our lowest FWHM value 

of 0.285˚ from the diffraction peaks of (002)  crystal orientation at 40 % N2/Ar ratio is 

comparable to the lowest FWHM values of 0.29˚, 0.22˚ and 0.32˚ as reported in [30], [19] and 

[21], respectively. The values of FWHM from the diffraction peaks of the (002) crystal 

orientation then increased to 0.285˚ and 0.305˚ at 60 % and 80 % N2/Ar ratio, respectively. 

On the other hand, the FWHM values of the diffraction peaks of the (101) crystal orientation 

decreased from 0.305˚ to 0.266˚ with an increase in N2/Ar ratio from 40 % to 100 %.  The 

result also shows that the diffraction peak intensity for the (002) crystal orientation decreased 

when the N2/Ar ratio increased from 40 % to 100 %. On the other hand, the diffraction peak 

intensity of the (101) crystal orientation increases with increase in N2/Ar ratio from 40 % to 

100 %.  
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Fig. 2. Grazing angle XRD of AlN deposited on 3C-SiC/Si(100) film at different N2/Ar ratio 

 

The extracted FWHM values of the diffraction peaks provide evidence that the AlN 

orientation could be changed from (002) to (101) by increasing the N2/Ar ratio in the total gas 

flow of 50 sccm. We attempt to explain this experimental observation as follows [16]. At 

lower N2/Ar ratio, Ar+ dominates around the target. Ar+ has heavier atomic mass compare to 

N2+ and thus produces larger kinetic energy adatoms, which resulted in the close packed 

(002) orientation. At 60 % N2/Ar ratio, nitrogen particles (N2+, N2, N) with lighter atomic 

mass dominate and the Ar particle number decreases. Hence the kinetic energy of the adatoms 

decrease causing the formation of the dominant (1 0 1) and (0 0 2) orientations, and less 

prominent (100) and (102) mixed oriented films [17].  The kinetic energy of adatoms 

decreases further with an increase in N2 concentration to 80 % and 100 %, which results in a 

more dominant (101) orientation compared to the (002) orientation in the deposited films.   

The deposition rate of the AlN layer was determined by preparing separate samples of the 

sputtered AlN on top of a doped p-type Si (100) wafer using the non-contact, spectro-

reflectometry, preprogrammed on Si, employing a Nanospec AFT 180 instrument. The 
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deposition rate of 8 nm/min was measured at 40 % N2/Ar ratio. The deposition rate then 

decreased to 4.8 nm/min and remained the same at the higher N2/Ar ratio. This is because of a 

decrease in the higher mass of the single-charged ion (i.e. Ar+) compared to the nitrogen 

particles (N2+, N2, N), which decreases the number of adatoms and hence results in a decrease 

in deposition rate. 

 

 

Fig. 3. AFM images of AlN sputtered on 3C- SiC (100) at different N2/Ar ratio: (a) at 40 % Nitrogen (b) at 60% Nitrogen (c) at 80 % 

Nitrogen (d) at 100 % Nitrogen. 

 

The morphology of the films was evaluated using atomic force microscopy (AFM) as 

shown in Figure 3. The r.m.s. roughness (in Root Mean Square (rms)) of the AlN layer 

increased from 7 nm to 12 nm with increasing N2/Ar ratio. The higher nitrogen concentration 

increased the number of energetic nitrogen particles (N2+, N2, N) being reflected from the 

target surface. These N2+, N2, and N particles have lower kinetic energy compared to the 

heavier Ar+ atoms. This kinetic energy is needed to transfer the atoms from the target to the 

substrate. Consequently, the lower energy provided more time for Al and N atoms to diffuse 

into the substrate and hence to make the surface rougher at higher N2 concentration. Also, the 

crystal orientation of the deposited films changes to polycrystalline (101) and (002) with an 
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increase in N2 concentration (as explained above) which may increase the surface roughness 

and changes surface morphology of the deposited films.  

The refractive index of the AlN layer was determined using a Rudolph AutoEL IV 

Elipsometer for all samples prepared at the different N2/Ar ratio.  All the measurements were 

carried out at a wavelength of 632 nm. The values of refractive index were measured in the 

range of 2.07 to 2.18 for all the samples, which is close to the theoretical value of 2.14 at the 

said wavelength [34].   

The in-plane stresses of the deposited AlN thin films were measured by preparing separate 

AlN samples that were sputtered on top of a 2 inch Si (100) wafer for all the samples prepared 

at different N2 concentration. A Tencor Flexus 2320 system measured the change in the 

wafer’s curvature before and after AlN deposition. This value is then inserted into Stoney 

equation to calculate the stress as expressed in equation 1: 

  
 

      

  
 

  
 
 

  
 

 

  
     (1) 

where E, υ, ts and tf are the Young's modulus, Poisson's ratio for the silicon substrate, 

silicon thickness and film thickness, respectively. ru and rc are the radii of curvature of the Si 

substrates before and after AlN deposition, respectively. The stresses for all the samples were 

measured in the range of 320 MPa to 392 MPa, and where tensile in nature. 

This stress is inversely proportional to the thickness of the deposited films as stated in Eq 1. 

The stress values decrease from 392 MPa to 320 MPa when the thickness of the deposited 

films are changed from 1122 nm to 1600 nm respectively. The thermal gradient of 325 ºC 

between the substrate and room temperatures resulted in in-plane stress due to CTE between 

AlN thin film and the silicon substrate. We found experimentally that this stress could be 

tuned from tensile to compressive by varying the DC bias on the substrate. All the samples 

were prepared at 40 % N2 concentrations while keeping all the other parameters constant as 

given in Table 1. Figure 4 shows the change in stress from 500 MPa tensile to 1800 MPa 

compressive when the RF bias voltage was applied from 0 V to 100 V in steps of 25 V. The 

transition from tensile stress to a compressive stress with increase in negative bias is 

attributed to the energetic plasma species bombardment of the growing layer. The ionic 

bombardment becomes more energetic with an increase in substrate bias which causes the 

effects of resputtering, defect formation, and ion entrapments, i.e. ‘‘collisionally-induced 

defect formation’’. This causes the destruction of the columnar growth morphologies and an 

increase in the compressive stress of the films [35]. Figure 4 shows that a stress free AlN thin 
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film can be deposited at -40 V bias voltages. This ability is especially critical in tuning the 

stresses of the thin films to avoid cracking for high temperature applications.  
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Fig. 4. The plot of residual stress vs. RF bias voltage being applied to the substrate during the sputtering process. A positive value represents 

tensile stress, and negative values correspond to compressive stress.  

 

The Raman spectroscopy in back scattering configuration was performed for two samples 

prepared at 40 % and100 % N2 concentrations. Figure 5 shows the Raman spectra depicting a 

major peak E2 at 654 cm
-1

 and a minor peak A1(TO) mode at approximately 618 cm
-1

. The 

spectra for both samples at two different N2/Ar ratios are almost identical. The FWHM value 

of E2 was calculated as 11.12 cm-1 and 13.75 cm
-1

 for 40 % and 100 % N2/Ar ratio, 

respectively. Those values are between the FWHM values of the AlN bulk single crystal and 

deposited crystalline AlN. The former is 3 cm
−1

 as reported by Kuball et al. [36], while the 

latter is reported to be 50 cm
−1

 as reported by Perlin et al. [37]. 
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Fig. 5. Raman spectroscopy of AlN at 40 % N2 flow rate (top) and 100 % N2 flow rate (bottom) 

Table II: Summary of Results of AlN Sputtered at different Nitrogen Concentration 

*The thickness and Refractive index is measured on Si(100) wafer using ellipsometer and nanospec 

 

Sample 
ID 

Nitrogen % Thickness 

(Ao) 

Maximum 
Peaks Intensity 

of  <002> 

orientation 

Maximum 
Peaks 

Intensity 

of <101> 

orientation  

FWHM of 
Diffraction 

peak 

<002> and 

<101> 

Refractive 
Index  

Surface 
roughne

ss   

(nm) 

Deposition 
Rate 

(nm/min) 

Stress  

(MPa) 

(Tensile) 

 

D1 SiC(100) 
40% 16000 2375 220 0.285 ˚ and 

0.305 ˚ 

2.18 6.85 8.26 320 

 

D3 SiC(100) 
60 % 13420 253.2 204.7 0.263 ˚ and 

0.293 ˚ 
2.068 7.85 4.88 344.1 

 

D2 SiC(100) 
80 % 11228 124.4 283.60 0.314 ˚ and 

0.320 ˚ 

2.085 9.645 4.46 392.8 

 

D4 SiC(100) 
100 % 15755 277.6 637.90 0.30 5˚ and 

0.266 ˚ 

2.181 12.46 4.45 372.4 
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4. Conclusion 

This paper presented the DC sputtering of AlN (002) and AlN (101) thin films on epitaxial 

3C-SiC-on-Si (100) substrates. The crystal orientation can be controllably changed from 

(002) to (101) by increasing the N2/Ar flow rate from 40 % to 100 %. The ability of DC 

sputtering to deposit thick AlN films while maintaining the same crystal quality, and 2) The 

ability to control the in-plane stress in the deposited thin film would be very useful in 

piezoelectric MEMS applications. The contributions from this work can especially be 

employed to produce longitudinal piezoelectric devices and a quasi-shear mode devices using 

(002) and (101) AlN orientations of AlN film.  
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Abstract 

This article reports a direct current reactive magnetron sputtering of Aluminum Nitride (AlN) thin films on 

epitaxial cubic-silicon carbide (111) on silicon (111) substrates. The grazing angle incident x-ray diffraction 

results on all samples show that the AlN thin-films are highly oriented along the (002) crystalline direction 

between the N2/Ar ratio of 40 % to 100 %, at a total gas flow of 50 sccm. This observation is in contrast to the 

prevailing practices that require either a low or a high N2/Ar ratio. Four parameters show minimal variations 

across all samples, namely (a) the extracted FWHM of the (002) diffraction peak with median of 0.28˚ and 

standard deviation of 0.012˚, (b) area of AlN (002) under the curve is between 92 to 97 %, (c) grain sizes 

between 30.11 to 32.3 nm, and (d) refractive index values between 2.06 to 2.18. The omega scan rocking curve 

of two samples at 40 % and 80 % provides evidence of a good quality AlN (002) film with the FWHM values of 

1.5
 º
 and 2

 º
, respectively. We credit the small lattice mismatch of 1 % between AlN (002) and 3C-SiC (111) as 

the main factor and provide further analysis to support the claim. Finally, the relationship between the sputtering 

parameters and the AlN film’s properties are elucidated.  

 

Keywords: A1. X-ray diffraction, A3. Physical vapor deposition processes, A3. Polycrystalline deposition, B1. Silicon carbide,             B1. 

Nitride 

1. Introduction 

Aluminum nitride (AlN) is a potential candidate for use in the power electronics due 

to its suitable electrical properties such as high electrical resistivity (10
15

 Ω.cm), high thermal 

conductivity (3.3 WK
-1

cm
-1

) and wide bandgap (6.2 eV) [1-3]. AlN grown on a Silicon (Si) 

substrate is used in RF MEMS because of the high acoustic velocity (12,000 m/s) [4]. 

Another important use of the AlN thin-films is to make piezoelectric sensors and actuators 

[5].   

AlN thin-films are typically deposited onto Si substrates because of the low cost per 

surface area and the ease in the fabrication processes. However, the 43 % difference in the 

coefficient of thermal expansion (CTE) between AlN (4.6×10
-6

 K
-1

) and Si (2.6×10
-6

 K
-1

) 

generates cracks in the thin film. These cracks are largely due to the induced stress from the 

thermal expansion when the film is being cooled down from the high deposition temperature. 

Also, the lattice mismatch of 19 % between AlN and Si generates dislocations and stresses 

during the deposition and annealing processes that ultimately results in the deterioration of 

the AlN crystal quality [6].  

                                                           
* Corresponding author. E-mail address: f.mohd-yasin@griffith.edu.au. 
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The depositions of AlN on different substrates with lower CTE difference and smaller 

lattice mismatches have been investigated. Among them, a single crystal cubic silicon 

carbide-on-Si in <111> plane (3C-SiC(111)-on-Si(111)) with a lattice constant of 4.3596 ˚A 

is one of the best substrates for the c-axis oriented AlN (with a lattice constant of 4.978 ˚A) 

crystal deposition. Both materials have a lattice mismatch and CTE difference of 1% and 

18% [7], respectively. The only reported AlN/3C-SiC (111)/Si (111) structure in the literature 

was by Nader [8]. This group used the molecular beam epitaxy (MBE) process at a constant 

nitrogen (N2) flow and a deposition temperature of 720 ˚C. They were able to produce AlN 

(002) with a full width at half maximum (FWHM) of omega scan rocking curve value of 

1.18˚.  

However, MBE has the limitations of a low growth rate, an expensive instrument 

setup and a high process temperature. For the deposition of materials that are targeted for a 

low-cost applications, the physical vapor deposition method is preferred because of its high 

growth rate [9] and the ability to tune the in-plane stress via radio frequency (RF) bias on the 

substrates [10]. In the specific case of an AlN thin film deposition on top of 3C-SiC(111)-on-

Si(111) substrate, direct current (DC) is preferred over the RF sputtering because of the faster 

deposition rate. This is based on our experience when we performed both sputtering methods 

using the same equipment [11].  

In term of the AlN (002) crystal quality, the lowest reported FWHM value using the 

omega scan rocking curve is by Lin et al. [12]. This Berkeley group employed DC sputtering 

and achieved the minimum FWHM value of 1.73˚. However, their work utilised a 3C-SiC 

(100)-on-Si (100) substrate. Due to the higher lattice mismatch of 28.6 % between 3C-

SiC(100)-on-Si(100) substrate and AlN (002) film, they used a special technique to achieve a 

highly c-axis orientation. They first deposited a 50-nm-thick AlN film seed layer with high 

nitrogen concentration and relatively low AC power of 3 KW, to reduce the negative effect of 

lattice mismatch between the AlN thin film and the 3C-SiC substrate. The nitrogen 

concentration was decreased, and the sputtering power was increased to 5.5 KW respectively, 

during the deposition of the remaining AlN film. This technique was originally proposed by 

Cheng et al. in their 2003 systematic studies on the relationship between the c-axis AlN and 

the high N2/Ar ratio [13]. Xu et al. explain the physics by stating that the crystal orientation 

of deposited films depends on the kinetic energy of sputtering particles, deposition rate and 

adatoms mobility, which can be modified via the sputtering parameters. The adatoms with 

high mobility arrange themselves in the close packed (002) orientation because of its lowest 
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surface energy and the maximum atomic density state [14]. At the other extreme, there are 

also published works that could only manage to achieve a highly c-axis AlN orientation at 

lower N2 concentration. Amongst them, Meng et al. reported the use of a 30 % N2/Ar ratio to 

achieve AlN(002) on top of the ZnO/Si structure [15]. The most recent example is our work 

on an AlN/3C-SiC-on-Si (100) substrate [16]. We could only achieve a highly c-axis AlN at 

40% N2/Ar ratio, with the total gas flow of 50 sccm. Pellegrini et al. [17] offered the 

explanation on the need for the lower N2/Ar ratio to achieve the highly c-axis AlN film. They 

explained that at a lower N2/Ar ratio, Argon atoms with heavier mass compared to nitrogen 

atoms were dominant.  Due to their higher masses, they provided higher kinetic energies for 

the adatoms, which consequently assisted the formation of AlN (002) film. 

In our previous publication [16], we reported the formation of AlN (002) on top of 

3C-SiC(100)-on-Si (100) substrates at 40 % N2/Ar ratio. When the N2/Ar ratio was increased 

to 80%, AlN (101) dominated. In this work that used the 3C-SiC(111)-on-Si (111) substrates, 

we achieved a highly c-axis AlN thin film with reasonable consistency from 40 to 100 % 

N2/Ar ratio. The samples for both works were batch-fabricated with the same equipment and 

process parameters. We offer technical insights for this interesting result in section 3.  

 

2. Experimental Details: 

The experimental details were already presented in [16], but worth repeating here for the 

continuity of this article. Some additional information has also been added. Before the AlN 

deposition, a 300 nm thick 3C-SiC thin film in (111) plane was epitaxially grown on top of a 

150 mm diameter of 4˚ off-axis Si (111) wafer. A custom-made hot-wall horizontal low-

pressure chemical vapour deposition (LPCVD) system that employed alternating supply 

epitaxy performed the deposition of the 3C-SiC thin film at a temperature at 1000 °C. The 

details of these epitaxial depositions are documented in  [18]. The surface roughness of the 

3C-SiC(111) was measured to be about 2 nm (RMS). Artieda et al. [19] reported that the 

substrate condition, especially the surface roughness of substrate affects the crystal quality of 

the deposited AlN film. Therefore, all AlN depositions were performed using the samples 

that were sourced from the same substrate wafer.    

