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Abstract 

The rapid evolution in communication systems, satellite technology, navigation, data 

processing systems, and personal computers with the demand for higher speeds and larger 

bandwidths necessitates the synthesis of novel functional materials for the fabrication of 

devices with excellent performance and high quality at reduced manufacturing costs. The 

development of 5G technologies, targeted at increasing data rate on a wireless communication 

network by a factor of 100, will impose on the radio frequency (RF) electronics some 

specifications such as large band width, high gain, temperature-independent performance, and 

small size. Monopoles, dipoles, and patch antennas provide solutions to various front-end 

antennas for millimeter-wave applications. These antennas can easily be integrated on a chip, 

characterized by small size, low cost, and low weight. However, lensing structures or 

integration of suitable dielectric superstrates are adopted for advanced design solutions; these 

antennas mainly suffer from narrow impedance band width and reduced radiation frequency 

by the effect of lossy silicon substrate materials. In millimeter-wave applications, especially 

dielectric resonator antennas (DRAs) are promising candidates to replace traditional radiating 

elements at high frequencies. This replacement is because the DRAs do not suffer conduction 

losses and are characterized by high radiation efficiency when appropriately excited.   

The present thesis focused on developing pure and composite AlN ceramics for RF-

window applications.  RF window is an essential component of microwave tubes' output 

section like klystron, magnetron, and gyrotron. This RF window is a barrier between the 

vacuum side of the gyrotron and the transmission line output. Thus, the RF window should 

withstand hard conditions such as high power thermal and mechanical stresses, be leak-tight 

(~10-10 Torr), and have low RF transmission losses. In high-power RF windows, basic 

problems are selecting window material, managing thermal and mechanical stresses, power 
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handling capability, window flashing/ arcing, and physical damage. The desired properties for 

an ideal window are minimum return loss, minimum insertion loss, high power handling 

capability, and wide band width. Thus, the material for the RF window needs to be chosen 

carefully with high thermal conductivity, low dissipation factor, low thermal expansion 

coefficient, suitable mechanical strength, and perfect design for better transmission with 

minimization of power absorption and reflections. The commercial development of light-

emitting diodes and semiconductor lasers is attracting more interest in the materials of wider 

band gap semiconductor III-V mononitrides. Optoelectronic devices contain specifical 

bandgaps of energies from the visible to UV region, which are theoretically possible by 

materials such as AlN, BN, GaN, and InN. These materials' wide band gap and strong atomic 

bonding make them suitable candidates for high-temperature and high-power devices. 

The pure and composite AlN ceramics are prepared using a solid-state reaction method 

by adopting a powder bed in conventional sintering at 1700 ℃. The structural properties are 

studied from XRD and Raman spectra. All pure and composite AlN ceramics exhibited pure 

wurtzite AlN phase without any secondary phase as oxides or alumina. The vibrational modes 

of all sintered pure and composite AlN ceramics confirm the wurtzite structure. Temperature-

dependent dielectric properties are also measured. Sintered AlN ceramics exhibited good 

microwave dielectric properties as 𝜀𝑟  = 8.83 and tan 𝛿  = 2.69 x 10-4 are suitable for RF-

window applications.  

AlN-ZnO composite ceramics are studied by optimizing the amount of additive and its 

effect on structural and dielectric properties. The microwave dielectric properties of AlN-ZnO 

composite ceramics are as 𝜀𝑟  = 7.20 and tan 𝛿 = 4.90 x 10−3 for the best composite AlN-

15ZnO ceramic. AlN-Er2O3 composite ceramics are prepared using a powder bed with pure 

wurtzite AlN phase in the conventional sintering method in nitrogen's presence. The AlN-Er2O3 
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composite ceramics exhibited microwave dielectric properties as 𝜀𝑟 = 7.81 and tan 𝛿 = 5x10-

4. The dielectric window is designed in CST by using experimentally derived dielectric 

properties. The theoretical value of the window's insertion and return loss is better than 61.25 

dB and 0.009 dB, respectively, at 3.7 GHz.  

AlN-BN composite ceramics shows pure nitride phase sintered in conventional 

sintering at 1700 ℃, using powder bed. The Cole-Cole plots of impedance spectra of all AlN-

BN composite ceramics show non-Debye type relaxations and are fitted with RCRCRC 

circuits corresponding to three parallelly with R and C circuits connected in series belonging 

to grain, grain boundary, and electrode. The best microwave dielectric properties at 12 GHz, 

(𝜀𝑟 = 7.38 and tan𝛿 = 2.60 × 10-3) is achieved for AlN-15BN composite ceramics with pure 

nitride phase without any alumina or intermediate phases are appropriate for electronic 

applications. 

The comparison study on sintering methods of AlN ceramics is discussed, and the effect 

of the sintering technique on structural, dielectric properties and hardness of the pure and 

composite AlN ceramics are investigated systematically.  The composite ACZ2Y (AlN + Wt% 

CaZrO3 + 2 Y2O3) composite ceramics sintered in microwave sintering method, shows best 

microwave dielectric properties (𝜀𝑟  =  9.02 and tan 𝛿 = 7.34 x 10−4 ) at 12 GHz resonant 

frequency, with maximum hardness (1079.51 HV30) are appropriately suited for RF window 

and electronic applications.
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Chapter 1  

Introduction to Microwave Ceramics 

1.1 Introduction  

Microwave dielectric materials are occupying an essential role in the present world due to 

dielectric resonators improved performance at microwave frequencies in different areas in 

terrestrial and satellite communications, Internet of things (IoT), radio technology, global 

positioning systems (GPS) for environmental monitoring via satellite, cellular phones, direct 

broadcasting satellite (DBS). These materials are mainly used as resonators, substrates, coaxial 

resonators, and ceramic filters in microwave integrated circuits (MIC). Nowadays, all business, 

education, medical treatment, medicine preparation, and research depend on the internet. In the 

future, the IoT posed to make rapid growth. In this paradigm, most everyday objects will be 

networked through sensor network technologies, radio frequency identification (RFID), and 

printed electronics. The research on low-loss dielectric materials is increasing daily due to rapid 

progress in microwave telecommunications, intelligent transport systems (ITS), IoT, and 

satellite broadcasting. The constant demand for miniaturization leads to the research, 

discovery, and development of smaller/lighter dielectric materials that outperform existing 

materials. 