The DC sputtering of the AlN thin-film on top of the 3C-SiC (111)-on-Si (111) substrate was 

performed using a magnetron sputtering system (Surrey Nano Systems Gama 1000) at a 
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substrate temperature of 350 ºC and a sputtering power of 1200 W. 350 ºC is the optimized 

temperature to obtain a highly c-axis oriented AlN-based on preliminary X-ray diffraction 

(XRD) data. 1200 W is the maximum power to sustain the stable plasma operation in our 

deposition system. An Aluminum (Al) target with 99.999 % purity was employed. Initially, 

the 3C-SiC(111)-on-Si(111) samples of 15 mm by 15 mm in dimension were cut via a disco 

wafer dicer. They were then cleaned via a standard piranha cleaning process to remove the 

organic substances. The oxidation on the samples was removed by submerging them in a 

diluted 1% HF acid for 5 minutes. The sputtering system was turbo-pumped down to the base 

pressure of 2×10
-8

 Torr, followed by a constant pumping through the cryogenic pump. The 

low base pressure prevented the incorporation of oxygen into the AlN thin films. The main 

chamber was purged with 15 sccm of 99.999 % Ar gas for 3 minutes prior to the samples 

loading to avoid contamination. The samples were inserted into the main chamber via a two-

stage loading system. The samples were then heated to 300 °C with an IR heater for 3 

minutes to remove moisture. The sputtering systems base pressure of 2x10
-8

 Torr is 

maintained with a cryogenic pump. The 99.999% Ar and 99.999% N2 process gases were 

passed through gas purifiers (SAES, Italy). The samples were then placed on a susceptor. 

Prior to loading, the samples were heated in a turbo-pumped vacuum load lock at 200 °C for 

3 minutes to reduce moisture, and the main chamber was purged with Ar for 3 minutes to 

reduce contamination. The face of the 4” diameter Al target was set at 20 degrees off 

perpendicular to the susceptor. The distance between the centres of the target and susceptor 

was 20 cm. The susceptor was rotated at 10 rpm during deposition. The plasma was struck at 

20 mT and reduced gradually to 2 mT before opening the target shutter and commencing 

deposition. We found that the deposition pressure of 2 mT was the lowest pressure at which 

stable plasma could be maintained. The total gas flow for all ratios of Ar and N2 was 50 

sccm. By performing a parametric sweep (Refer to Figure 1 of [16]), it was determined that at 

a 40 % N2/Ar ratio the sputtering process became reactive. Four AlN samples were produced 

at a different N2/Ar ratio in the following order: 40 % (sample F1), 80 % (sample F2), 60 % 

(sample F3) and 100 % (sample F4). The samples were ordered in non-increment N2/Ar ratio 

to ensure that the setup in the sputtering system did not influence the results. The deposition 

times ranged from 3 to 6 hours to achieve the film’s thickness of over 1 µm.  

The deposited AlN films were characterized by the following analytical tools: grazing angle 

incident x-ray diffraction (Bruker D8 using Cu Kα1 beam with λ=1.5405980 Å, grazing angle 

of 1˚, voltage of 40 kV and current of 40 mA), omega scan rocking curve (Panalytical 
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Empyrean XRD a high resolution four-crystal Ge (220) asymmetrical incident beam 

monochromator, using Cu Kα1 radiation with λ =1.5405980 Å, a PIXcel-3D detector with a 

fixed anti-scatter slit; the PIXcel detector is used in the open detector mode for the rocking 

curve and phi scan measurements), refractive index (Rudolph AutoEL IV Ellipsometer), 

deposition rate (Nanospec AFT 180) and surface roughness (Park NX20 AFM).  

3. Results and Discussions: 

Table I.  Summary of the characterization results 

Sample 

on 

SiC(111) 

Nitrogen 

% 

AlN 

(002) 

Peak 

position* 

FWHM of  

<002> 

Diffraction 

Peak 

(˚) 

Percentage 

of  Area 

under curve 

<002>** 

%  

Grain size 

(nm) 

Surface 

roughness 

(nm) 

Refractive 

Index  

Thickness 

(nm) 

Deposition 

Rate 

(nm/min) 

Stress*** 

(GPa) 

(Tensile) 

F1     40% 36.16 0.28 92 31.18 6.85 2.18 1600 8.26 2.55 

F3  60 % 36.14 0.28 92.3 31.18 7.85 2.068 1342 4.88 2.12 

F2  80 % 36.17 0.3 97 30.11 9.65 2.085 1122 4.46 2.77 

F4  100 % 36.2 0.27 93.6 32.3 12.46 2.181 1575 4.45 3.42 

*The observed XRD peaks can be assigned to wurtzite AlN phase (Card # 01-070-2545) with  AlN (002) peak  at 2θ = 36.023°  [20] 

** Percentage of <002> is calculated by measuring the area under curve for all AlN orientations in the XRD spectra 

***Biaxial stress values were extracted from the XRD diffraction peak position 

Table I summarizes the characterization results for all the samples. The general trends 

are the followings: the N2/Ar ratio has a small influence on the FWHM of the diffraction 

peak, the percentage of <002> area under the curve, grain sizes, and refractive index. The 

deposition rate and thickness decrease with an increasing N2/Ar ratio, while the surface 

roughness and biaxial stress increase with an increasing N2/Ar ratio.   

The details of the different types of characterizations are explained below. The 

grazing angle incident x-ray diffraction (GIXRD) measurement at 1˚ incidence was employed 

due to the smaller thickness of AlN film and SiC(111) compared to the Si substrate. The 

GIXRD scan for all samples is shown in Figure 1. A major diffraction peak is observed 

between 2θ = 36.14 to 36.2º. The peak position for wurtzite AlN phase from the Joint 

Committee of Powder Diffraction (Card # 01-070-2545) is 36.023° [20]. Therefore, the 

measured peak position from Figure 1 can be attributed to AlN (002) orientation. The minor 

peaks at 34°, 38° and 50° refer to (100), (101) and (102) orientations of AlN, respectively.  

We extracted the FWHM of the (002) diffraction peak values from Figure 2 using 

Gaussian fitting instead of Lorentz fitting, as the former provides better curve fitting for all 
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the curves [21,22]. This particular technique of extracting the FWHM values from the 

diffraction peaks had been employed by three similar works on AlN [11,18,23]. The extracted 

FWHM of diffraction peak values were similar with a median of 0.28˚ and standard deviation 

of 0.012˚. This observation is corroborated by another parameter. The percentage of (002) to 

other AlN crystal orientations is calculated to be between 92-97 % for all samples by 

measuring the area under the curve. 

We sent two samples for the omega scan rocking curve measurement to assess the 

quality of the two films. The insets of Figure 1 show the FWHM values from the omega scan 

rocking curve for samples that were deposited at 40% and 80% N2/Ar ratio. The AlN (002) 

omega-scan FWHM values at 1.5
 º,

 and 2
 º
 are close to the reported 1.73

º 
FWHM using DC 

sputtering on 3C-SiC on Si(100)[12]. This Berkeley group DC sputtered AlN(002) on top of 

3C-SiC-on-Si(100) substrate using a commercial substrate from NovaSiC (France). It must be 

noted that the diffraction peaks of 3C-SiC (111) and AlN(002) are very close, and they might 

overlap in rocking curve measurements. However, we assume that the rocking curve 

diffraction peaks are from AlN (002) films because of the relatively 4 to 5 times larger film 

thickness of AlN, compared to 3C-SiC(111) film.   

After assessing all samples, the minimum FWHM value of rocking curve at 40 % of 

N2 to Ar ratio provides the best result in terms of c-axis oriented AlN crystal quality growth 

on 3C-SiC(111) substrate, while keeping all other sputtering parameters constant at sputtering 

temperature of 350 ˚C, sputtering pressure of 2 mTorr, and sputtering power of 1200W. 

These parameters are the optimised process conditions. 
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        FIG. 1. Grazing angle XRD of AlN deposited on 3C-SiC/Si (111) film at the different N2/Ar ratio. The inset figures 

show the omega scan rocking curve measurement of the (002) peaks for the samples at 40% and 80% N2/Ar ratio  

 

The grain size was calculated using Scherrer's equation. The values at 40 %, 60 %, 80 

% and 100 % N2/Ar ratios are 31.18 nm, 31.18 nm, 30.11 nm and 32.3 nm, respectively. 

There is only a 7 % difference between the highest and the lowest values. As a comparison, 

Meng et al. found a 100% variation in the grain size of AlN(002) films being deposited on Si 

(111) and on ZnO/Si(100) substrates [15]. 

The refractive index of the AlN layer was determined using a Rudolph AutoEL IV 

Ellipsometer for all samples prepared at the different N2/Ar ratio.  All the measurements were 

carried out at a wavelength of 632 nm. The values of refractive index were measured in the 

range of 2.07 to 2.18 for all the samples, which is close to the theoretical value of 2.14 at the 

said wavelength. There is only a 5 % difference between the highest and the lowest values of 

refractive index for these samples.  

It is very clear from Figure 1 and the four parameters (FWHM of diffraction peak, the 

percentage of <002> area under the curve, grain sizes and refractive index) that a highly c-

axis oriented AlN films had been achieved on all samples from 40 % to 100 % N2/Ar ratio. 

This is in contrast to the existing practices that need either a very high or a very low N2/Ar 

ratio, both with different theories for doing so as described in section 1. In order to appreciate 

the value of this interesting result, Figure 2 reproduces two GIXRD scans from the literature 
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on the deposition of AlN (002) at varying N2/Ar ratios. The graph on the left shows the 

deposition of the AlN (002) at a 40 % N2/Ar ratio on the 3C-SiC-on-Si (100) substrate. This 

figure was published in [16]. It is important to note that this is our work, and the samples 

were batch-processed using the same equipment and process parameters. The graph on the 

right shows the deposition of AlN (002) on Si (100) substrate at 100 % N2/Ar ratio, which is 

not our work. This figure was originally published in [13]. 

  

 
 

FIG. 2. The XRD plot on the left characterized the deposition of AlN on top of 3C-SiC-on-Si (100) by Iqbal et al. [16]. The 

XRD plot on the right characterized the deposition of AlN on top of Si (100) by Cheng et al. [13]. 

 

In our opinion, the main factor for the growth of highly c-axis oriented AlN films 

impervious to the N2 concentration is due to the smaller lattice mismatch of 1 % between the 

AlN (002) and the 3C-SiC (111) layer. Both have similar hexagonal structure, which greatly 

assists the formation of the former on top of the latter. We refer to the work of Lim et al. [24], 

which performed RF sputtering and compared the structural properties between AlN/Si, 

AlN/Ru/Si, and AlN/ZnO/Si substrates. They observed that AlN/Ru/Si and AlN/ZnO/Si 

substrates produced better AlN(002) crystal quality than AlN/Si substrate because of AlN, 

Ru, and ZnO have hexagonal-closed-pack structure. They further observed an AlN/ZnO/Si 

substrate produced better AlN(002) crystal quality than the AlN/Ru/Si substrate due to 
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smaller lattice mismatch of 4% between AlN and ZnO, compared to 15% lattice mismatch 

between AlN and Ru. We also refer to the work of Meng et al. that observed highly c-axis 

oriented AlN(002) films with better crystal quality on top of the ZnO/Si substrate, compared 

to AlN/Si substrate [15] due to smaller lattice mismatch and similar crystal structure of AlN 

and ZnO.  

By applying the same logic here, another work of ours [16] required 40 % N2/Ar ratio 

to form highly c-axis AlN on 3C-SiC-on-Si (100) substrate (with a lattice mismatch of 28.6 

% [12]). That work employed the same sputtering system and process parameters as the one 

presented in this work. Since the 3C-SiC (111) substrate has even smaller lattice mismatch 

with AlN (002) of 1 % and similar crystal structure [7], this factor assists the formation of 

highly c-axis oriented AlN from the start of reactive mode at 40 % all the way to 100 % 

N2/Ar ratio. In the next three paragraphs, we attempt to provide more analysis and insights to 

verify the role of the smaller lattice mismatch.   

Xu et al. observed that the mobility of adatoms can be increased by increasing their 

kinetic energies, which assists them to arrange in the close packed (002) orientation [14]. 

According to Lee et al., there are three common methods to do this i.e. by decreasing the 

sputtering pressure, by increasing the sputtering power or by decreasing the nitrogen 

concentration [25]. As mentioned earlier, we have found the optimised parameters for our 

specific sputtering system at the pressure of 2 mTorr and power of 1200 W. 

The crystal structure of c-axis oriented AlN [26], superimposed on 3C-SiC (100)[27], 

is shown in Fig 3(a). It can be observed that the 3C-SiC (100) has a fourfold symmetry and 

has a large lattice mismatch of 28 % with c-axis oriented AlN, which is not suitable for 

growing c-axis oriented AlN. The Berkeley group overcame this problem by sputtering a 

nucleation layer on top of a 3C-SiC(100) before the sputtering of c-axis oriented AlN [12]. 

Another method is by increasing the kinetic energy of the adatoms by decreasing the N2 

concentration, which was performed by us in [16]. In that work, we successfully deposited 

(002) oriented AlN at only 40 % N2/Ar ratio on top of 3C-SiC (100) substrate. The low N2/Ar 

ratio favours the highly c-axis oriented AlN because, at lower N2/Ar ratio, Ar+ dominates 

around the target, Ar
+
 has heavier atomic mass compare to N2+ and thus produce larger 

kinetic energy of adatoms, and enhances the adatoms mobility, resulting in the close packed 

(002) orientation. However, at a high N2/Ar ratio, the nitrogen particles (N2
+
, N2, N) with 

lighter atomic mass dominate and the Ar particle numbers decreases. Hence the kinetic 
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energy of the adatoms and mobility decreases which favour other crystal orientation e.g. 

(101).  

In the case of a 3C-SiC (111) substrate (which is presented in this article), the low 

N2/Ar ratio still favours the highly c-axis oriented AlN. However, the XRD results from 

Figure 2 reveal that (002) oriented AlN remains dominant at a higher N2/Ar ratio as well, up 

to a 100 % N2 environment. Therefore, there must be another factor for this change, that is 

the smaller lattice mismatch (1 %) between 3C-SiC (111) and AlN (002), as opposed to 18 % 

lattice mismatch between 3C-SiC (100) and AlN (002). It is well-known that the crystallinity 

of the deposited films depends on the quality of the nucleation layer and the nature of the 

bonding between the substrate and deposited film [28]. The crystal structure of the c-axis 

oriented AlN superimposed over the 3C-SiC (111) crystal structure [29] is shown in Fig 3(b). 

The 3C-SiC (111) has a sixfold atomic arrangement (three-fold symmetry) that provides a 

better template and lattice matching for the c-axis oriented AlN. At the beginning of 

sputtering, the AlN seed layer is grown along the (002) orientation via making a bond with 

the three-fold symmetrical hexagonal 3C-SiC (111) substrate. The AlN layer follows the seed 

layer for the rest of sputtering and grows in a well-aligned manner on the seed layer in close 

packed (002) orientation, irrespective of the kinetic energy of adatoms modified by the N2 

concentration during sputtering. Similar results were observed by Dadgar et al. [30], in which 

they observed better GaN film quality on Si(110) orientation because of the existence of the 

inherent seed layer. 

 

FIG. 3. Crystal structures of (a) AlN (002) on 3C-SiC (100), and  (b) AlN (002) on 3C-SiC (111) 
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If we refer to Table I, there are four parameters that show variations in their values on 

the samples at different N2/Ar ratios. These are the deposition rate, thickness, surface 

roughness and biaxial stress. The values of the deposition rate and thickness are very similar 

to the ones that we obtained on 3C-SiC-on-Si (100) substrate as reported in [16]. This was 

because they were batch-deposited and characterized together. The main factor for the 

variation in the values of these parameters is due to the different deposition times (between 3 

to 6 hours) for samples at different N2/Ar ratio. We had to vary the deposition times to 

achieve the AlN film’s minimum thickness of 1 µm. The effect of the deposition time on all 

four parameters will be elucidated in the subsequent paragraphs. It is important to stress at 

this point that the variation in the film thicknesses does not affect the main thesis of this 

article. That is, we achieve highly c-axis AlN films between 40 to 100 % N2/Ar ratio as 

evidenced by the consistent values of the peak position, the FWHM of the diffraction peak, 

percentage of <002> area under the curve, grain sizes and refractive index. It is equally 

important to emphasize the fact that we did not get similar XRD results for the deposition on 

the 3C-SiC-on Si (100) substrate, as shown in Figure 2 (left).      

  The root mean square (RMS) roughness of the deposited films was measured in a 

5 μm × 5 μm area using non-contact mode Atomic Force Microscopy (Park AFM). Figure 4 

shows the AFM images for all the samples. In section 2, we already stated that all four 

samples used the same 3C-SiC (111)/Si (111) substrate with a surface roughness of about 2 

nm. The results from Table 1 demonstrate an increase of the surface roughness with an 

increase of N2/Ar ratio from 7 nm to 12 nm. This can be explained as follows. The growth 

rate depends primarily on the number of adatoms with high kinetic energies. As the nitrogen 

concentration becomes 100 %, the number of these highly energetic adatoms decreases. This 

is due to the decrease in the heavier mass of the single-charged ion (i.e. Ar+) compare to the 

lighter-mass nitrogen particles (N2+, N2, N). This results in the decrease in the deposition 

rate, which provides more time for Al and N atoms to diffuse on the substrate, and hence lead 

to an increase in surface roughness [31]. 
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FIG. 4. AFM of AlN sputtered on 3C- SiC (111) at different N2 flow rate: (a) 40 % Nitrogen, (b) 60% Nitrogen, (c) 80 % 

Nitrogen and (d) 100 % Nitrogen 

 

The deposition rate and the thickness of the AlN layer were obtained via separate AlN 

sputtered samples on top of a doped p-type Si (100) wafer employing Nanospec AFT 180 

instrument spectroscopic reflectometer. The deposition rate of 8.26 nm/min was measured at 

40 % N2/Ar ratio, which decreased to 4.88 nm/min at 60 % N2/Ar ratio. The deposition rate 

further decreased to 4.46 nm/min at 80 % N2/Ar ratio. This rate remained for the 100 % N2/Ar 

ratio. In general, it can be observed that the deposition rate decreases with an increase in 

N2/Ar ratio. That is, less deposition time will be required for a depositing film of the same 

thickness in the case of lower N2/Ar ratio. The pattern is due largely to the decrease of the 

single-charged ion (i.e. Ar+) with the higher mass at the higher N2/Ar ratio. At the same time, 

there is an increase of the lower-mass nitrogen particles (N2+, N2, N), which subsequently 

decreases the number of highly energetic adatoms, resulting in the decrease in the deposition 

rate. The thicknesses of the deposited films are found to be in the range 1.1 to 1.6 µm. 

 We could not measure the in-plane stress of the AlN samples deposited on 3C-

SiC(111)/Si(111) substrates using Tencor Flexus 2320 System because of the unavailability 

of 50 mm 3C- SiC(111)/Si(111) wafers. As an alternative, we measured the biaxial stress 

deduced from the XRD data as given in Table 1.  This alternate method is proposed by 

Tanaka et al. [32]. The biaxial stress of the AlN films was calculated by extracting the c-

lattice constant from the diffraction peak position depicting a (002) orientation in the θ-2θ 

diffraction spectra. The biaxial stress (σ) is normally given by the equation: σ 

=−812.41×10
9
((c–c0)/c0), where c0 is the strain-free lattice parameter (c0= 4.9795 Å) that is 

measured from AlN powder sample [32]. The value of c (lattice constant) was extracted from 
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the experimental data as “c” is equal to two times the interplanar spacing d, where d = λ/2*sin 

θ from Bragg’s law, where λ =1.5405980 Å and θ is diffraction angle from XRD 2θ plot. 

 The biaxial stress can be attributed to three sources: the epitaxial stress i.e. lattice 

mismatch between the substrate and the film, thermal stress i.e. the difference in thermal 

coefficient of expansion between the substrate and the film, and microstructure and the 

intrinsic stress i.e. growth stress [33]. In our experiment, the thermal stress and the intrinsic 

stress are the major sources of biaxial stress, while the epitaxial stress has minimum value 

because of the 1 % lattice mismatch. Further, the values of the thermal stress remain 

approximately the same for all samples as the sputtering was performed at the same substrate 

temperature of 350 ˚C. Therefore, the intrinsic stress is the component that is changing at the 

different N2/Ar ratio. 

 The calculated values of the biaxial stress of all four samples are given in Table 1. The 

overall trend is that the stress increases with increasing N2/Ar ratio. As discussed before, the 

deposition rate decreases with an increase in N2 concentration, which provides more time for 

Al and N atoms to diffuse into the substrate and hence, the small crystallite coalesce to make 

larger crystals. The collision between these large crystal generates the tensile stress [34]. This 

hypothesis is corroborated by the increase in the surface roughness with an increase in N2/Ar 

ratio [35].  

 

Conclusion:  

We have successfully DC-sputtered AlN (002) thin films on top of the 3C-SiC(111)-on-

Si(111) substrate over a wide range of N2/Ar ratio. We are able to relate the effect of the 

varying gas ratio to the thin film’s properties as follows: (1) The N2/Ar ratio has a small 

influence on the FWHM of 2θ peak position, the FWHM of the diffraction peak, the 

percentage of <002> area under the curve, grain sizes and refractive index. (2) The deposition 

rate and thickness decrease with an increasing N2/Ar ratio. (3) The surface roughness and 

biaxial stress increase with an increasing N2/Ar ratio. Finally, the omega scan rocking curve 

measurement on two samples show that we have produced high crystal quality AlN (002) 

films with  FWHM of 1.5
 º
 and 2

 º
. Out of four samples, sample F1 emerges as the overall 

winner. It has the lowest FWHM of rocking curve, lowest surface roughness, second lowest 

in-plane stress, highest thickness, highest deposition rate, and the best matched refractive 

index. The optimised deposition parameters are the following: sputtering power of 1200W, 

sputtering temperature of 350 ˚C, sputtering pressure of 2 mTorr, the N2/Ar ratio of 40 % at 
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the total gas flow of 50 sccm, and target to substrate distance of 20 cm. The recipe from this 

article can be used to produce low-cost piezoelectric devices such as an energy harvesters 

[36-38].   
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Abstract 

The AlN thin films have been sputtered on top of on-axis and 4° off-axis 3C-SiC/Si (111) substrates at five deposition 

temperatures. The grazing angle incident XRD and FWHM rocking curve values provide evidence that the films are highly 

oriented along the (002) direction. The data indicates that the off-axis substrates provide a better template for the successful 

deposition, where the crystal quality is better in term of the FWHM of rocking curve values. Furthermore, the said values are 

quite consistent across different deposition temperatures. We perform further characterization in term of surface 

morphology, in-plane stress and deposition rate. We also extracted the values for the bi-axial stress, grain size and 

piezoelectric coefficient of the films.  

 

Keywords: Physical vapour deposition processes; Polycrystalline deposition;   X-ray diffraction;  Aluminum Nitride; Silicon carbide 

1. Introduction 

  Aluminum nitride (AlN) has excellent electrical properties, such as high electrical resistivity (10
15

 

Ω.cm), high thermal conductivity (3.3 WK
-1

cm
-1

) and wide bandgap (6.2 eV) [1-3], which makes it a potential 

candidate for power electronics applications. AlN is also used in RF MEMS because of high acoustic velocity 

(12,000 m/s) [4]. Another significant use of AlN thin-films is to fabricate piezoelectric sensors and actuators [5].   

The piezoelectric properties of AlN strongly depend on the crystallographic orientation. Highly c-axis 

oriented AlN ((002) texture) thin films are preferred for piezoelectric applications because of a high d33 ( 5.0961 

pm) [6, 7]. Furthermore, the coupling coefficient of AlN thin film-based devices is closely related to the c-axis 

orientation of the deposited film [8].  

In order to yield a highly c-axis AlN films, numerous research groups investigated the influence of 

deposition parameters on the crystal orientation of the deposited films. The process parameters such as 

sputtering power, gas ratio, process pressure, and the substrate temperature directly affect the film quality and 

texture of the deposited films [9].  

The substrate temperature largely influences the kinetic energy available to the adatoms on the surface 

of the deposited films. This energy increases proportionally with an increase in substrate temperature, which 

helps in depositing highly c-axis oriented films [10, 11]. However, after the optimal temperature range, a further 

increase in the substrate temperature increases the thermal stresses in the film because of the coefficient of 

thermal expansion (CTE) difference when cooling down to room temperature, and the number of impurity 

inclusions from the sputtering systems [8]. From the literature review, several researchers discussed the 

influence of substrate temperature on the AlN (002) thin film on different substrates. Barshiha et al. [12] were 

able to deposit a highly c-axis oriented AlN film at a substrate temperature of 100 ˚C on the Si and glass 

substrates. They observed the decrease in  (002) diffraction peaks while other diffraction peaks (100), (101), and 

(102) started to appear when the substrate temperature was increased to 200 ˚C and 350 ˚C on Si substrate. 

Ababneh et al. [13] observed the deposition of highly c-axis oriented on AlN thin films on silicon substrates. 

The substrate temperature was measured as 150 ˚C  at a plasma power of 500W under low sputtering pressure 

(1.5 mTorr) and pure nitrogen atmosphere. Hao et al. [10] studied the influence of substrate temperature on the 

AlN films as the substrate temperature was increased from 60 ˚C to 520 ˚C. They observed significant effects on 

crystal orientation, surface morphology and the deposition rate, with optimal substrate temperature of 430 ˚C. 
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Kar et al. [14] studied the correlation between electrical properties (insulator charge density and interface state 

density) and surface morphology of AlN films on p-type Si substrates at substrate temperature of 100 ˚C to 400 

˚C. They observed that highly c-axis films were deposited between 200 ˚C and 300 ˚C with a FTIR absorption 

peak at 682 cm
-1

. Chiu et al. [6] deposited AlN (002) on the Pt electrode in the substrate temperature range 

between 250–450 °C and observed the minimum rocking curve FWHM value of 2.7 ˚ at a substrate temperature 

of 400 °C. They explained that high adatom mobility increased its surface diffusion length, which helped the 

adatom to migrate to the proper site of the (002) plane. Kuang et al. [7] investigated the influences of deposition 

temperature in the range of 30–700 ˚C on the chemical composition, crystalline structure, and surface 

morphology of the AlN (002) films on a sapphire substrate. They concluded that a substrate temperature of 300 

˚C assists in highly c-axis oriented crystalline structure and surface morphology of deposited films.  

It is clear from the literature review that highly c-axis oriented AlN thin films were successfully 

produced at some ranges of substrate temperatures on various substrates. What is lacking is an investigation of 

deposition temperature in work that used buffer layers between the AlN (002) and the substrates to reduce the 

CTE difference. In our previous publication [15], we achieved a highly c-axis oriented AlN thin film on top of a 

Si (111) substrate with a 3C-SiC (111) buffer layer. We achieved consistent crystal quality using from 40 % to 

100 % N2/Ar ratio, which has been attributed to the lower lattice mismatch of 1 %. In this work, the first aim is 

to investigate the role of deposition temperature on the deposition of AlN (002) on top of a Si (111) substrate 

with 3C-SiC (111) as a buffer layer. It should be noted that the CTE difference between AlN (002) and 3C-SiC 

(111) is 18 % [16].  

The second aim of this paper is to investigate to role of the deposition temperature to deposit an AlN 

(002) film on top of the on-axis and the 4° off-axis 3C-SiC-on-Si (111) substrates. From a literature review, the 

3C-SiC layer being grown on Si substrates has structural defects because of the lattice mismatch (~20 %) and 

the CTE difference (~8 %) [17]. Therefore, several groups grew a 3C-SiC layer on top of an off-axis Si substrate 

to mitigate the problem, as describe herein. Powell et al. [18] observed that all traces of anti-phase disorder were 

eliminated in 3C-SiC films grown on off-axis substrates, whereas all of the as-grown on-axis films exhibited an 

irregular shaped line. Wang et al. [19] reported that the 3C-SiC film grown on 4° off-axis Si substrates had 

smaller surface roughness, narrower FWHM peak and smaller bow magnitude compared to the ones that were 

grown on on-axis Si substrates. Severino et al. [20] deposited a 3C-SiC (111) film on top of a 3° off-axis Si 

substrate. They observed that the stacking fault density decreased dramatically compared to the films grown on 

top of the on-axis Si (111) substrates. They also concluded that the off-axis Si substrate helps in the suppression 

of double positioning boundaries. The same group grew 3C-SiC films on top of 150 mm (111) Si wafers 4° off-

axis towards the [110] direction. They reported an extremely flat surface and interface of SiC film that can be 

potentially used for electrical and mechanical device applications [21]. Based on this literature review, the 

expectation is that the 4° off-axis 3C-SiC-on-Si (111) substrate provides a better template compared to an on-

axis 3C-SiC-on-Si (111) template for the deposition of highly c-axis oriented AlN because of the lower surface 

roughness and stacking fault density of the 3C-SiC layer.  

2.  Experimental Details: 

Prior to the AlN deposition, the  3C-SiC thin film of 80 nm thick was epitaxially grown on both on-axis (off-cut 

angle 0.5°)  and off-axis Si (111) with the off-cut angle of 3.5 ± 0.5° towards [110] plane of 150 mm diameter in 

a custom-made hot-wall horizontal low pressure chemical vapour deposition (LPCVD) system at 1000 °C using 

alternating supply epitaxy method at Griffith University [22]. The rms value of surface roughness of the on- and 

off-axis SiC/Si substrate was measured as 2.386 nm and 0.93 nm, respectively. Initially, the 3C-SiC/Si wafers 

were cut to the size of 15 mm by 15 mm samples using a Dicso dicer. The samples were then cleaned via a 

standard piranha cleaning process to remove the organic substances, followed by submersion in a diluted 1% HF 

acid for 5 minutes to remove oxidation.  

The pulsed DC sputtering of the AlN thin film on top of the 3C-SiC-on-Si (111) substrate was 

performed using a magnetron sputtering system (Surrey NanoSystems Gama 1000) at 1800 W sputtering power. 

The pulsed DC power supply (Pinnacle Plus, Advanced energy) was utilized at 250 KHz with time off of 0.4 µs 
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to avoid electrical arcing. The sputtering system was turbo-pumped down to the base pressure of 2×10
-8

 Torr, 

using the cryogenic pump, followed by constant pumping throughout the sputtering. The low base pressure 

prevented the incorporation of oxygen into the AlN thin films. The main chamber was purged with 15 sccm of 

99.999 % Ar gas for 3 minutes before the samples loading to avoid contamination. The samples were inserted 

into the main chamber via a two-stage loading system. The samples were then heated to 300 °C with an IR 

heater for 3 minutes to remove moisture. We employed an aluminum target of 100 mm in diameter with 99.999 

% purity while the target to substrate spacing was set to 20 cm. R.F. reactive ion etching was carried out on the 

SiC surface to clean it to improve adhesion with AlN film [23]. All the sputtering was performed at a process 

pressure of 2 mTorr and 58 % of N2/Ar ratio in reactive mode at a total flow rate of 60 sccm, which was 

determined via a poison run as explained in one of our previous works [24]. The substrate temperature was 

increased from 250 ºC to 450 ºC in a steps of 50 ºC. Depositions lasted for 44 minutes, resulting in AlN 

thicknesses of 548 nm to 686 nm, depending on the deposition rate. 

 

Fig. 1 (a) MDC Mercury Probe equipment (b) Head description of Mercury probe (c) Schematic of capacitance measurement 

 

After the successful deposition of c-axis AlN films, we also extracted the piezoelectric coefficient (d33) of the 

films from the capacitance-voltage (C-V) measurement. This measurement was performed using MDC mercury 

probes in dual front contact mode that was connected to C-V plotter. MDC Mercury probes were used to form 

contacts and served as top and bottom electrodes to the AlN film. Fig 1(a) shows the image of the MDC probe 

equipment. 

The schematic of the head of the mercury probe unit is shown in Fig 1 (b). It consists of an outer vaccum ring, 

and two mercury probes. The area of the primary probe is much smaller compared to the secondary probe. The 

schematic of the  capacitance measurement is shown in Fig 1 (c). The mercury probes are connected in dual 

front contact mode on the AlN as shown in Fig 1(c). The AlN is an insulator which acts as a dielectric while the 

mercury probes and the SiC acts as a parallel plate capacitor. The electric field develops across the dielectric 

AlN when the electric potential is applied on the mercury probes as shown by C1 and C2. The magnitude of C1 

is smaller (because of smaller electrode area) compared to the value of C2. However, the net capacitance is 

approximately equal to the value of C1 because both capacitors are connected in series. When a DC voltage of -

20V to +20V in increments of 10 V were applied, the thickness of the AlN piezoelectric layer contracted or 

expanded, respectively. The capacitance value can be calculated as follows. Given that AlN dielectric constant = 

9.5*8.85e
12 

F/m, thickness = 475 nm, and area = 4.8e
-7

 m
2
, the value of the capacitance (Co) = 84.75e

-12
 F at zero 

DC bias.  The change in the capacitance value (    can be calculated using the capacitance parallel plate 

formula [25, 26]:  

           
  

 
        

  

 
                   (1) 
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where both the vertical extension of the AlN material   d, and the variation in area   A are correlated 

with the magnitudes of both the longitudinal d33 and the transverse d31 charge constants as follows [27]:  

              (2) 

 

   
       

 
     (3) 

Moreover, the magnitude of the d33 coefficient is about twice the value of d31 [27]; therefore, 

                  (4) 

Solving for   d, we get equation 5: 

     
    

      
       (5) 

where Cr is the ratio between CV and Co, V is the voltage applied on the capacitor plates. 