A dielectric resonator is an electromagnetic component that provides resonance for a 

narrow range of frequencies. The requirements of a ceramic puck for a dielectric resonator are 

high relative permittivity, high-quality factor, low loss tangent, and near-zero temperature 

coefficients at the resonance frequency.  Low permittivity ceramics are used as a substrate in 

microwave integrated circuits and microwave communication systems. Low permittivity 

ceramics must be stable at various temperatures. The Ceramics should contain a high Q (quality 

factor)-value, with low permittivity for substrate and MIC applications to transmit high-speed 
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signal with minimum attenuation. Suppose the relative permittivity is decreasing, then the 

signal transmission speed increases. A high Q-value minimizes the insertion loss of the circuit, 

suppresses the electrical noise in oscillator devices, and helps in high-speed signal 

transmission. Medium permittivity ceramics in the 25-50 are applied in satellite 

communications and mobile phone base stations. Higher permittivity ceramics are used in 

mobile phone handsets where miniaturization plays a key role. 

1.2 History and applications of dielectric materials 

The materials that are poor conductors of electric current, that exhibit the property of 

polarization and modify the vacuum's dielectric function, are called dielectrics. In 1745, 

Cunaeus and Mussachenbroek constructed the first capacitor called the Leyden jar. The first 

numerical measurements were published on dielectric material by Faraday called dielectrics.  

It was found that the material placed between the conducting material alters the capacity of the 

condenser. This experiment leads to further empirical studies on dielectric materials to 

maximize the amount of charge the capacitor stores.  

Mossotti and Clausius did a systematic investigation of the dielectric properties of 

materials. A macroscopic characteristic of the insulator introduced by Faraday correlated with 

the specific inductive capacity by Mossotti and Clausius is known as dielectric permittivity 

with the material's microscopic structure. Clausius and Mossotti derived a relation between the 

real part of dielectric permittivity and the polarizability in the dielectric by considering that the 

dielectrics are composed of conducting spheres in a non-conducting medium. At the beginning 

of the 20th century, Debye extends the Clausius-Mossotti theory by considering the molecule's 

permanent moments, which allows for calculating molecular dipole moment from measuring 

dielectric permittivity. Later, Onsager and Kirkwood extended Debye's theory and agreed with 

the experimental results of most polar liquids.  
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Debye's theory is in excellent agreement with the dielectric experimental results of polar 

liquids while deviating considerably from the experimental results of solids. Several 

modifications and extensions to Debye’s theory have been proposed to correct this deviation. 

The proposal by Cole, Davidson, and William interprets non-Debye relaxation of the material 

as the first approach. Jonscher made the second approach that proposes that molecular-level 

relaxation behavior is intrinsically non-Debye-like relaxation due to the cooperative molecular 

motions.  

1.3 Physics of dielectrics 

Revolution comes in the digital world through the recent advances in ceramic science 

and technology—new inventions day by day, attracting interest in research and development 

in the field of dielectrics. The most famous application of dielectric material is observed in 

capacitors (conducting plates are separated by the insulating material (dielectric material)). A 

brief introduction to dielectrics and their applications are addressed in the following sections.  

1.3.1 Dielectrics 

Dielectrics are insulators or poor in conducting electricity but are efficient supporters of 

an electrostatic field. Dielectrics do not have free charge carriers and are tightly bound to the 

nucleus/atoms. If dielectric materials are placed in an external electric field, the electric charge 

carriers do not flow through it (unlike conductors). However, the charge carriers in dielectric 

material placed in an electric field will shift away from their average equilibrium position in 

the sample, causing polarization results in a net dipole moment. In dielectric material, the net 

dipole moment (𝜇⃗) per unit volume (𝑉) of material is known as polarization (𝑃⃗⃗ = ∑ (
𝜇⃗⃗⃗

𝑉
)). 

The amount of polarization is a dimensionless quantity called a dielectric constant. Dielectrics 

are classified into two types: active dielectrics and passive dielectrics. If the dielectric material 
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is placed in an active external electric field and then dielectric material allows the electric flow 

and stores electrical energy, it is termed active dielectric material examples are ferroelectric, 

piezoelectric and pyroelectric materials. These active dielectrics are useful for energy storage 

applications. If the dielectric material restricts the flow of charge through it, it is termed passive 

dielectric material. Dielectric materials are further classified into three types depending on the 

state of the material, such as solids, liquids, and gases. Examples of solid dielectrics are paper, 

mica, ceramic, glass, etc. Liquid dielectrics are distilled water, an oil used in transformers, etc. 

Gas dielectrics are metal oxides, nitrogen, helium, etc. According to the type of molecules in 

the dielectric material, dielectrics are further classified into polar and non-polar. If the dielectric 

material contains polar molecules, then when we place it in an external electric field in such a 

case, the charge molecules assemble in a direction similar to the electric field due to the non-

center of symmetry. The possibility of coinciding with the positive and negative types of 

molecules is zero. Thus, they exhibit permanent dipoles. In non-polar molecules, both positive 

and negative charges coincide due to the center of symmetry, and there is no condition of a 

permanent dipole moment among all. Dry air is treated as an excellent dielectric material used 

in transmission lines and variable types of capacitors. 