The deposited AlN films were characterized by the following parameters (the names of equipment): grazing 

angle incident X-ray diffraction (Bruker D8 ) using monochromator  Cu Kα1 beam with λ=1.5405980 Å, 

rocking curve X-ray diffraction (Panalytical Empyrean XRD), deposition rate (Nanospec AFT 180); residual 

stress (Tencor Flexus 2320 system), surface roughness (Park NX20 AFM), surface morphology (Raith150 

TWO) and C-V measurement (MDC mercury probes connected with CV plotter). 

3. Results and Discussion: 

Table I summarizes the characterization results for all samples. The data are divided into two different 

categories. Samples Y1 to Y5 correspond to AlN deposition on on-axis 3C/Si substrates, while samples Z1 to Z5 

correspond to AlN deposition on off-axis 3C/Si substrates. The general trends are the followings. The deposition 

temperature has a major influence on the characteristics of the AlN films on top of on-axis SiC/Si substrates. 

The deposition temperature of 400 Celcius is the optimal value. Interestingly, the characteristic of the AlN films 

on top of off-axis SiC/Si substrates remains relatively constant at different deposition temperatures. 

Furthermore, the AlN film on top of the off-axis substrates has better quality compare to the one on top of on-

axis substrates. The characterized parameters are the peak position, FWHM of the diffraction peak, percentage 

of <002> area under the curve, FWHM of rocking curve, surface roughness, in-plain stress, grain sizes, 

refractive index, deposition rate and thickness. The detailed discussion for each parameter is provided in the 

subsequent paragraphs, with supporting graphical evidence. 

Figure 1 (a) shows the 1˚ incidence grazing angle x-ray diffraction (GIXRD) scan for the samples 

deposited on on-axis 3C-SiC/Si substrates. The GIXRD measurement at 1° incidence was employed due to the 

lower thickness of AlN films compared to the substrates. A major diffraction peak is observed at 36.2 º in all 

samples depicting the (002) orientation. Other minor diffraction peaks can be seen at 38 º and 50 º associated 

with (101) and (102) orientations, respectively. The percentage of (002) to other AlN crystal orientations is 

calculated as being between 77–98 % for all samples by measuring the area under the curve. The XRD 

diffraction peaks reveal that the crystalline quality increases with increase in deposition temperature from 250 to 

350 ˚C. The FWHM values are extracted from the diffraction peaks using Gaussian fitting because of better 

curve fitting for all the curves compared to Lorentz fitting [29, 30]. Highly c-axis oriented AlN is deposited at 

350 ˚C and 400 ˚C based on the FWHM of the diffraction peak and the area under the curve for (002) 

orientation. The crystalline quality of deposited films degrades with a further increase in substrate temperature 

of 450 ˚C, as the other minor peaks are visible in XRD diffraction spectra and there is a decrease in the area 

under the curve for (002) orientation. Figure 2 (b) shows the FWHM of the rocking curve indicating a (002) 

orientation for samples deposited on on-axis 3C-SiC/Si substrates. The values are 3.84˚ and 3.71˚ for the 
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samples deposited at 250 ˚C and 300 ˚C, respectively, as given in Table 1. The values decrease to 3.47˚ and 

2.58˚ with further increase in substrate temperature from 350 ˚C and 400 ˚C, revealing the improvement in AlN 

(002) crystal quality. Finally, the FWHM value decreases to 3.04 ˚ at the substrate temperature of 450 ˚C, in 

agreement with the literature [6] [10].  

 
Table I.  Result of the samples prepared at different deposition parameters 

Sample 

On 

SiC(111) 

Sample 

ID 

 

Substr

ate 

temp 

Peaks 

position 

(36o 

<002>) 

FWHM 

Of 

Diffraction 

peak  

(O) 

FWHM 

Of 

Rocking 

Curve 

(O) 

Percentag

e of 

<002>* 

%  

Grain 

size 

(nm) 

Surface 

Rough

ness 

(nm) 

Biaxial 

stress 

from 

XRD 

(GPa) 

Deposition 

rate 

(nm/min) 

Thickness 

(nm) 

Stress** 

(MPa) 

(Tensile) 

On-Axis 

SiC(111) 

 

Y1 250 36.18 0.30 3.84 77.3 29.11 3.46 2.906 15.1 665 333.9 

Y2 300 36.183 0.32 3.71 78.3 27.29 3.82 2.905 14.6 648 336.4 

Y3 350 36.16 0.29 3.47 97 30.11 3.99 2.47 14.8 657 342 

Y4 400 36.17 0.276 2.58 99 31.63 3.35 2.69 15.4 686 326.5 

Y5 450 36.19 0.295 3.04 78.3 30 3.86 3.13 15.3 680 317.9 

Off-Axis 

SiC(111) 

 

Z1 250 36.15 0.31 2.78 93.25 28.16 2.63 2.26 15.1 665 - 

Z2 300 36.19 0.31 2.75 90.5 28.16 2.92 3.13 14.6 648 - 

Z3 350 36.15 0.32 2.34 95 27.29 2.65 2.26 14.8 657 - 

Z4 400 36.13 0.33 2.6 100 26.46 2.38 1.824 15.4 686 - 

Z5 450 36.16 0.31 1.91 100 28.16 2.82 2.47 15.3 680 - 

*The observed XRD peaks can be assigned to wurtzite AlN phase (Card # 01-070-2545). The peak at 2θ = 36.023°  [28] 

** Percentage of <002> is calculated by measuring the area under curve for all AlN orientations in the XRD spectra 

***In-plane stresses are measured without applying RF bias voltage on the substrate 

 

 
Fig. 2 (a) GIXRD spectra of AlN deposited on top of on-axis 3C-SiC/Si substrates 

Fig. 2 (b) FWHM of rocking curve of AlN (002) deposited on top of on-axis 3C-SiC/Si substrates  

 

Figure 3(a) shows the GIXRD spectra of the AlN films sputtered on top of 4˚ off-axis 3C-SiC/Si 

substrates at different substrate temperatures. The major diffraction peak is observed around a 2θ angle of 36.2º 

indicating a (002) orientation. The percentage of (002) to other AlN crystal orientations is calculated to lie 

between 90–100 % for all samples. Figure 3(b) shows the FWHM of the rocking curve indicating a (002) 
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orientation. The values are 2.78˚ and 2.75˚ at a substrate temperature of 250 ˚C and 300 ˚C, respectively. Then, 

the rocking curve values decrease to 2.34˚, 2.6˚ and 1.91˚ with an increase in substrate temperatures of 350 ˚C, 

400 ˚C and 450 ˚C, respectively. The XRD results reveals that the substrate temperature in the range of 350 ◦ C 

to 450 ◦ C provides the optimum range of kinetic energy and adatoms mobility that assists in obtaining highly c-

axis oriented AIN(002) material suitable. This is the main difference from the results found for the AlN films 

deposited on on-axis 3C-SiC/Si substrates. The physical explanation for this remains unclear and has not been 

discussed in the literature. 

 

  

Fig. 3 Grazing angle XRD of AlN deposited on (a) Off-axis 3C-SiC-on-Si (111) (b) FWHM of rocking curve of AlN(002) on  

Off-axis 3C-SiC-on-Si (111) film.  

 

 

We calculate the grain sizes of all samples using the Scherrer's equation [31]. The values are provided 

in Table I. There is 15.7 % difference between the highest and the lowest values of the grain size of the samples 

on the on-axis substrates, while the difference decreases to 6.4 % in the case of samples on top of the off-axis 

substrates.  

Figure 4 shows the top-view SEM images of the surface of AlN films deposited on on-axis SiC/Si 

substrates at various deposition temperatures. All the film has some hillocks (rough surface structure) that 

probably originated from low adatom mobility due to tensile stress [32, 33]. This hypothesis is supported by the 

stress values in Table 1, as the decrease in hillock number is observed in Figure 4 (d) and 3 (e) due to the low in-

plane stress at the deposition temperature of 400 ˚C and 450 ˚C. Most importantly, at 400 ˚C, the films show 

dense microstructures and the uniform pebble-like grains, indicating the typical growth the (002) orientation.  
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                      Fig. 4 SEM images of AlN deposited on top of on-axis 3C-SiC/Si substrate at (a) 250˚C (b) 300˚C (c) 350˚C 

(d) 400˚C (e) 450˚C 

 

The root mean square (RMS) roughness of the deposited films was measured in a 5 μm × 5 μm area 

using contact mode Atomic Force Microscopy (Park AFM) with a silicon cantilever. Figure 5 shows the scan 

images of AFM for all the samples. The results from Table 1 demonstrate that the roughness (in root mean 

square) of the AlN layer was measured in the range of 3.40 nm to 3.99 with no specific trend as a function of 

substrate temperature. 

 

 

Fig. 5 AFM scan of AlN deposited on top of on-axis 3C-SiC/Si substrate at (a) 250˚C (b) 300˚C (c) 350˚C (d) 400˚C (e) 

450˚C 

The SEM images of AlN films deposited on top of off-axis SiC/Si substrate at various substrate 

temperatures are shown in Figure 6. All the film has growth hillock (rough surface structure) that are probably 

originated from low adatoms mobility due to tensile stress [32]. However, the hillocks are still less in number 

compared to the ones that were deposited on top of on-axis SiC/Si substrates. The hillock formation is correlated 
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with the residual stress during the deposition process [33]. However, due to unavailability of 150 mm off-axis 

SiC/Si wafer, we weren’t able to measure and relate the residual stress in AlN film deposited on Off-axis SiC/Si 

substrate to the hillock density. The AFM images give information about surface roughness while the SEM 

images gives us more information about grain size and shape (hill locks).   

 

 

                      Fig. 6 SEM images of AlN deposited on top of off-axis 3C-SiC/Si substrate at (a) 250˚C (b) 300˚C (c) 350˚C 

(d) 400˚C (e) 450˚C 

 

The AFM scan of the AlN films deposited at different substrate temperatures on top of off-axis 3C-

SiC/Si substrates is shown in Figure 7. The results from Table 1 demonstrate that the roughness (in root mean 

square) was in the range of 2.38 nm to 2.82 nm for the substrate temperature from 250 ˚C to 450 ˚C. The surface 

roughness of AlN films deposited on top of off-axis 3C-SiC/Si substrates is relatively lower compared to the 

ones deposited on top of on-axis 3C-SiC/Si substrates. This is due to relatively lower surface roughness of the 

off-axis SiC/Si substrate compared to the On-axis SiC/Si substrate.  
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Fig. 7 AFM scan of AlN deposited on top of off-axis 3C-SiC/Si substrate at (a) 250˚C (b) 300˚C (c) 350˚C (d) 400˚C (e) 

450˚C 

 

In order to provide additional evidence on the successful deposition, cross-section SEM image of AlN 

film of Z3 on top of off-axis 3C-SiC/Si substrate is shown in Figure 8 deposited at substrate temperature of 350 

˚C. This image clearly shows columnar growth of an AlN thin film along the c-axis orientation that is 

perpendicular to the plane of the substrate. The SEM image also shows that the 3C-SiC layer grown on top of 

off-axis Si substrate is tilted towards the left direction.  

 

 
Fig. 8 Cross-section SEM image of ALN grown on Off axis 3C-SiC/Si(111) substrate 

 

The in-plane stress of the AlN films were performed using separate samples that were deposited on top of 

the 50 mm wafers. The change in the wafer’s curvature before and after AlN deposition was measured using the 
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Tencor Flexus 2320 system. This value is then inserted into Stoney equation to calculate the stress:                            

  
 

      

  
 

  
 
 

  
 

 

  
     (6)                 

where E, υ, ts and tf are the Young's modulus, Poisson's ratio for the silicon substrate, silicon thickness and AlN 

film thickness, respectively. ru and rc are the radii of curvature of the substrates before and after AlN deposition, 

respectively.  The stresses for all the five samples prepared on top of on-axis SiC/Si substrate, are measured in 

range of 317 MPa to 342 MPa and are tensile in nature. We could not perform the same measurements for the 

samples on top of the off-axis substrates due to the unavailability of the 50 mm wafer for them.  

The deposition rate and the thickness of the AlN layers were measured via separate AlN sputtered 

samples on top of doped p-type Si (100) wafers employing a Nanospec AFT 180 instrument in non-contact 

mode. The values are identical for samples on both on-axis and off-axis substrates since they are batch-

fabricated. The deposition rate was measured as 15.1 nm/min at 250 ˚C, which was decreased to 14.6 nm/min 

and 14.8 nm/min at 300 ˚C and 350 ˚C. The deposition rate increased again to 15.4 nm/min at 400 ˚C. There is 

5.47 % difference between the highest and the lowest values, which indicates that the deposition rate is 

independent of substrate temperature. All the sputtering was carried out for 45 min, which results in the film 

thickness from 648 to 686 nm.  

The biaxial stress (σ) was calculated using the following equation: 

  

σ =−812.41×10
9
((c–c0)/c0)                               (7) 

 

where c0 is the strain-free lattice parameter (c0= 4.9795 Å) measured of AlN powder sample [33]. The 

value of c was extracted from the experimental data as follows: c = 2d, where d = λ/2*sin θ from Braggs 

law, where λ =1.5405980 Å and θ is diffraction angle from XRD 2θ plot. 

 The biaxial stress was calculated as 2.906 GPa at 250 ˚C deposition temperature for the AlN film on 

top of on-axis 3C-SiC/Si substrate, which then decreases to 2.47 GPa at 350 ˚C deposition temperature, as 

shown in Table 1. This biaxial stress increases again to 3.13 GPa at 450 ˚C substrate temperature. This trend is 

consistent with the trend for the crystal quality in term of the FWHM of rocking curve, where the optimum 

deposition temperature is around 350 ˚C. Compared to the bi-axial stress of the AlN films on top of off -axis 3C-

SiC/Si substrates, the latter have lower values between 2.26 GPa and 1.824. Again, this is consistent with the 

lower values of the FWHM of rocking curve. 
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Fig. 9 The plot of capacitance vs. DC bias voltages at 1 KHz frequency 
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 Figure 9 shows the plot of capacitance versus DC voltages at frequency of 1 kHz for the Z3 sample. 

The capacitance value is measured around 85.75×10
-12

 F at zero applied DC voltage, which matches the 

calculation for the Co. We calculate the longitudinal charge constant d33 based on Equation 2 [26]. The change in 

vertical extension   d (thickness) was calculated from Equation 5, where the value of Cr, which is 0.997 and 

1.002 for +25 V and -25 V, respectively, and the value of d (thickness) = 657×10
-9

 m. We obtained the d33 

values of  47 pm/V, which is approximately 10 times higher than the value reported for an AlN (5.31 pm/V)  

[34]. Even though there is a big disparity between our measured value and the bulk AlN, similar range of d33 

values were reported by Jackson et al.  [35] and Hemert et al. [36]. Further work needs to be performed to 

identify the source of this large difference.  

 

4. Conclusion:  

Based on the experimental data, we found that the off-axis 3C-SiC/Si(111) substrate provides a better 

template compared to on-axis substrate for the successful sputtering of c-axis oriented AlN films.  We achieved 

highly c-axis AlN thin films with FWHM rocking values of 3.84 to 3.04 and 2.78 to 1.9 on on- and off-axis SiC 

substrates, respectively in the deposition temperature of 250 ˚C to 450 ˚C. The surface roughness and the stress 

values were also smaller for the films deposited on off-axis substrates. This can be attributed to the lower 

surface roughness and stacking fault density of the 3C-SiC layer, as well as smaller bow magnitude of the off-

axis 3C-SiC/Si substrates. These advantages are crucial for the application of AlN (002) thin films in MEMS 

devices.  
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Abstract 

Aluminum nitride (AlN) thin films are successfully deposited on 3C-SiC/Si (100) substrates using a pulsed DC magnetron 

sputterer. The sputtered films are characterised the following parameters: FWHM of diffraction peak and FWHM of the 

rocking curve (Panalytical Empyrean X-Ray diffraction tool), deposition rate (Nanospec AFT 180), surface roughness (Park 

AFM), surface morphology (Raith150 Two) and in-plane stress (Tencor Flexus 2320 System). The data shows that a 

substrate temperature of 350 ˚C and high sputtering  power between 1800 to 2400 W produce highly c-axis oriented films 

with the lowest FWHM of the  rocking curve value of 2.12˚ and the lowest residual stress of 230 MPa (tensile). Such 

advances are crucial for the application of AlN film for piezoelectric MEMS devices.  

 

Keywords: A3. Physical vapour deposition processes; A3. Polycrystalline deposition;   A1. X-ray diffraction;  B1. Nitride; B1. Silicon 

carbide 

1. Introduction 

Aluminum Nitride (AlN) could potentially be used in high power electronics because of its wide 

bandgap (6.2 eV), high thermal conductivity (3.3 WK
-1

cm
-1

) and high electrical resistivity (10
15

 Ω.cm) [1-3]. 

AlN could also be used to fabricate RF MEMS, piezoelectric sensors and actuators because of its high acoustic 

velocity (12,000 m/s) [4, 5]. AlN is preferred as the piezoelectric material in potential high-temperature 

applications in the automotive, aerospace, and energy industries because of its high Curie temperature (1200 ˚C) 

[6], whereas the performance of ZnO and PZT degrade significantly at such temperature [6, 7]. The 

piezoelectric properties of AlN intensely depend on crystallographic orientation. C-axis oriented AlN i.e. in 

(002) plane has higher piezoelectric property d33 (5.0961 pm/V) compared to other crystal orientations [8, 9]. 

Also, the electromechanical coupling coefficient (kr²) (6.5%) of AlN-based devices is closely related to the c-

axis orientation of the deposited films [10]. Many research groups have investigated the influence of sputtering 

parameters on AlN films. They observed the direct effect of sputtering power, gas ratio, process pressure, and 

substrate temperature on the crystal orientation of the deposited films [11].  

The kinetic energy that is available to the adatoms on the surface of the deposited films is directly 

proportional to the sputtering power. This energy increases the mobility of adatoms and assists them to arrange 

themselves in the lowest energy state of c-axis-orientation. Several publications have documented this effect. 

Kusaka et al. [12]observed the increase of the grain size and the enhancement of c-axis oriented AlN films 

deposited on glass substrate with an increasing DC power. Similarly, Vashaei et al. [13], noted an improvement 

in the crystal quality of AlN (002) films on c-sapphire substrate and its growth rate with increasing RF power. 

However, both researchers reported the adverse effect of increasing the sputtering power. After the kinetic 

energy of the adatoms reached the optimum value, the kinetic energy of the secondary atoms was increased as 

well. These high-energy secondary atoms then attack the substrate surface, causing surface damage and 

prompting deterioration in the preferred c-axis orientation of the films [12].   

In contrast, the kinetic energy and the mobility of adatoms increase with increasing substrate 

temperature [14, 15]. However, further increase of the substrate temperature after the optimum value 

deteriorates the quality of the films due to thermal stresses and the number of impurity inclusions from the 

sputtering systems [10]. Several research groups investigated the influence of substrate temperature on the AlN 

deposition. Kuang et al. [9] reported the optimum substrate temperature of 300 ˚C to produce highly c-axis 

oriented AlN films on top of sapphire substrates. Hao et al. [14] also studied the role of substrate temperature in 
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the range of 60 ˚C to 520 ˚C on the deposition of AlN film on Si (100) substrates. They reported 430 ˚C as the 

optimal substrate temperature, achieving a FWHM rocking curve value of 2.25˚ for AlN (002) films.  

Sputtered thin film have both extrinsic- and intrinsic-stresses. The extrinsic (or thermal) stress results 

from the difference in coefficient of thermal expansion (CTE) between the substrate and deposited film, which 

is induced by the deposition temperature. The intrinsic stress arises from the lattice mismatch and structural 

ordering processes that occur during the film growth [16]. Kusaka et al. [12] studied the effect of sputtering 

power on the residual stress of AlN films deposited on a glass substrate by dc magnetron sputtering. They 

observed that the residual stresses were obtained at low input power, but changed to compressive stresses at 

high sputtering power. Zhong et al. [17] investigated the effect of sputtering parameters on the residual stress of 

AlN films deposited on Si(111) substrates using RF sputtering. They observed that the stress changed from 

compressive to tensile with a decrease in N2 concentration and an increase in sputtering pressure, while the 

substrate temperature and RF power have a minimum effect.  

Another method to reduce the residual stress of AlN films is by reducing the CTE difference between 

the film and the substrates. AlN is typically deposited on a Si substrate due to a lower cost per surface unit area 

and compatibility with CMOS. However, the difference in CTE between both materials is 47 %. Cubic silicon 

carbide (3C-SiC) is one such potential substrate. It can be epitaxially grown on a Si substrate as a buffer layer to 

reduce the lattice mismatch and CTE difference to 28.6% and 18%, respectively. The only reported work in the 

literature on the DC sputtering of AlN (002) on top of Si (100) substrate with 3C-SiC (100) buffer layer is by the 

Berkeley group [18]. They ramped up the DC power to 5500 W and employ pure nitrogen to achieve a FWHM 

of rocking curve of 1.73 degree. In our previous work, we have reported the deposition of polycrystal AlN thin 

films with (002), (100) and (101) orientations on top of the same structure [19]. In the follow up, we are able to 

control the deposition of (002) and (101) oriented films by tuning the nitrogen concentration [20].  

The main contribution of this work is the successful DC sputtering of a highly c-axis AlN film on top 

of a 3C-SiC/Si (100) substrate, as evidenced by the rocking curve measurement with the lowest value of 2.12˚. 

In contrast to the Berkeley work [18], we are able to achieve the results at a low nitrogen concentration of 58 % 

and a total gas flow of 60 sccm. Furthermore, we elucidate the role of sputtering power and substrate 

temperature on the film’s crystal quality, morphology and residual stress.   

2. Experimental Details: 

Prior to this experiment, a 80 nm thick 3C-SiC thin film in (100) plane was epitaxially grown on top of 

an on-axis Si (100) wafer, which is 150 mm in diameter. A custom-made hot-wall horizontal low-pressure 

chemical vapour deposition (LPCVD) reactor that employed alternating supply epitaxy performed the said 

deposition at a temperature of 1000 °C [21]. The surface roughness of the 3C-SiC (100) film was measured to 

be about 2 nm (rms). For maintaining the base uniformity in our experiment, AlN depositions were performed 

using the 3C-SiC/Si (100) samples that were diced from the same wafer.    

The DC sputtering of the AlN films on top of the 3C-SiC/Si (100) substrates was performed using a 

DC magnetron sputtering system (Surrey NanoSystems Gama 1000) with a pulsed DC supply (Pinnacle Plus). 

Initially, the samples of 15 mm by 15 mm in dimension were passed through a standard piranha cleaning 

process to remove the organic substances. The oxidation on the samples was removed by submerging them in a 

diluted 1% HF acid for 5 minutes. The sputtering system was turbo-pumped down to the base pressure of 2×10
-8

 

Torr, followed by a constant pumping through the cryogenic pump to prevent the incorporation of oxygen into 

the chamber. The samples were inserted into the main chamber via a two-stage loading system. Before loading 

into the main chamber, the samples were placed on a susceptor and heated in a turbo-pumped vacuum load lock 

at 200 °C for 3 minutes to reduce moisture, while the main chamber was purged with Ar for 3 minutes to reduce 

contamination. The face of the 100 mm diameter 99.999% Al target was set at 20 º off perpendicular to the 

susceptor. The distance between the centre of the target and susceptor was 20 cm. The susceptor was rotated at 

10 rpm during all depositions. All the sputtering was performed at a process pressure of 2 mTorr and a 58 % of 

N2/Ar ratio in reactive mode at a total flow rate of 60 sccm, which was determined via a poison run  as 

explained in our previous article [20]. 

In the first part of the experiment, we performed all the sputtering at 1800 W while keeping all other 

sputtering parameters constant. We increased the substrate temperature from 250 ˚C to 450 ˚C in steps of 50 ˚C. 

All these depositions lasted for 44 minutes, resulting in AlN thicknesses of 548 nm to 686 nm, depending on the 

deposition rate. In the second part of the experiment, we set the substrate temperature at 350 ˚C, while 

increasing the sputtering power from 1200 W to 2400 W in steps of 300 W. All other sputtering parameters 

were kept constant. The sputtering was performed from 28 to 44 minutes as given in Table 1, resulting in AlN 

thicknesses of 504 nm to 647 nm, respectively. 
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The deposited AlN films were characterized by the following parameters (the names of equipment): 

normal scan X-ray diffraction (Panalytical Empyrean XRD  using monochromatized Cu Kα1 beam  with 

λ=1.5405980 Å); omega scan rocking curve (Panalytical Empyrean XRD  with a fixed anti-scatter slit PIXcel-

3D detector: the open detector mode was used with an increment of 0.1°/step and the duration of each step is 

0.352 s); surface roughness (Park AFM); deposition rate (Nanospec AFT 180); residual stress (Tencor Flexus 

2320 system); and surface morphology (Raith150 Two). 

3. Results and Discussion: 

Table I.  Results of the samples prepared at different deposition parameters 

 

Sample  

ID 

 

Substrate 

temp (˚C) 

Sputtering 

Power 

(W) 

Peaks 

position 

(36o 

<002>) 

FWHM of 

Diffraction 

Peak 

(O) 

FWHM 

of 

Rocking 

Curve 

(O) 

Deposition 

rate 

(nm/min) 

Thickness 

(nm) 

Surface 

Roughness 

(nm) 

Grain size 

(nm) 

Stress** 

(MPa) 

(tensile) 

X1 250 1800 36.18 0.18 3.38 15.1 665 3.40 48.51 380.1 

X2 300 1800 36.18 0.18 2.85 14.7 648 3.109 48.5 313.6 

    X3 350 1800 36.16 0.13 2.37 14.9 657 2.899 67.1 322.6 

X4 400 1800 36.19 0.12 2.38 15.6 686 2.57 72.7 315 

X5 450 1800 35.6 0.11 2.12 15.4 680 2.67 79.3 308 

X6 350 1200 36.17 0.11 2.6 10.3 620 3.99 79.3 432.7 

X7 350 1500 36.18 0.15 2.7 12.4 623 3.7 58.2 333.5 

X3 350 1800 36.16 0.13 2.37 14.9 657 2.89 67.1 322.6 

X8 350 2100 36.19 0.18 2.51 15.9 620 2.30 48.2 300 

X9 350 2400 35.7 0.15 2.22 18 504 2.63 58.2 230 

*The observed XRD peaks can be assigned to wurtzite AlN phase (Card # 01-070-2545) with  AlN (002) peak  at 2θ = 36.023°  [22] 

** In-plane stresses are measured without applying RF bias voltage on the substrate 

Table I summarizes the characterization results for all samples. The table represents two sets of 

experiments. The top part shows the characterized samples produced as a function of  the substrate temperature. 

The bottom part shows the characterized samples as a function of the sputtering power. Several trends can be 

spotted from the top part of the table. The FWHM of the rocking curve values, the surface roughness (in rms) 

and the residual stress decrease with increasing substrate temperature. On the other hand, the grain size increases 

with increasing substrate temperature. In the bottom part of table 1, it can be observed that the FWHM rocking 

curve value, surface roughness and residual stress decrease with an increasing sputtering power. However, no 

pattern can be observed in the case of grain size.  

Figure 1(a) shows the normal scan XRD of the samples that were deposited 250 ˚C to 450 ˚C substrate 

temperature. The major diffraction peak is observed at 36.2 º and 69.2 º depicting AlN (002) and Si (400) crystal 

orientation, respectively. The other minor diffraction peaks can be seen at 41.5 º depicting SiC (200) orientation. 

The FWHM of the diffraction peak depicting to (002) orientation is extracted using a Gaussian fitting because of 

better curve fitting for all the curves compared to Lorentz fitting [23, 24]. The results reveal that the FWHM of 

the diffraction peak decreases from 0.18˚ to 0.13˚ with an increase in substrate temperature from 250 ˚C to 350 

˚C. The  FWHM value further decreases to 0.11 ˚ with an increase of substrate temperature to 450 ˚C. Figure 

1(b) shows the FWHM of the rocking curve indicating a (002) orientation. The rocking curve value decreases 

from 3.38˚ to 2.85˚ and 2.37 ˚ with an increase in substrate temperature from 250 ˚C to 350 ˚C. Then, the 

rocking curve values decrease to 2.12˚with further increase in substrate temperatures to 450 ˚C.  Both the 

FWHM of diffraction peaks and rocking curve measurement consistently shows improvement in the crystal 

quality of the AlN (002) film at increasing substrate temperature. This trend is in agreement with the theoretical 

explanation [14,15]. It can be attributed to an increase in the kinetic energy available to the adatoms that 

ultimately increases their mobility, with an increase in substrate temperature and  assists them in arranging along 

the c-axis orientation  [14, 15].  
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FIG. 1(a) Normal scan XRD of AlN/3C-SiC/Si (100) substrates at different deposition temperatures 

 FIG. 1(b) Rocking curve measurement of AlN/3C-SiC/Si (100) substrates at different deposition temperatures 

 

The XRD scans of the samples prepared at different sputtering powers from 1200 W to 2400 W are 

shown in Figure 2(a). The major diffraction peak is observed at 36.2 º and 69.2 º depicting AlN (002) and Si 

(400) crystal orientation, respectively. The value of the FWHM of diffraction peak depicting AlN(002) 

orientation is given in Table 1. The results show that the FWHM diffraction peak increases from 0.11 º to 0.15 º, 

when the sputtering power was increased from 1200 W to 1500 W. This trends follow the results reported in the 

literature [12] [25]. The FWHM diffraction peak value decreases to 0.13 º, with an increase in sputtering power 

to 1800 W. The FWHM diffraction peak increases to 0.18 and  again decreases to 0.15 with further increase in 

sputtering power to 2100 W and 2500 W respectively. Figure 2(b) shows the FWHM of the rocking curve 

depicting to (002) orientation. The values are 2.6˚ and 2.7˚ at the sputtering power of 1200 W and 1500 W, 

respectively. Then, the rocking curve values decrease to 2.37˚, 2.51˚ and 2.22 ˚ with an increase in sputtering 

power at the sputtering power 1800 W, 2100 W and 2500 W. This trend is in agreement with the literature. The 

crystal quality of the AlN films improve with an increasing sputtering power that can be attributed to increase in 

adatoms mobility, so that they can move to the lowest energy state and arrange themselves in the c-axis 

orientation.    

 

FIG. 2(a) Normal scan XRD of AlN/3C-SiC/Si (100) substrates at different sputtering power 

 FIG. 2(b) Rocking curve measurement of AlN/3C-SiC/Si (100) substrates at different sputtering temperatures 



Chapter 7 

 
 

 
111 

In order to measure the residual stress, AlN thin films were separately sputtered on top of 50 mm  

diameter SiC/Si (100) wafer for different substrate temperatures and sputtering powers. ATencor Flexus 2320 

system measures the change in the wafer’s curvature before and after the AlN film deposition. This value is then 

inserted into Stoney's equation to calculate the stress (  : 

  
 

      

  
 

  
 
 

  
 

 

  
                                                                                              (1) 

where E, υ, ts and tf are the Young's modulus, Poisson's ratio for the silicon substrate, silicon thickness and film 

thickness, respectively. ru and rc are the radii of curvature of the Si substrates before and after AlN deposition, 

respectively.  

According to the literature, the residual stress of the film should increase with increasing substrate 

temperature due to CTE differences between the AlN film and 3C-SiC/Si substrate [16]. However, Figure 3 

reveals that the stress is tensile in nature, and it decreases from 380 MPa to 308 MPa with an increase in 

substrate temperature from 250 ˚C to 450 ˚C. These results can be understood using the mechanism of 

compressive stress generation at increasing deposition temperature as provided by Chason et al. [26]. They 

explained that the non-equilibrium nature of the surface during the deposition drives the adatoms into the grain 

boundary and induces compressive stress [27]. Increasing the substrate temperature ultimately increases the 

mobility of adatoms, which causes the diffusions of atoms into the grain boundaries and results in a compressive 

stress in deposited films.  
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FIG. 3 Plot of tensile stress vs substrate temperature 

The plot of residual stress of AlN thin films as a function of deposition power is shown in Figure 4. 

Interestingly, the stress, which is tensile in nature decreases with an increase in sputtering power. This 

phenomena can be explained with the help of the kinetic energies of the deposited species and inert gas ions, 

which are normally significantly greater than the thermal energy [28]. At low sputtering power, the sputtered 

particles (ejected Al atoms) have low kinetic energy, so the tensile stress is prominent because of the atomic 

self-shadowing effect and the gas scattering effect [29]. The kinetic energies of the ejected Al particles increase 

with increase in sputtering power, leading to the dissociation of the loosely packed plane, which causes the 

effects of re-sputtering, defect formation, and ion entrapments, that is, ‘‘collisionally - induced defects” [30]. 