1.3.2 Basic aspect of RF-window 

RF-window is a critical component used at the output section of the device for extracting 

RF power from a vacuum to the high-pressurized atmospheric environment in the gyrotron. 

Thus, careful design is needed for this component RF-window, which is essential to the 

successful operation of the device. In designing an RF window, consider the window as 

minimum power reflection and maximum power handling capability and optimize the window 

disc dimensions. In the RF window, the RF loss directly depends on the dielectric properties 

of the materials used for the RF window. Incontestably, in a wide range of temperatures, the 
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dielectric properties of the material should be stable so that the window performance remains 

stable during heating. RF-window should be fabricated with a low dissipation factor for low 

absorption and suitable for ultra-high vacuum applications. There is a high-power limit for all 

RF windows due to the absorbed RF power by the window resulting in heating the window. 

Even though the absorbed energy by the RF window is relatively small, the fraction of energy 

is 0.1% for typical materials of interest. Even this relatively small fraction of absorbed energy 

leading to significant heating of the RF-window causes thermal stress produced in the RF-

window. The absorbed energy initiates the thermal energy in the RF window. In steady-state 

operation, this thermal energy is removed by thermal conduction and forced convection. The 

temperature gradients formed in the RF window necessarily drive thermal energy out of the 

window, which is essential since it ultimately leads to the failure of the window when power 

is high. The thickness of the RF-window (d) is chosen such that the RF power reflection should 

be minimal, and it may be estimated from the following relations; 

𝑑 =
𝑁𝑖𝜆𝑖

2(𝜀𝑟)
1

2⁄
      (1.1) 

where suffix i signifies various integers, N is constant, λ is the wavelength, 𝜀𝑟 is the dielectric 

permittivity of the window material, respectively. For 𝑖 = 0, the thickness of the window is as 

follows; 

𝑑 =
𝑁0𝜆0

2(𝜀𝑟)
1

2⁄
      (1.2) 

where, 𝜆0  is free space wavelength. The Brewster window is the possible solution for a 

broadband window. This Brewster window is used in multi-frequency Gyrotron. The main 

problem in the design of the Brewster window is the window reflections. In the Brewster 

window, the transmission band is large, and the window is tilted at a specific angle (𝜃𝐵 =
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𝜃𝐵𝑟𝑒𝑤𝑠𝑡𝑒𝑟). The angle between a normal to the Brewster window and the propagation axis of 

RF is as follows; 

𝜃𝐵 = 𝑎𝑟𝑐 tan(𝜀𝑟)
1

2⁄       (1.3) 

In the case of TEmn mode, the value of the thickness of the window (d′) for low power 

window can be obtained from the following relation; 

𝑑′ =
𝑁𝜋

[(2𝜋𝑓(
𝜀𝑟
𝑐

)
1

2⁄
)

2

−(
𝑥𝑚𝑛

′

𝑅𝑤𝑖𝑛
)

2

]

1
2⁄
      (1.4) 

where 𝑓 is the frequency, 𝑐 is the velocity of light, 𝑥𝑚𝑛
′  the nth root of the derivative of mth 

order first kind Bessel function, and 𝑅𝑤𝑖𝑛 is the window radius. The two empirical parameters, 

namely failure resistance (𝑅′), and power transmission capacity (𝑃𝑇) for edge-cooled windows 

are obtained from the following relations; 

𝑅′𝑌𝛼 = 𝜅𝜎𝒃(1 − 𝜈)      (1.5) 

where 𝑌  is Young's modulus, 𝛼  is the thermal expansion coefficient, 𝜅  is the thermal 

conductivity, 𝜎𝒃 is the bending strength, and 𝜈 is the poison number.  

𝑃𝑇 tan 𝛿 =
𝑅′𝜌𝑐𝑝

(1+𝜀𝑟)
      (1.6) 

𝜌 is density, and 𝑐𝑝 is the specific heat of the material, respectively. 

1.3.3 Material requirements for RF-window 

RF windows transmit microwave power by placing it as a penetrable barrier between 

the vacuum and transmission line and separating the ultra-high vacuum environment inside the 

tube against the air. RF windows are the most valuable and critical components in microwave 

tubes. RF-window separates vacuum and high pressurized environment; hence, the material 
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used for RF-window should exhibit the following properties: low dielectric permittivity, low 

dissipation factor, high thermal conductivity, high mechanical strength, low thermal expansion 

coefficient, and excellent capability of metallization. The important dielectric properties of the 

RF-window as a low dissipation factor help to avoid a high amount of power dissipation in the 

window, a low secondary electron emission coefficient of RF-window is to suppress the 

multipacting, low dielectric permittivity is to make matching the RF-window easier. Also, the 

RF window's high dielectric strength helps withstand breakdown. High thermal conductivity 

of RF-window utilized to conduct/away the dissipated heat. RF-window should contain high 

mechanical strength to withstand structural loads and suppress the fracture. The materials used 

for the RF window are listed in Table 1.1 with their properties. The other important property 

of the RF window is the good metallization capability to maintain the vacuum seal between the 

ceramic window and metal flange. Metallization of the ceramic window will be formed by 

using metal alloy and brazing it with ceramic window.  

1.3.4 Current status of materials developed for RF-window applications 

The most commonly used material for most of the RF-window is high-purity 

polycrystalline alumina (Al2O3) ceramic, with other materials including AlN (aluminium 

nitride), BeO (beryllium oxide), BN (boron nitride), and sapphire. However, due to its toxicity, 

BeO is limited to being used as an RF window for environmental safety. Alumina as an RF 

window for high-power klystrons was studied and compared at KEK (Kō Enerugī Kasokuki 

Kenkyū Kikō) national laboratory [22]. The HA997 (99.7% alumina) and UHA99 (99% 

alumina) performed best in high-power tests. To reduce RF losses, 99.7% of alumina has very 

special sintering additives, and 99% of alumina has tiny size grains with good density. 99.9% 

alumina (XKP999) shows degraded RF performance due to high porosity since the lack of 

additives. The sapphire window can transmit one-fourth of RF power through 99.7% and 99% 

alumina. Sapphire window has a low dissipation factor even though it shows a significant 
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luminescence due to the large amount of F centres caused by a high secondary electron 

emission coefficient.  AlN has better dielectric and thermal properties than all other samples 

appropriate for RF-window applications. 