Also, the momentum transfer from the energetic particle at high sputtering power increases the adatoms’ 

mobility and drives the atoms in the film into more dense configurations or creates stress-inducing defects, 

which are normally referred as “atomic peening effects”. Hence, a dense and compact film is formed, leading to 

compressive stress [31]. 
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FIG. 4 Plot of in-plane stress vs sputtering power  

 

Figure 5 presents the SEM images that show the surface microstructure of AlN films deposited at 

various substrate temperatures. It is evident that the grain size increases with an increase in substrate 

temperature because the small crystallites coalesce to form larger crystallites, increase the grain size [32].  

 

FIG. 5 SEM images of AlN deposited at substrate temperature of (a) 250 ˚C (b) 300 ˚C (c) 350 ˚C (d) 400 ˚C (e) 450 ˚C 

The surface roughness of the deposited films was measured in a 5 μm × 5 μm area using contact mode 

Atomic Force Microscopy using a silicon cantilever. Figure 6 shows the scan AFM images for all the samples. 

The results from Table 1 demonstrate that the roughness (in root mean square) of the AlN layer was 3.40 nm 

which decrease to 2.67 nm with an increase in substrate temperature from 250 ˚C to 450 ˚C, which is attributed 

to the improved surface adatoms migration caused by increasing the substrate temperature [21].  
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FIG. 6 AFM images of AlN deposited at substrate temperature of (a) 250 ˚C (b) 300 ˚C (c) 350 ˚C (d) 400 ˚C (e) 450 ˚C 

 

The sputtering power plays a major role in the deposition rate. It is evident from Table 1 that deposition 

rate increases proportionally from 10.33 nm/min to 18 nm/min with an increase in sputtering power from 1200 

W to 2400 W. The deposition rate increases with an increase in sputtering power because of an increase in Al 

atoms sputtered from the target [12].   

Figure 7 shows the surface microstructure of AlN films deposited at different sputtering powers. It can be 

observed that the grain size decreases from 79 nm to 58 nm with an increase in sputtering power from 1200W to 

1500 W. The grain size increases to 67 nm with further increase in sputtering power to 1800 W. It decreases 

again to 48 nm and finally increases again to 58 nm with further increase in sputtering power to 2100 W and 

2400 W respectively. Further investigation needs to be performed to investigate this seemingly random pattern.   

 

FIG. 7 SEM images of AlN deposited at sputtering power of (a) 1200 W (b) 1500 W (c) 1800 W (d) 2100 W (e) 2400 W 
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Figure 8 shows the AFM scan of the deposited films with an increase in sputtering power from 1200 W 

to 2400 W.  The results from Table 1 demonstrate that the roughness (in root mean square) of the AlN layer was 

measured as 3.9 nm which decrease to 2.3 nm with an increase in sputtering power from 1800 W and 2400 W, 

respectively. This can be attributed to the improved surface mobility of adatoms because of an increase in 

kinetic energy that is proportional to the sputtering power. These adatoms are able to diffuse from grain 

boundary to lower-energy positions with the introduction of vacancies and voids at the grain interface that 

reduces the surface roughness [9]. 

 

 

FIG. 8 AFM scan of AlN deposited at sputtering power of (a) 1200 W (b) 1500 W (c) 1800 W (d) 2100 W (e) 2400 W 

4. Conclusion 

This paper presents the pulsed DC sputtering of c-axis oriented AlN films on 3C-SiC/Si (100) 

substrates. We investigated the effect of substrate temperature and sputtering power on the crystal orientation, 

film quality, and in-plane stress. Several generic trends are observed. First, the crystal quality of the AlN (002) 

film improves with an increase in substrate temperature and sputtering power. Second, the deposition rate 

increases with sputtering power, and remains constant at increasing temperature. The increasing kinetic energy 

of the adatoms contributes to both observations. Third, the film surface becomes smoother at increasing 

temperature and power due to the adatom diffusion from the grain boundary to lower energy positions. Fourth, 

the values of the in-plane stress decreases at increasing deposition temperature and power due to the build-up of 

compressive stress, which is in contrast with the literature. Fifth, the AFM and SEM graphs show smoother 

surfaces at increasing deposition temperature and power. The FWHM values of the rocking curves, the residual 

stress and the surface roughness of the deposited films reveals that off-axis 3C-SiC/Si(111) substrate provides a 

better template compared to on-axis 3C-SiC(111) and 3C-SiC(100) substrates for the successful sputtering of c-

axis oriented AlN films. This can be attributed to the lower surface roughness and stacking fault density of the 

3C-SiC layer, as well as smaller bow magnitude of the off-axis 3C-SiC/Si substrates.  
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 The Finite element analysis results such as the  output voltage, von misses stress and 

the resonance frequency etc depends on the material properties of each structural layer. In 

this chapter, the values assigned to each layer  is taken from the literature review reported by 

numerous research groups. The output voltage directly depends on the piezoelectric 

coefficients i.e. d33 and d31.  In all the simulations throughout this chapter, the value of 5.1 

pm/V and 2.56 pm/V are used for the d33 and d31 respectively. 

 

8.1. The Design and Optimization of Two Low Frequency Energy Harvesters 

Employing 3C-SiC/AlN/Mo Composite Layers 
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Abstract. This paper presents the design and simulation of two cantilever-based energy harvesters that employ 

cubic silicon carbide on the silicon (3C-SiC-on-Si) wafer as the base material and the bottom electrode. Aluminum 

Nitride (AlN) is employed as the piezoelectric/middle layer due to its excellent material properties and high stability 

in varying temperature and harsh environments. Molybdenum (Mo) serves as the top layer/electrode. The thickness 

of the structural layers are optimized through MATLAB and also analyzed via Finite Element Analysis using 

Intellisuite. Two designs are proposed at a low resonant frequency, one with a conventional cantilever beam, the 

other with a T-shaped cantilever beam.  Both structures are simulated, and their performances are compared.  

 

Introduction: 

The growth of micro-scale wireless electronics such as sensors is increasing significantly 

because of the miniaturization and low power consumption, easily attainable with 

MicroElectromechanical Systems (MEMS). These wireless micro-scale electronics consume 

a minimum amount of electrical energy from batteries or chemical fuel cells. The limited life-

span and expensive replacement and re-fuelling procedure of conventional power sources 

prompt to find alternative power sources from ambient energy in the environment. Numerous 

ambient energy sources are available for harvesting such as solar, thermoelectric, acoustic 

and mechanical vibrations. Among them, the mechanical vibration energy source has the 

maximum capacity to power low power wireless electronic devices [1]. 

Mechanical vibration has three transduction mechanisms i.e. piezoelectric, electrostatic 

and electromagnetic [2]. Electrostatic generator output impedance is very high and results in 

a current limited supply. Parasitic capacitances present within the structure also deteriorate 

the generator efficiency. Electromagnetic generators are readily available in macro-scale 

systems. Building electromagnetic generators on the microscale will have some difficulties. 

These include poor planar magnetic properties, a small number of coil turns, low vibration 

amplitude and difficulty of integration into Microsystems. Piezoelectric has the most 

capability to generate maximum power for a given size. [3]. 

Silicon (Si) based cantilever piezoelectric energy harvesters have been investigated by 

many groups. One such group fabricated a Si-based cantilever piezoelectric energy harvester. 
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They utilized lead zirconate titanate (PZT) as the piezoelectric material while 

platinum/titanium (Pt/Ti) and nickel were used as the electrodes and proof mass, respectively. 

The device was capable of generating 2.16μW power [4]. Another group employed an array 

of cantilevers as a piezoelectric energy harvester and produced 3.98μW power [5]. Two other 

groups also generated 2.15μW [6] and 0.32μW [7] using a Si substrate with Si as a proof 

mass. However, to the best of the author's knowledge, none of the research works addressed 

the issue of extreme environment conditions, for example, higher loads and temperatures. 

Devices on the microscale based on Si technology cannot operate in extreme environments. 

Conventional Si technology cannot function beyond 500˚C [8]. Silicon material properties are 

insufficient to operate in harsh environments (i.e. to operate at high temperature of 500˚C). 

This is overcome by exploiting SiC material because of its excellent mechanical and 

chemical properties such as extreme hardness, low-friction reducing mechanical wear-out and 

chemical inertness to corrosive atmospheres [9].  

Patterning of single crystal 4H- and 6H-SiC with wet chemicals becomes difficult in 

micromachining processing. Hetero-epitaxial 3C-SiC and poly-crystalline SiC are more 

suitable for micromachining. Different processing techniques such as bulk micromachining, 

surface micromachining and micro-molding are used to fabricate micromechanical structures 

including resonators and micromotors. SiC-based electric micromotors and micro jet-engine 

power generation sources enable longer duration were examined and showed SiC’s excellent 

durability where mechanical properties of Si are insufficient [10]. Active monitoring and 

control of combustion engines are used to improve the fuel efficiency and pollution 

reduction, and can be done by SiC-based harsh environment sensors. SiC's high-temperature 

potential led to the development of catalytic metal-SiC and metal insulator-SiC prototype gas 

sensors for monitoring gas emission and fuel leakage detection [11]. Consumers such as 

automobile and aircraft industries are looking for harsh environment type devices, and thus 

more research is required to commercialize SiC MEMS. 

The aim of this research is to design an energy harvester for harsh environments using a 

cantilever structure that is capable of withstanding a high temperature using cantilever 

structure [12]. Silicon carbide is chosen as a structural layer while Aluminum Nitride is 

selected as the piezoelectric material. The high melting point, high curie temperature (1100 
◦
C) and chemical stability of AlN makes it more preferable than ZnO as the chosen 

piezoelectric material.  

In this paper, we presented the design and optimization of an energy harvester based on 

the conventional cantilever beam and proposed a T- shaped cantilever beam energy harvester 

at room temperature. The simulation results show that higher potential is generated in the T-

shaped cantilever beams as compared to the conventional cantilever beams. Also, the 

thickness of the structural layer and piezoelectric layers i.e. SiC and AlN are optimized via 

Finite element methods using Intellisuite. It is found that 0.6 micron thickness of AlN results 

in high open circuit voltage. The range of output power highly depends on the size of energy 

harvesters dimensions, the load resistance, resonance frequency and acceleration amplitude 

etc. In this paper, we didn't simulated the output power generations of the proposed designs 

because of Intellisuite software limitations. We planned to fabricate and optimize the sensing 

electronic circuitry for the proposed designs in the future. The simulation of both designs on 

high temperature was planned. However, the simulation was not completed because of 

limited modules for piezoelectric simulation related to temperature in Intellisuite software. 

The resonance frequency of the proposed piezoelectric energy harvester would decreases 

with an increase in operational temperature because of spring softening effect. However, the 

piezoelectricity of AlN films is supposed to not be affected by the change in operational 

temperature because of high curie temperature of AlN i.e. 1100 ◦C.  
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Fundamental frequency of cantilever 

The fundamental frequency of the cantilever beam depends on material properties 

(Young’s modulus and density of the material) and dimensions (length and thickness of the 

beam).The fundamental frequency is given by eq. 1 [12]: 
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f
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     (1) 

 

where “E” Young’s modulus, “ρ” is the density of the material, “h” and “L” are the 

thickness and length of the cantilever beam, respectively. 

 

Mathematical Modelling  

The unimorph piezoelectric cantilever beam is shown in Fig.1. It consists of three layers, 

i.e., a piezoelectric layer, substrate/bottom and the top electrode. The cantilever beam is fixed 

to at one end, at x=0 and free at the other end, at x=L. The length and width of the cantilever 

beam are L and w, respectively. All the three layers are identical in length. The thickness of 

the substrate/bottom electrode, the piezoelectric, and the top electrode layers are denoted as 

ts, tp and te, respectively.  

 

FIGURE 1. Unimorph piezoelectric cantilever beams in cartesian system 

The Young’s modulus of the substrate/bottom electrode, the piezoelectric and the top 

electrode are represented as Ee, Ep, and Et, respectively. The direction of the length is poled 

along the x-axis, and the thickness is poled along the z-axis. The neutral plane of the 

cantilever is denoted as tn. A constant force, F is applied on the cantilever tip or the free end 

of the cantilever in d31vibrational mode. The generated output voltage is dependent on the 

cantilever beam dimensions, the material properties and also the applied force. The generated 

voltage is given by eq. 2. 
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where g31 is piezoelectric coefficient related to the piezoelectric strain coefficient, Ep is 

Young’s modulus of the piezoelectric, “w” is the width of the cantilever and tp, tn are the 

thickness of the layers, respectively. D is the bending modulus per unit width and is given as 

eq. 3:  
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The maximum displacement at thr free end can be found as eq. 4. The maximum 

displacement is proportional to the applied force and the length of the cantilever beams, while 

inversely proportional to the width and bending modulus respectively. 
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Design Optimization Using Matlab 

Cantilever dimensions should be selected to match with the targeted vibration source’s 

frequency, and the device must be in micro-scale range. 

 

Thickness of piezoelectric layers 

The natural frequency of the structure depends on dimensions and material properties such 

as elasticity and density as shown in eq. 1 and eq. 2. The dimension of the device can be 

varied to optimize the resonance frequency of the device.  The optimized dimensions of the 

cantilever are shown in Table 1 for the desired resonance frequency. The thickness of 

piezoelectric material plays a vital role in the magnitude of output power. Piezoelectric 

thickness optimization can be done with the help of eq. 3. A parametric sweep is performed 

on piezoelectric thickness vs. output voltage using Matlab. The maximum voltage generated 

by piezoelectric material with an optimized thickness of 600nm is 49.58mV as shown in Fig 

2. 

 

Proof mass 

Optimization of the proof mass dimensions can support scaling down of the natural 

frequency of the cantilever to match source input frequency. The width of the proof mass is 

kept constant to make the uniform device, even though mass proof width has an effect on 

natural cantilever frequency. The length and the thickness of the proof mass are critical 

parameters for optimization purposes. As the proof mass thickness increases, there is a 

gradual decrease in cantilever’s natural frequency and also this induces more strains in the 

cantilever. Optimization of proof mass length was examined between length ratios (Lpm/L) 

and cantilever natural frequency, where Lpm is proof mass length and L is cantilever beam 

length. A parametric sweep was carried on mass proof length and its effects on natural 

frequency of cantilever as shown in Fig. 3. As the proof mass length increases, then the 

natural frequency of the cantilever decreases gradually down to the lengths ratio equal to 0.3 

and after this point the natural frequency starts increasing due to increasing in cantilever 

stiffness. After a length ratio of 0.3 is reached the cantilever beam starts becoming stiffer; this 

means that the elastic modulus of the cantilever beam increases with proof mass length. 
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Even though natural frequency increases, the longer proof mass will help in producing 

more strain in the cantilever beam. Large strains are more helpful in piezoelectric 

energyharvesting device to generate more power. The selection of proof mass length has been 

chosen based on a lower fundamental frequency which is useful to match with low vibration 

source frequencies and to generate more power at resonance.  

 

Finite Element Analysis 

The finite element analysis is carried out using Intellisuite Software. Two kinds of analysis 

are carried out. The first one is a structural analysis to verify the resonance frequency, while 

the second one is a piezoelectric analysis to determine the generated output voltage. 

 

 

FIGURE 4. Simulated conventional and proposed T- shaped piezoelectric energy harvester 

in 3D (a) Conventional Cantilever Beam (b) T-shaped Cantilever Beam 

 

Geometry 

Two different materials are employed for the cantilever piezoelectric energy harvester as 

the substrate/bottom electrode, namely 3C-SiC and Si. The piezoelectric thin film is used as 

the active material and has major advantages such as the generation of significant motion, 

low hysteresis, and high sensitivity with wide dynamic ranges. Three major piezoelectric thin 

films are lead zirconate titanate(PZT), zinc oxide (ZnO) and aluminum nitride (AlN). 

Aluminum Nitride is chosen for this design due to its high melting point and chemical 

stability. The material selected for the top electrode and the proof mass is molybdenum (Mo), 



Chapter 8: Applications of AlN/3C-SiC/Si Composite Layers For Piezoelectric Applications 

 
 

 
123 

which has a high density and the ability to provide displacement. The body load condition is 

applied in each layer of the cantilever beam with an acceleration of 2.25 m/s
2
 in d31 mode. 

The 3D cantilever structure is shown in Fig.4 consists of three layers and the proof mass 

that is placed at the free end. The length and the width of the cantilever are 1000μm 

and100μm, respectively, whereas the thicknesses is varied for each layer including the proof 

mass that is poled along the z-axis.  Both the conventional and proposed T-shaped cantilever 

beam are shown in the figure. The proof mass width for the T-shaped is 200 microns while its 

length is set as 300 microns. The substrate/bottom electrode is 600nm thick; the piezoelectric 

layer is also 600nm thick, while the top electrode is 200nm thick layers. The optimized 

dimensions of both proposed models are given in Table 1.  