1.3.5 Well-known materials for RF-window 

Table 1. 1: The list of materials used for RF windows with their specifications. 

S. 

No. 

Material Dielectric 

permittivity 

at 10 GHz 

Dissipation 

factor at 10 

GHz (10-4) 

Dielectric 

strength 

(kV/cm) 

Thermal 

conductivity 

(W/mK) 

Reference 

1 Al2O3 12 8-10 4000 40 [1] 

2 AlN 9 5-9 150 170-300 [2–4] 

3 BeO 6.6 1 100-140 250-370 [5–7] 

4 BN 5 4.6-5 67 140-300 [8,9] 

5 GaAs 12.85 6 350 30 [10] 

6 GaN 10.4 - 4000 66-225 [11] 

7 Glass 4-7 1 350 0.8-1.2 [12–14] 

8 Ferrite/ 

Garnet 

13-16 1-2 120 3 [15] 

9 InP 12.4 10 350 40 [16] 

10 Quartz 308 1 200-400 2 [17,18] 

11 Saphire 11.6 0.4-0.7 4000 23-25 [19] 

12 SiC 10.8 20 2500 120-200 [20] 

13 TiO2 90/170 2-50 40-80 10.4 [21] 

1.3.6 Future requirements of the RF-window 

For RF-window applications, the material should have high thermal conductivity, low 

dielectric constant, low dissipation factor, low thermal expansion coefficient, and low cost [23]. 

Since all these requirements are filled by AlN ceramics, AlN ceramic window fabrication has 

TH-3335_186153104



Chapter 1: Introduction to dielectric materials 

 
9 

 

some challenges to fabricating at a low price. AlN has high stability, high mechanical strength, 

and a high rate of radiation resistance to several types of influences externally; hence, it will 

be applicable for fusion reactor [24] RF windows [25] applications [26, 27]. AlN has high 

thermal conductivity and a low thermal expansion coefficient; therefore, it is a heat sink in 

nuclear reactor applications and electronic packages [28]. 

AlN is difficult to sinter at low temperatures due to the covalent bond present and to 

maintain a pure phase with good density. While sintering AlN ceramics, oxidation is possible 

since oxidation will quickly occur at high temperatures. AlN exists in several crystal structures. 

AlN's highly stable crystal structure is a hexagonal wurtzite-type lattice (w-AlN) [29, 30]. 

Other structures are cubic zinc blende (zb-AlN) [31–34] and rock salt type AlN structure (rs-

AlN) [35]. AlN ceramics should be prepared in a cost-effective method with pure phase for RF 

windows with the improvement of dielectric and structural properties of AlN at a wide range 

of temperatures for RF-window stability [36]. 

1.4 Physics of dielectric resonator materials 

The dielectric material (AlN) used for RF window acts as a dielectric resonator (DR) in 

presence of electromagnetic field. Dielectric resonators are widely used in modern microwave 

communication systems due to their compactness, superior temperature stability, and Q-factor 

performance. A dielectric resonator is a component of electromagnetic that functions as a 

resonator by reflections at the high dielectric (𝜀𝑟) – air interface. The dielectric object with free 

space boundaries can resonate in different modes. Thus, the resonant modes are classified as 

follows; 

i Transverse Electric Modes (TE) 

ii Transverse Magnetic modes (TM) 
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iii Hybrid Electromagnetic Modes (HEM) 

The constituent resonant modes in the dielectric resonator can be classified with 

azimuthal variation, such as cos(𝑚𝜑)  or sin(𝑚𝜑) , where 𝑚 = 0, 1, 2, 3, 𝑒𝑡𝑐.  For axial 

symmetric modes (i.e., 𝑚 = 0), the set of modes can be divided into TEmnp and TMmnp. In these 

modes, the first subscript 𝑚 denotes the azimuthal dependence of resonant modes in 𝜑. The 

second subscript refers to the radial mode, and the third subscript (p) refers to the axial mode. 

The subscript p is replaced by ℓ + 𝛿, where ℓ = 0, 1, 2, 3, 𝑒𝑡𝑐, and 0 < 𝛿 < ℓ due to the effect 

of the evanescent field in a DR, which refers that variations in the DR along the axial direction 

such as a fraction of a period of field variations and ℓ number of half period variations [37]. 

HEM11δ is the lowest hybrid mode. The resonant frequency of the HEM11δ mode can be 

lower than that of TE01δ mode. Its proximity to TE01δ mode, governed by the aspect ratio of DR 

and the proximity of perturbing metallic surfaces to the DR. low Q (quality factor) value is not 

preferred by the proximity of HEM11δ mode to TE01δ mode. In between TE01δ and TM01δ modes, 

there will be HEM21δ mode; this also has a lower resonant frequency. Thus, HEM21δ mode can 

cause difficulties while operating in either of these modes. A different arrangement is required 

while coupling TM modes than TE modes; HEM modes contain both components and can be 

coupled to both TE and TM coupling arrangements. HEM modes use TE and TM modes, cause 

difficulties by their inherent Q values, and are highly radiative (i.e., leaky). The HEM modes' 

complexity increases with the higher integer values of m and n takes. TE01δ mode is separated 

from all neighbouring modes by the aspect ratio (ratio D/L; D is DR's diameter; L is DR's 

height) of 2.5. This TE01δ mode is the most commonly used in dielectric resonators [38].  

Communication through mobile phones from one place to another is by antennas placed 

on masts and base stations associated with them. The average base station coverage is a 

diameter of 35 and 18 km at 900 and 1800 MHz, respectively, within a cellular network. 
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Microwave resonators carry specific frequency signals and remove (filter) side bands and 

spurious signals that interfere with transmitted/received frequency band quality in each base 

station. In narrow bandwidth applications, the selectivity of a particular frequency is necessary; 

low loss, temperature stable ceramics are used in preference cheaper metal cavities. In single-

mode resonator applications, cylindrical ceramics are used based on the original concepts of 

the Richtmyer. In the ceramic, the interaction of electric and magnetic fields of electromagnetic 

radiation (EM) is shown in Figure 1.1.  

 

Figure 1. 1: The electric and magnetic fields formed in a dielectric resonator 

The ceramic is used as a filter or a transmitting resonator; hence, such ceramic has to be 

designed to sustain standing waves within its body of a specific resonant frequency. The prime 

motive of the research and development section in designing dielectric resonators are their 

dimensions, maintaining dielectric properties, and precise phase assemblage during processing 

that affects the resonant frequency and temperature stability. The ceramic is made in different 

geometries according to the applications, such as single-mode resonators and multi-mode 
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resonators. Ceramics for different modes, such as TE / TM / HE, are shown in Figure 1.2 [38]. 

Multi-mode resonators are used to induce several resonant microwave modes within their body 

at any one time, made in unusual geometries. 

 

Figure 1. 2: The various geometries of dielectric resonators used for different modes in 

resonators and filters.  

The ceramic sintered for dielectric resonator/ filter applications needs to optimize or 

check the three parameters, mainly such as dielectric permittivity, temperature coefficient of 

resonant frequency, and dissipation factor rather than its inverse (quality factor). 

1.4.1 Polarization mechanisms in dielectrics 

Electrically charged units are aligned in an order under the influence of an external 

electric field in space. A dielectric material is an electrical insulator that can be polarized in 

each separate polarizing unit (atom, ion, or molecule); thus, it forms an electric moment in DR. 

Electric charges in a dielectric do not move as in a conductor by applying an external electric 

field, but slightly shifting from their average equilibrium position causes dielectric polarization. 

The positive charge in the dielectric shifts towards the direction of the external electric field, 

and the negative charge displaces in the opposite direction, as shown in Figure 1.3. Thus, the 

displacement of charges causes polarization, which creates an internal electric field in a 

dielectric material, reducing the overall electric field within the dielectric itself. Suppose a 
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weakly bonded molecule presents in the dielectric material, then those molecules become 

polarized and reorient themselves such that their symmetry axis aligns in the direction of the 

external electric field. The term dielectric refers to the material's energy-storing capacity by 

means of polarization. In a capacitor, the dielectric material is placed between the capacitor's 

metal plates—the capacitor surface charge increases by the polarization produced in dielectric 

material due to the applied electric field. A dielectric sample acquires a nonzero macroscopic 

dipole moment in an external electric field, indicating that the dielectric sample is polarized 

under the external electric field. The polarization (P) or dipole density of the dielectric material 

is defined as follows; 

𝑃 =
〈𝑀〉

𝑉⁄       (1.7) 

where 〈𝑀〉 is the macroscopic dipole moment of the whole dielectric material having the 

volume 𝑉 , that have permanent micro dipoles (coupled pair of opposite charges) and not 

coupled pair of micro charges within the dielectric sample. 〈𝑀〉 The brackets refer to the 

ensemble average. The macroscopic polarization is directly proportional to the applied external 

field strength E in the linear approximation as follows; 

𝑃 ∝ 𝐸𝑘       (1.8) 

𝑃 = 𝜀0𝜒𝑖𝑘𝐸𝑘      (1.9) 

where 𝜒𝑖𝑘  is the susceptibility tensor of the dielectric material, and 𝜀0 = 8.85 ×  10−12 the 

permittivity of free space. χ is dielectric susceptibility and is a scalar; if the dielectric is 

isotropic and uniform, then the polarization is as follows;  

𝑃 = 𝜀0𝜒𝐸      (1.10) 
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The electric field is the result of the electric displacement vector D according to the 

macroscopic maxwell approach then the polarization is as follows; 

 

Figure 1. 3: Polarization inside the dielectric material under the influence of an electric 

field 

𝑃 = 𝐷 − 𝜀0𝐸      (1.11) 

For isotropic dielectric medium, the vector D, E, and P is independent of coordinate, therefore;  

𝐷 = 𝜀0(1 + 𝜒)𝐸 = 𝜀0𝜀𝑟𝐸      (1.12) 

𝜀𝑟 = 1 + 𝜒      (1.13) 

where, 𝜀𝑟 is the relative dielectric permittivity. Generally, it is independent of field strength in 

the linear region and is called a dielectric constant. However, it will depend upon sample 

temperature, density, chemical composition, and the frequency of the applied electric field for 

the time variable field. In the presence of an external electric field, the dipole density is created 

in the dielectric sample due to polarization. The different types of polarization are as follows; 

Electronic polarization: In dielectric material, the nuclei and electrons in the atom are displaced 
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under the influence of an external electric field known as electronic polarization. The schematic 

diagram of the displacement of nuclei is shown in Figure 1.4(a).  

 

Figure 1. 4: Schematic diagram of (a) electronic polarization, (b) ionic polarization, (c) 

dipolar polarization, and (d) space charge polarization. 

In the dielectric material, there is a displacement of atoms or a group of atoms in the 

molecule under the influence of electric field called atomic polarization. The separation of the 

positive and negative ion air molecules held together by ionic bonds results from ionic 

polarization. In such a molecule, the negative ion displaces in the opposite direction of the 

applied electric field. Their interionic separation increases up to the bounding force to step the 

process causes, increasing the dipole moment under the influence of the external electric field 

and schematic diagram shown in Figure 1.4(b). Ionic polarization is determined due to the 

nature of the interface, where ions can accumulate and demonstrate weak temperature 

dependence.  