 

Boundary Settings 

The boundary settings are concerned with the constraint conditions, the surface load, and 

the electric boundary condition. Two types of boundary conditions are applied for modal 

analysis and piezoelectric analysis. A fixed constraint is applied at one end, and modal 

analysis is carried out after applying the material properties. While in the piezoelectric 

analysis, one end of the cantilever beam was fixed while the load is applied at the other end 

along the z-direction. The floating potential and ground are assigned to the top and the 

bottom surfaces of the piezoelectric material. The remaining surfaces of the piezoelectric 

layer are assigned as zero charges. 

 

TABLE 1. Optimized dimensions of proposed cantilever piezoelectric energy 

harvester 

Parameters Dimensions Values 

(Conventional 

Cantilever Beam) 

Dimensions 

Values 

(T-shaped 

Cantilever 

Beam) 

Cantilever Length (µ ) 1000 1000 

Cantilever Width(µ ) 100 100 

Substrate Thickness (nm)  600 600 

Piezoelectric Thickness (nm) 600 600 

Top Electrode (nm)  100 100 

Proof Mass Length (µ )  300 300 

Proof Mass Width (µ )  100 200 

Proof Mass Thickness (µ )   0.6 0.6 

 

Mesh Settings 

In the mesh settings, the free mesh parameters option is chosen to mesh the 3D cantilever 

beam. The auto mesh was chosen for all the simulation. The total number of mesh elements 
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used for the cantilever beam and proposed T- shaped cantilever beams are 11059 and 15000, 

respectively. 

 

Results and Discussion 

The thickness of the aluminum nitride was optimized for maximum output voltage using 

the Intellisuite as shown in Fig. 5. The 3C-SiC thickness is set at 1 micron, while the Mo 

thickness is also kept constant at 0.5 micron and the AlN thickness is varied from 0.1 to 1 

micron. It can be observed that maximum voltage is generated for a 0.6 micron thickness 

which is in close agreement with Matlab results as shown in Fig. 2. The effect of proof mass 

thickness on the resonance frequency is shown in Fig.6. It can be seen that the thickness of 

proof mass can be utilized to tune the resonance frequency. As shown in eq. 1, the resonance 

frequency of the cantilever beams is inversely proportional to the proof mass. 

The comparison between the open circuit voltage of a conventional cantilever beam and 

the proposed T-shaped cantilever beam is shown in Fig. 7. The simulation results also reveals 

that the T-shaped design generates twice the voltage as compared to conventional cantilever 

beams.  

 

 

FIGURE 5. Simulated result of open circuit voltage versus metal thickness of proof mass 

The 2D plot of the open-circuit voltage of both the conventional and the proposed design 

is shown in Fig. 5. The open-circuit voltage for the conventional cantilever is found to be 35 

mV, while for T-shaped design is found to be 59 mV with the same boundary conditions and 

the proposed design applied on both of them. 

 

 

FIGURE 6. 3D Plot of open circuit voltage of conventional and T-shaped cantilever beams 

a) T-shaped cantilever beam (b) Conventional cantilever beam 
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It can be observed from eq. 2; that the open circuit voltage is proportional to the applied 

force. From Newton’s second law of motion, we know that force is directly proportional to 

the mass and applied acceleration. From Fig. 2, it can be seen that the proof mass in the T-

shaped cantilever beam is double the proof mass of the conventional cantilever beams, which 

results a force of magnitude twice that found in conventional cantilever beams. Also, the 

strain produced in the T-shaped cantilever beam is doubled and generates, which generate 

approximately twice the magnitude of voltage via the piezoelectric phenomena compared to 

the conventional cantilever beam.  

 

Conclusion 

This paper has described the design optimization of two cantilever structures based on 

3C-SiC for energy harvesting at room temperature. The optimization of the piezoelectric 

layer and proof mass is carried out using Matlab. The thickness of the AlN is optimized, and 

it was observed that maximum voltage is generated with the thickness of 0.6 µm. The device 

is designed to resonate at the desired resonant frequency of 1-2kHz in d31 mode. The 

simulation result shows that the generated output voltage per unit force for the T-shaped 

cantilever beam is approximately two times that found for the conventional cantilever beam. 

The close agreement between the analytical analyses and Finite element results are observed 

for both structures. The next paper will report on the performances of both structures at high 

temperatures. 
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8.2. Design Optimization and Finite Element Analysis of AlN/3C-SiC Piezoelectric Bio-

Sensors 
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Abstract— In this paper we present the design and simulation of a bio-sensor for pathogens detection based on an 

AlN/3C-SiC/Si piezoelectric cantilever. Cubic silicon carbide (3C-SiC) is chosen as the base layer due to its excellent 

material properties and chemical inertness over silicon in harsh environmental conditions. Aluminum nitride (AlN) is 

selected as the piezoelectric active layer due to its similar thermal expansion coefficient as silicon carbide to reduce 

thermal stress. The desired resonant frequency of 157.16 KHz is optimized using Matlab, and the finite element 

analysis is carried out using COMSOL software to verify the shift in the resonant frequency due to the added mass of 

the bacteria. The surface functionalization of the SiC as a biosensor, as well as the fabrication recipes,  are also 

proposed.  

Keywords—Microresonator, Piezoelectric, 3C-SiC, Si, Pathogens, Extreme environment. 

 

 Introduction  

Quartz crystal resonators are being widely used 

in timing references due to their high precision and 

thermal stability.  However, the poor integrability 

of these crystals with CMOS and their large size 

encouraged various research groups to develop 

other types of resonators. MEMS resonators have 

received the most interest as an alternative to quartz 

crystals due to their smaller size, compatibility with 

CMOS ICs and low power consumption [1].  

Various transduction methods such as 

piezoelectric, capacitive, piezoresistive and thermal 

transduction are explored, each possessing relative 

merits and trade-offs over the other [2-3]. For 

example, capacitive microresonators have weak 

electromechanical response, while thermal 

microresonators require high voltage and power. 

Similarly  piezoelectric resonators lose out in terms 

of lower quality factor (Q).  

Beside timing references, these microresonators 

are used for other applications such as energy 

harvesters and bio sensors. The MEMS-based 

resonant bio sensors detect the pathogens by 

measuring the decrease in resonance frequency due 

to the added mass of the pathogens. This mass-

sensing technique is being explored by various 

research groups. Their smaller sizes and high 

resonant frequencies provide higher resolution and 

precision compared to conventional mass sensors 

[4-10].  Hao et al. employed a length-extensional 

bulk mode resonator for mass sensing with a mass 

sensitivity of 215 Hz/pg accompanied with the 

Quality Factor, Q of 4000 in the air [6]. One group 

has utilized a square-extensional mode resonator as 

a mass sensor with a sensitivity of 3.3 Hz/ng and Q 

exceeding 106 [7].  

Heteroepitaxial 3C-SiC and poly-crystalline 

SiC are typically utilized for micromachining 

because the patterning and wet etching of single 

crystal 4H- and 6H-SiC are much more difficult 

compared to that of 3C-SiC thin film. The 3C-SiC 

thin films  are used in various applications due to 

their better mechanical properties over silicon at 

high temperature and harsh environments. The 

most common applications are micro jet-engine 

power generation sources, energy harvesters for 

harsh environment and electric micromotors [8]. 

Also, the SiC based harsh sensors are employed for 

the monitoring of combustion engines, to improve 

the fuel efficiency and pollution reduction. It is also 

used as gas sensors for monitoring gas emission 

and fuel leakage detection [9].  

In this work, we proposed a cantilever beam 

resonator sensor based on AlN/3C-SiC for sensing 

bio particles e.g. bacteria and viruses, etc. The high 

Young modulus to Poison ratio of 3C-SiC results in 

high resonant frequency and higher Quality Factor 

as compared to Silicon on insulator (SOI). The 

resonant frequency of the proposed resonator based 

on 3C-SiC is 157 KHz [10]. The 3C-SiC is chosen 

as structural layer due to its resilient mechanical 

properties to the harsh environment and also the 

large energy band gap of 2.49eV, which leads to 

the higher stability of resonance frequency with 

varying temperature and environmental changes. 

The finite element analysis is carried out for the 

design verification and also to measure the 

frequency shift due to a single bacterium cell. 

Piezoelectric sensing is used for the biosensors. 

Aluminum Nitride is chosen as the piezoelectric 

material. High melting point and chemical stability 

of AlN have given preference over zinc oxide as 

the chosen piezoelectric material.  
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Fundamental Frequency of 

Cantilever 

The resonance frequency of the cantilever beam 

depends on material properties and its dimensions. 

The fundamental resonance frequency of the 

cantilever beam can be given by eq. 1.  

   
 

  
 

 

 
   (1) 

where “k” is the spring constant of the 

cantilever beam, which depends on the dimensions 

of the beam. M is the beam mass which also 

depends on the dimension and density of the 

material. 

 

Mathematical Modelling  

The unimorph piezoelectric cantilever which is 

proposed for use as a biosensor is shown in Fig 1. 

It consists of three layers, i.e.; the first layer is the 

substrate which is also employed as a bottom 

electrode; the second layer is the piezoelectric 

active layer while the third layer is the top 

electrode. In our case, we proposed 3C-SiC is 

substrate/bottom electrode, AlN as a piezoelectric 

layer while Mo is the top electrode. The cantilever 

beam is attached to the substrate at one end, while 

the other end is set as free, at x=L, where “L” and 

“w” are the length and width of the cantilever 

beam. The thickness of the substrate is ts, while the 

thickness of the piezoelectric is tp and the thickness 

of the top electrode layers is denoted as te. The 

modulus of elasticity for the substrate electrode is 

Ee, while those of the piezoelectric and the top 

electrodes are represented as Ep and Et respectively.  

 

Fig. 1. Unimorph piezoelectric cantilever beams in cartesian 
system 

The output voltage generated from the energy 

harvester can be given by equation 2, which 

depends on its dimensions, material properties and 

also on the applied force.  

 
    

 
  

 

 
   

  

  
 
  

 

 
         (2) 

where “g31” is the piezoelectric coefficient 

correlated to piezoelectric strain coefficient, the 

Young’s modulus of the piezoelectric is Ep , the 

width of the cantilever is “w”  and the thickness of 

the layers is tp and tn.  

The maximum displacement at free end can be 

found eq. 3. The maximum displacement is 

proportional to the applied force and the length of 

the cantilever beams, while inversely proportional 

to the width and bending modulus. 

 

      
   

   
    (3) 

where D is the bending modulus per unit width 

and is given as eq. 4: 

 

   
 

 
     

      
       

    
    

        
      

       
    

       
       

                (4) 

 

Working Principle  

The working principle of a piezoelectric bio 

sensor is quite simple. The cantilever beam is 

coated with a sensing layer, which is capable of 

recognizing specific target molecule or pathogens, 

i.e. able to recognize target molecules in key-lock 

processes. The piezoelectric technique is proposed 

for the sensing. When the cantilever beam 

resonates, it induces the charges in the piezoelectric 

layer due to cantilever movement at the resonance 

frequency.  

The resonant frequency of the cantilever beams 

is inversely proportional to the mass. This 

resonance frequency shifts towards a lower value 

with the increase in mass due to pathogen 

attachment. The mass of the pathogens can also be 

measured by calculating the frequency shift 

towards the right.  

  

Finite Element Analysis 

The Finite element Analysis (FEA) is 

performed to pre-determine and optimize the 

resonant frequency of the desired Eigen mode 

utilizing Comsol, which is shown in Fig 2. The 

fixed constraint was applied to the pad, and the 

model was meshed using Manhathan bricks with 

standard physics.  The desired first mode is shown 

in Fig 3. The Eigen frequency is found as 157.16 

KHz. The dimension of the proposed cantilever 

beam resonator is optimized to get the desired 

resonance frequency of 157 KHz, which can give a 

high sensitivity of 307 Hz/pg. The thickness of 

each layer is optimized to 1 micron which gives the 

desired resonance frequency and maximum open 

circuit piezoelectric potential. The dimension of the 

proposed piezoelectric sensor is shown in Fig 3. 

The design is optimized in terms of the thickness of 

the layers, length, and width of the structural and 

piezoelectric layer and proof mass to obtain the 

desire resonant frequency. 
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The FE analysis is performed to verify the 

design and concept. A polystyrene particle of size 1 

micron was placed on the microresonators as 

shown in Fig 2. A frequency analysis was done by 

applying a  boundary load of 1*10
-5

 N/m
2
 on the 

resonator to see the effect of the particle on the 

resonance frequency. It can be observed that the 

resonance frequency decreases by 307 Hz after the 

particle placement due to increase in the mass 

according to the equation 1. A frequency sweep 

was done to find the resonance frequency with and 

without particle in place. The shift in resonance 

frequency towards the right due to polystyrene 

particle can be observed by comparing Fig 4 and 

Fig 5, and is proportional to the mass of the 

particle.  

 

 

 

  

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of T-shaped cantilever beam resonator with 

small small particle 

 

 

 

 

 

 

 

 

Fig. 3. Optimized dimension of proposed T-shape piezoelectric 

microresonator

 

Fig. 4. Frequency sweep of the T-shaper microresonator 

without the polystyrene  

 

Fig. 5. Frequency sweep of the T-shaper microresonator with 
the polystyreene  

Fabrication Steps and 

Functionalization: 
 

The main advantage of 3C-SiC over Si as a bio 

sensor is regarding the immobilization agent. 

Silicon-based biosensors need an expensive gold 

layer on top, which is modified for the 

immobilization of the antibodies. Unlike Si, Silicon 

carbide can be used for the immobilization of the 

antibodies on its surface without depositing any 

gold layers which also reduces the costly and 

tedious fabrication steps. The immobilization of the 

antibodies can be easily achieved via amino propyl 

tri ethoxy silane (APTES) linker via covalent 

conjugation as shown in Figure 6 [7].  The Surface 

hydroxylation of the SiC (-OH termination) can be 

done by treating it with hydrofluoric acid (HF) 

while the surface fictionalization of 3C-SiC with 

APTES (Sigma- Aldrich) can  be achieved by 

soaking in a 1% APTES/toluene solution for 

approximately  90 min. The carboxylic group of 

antibodies can be stimulated through EDC 1-ethyl-

3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC) and N-hydroxy-sulfo 

succinimide (Sulfo-NHS). 

 

 

100 µm 

50 

µm 100 

µm 

25 µm 50 

µm 
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Fig. 6. Process followed for anti-myoglobin immobilization. a) 
EDC Sulfo NHS solution and anti-myoglobin are deposited on 

APTES|SiC samples, b) Activation of the antibody carboxylic 

group with EDC, sulfo- NHS produces a semi-stable amine-
reactive ester and c) Antibodies coupled to the surface [7]. 

The detail fabrication steps of the proposed 

design are shown in Fig 7. 

 

 

 
Fig.7. Surface-micromachined 3C-SiC MEMS fabrication 

process flow. (a) p type doping of Silicon substrate (b) LPCVD 
3C-SiC and doping . (c) Sputtering of AlN on SiC. (d) 

Deposition of Mo (e) Patterning of Photoresist for Pad Metals 

deposition (f) Etching of Mo (g) Wet etching of Si to release the 
3C-SiC/AlN/Mo structure. 

Discussion 

The finite element analysis and the 

mathematical modeling of the bio sensor based on 

a SiC/AlN/Mo cantilever beam are presented. The 

proposed bio sensor utilizes the electrical actuation 

while employing piezoelectric sensing. The SiC is 

utilized as the structural as well as the lower 

electrode while AlN is used as the active 

piezoelectric material. The similar thermal 

expansion coefficient of all the layers reduces the 

residual and thermal stress, and the high curie 

temperature of AlN enables the operation of the 

designed resonator in harsh environments. From 

equation 1, when the proof mass increases due to 

the pathogens cell attached to it, the resonance 

frequency decreases proportional to the mass 

added. The FEA analysis of a single particle of 1 

micron diameter of polystyrene, which is placed on 

the micro resonator, is performed. The results show 

a decrease of 307 Hz in resonance frequency due to 

the small particle, and is proportional to the mass 

of the polystyrene particle. The Von mises stress is 

also found at the resonant frequency, which is less 

than the elastic limit of all the structural layers i.e. 

3C-SiC, AlN, and Mo. Also unlike silicon-based 

biosensors that require a gold layer on top and 

modification of it for antibody attachment the 

immobilization of the antibodies can be done via 

amino propyl tri ethoxy silane (APTES) linker on 

3C-SiC surface which reduces the costly and 

tedious fabrication steps of gold deposition. These 

results are based on the Finite Element Analysis 

results only. The actual device will be fabricated 

and tested in future. 