The randomly distributed dipole moments in the polar molecule orient themselves with 

the applied electric field. The phenomenon of the orientation of dipole moment in the field 

direction is called orientation or dipolar polarization and is shown in Figure 1.4(c). The 
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permanent dipole moments tend to be directed by an external field. The rotation depends on 

the counteraction of the thermal motion of the molecule. Thus, the orientation polarization is 

temperature and frequency-dependent. The dipoles take a long time to align along the direction 

of the applied field.  

The space charge polarization occurs due to the accumulation of charge at the interface 

of multi-phase material or the interface of the electrode; the ion diffuses over an appreciable 

distance due to the application of an external electric field, resulting in the redistribution of 

charge in the dielectric material shown in Figure 1.4(d). This space charge polarization is also 

known as interfacial polarization. 

The dielectric permittivity and dissipation factor are dependent on the frequency. 

Dielectric permittivity for the polar molecule is due to the contribution of multi-component 

polarization such as electronic (Pe), ionic (Pi), dipolar or orientation (Pd), and space charge 

polarization (Ps) [39]. The displacement of electrons relative to the positive nucleus under the 

influence of an electric field leads to electronic polarization. This polarization forms at 

frequencies up to 1017 Hz. Ionic polarization arises due to the displacement of positive and 

negative ions with respect to each other. The maximum frequency of ionic polarization is 

approximately 1014 Hz. Ions are heavier than electrons; hence, ionic polarization cannot occur 

rapidly. Dipolar polarization occurs up to 1011 Hz. Finally, the space charge polarization occurs 

between 1 to 104 Hz [40]. Thus, the total polarization (P) in dielectric material can be 

represented as follows; 

𝑃 = (𝑃𝑒) + (𝑃𝑖) + (𝑃𝑑) + (𝑃𝑠)      (1.14) 

Deformation polarization is the sum of electronic and atomic polarization, and the contribution 

of space charge polarization is less.  
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1.4.2 Dielectric losses 

The dielectric material can store energy when the external electric field is applied. In a 

parallel plate capacitor, DC voltage is applied. More energy is stored in a dielectric material 

placed between the parallel plates (electrodes) than in a vacuum, or no material is placed 

between the plates (electrodes). The storage capacity of the capacitor increases due to dielectric 

material by neutralizing charges at the electrodes that generally contribute to the external 

electric field. The capacitance of dielectric material related to the dielectric permittivity of the 

dielectric material is as follows; 

𝐶0 = 𝜀0
𝐴

𝑡
      (1.15) 

𝐶 = 𝑘𝐶0 = 𝜀𝑟𝜀0
𝐴

𝑡
      (1.16) 

where 𝐶 and 𝐶0 are the capacitance with and without dielectric material, 𝜀0 is the permittivity 

of the free space, 𝐴 is the area of the plate or electrode, 𝑡 is the thickness of the dielectric 

material, k is the proportionality constant, and 𝜀𝑟  is the relative permittivity of dielectric 

material accordingly. The DC voltage-connected circuit is shown in Figure 1.5(a).  

 

Figure 1. 5: (a) DC and (b) AC voltage source connected to a parallel plate capacitor 
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If the AC voltage source is connected to the same capacitor as shown in Figure 1.5(b)., the 

resultant current in the circuit will be made up of charging current (𝐼𝑐) and lossy current (𝐼𝑙) as 

follows; 

𝐼 = 𝐼𝑐 + 𝐼𝑙 = 𝑉(𝐽𝜔𝐶0 + 𝐺)      (1.17) 

𝐺 = 𝜔𝐶0𝜀𝑟
″      (1.18) 

𝐼 = 𝑉𝐽𝜔𝐶0(𝜀𝑟
′ − 𝑗𝜀𝑟

″) = 𝑉𝐽𝜔𝐶0𝜀𝑟      (1.19) 

where G is the conductance, 𝜀𝑟
′  the real part of dielectric permittivity, 𝜀𝑟

″ The imaginary part of 

dielectric permittivity, 𝜔 = 2𝜋𝑓  angular frequency, J is current density and 𝑗  complex 

number. The dissipation factor or dielectric loss measures how dissipative or lossy the 

dielectric material is to the applied external electric field. The dissipation factor is the ratio of 

the imaginary part to the real part of the dielectric permittivity of the sample and is also defined 

as the inverse of the quality factor (𝑄) as follows; 

tan 𝛿 =
𝜀𝑟

″

𝜀𝑟
′ =

1

𝑄
      (1.20) 

1.5 Electronic applications of low dielectric permittivity and dissipation 

factor dielectric materials 

New applications of low-loss microwave ceramics are constantly emerging, such as 

LTCC (low-temperature co-fired ceramics) for embedded microwave circuitry applications, 

tunable filters, global positioning systems, and applications in advanced radar technology [38]. 

Some of the AlN applications are shown in Figure 1.6. AlN has unique properties such as high 

thermal conductivity, low dissipation factor, non-toxic nature, excellent electrical insulation 

properties, and low thermal expansion coefficient matching silicon, making it an essential 

material for the electronic industry. Due to its unique properties, AlN is used for LED / Laser 
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applications in high-power circuits, ultra-low temperature electronics, power management 

applications, and microelectronics. The best-performing circuit solutions today for high-

current and high-temperature electronics are AlN PCB (printed circuit boards) due to their 

excellent thermal conductivity and dielectric properties with low thermal expansion 

coefficient. AlN is used in ultra-low temperature vacuum chamber electronics (for example, 

quantum computing). AlN exhibits high-temperature stability, high acoustic velocity, and a 

large electromechanical coupling factor. Hence, it can be used as dielectric resonators [41–44], 

filters [45–47], sensors (ammonia, hydrogen, and humidity sensors), and actuators [48–52]. 

AlN has other unique qualities compared with other ceramics, such as rigidity, 

resistance against environments, and 0% water absorption. In the semiconductor industry, AlN 

is widely used due to its non-toxic nature and does not produce dangerous vapors when ground 

and machined. AlN is a semiconductor circuit carrier (substrate) and heat sink in LED light 

technologies or high-power electronics. AlN is widely used in electronic packages in the place 

of light-emitting diodes and electronic substrates, photodetectors, high power, and high voltage 

units [53–55]. AlN is resistant to molten aluminium, gallium, iron, nickel, molybdenum, 

silicon, and boron. AlN can be brazed, metalized, and plated easily and is also an excellent 

electrical insulator; hence, this AlN is used as a heat sink in many electronic devices. Dielectric 

materials are mainly used in the microelectronic industry for many essential functions. 

Substrate requirements in new packaging technology are low dielectric permittivity, high 

conductivity metals to make interconnections, high wiring density, and embedded passive 

circuit elements. Thin films, low-temperature co-fired ceramics (LTCC), printed writing 

boards, and thinner are required to use fine line signal conductors. The need is increasing for 

the measurements of dielectric properties of thin material due to increasing demand daily for 

the miniaturization of electrical components [56]. Ceramic substrates are used in printed 

writing boards (PWB), central processing units, and thin films. Low dissipation factor, high 
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thermal conductivity, high interfacial adhesion to metal surfaces or other films, and low thermal 

expansion coefficient are essential properties of LTCC, PWB, and other substrate materials. 

 

Figure 1. 6: Applications of aluminium nitride (AlN) in different fields. 

A low dissipation factor helps decrease heating and signal attenuation in the circuit, 

high thermal conductivity rapidly dissipates heat, and the material's thermal conductivity 

promotes the circuit's durability. The speed of signal propagation is essential in high-frequency 

circuits. The dielectric permittivity and the transmission line structure will affect the signal 

propagation delay. Thus, the dependence of propagation delay on dielectric permittivity 

manifests in the equation for the transverse electromagnetic (TEM) propagation modes in a 

lossless line as follows; 

𝑡𝑑 =
𝑙(𝜀𝑟𝜇𝑟)

1
2⁄

𝑐
       (1.21) 

where, 𝑡𝑑  is the propagation delay time, 𝑐 is the speed of light in vacuum, 𝑙 is the line length, 

𝜀𝑟 is the dielectric permittivity, 𝜇𝑟 is permeability. High permittivity (𝜀𝑟 ≈ 8 − 500) materials 
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also have a niche in microelectronic applications at low frequencies to keep the dimensions of 

the circuit small. The following relation can explain this dependence; 

𝜆 =
𝑐

𝑓(𝜀𝑟𝜇𝑟)
1

2⁄
      (1.22) 

where 𝜆 is the TEM mode wavelength in material, 𝑓 is the frequency. Compact antenna arrays 

use high permittivity material substrates to maintain phase shifts between elements. AlN is 

appropriate for electronic applications since AlN has moderate dielectric permittivity to 

transmit signals rapidly, a non-zero temperature coefficient of resonant frequency for 

frequency stability against temperature change, and a high-quality factor in enhancing 

frequency selectivity [57–59].  

The thick film, plated copper, photo-patterned thick film, high-temperature co-fired 

ceramics (HTCC), and LTCC are ceramic substrate designs. Ceramic substrates have an 

advantage over polymer substrates in durability, relatively high thermal conductivity, and low 

thermal expansion coefficient. High permittivity helps to slower propagation speed and larger 

crosstalk in circuits. The propagation speed varies as the square root of permittivity. LTCCs 

are used in circuitry for cable-free interconnections between devices (Bluetooth technology). 

1.6 Brief literature survey 

Technical ceramics: 

➢ AlN ceramics were prepared in conventional sintering method with the composition 

AlN + CaO / BaO / SrO + C after compacted under the pressure of 2 tonn/cm2 being packed 

with AlN powder as a padding material was sintered at 1800 ℃, in N2 atmosphere for 30 min. 

The obtained sintered AlN ceramics have 98.5% relative density and achieved 71.17 W/m-°𝐾 

[60]. 
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➢ Manufacturing of AlN substrate by sintering the compact pulverized mixture of AlN 

with one of the additives BN / at least one oxide of Ca, Cr, Mn, Al, Ti, Zr, Si, and rare earth 

metals at temperatures ranging from 1300 ℃ -1900 ℃ in the presence of N2 atmosphere and 

the chamber pressure 140 mbar-190 mbar with 2 h holding time. These AlN ceramics achieved 

90-98% theoretical density with 184 W/m-°𝐾 [61]. 

➢ AlN ceramics were prepared by combustion reaction method; then ball milled using 

ZrO2 balls with Y2O3 additive using acetone as milling medi, and compacted into cylindrical 

disks; this compacted material sintered from 1600 ℃-2000 ℃ with different soaking times 15, 

30 and 60 min in a microwave furnace. The compact of AlN with an initial size of 0.9 𝜇𝑚 with 

3-5 wt % of Y2O3 sintered at 1800 ℃ shows 99% relative density and thermal conductivity 

122-132 W/m-°𝐾  [62]. 