 

Conclusion: 

The mathematical modeling and Finite Element 

Analysis (FEA) of a bio sensor based on cubic 

silicon carbide (3C-SiC) for pathogen detection is 

presented in this paper. The resonator is proposed 

to actuate electrically while piezoelectric sensing 

will be employed to detect the shift in the resonant 

frequency. The AlN is chosen as a piezoelectric 

material due to its high Curie temperature and 

similar thermal expansion coefficient with 3C-SiC 

to reduce the thermal stresses. The design 

parameters such as length, width, and resonance 

frequency were optimized using Matlab, and the 

design was evaluated using the Comsol and 

Intellisuite software for finite element analysis. 3C-

SiC is chosen due to its excellent material 

properties and ease in functionalization compared 

to silicon which reduces the expansive and tedious 

steps of depositing gold on Si for functionalization. 

The functionalization of the 3C-SiC is also 

proposed in this paper. The close agreement 

between the analytical model and simulation results 

verify the design and working of the proposed bio 

sensors.   
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Abstract— This paper compares the performances of 

seven different cantilever designs (straight beam, 

straight-tapered beam, T beam, U beam, V beam, V-T 

beam and Y beam) to be employed as a piezoelectric 

energy harvester. All cantilevers employ the same 

materials i.e. Aluminium Nitride as a piezo layer, Cubic 

Silicon Carbide as a structural layer and Molybdenum as 

the proof mass and electrical electrodes. The thicknesses 

of these layers are equal for all structures. Their 

performances are compared in term of resonant 

frequency, maximum displacement, open-circuit voltage, 

and stress. The results reveal that the V-T shaped 

cantilever beam energy harvester emerges as the overall 

winner. 

 

Keywords— Aluminium Nitride; Piezoelectric Energy 

Harvester; Silicon Carbide; Finite Element Analysis 

(FEA) ; Cantilever Beams 

Introduction 

Micro-scale wireless electronic sensors 

are traditionally powered by chemical fuel cells. 

The limited life span of the battery and its 

difficulty to replace prompted researchers to 

harvest ambient energy from the environment. 

The prominent ambient sources are solar, wind, 

biogas, acoustic, mechanical vibrations and 

thermoelectric [1]. The mechanical vibration is 

harvested via three transduction mechanisms i.e. 

electrostatic, electromagnetic and piezoelectric 

[2]. The parasitic capacitance present within the 

electrostatic transducer, and the high output 

impedance limits the output current, and hence 

reduces the generator efficiency. The 

electromagnetic generators are difficult to 

fabricate on the micro-scale due to the complex 

properties of planar magnets, the minimum 

number of coil turns and difficulty in integration. 

The piezoelectric energy harvester is the most 

practical solution to harvest ambient vibration 

energy [3]. 

Silicon-based piezoelectric energy 

harvesters have been investigated by various 

research groups. One such group utilized lead 

zirconate titanate (PZT) as a piezoelectric 

material, silicon as a structural layer, while using 

nickel and platinum/titanium (Pt/Ti) as proof 

mass and electrodes. Their device was capable 

of generating 2.16 μW electric power [4]. 

Another research group made an array of 

cantilever beams to increase the power and 

operational frequency bandwidth capable of 

producing 3.98 μW of electric power [5]. 

Subsequent works by two groups generated 2.15 

μW [6] and 0.32 μW [7] of power, respectively.  

The aim of this project is to develop 

piezoelectric energy harvesters for harsh 

environments. Silicon- and PZT-based energy 

harvesters cannot operate at those environments 

due to electrical and mechanical limitations [8]. 

This can be overcome by employing a material 

which is stable in those conditions [9]. We chose 

silicon carbide as a structural layer because of its 

excellent mechanical and chemical properties 

such as extreme hardness, low-friction reducing 

mechanical wear-out and chemical inertness to 

corrosive atmospheres excellent mechanical and 
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electrical properties. Aluminium Nitride is 

chosen as the active piezoelectric material due to 

its high melting point, chemical stability and 

high Curie temperature (>1200˚C).  

In this paper, we study the effect of 

various shapes of cantilever on resonance 

frequency, open circuit output voltage, strain, 

and stress. Four types of analysis are carried out 

in this study for all the proposed cantilever 

beams. The first is modal analysis to calculate 

the resonance frequency. The second is the 

dynamic analysis to measure the maximum 

displacement along the z-axis. The third is to 

measure the open circuit output voltage. The 

fourth is the stress analysis to measure the stress 

at the resonance frequency. In this paper, the 

total power generations of the proposed designs  

are not simulated because of  Intellisuite 

software limitations. The total generated power 

depends on the value of load resistor that needs 

to be optimized for maximum output wattage. 

We planned to fabricate and optimize the 

sensing electronic circuitry for the porposed 

designs in the future. 

Mathematical Modelling  

The fundamental frequency (f) of a cantilever 

beam can be given by eq 1 or eq 2: 

   
 

  
 

 

 
    (1) 

   
 

  

 

  
 

 

 
    (2) 

where “k” is the spring constant of the cantilever 

beam, “m” is beam mass, “E” Young’s modulus, 

“ρ” is the density of the material, “h” and “L” 

are the thickness and length of the cantilever 

beam, respectively. 

The relation between the stress and 

strain in a linear elastic material can be given by 

Hooke’s law: 

                  (3) 

where S is the strain and T is the stress, 

while s is the elastic compliance constant and c 

is the elastic stiffness constants.  

  ε       (4) 

The correlation between electrical 

charge density displacement (D) and electric 

field (E) can be given by Gauss’s Law. D is 

electric flux density (C/m
2
), ε0 is permittivity of 

free space (F/m), E is Electric-field intensity 

(C/m
2
), and P is Electric polarization vector 

(C/m
2
).  

The piezoelectric properties of the 

material can be derived using equation 3 and 4, 

called electromechanical coupling.  Equation 5 is 

normally used for the direct piezoelectric effect 

while equation 6 is normally used for the 

indirect piezoelectric effect [4]. 

 =  +           (5) 

            (6) 

 

where S is a six-dimensional strain 

vector, T is stress vector, E is the electric field 

vector, D is the three-dimensional electric 

displacement vector,    is a six by six 

compliance matrixes at constant electric field, 

[d] is a 3×6 piezoelectric strain coefficient 

matrix and ε
T
 is a three by three dielectric 

constant matrix at constant stress. The 

piezoelectric strain coefficient is defined as the 

strain developed per unit applied electric field 

strength or developed charge density per given 

strain.  

 

Fig. 1 Unimorph piezoelectric cantilever beam 

in a cartesian system 

 



Chapter 8 

 

 
134 

The proposed energy harvesters are 

based on the unimorph piezoelectric cantilever 

beam, as shown in Figure 1. It consists of three 

layers i.e. a substrate layer which also acts as the 

bottom layer, the piezoelectric active layer, and 

the top electrode which also can be used as proof 

mass to increase the output voltage. The 

proposed energy harvester is fixed at one end, at 

x=0 while it is free at another end, at x=L.  The 

length and width of the proposed cantilever 

beam are L and w, respectively. The lengths of 

the three layers are kept the same, while their 

thickness can be different. The thickness of the 

substrate/bottom electrode, the piezoelectric and 

the top electrode layers are denoted as ts, tp and 

te, respectively. The Young’s modulus of the 

substrate/bottom electrode, the piezoelectric and 

the top electrode are represented as Ee, Ep, and 

Et, respectively. The direction of the length is 

poled along the x-axis, and the thickness is poled 

along the z-axis. The neutral plane of the 

cantilever is denoted as tn. A constant force, F is 

applied on the cantilever tip or the free end of 

the cantilever in the d31 vibrational mode. 

The open circuit output voltage can be 

calculated using equation 7, which depends on 

the cantilever beam dimensions, the material 

properties, and the applied force.  
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where g31 is piezoelectric coefficient 

related to the piezoelectric strain coefficient, Ep 

is Young’s modulus of the piezoelectric, “w” is 

the width of the cantilever and tp, tn are the 

thicknesses of the layers respectively. D is the 

bending modulus per unit width and is given by 

equation 8:  
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The maximum displacement obtained at 

free end can be measured using equation 9. 

      
   

   
 .......      (9) 

 

Geometric Designs of Cantilevers Beams: 

  Thickness of each layer: 

The thickness of the piezoelectric material is 

optimized to 1 micron for the 3C-SiC, AlN and 

Molybdenum layers for maximum output 

voltage from equation 7.  

 Proof mass: 

The dimensions of proof mass are important in 

tuning the natural resonance frequency as given 

in equation 1. The width of the proof mass is 

kept the same as that of the cantilever in all 

cases. The effect of proof mass was studied 

between length ratios (Lpm/L) and the natural 

frequency of the cantilever beams, where Lpm is 

the proof mass length and L is cantilever beam 

length. The length of the proof mass was 

changed via a parametric sweep while the 

resonance frequency was observed. The natural 

frequency decreases gradually up to length ratio 

equal to 0.3, with an increase in proof mass.  The 

resonance frequency decreases with further 

increase in the length of proof mass due to 

increase in stiffness of the cantilever.  

Geometry: 

Highly doped 3C-SiC layer is used as the 

structural and the bottom electrode. The energy 

harvesters are designed to operate in a transverse 

mode, in which the stress is perpendicular to the 

poling directions. AlN is chosen as the 

piezoelectric active layer. Molybdenum (Mo) is 

chosen for the top electrode and the proof mass, 

because it has similar properties as SiC and AlN. 

The high density is helpful as a proof mass 

which provides the ability for added 

displacement. Figure 2 shows the seven types of 

microresonator proposed for this study for 

energy harvesting. All the designs are optimized 

for the resonance frequency less than 2000 Hz. 
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Fig. 2 Cantilever beam with various proposed shapes for piezoelectric energy harvester. 
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FEA Analyses: 

The Finite Element Analysis is carried out 

using the Intellisuite. The following are the 

setting done for the analysis and was chosen 

from the mask layers: 

Material Properties: 

The material properties were assigned to each 

layer after determining the dimensions for 

each design in 3D builder and exporting to the 

TEM module for analysis.  

Boundary Settings: 

In these designs, two types of boundary 

condition are applied. Mechanical boundary 

condition, all the beams are constrained from 

one end while the load is applied on the other 

end in terms of the acceleration in the z-

direction. In Electrical boundary conditions, 

the ground voltage is applied on the lower face 

of the piezoelectric layer while the floating 

voltage is applied on the upper end.   

 Mesh Settings 

In the mesh settings, the free mesh parameters 

option is chosen to mesh the 3D cantilever 

beam. The auto mesh was chosen for all the 

simulations while the mask layout from the 

mask layers. The total number of mesh 

elements being arranged for all the cantilever 

beams is between 11000 and 20000. 

Results and Discussion 

Figure 3 shows the resonance 

frequency of all the proposed structures 

between 1550 Hz to 1900 Hz, which will be 

suitable to harvest ambient vibrations.  
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different cantilevers  

The dynamic analysis was performed 

by applying 1g mechanical load as shown in 

Figure 4.  
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For the piezoelectric analysis, a 1g 

acceleration was applied along the z- direction. 

The results are shown in Figure 5.   
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The stress analysis was performed as 

shown in Figure 6. The Von Misse's result was 

evaluated, and it was found that the maximum 

value of stress was lower than the yield strength of 

each structure. 
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Conclusions 

This paper simulated the performance of seven 

cantilever beams designed to harvest electrical 

power from mechanical vibration. The resonant 

frequencies for all structures are between 1550-

1900 Hz. The maximum displacements are very 

similar for all except for the U beam due to higher 

stiffness. The Y beam and V-T beam generated the 

highest open-circuit voltage. However, the Y-

shaped cantilever also yields the highest stress, 

making the V-T beam the overall winner. 
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 Numerous research group has measured the d33 value in the range of 4.01 to 5.2 pm/V. Zhang et al. [1] 

reported the piezoelectric coefficient d33 value as 5.06 pm/V of AlN thin films measured by the piezoresponse 

force microscopy (PFM) measurement. Karabalin et al. also reported the piezoelectric coefficient d31 of 100 nm 

AlN layer as 2.4 pmV [2].  Most of the research groups, in the literature review, has reported the value of 

piezoelectric coefficient (d33) as 5.1 pm/V, that we used in all our simulations. However, we extracted the 

piezoelectric coefficient value of 4.7 pm/V for our deposited films that is about 8.5 percent lower than the value 

used in simulations. Repeating the simulation with our extracted values will decrease the output voltage by 8 

percent.  
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9.1. Conclusion: 

 

The primary contribution of this work is to provide details of the deposition of a 

highly oriented c-axis AlN thin film on top of 3C-SiC/Si substrates. A 3C-SiC buffer layer 

was used to decrease the lattice mismatch and the difference in the coefficient of thermal 

expansion between the AlN film and the Si substrate.   

 Chapter 2 (unpublished) provides a literature  review of the published works on 

sputtered AlN (002) films on a variety of substrates. The main contribution is the generic 

range of sputtering parameters and their roles towards achieving the objective. This chapter 

also offers the physical explanations of the effect of the sputtering parameters in view of  

kinetic energy and surface mobility of the adatoms.  

Chapter 3, which has been published in the Journal of Vacuum Science and 

Technology-B describes the first attempt to produce AlN thin films on top of 3C-SiC/Si (100) 

substrates using RF sputtering. The GIXRD results revealed that a low pressure, high power, 

and median nitrogen concentration all play an important role in the AlN deposition. AlN 

films with (002), (100) and (101) orientations were produced, albeit at the low deposition 

rate. 

Chapter 4, which has been published in the Journal of Crystal Growth documents the 

first attempt using DC sputtering to overcome the low deposition rate issue. The main 

contribution is the observation that the crystal orientation of AlN can be controllably changed 

from (002) to (101) on top of 3C-SiC/Si (100) substrates by increasing the N2/Ar flow rate 

from 40 % to 100 %. It is also the first time that the effect of RF Bias voltage to tune the 

residual stress on the AlN films has been demonstrated.  

Chapter 5, which has been submitted to the Journal of Crystal Growth documents the 

improved results that have been obtained on top of 3C-SiC/Si (111) substrates. The GIXRD 

and the rocking curve measurement demonstrate that AlN (002) films have been successfully 

produce over a wide range of N2/Ar ratio. This is attributed to the low lattice mismatch of 1 

% between AlN (002) film and 3C-SiC (111) buffer layer. It should be noted that the samples 

from chapter 4 and 5 have been batch-processed using the same equipment and process 
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parameters. The main disadvantage of this process is the ‘electrical arcing’ during deposition 

that shuts down the power.  

Chapter 6 (unpublished) introduces the use of the pulsed-DC sputterer to overcome 

the electrical arcing, as well as to crank to the sputtering power up to 2400 W. During this 

experiment, highly c-axis AlN (002) has been deposited on top of two types of 3C-SiC/Si 

(111) substrates, the on-axis and 4
0
 off-axis. The literature survey reports that the latter has 

smoother surface, less stacking fault density and smaller bow magnitude. The GIXRD scan 

and the rocking curve measurements confirm the superiority of the off-axis 3C-SiC/Si (111) 

substrate in depositing AlN (002) with higher crystal quality, smoother surface and lower 

residual stress. 

Chapter 7 (unpublished) employs the same pulsed-DC sputtering system to deposit 

AlN (002) films on top of 3C-SiC/Si (100) substrates. The role of substrate temperature and 

sputtering power on growth of AlN films are elucidated. There are two key contributions. The 

crystal quality increases with an increasing substrate temperature and sputtering power, 

which is in agreement with literature. Interestingly, the value of the residual stress decreases 

with increasing substrate temperature and sputtering power, in contrast to the literature.  

 Chapter 8 presents three conference proceedings on the simulated applications of the 

AlN (002) on top of the 3C-SiC/Si substrates as energy harvester and bio-sensor. The main 

contributions are the optimization of the design and dimensions of the proposed structures 

using numerical analysis and COMSOL simulations. 

 

9.2. Suggestions for future research 

 

 The most immediate future work is the fabrication of the structures that were 

proposed in chapter 8. The material advantages of 3C-SiC layer should be tested through the 

application of piezoelectric energy harvesters at high temperatures. The chemically-inert 

advantage of the 3C-SiC layer should be tested with the application of bio sensor for 

pathogens detection.  

Aluminium nitride has been explored as a key material to make RF MEMS switches 

and resonators due to its high acoustic velocity. The micro- and nano-resonators based on 
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Mo/AlN/SiC composite structure should be designed and fabricated. Those resonators will 

have potentially high resonance frequency because of the relatively high Young’s modulus of 

the 3C-SiC layer. The SAW and BAW chemical sensors are another prospective area, where 

the advantages of the material properties of SiC and AlN can be explored. 

Piezoelectric-based pressure sensor could also be developed based on a proposed 

Mo/AlN/SiC composite structure. A proposed sensor will have the advantages of small 

dimension, excellent durability, high sensitivity and capability of working in harsh 

environmental conditions.  

 