➢ Starting Sample of AlN (1.5 µm particle size) blended with 2 wt% of PVA pressed at 

30 MPa followed by cold isostatic pressing at 280 MPa into cylindrical compacts. These 

compacted disks were preheated at 110 ℃ for 2 hours in the presence of 1atm. Flowing nitrogen 

atmosphere 50 wt% AlN+ 50 wt% BN powder used as a powder bed to separate the pellets and 

reduce evaporation and degradation of AlN at high temperatures using a BN crucible and a 

small hole made on BN crucible for temperature sensing. The microwave sintering temperature 

range is 1500 ℃ – 1850 ℃. The sample sintered at 1850 ℃ with 0.5 h soaking time achieved a 

density of 3.22 g/cc. This sample exhibits 38% transmittance at 5.8 𝜇𝑚  and thermal 

conductivity 98-104 W/m-°𝐾[63]. 

➢ In previous literature, 70 % of ultrafine aluminum powder of average size 0.1-0.2 µm 

mixed was compression moulded under a pressure of 100 kg/cm2 was heated at 600 ℃-800 ℃ 

and continued up to 1400 ℃ in the presence of nitrogen with 5-15 ℃/min. This process will be 

possible with different additives of ultrafine powders of metal oxides, metal carbides, and metal 
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nitrides—achieved hardness 320 HV. In this process the sintered sample contains AlN and 

Al2O3 are both phases [64]. 

➢ AlN with 0-10 wt% of tungsten (W) milled by using high energy ball milling, and the 

powdered samples were dried in a vacuum furnace for 2 h at 75 ℃ and this dried powder filled 

in a graphite crucible and sintered at 1400 ℃ - 1700 ℃ with 20 min holding time, with 100 

℃/min in spark plasma sintering method, dielectric properties measured in the range from (1 

kHz -1 MHz). Obtained ceramics had a relative density of 84.4%, with dielectric permittivity 

of 10-60 and a dissipation factor of 10-10-4. [65] 

➢ AlN with 0-3 wt% of CaF2 was planetary ball milled for 8 h using ethanol as a grinding 

media, then dried in vacuum, sintered in spark plasma sintering method at 1800 ℃ at a heating 

rate of 100 ℃/min, in a nitrogen atmosphere with 15 min holding time, 30 MPa pressure was 

applied from the beginning of the sintering. Achieved 99.8% with a transmittance of 54.7% 

[66]. 

➢ Additives and AlN initial powders were dispersed in alcohol by sonication and 

mechanical agitation. This slurry was dried in the oven and sintered in spark plasma sintering 

method at 1700 ℃-1850 ℃ with 5 min dwelling time in nitrogen gas of 0.07 MPa; sample 

pressure kept constant 25 MPa while sintering. 

AlN ceramics sintered at 1850 ℃ with 5 min dwelling time reached 95% relative density and 

obtained thermal conductivity 66 W/m-°𝐾.  

AlN – (1.5 wt%) (Sm2O3 – Y2O3) composite sintered at 1750 ℃ for 5 min reached 98.6% 

relative density, shows 113 W/m-°𝐾thermal conductivity. 

AlN + (1.5 wt%) Sm2O3 + 1 wt% Li2O composition sintered at 1750 ℃ for 5 min reached 

98.5% relative density with 93 W/m-°𝐾thermal conductivity.  

AlN + (2 wt%) Sm2O3 composite sintered at 1780 ℃ for 5 min reached 99.4% relative density 

and achieved thermal conductivity 131 W/m-°𝐾.[67] 
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➢ Nitride (AlN, BN) ceramics were fabricated in different methods, i.e., conventional 

sintering, spark plasma sintering (SPS), and microwave sintering. These have their limitations. 

Conventional sintering requires more time, plasma sintering is costly and rare, and microwave 

sintering is risky to operate. Even by sintering in these methods, there are few literatures on the 

pure phase of the resultant product [38, 68–70]. 

➢ Adding additives can enhance the thermal conductivity of nitride ceramics. The thermal 

conductivity of AlN ceramics is enhanced by adding a CaZrO3 additive. The density of the 

product reached theoretical density due to a decrease in porosity and formed microstructure 

with clear boundaries by replacing Al, N vacancies with additive elements [68].  

➢ However, the synthesis of pure AlN is complicated because of its low chemical stability 

[71–74]. Achieving 100% density is challenging due to its covalent bond nature. While 

sintering, oxygen can settle on the grain boundaries and in the AlN lattice. This oxygen scatters 

the primary heat carrier (phonon), decreasing thermal conductivity [75].  

➢ Most of the used additives were rare earth oxides and alkaline earth oxides for AlN 

ceramic's densification. While sintering, these additives form a liquid phase, resulting in the 

ceramics' densification at lower temperatures [76, 77]. The most used rare earth oxide additives 

for fabricating AlN ceramics were Sm2O3 and Y2O3. These additives help to densify AlN by 

forming the liquid phase, but the formation of secondary phases was inevitable. Hence, the 

chemical inertness of AlN would be lost. These additives helped to densify the ceramics but 

could not eliminate the secondary phase [77–79].  

➢ However, AlN with ZnO and Er2O3 additives has not been studied intensively. The 

pressure-less sintering method easily creates a problem of aluminum vacancies in AlN since 

oxygen can easily replace nitrogen to form aluminum vacancies while sintering at high 

temperatures. Oxygen in AlN is in the form of Al2O3 [80, 81]. The oxide additives react with 
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Al2O3-covered AlN particles and help remove Al2O3 by reacting, avoiding Al3+ vacancies, and 

reducing pores by forming a liquid phase [82].  

1.7 Literature gap and motivation of the present work 

➢ Based on the literature survey, it is found that most of the studies are focused on 

densifying AlN ceramics by sintering at high temperatures. Even though very few studies 

achieved pure phase by sintering at high temperatures with special sintering techniques such 

as spark plasma sintering and hot press. To use AlN for practical applications, there is a need 

to fabricate AlN ceramics in a cost-effective method with pure phase and to reduce sintering 

temperature. 

➢ There is no literature on preparing AlN composite ceramics with oxides and nitrides as 

additives obtained pure phase with low sintering temperature. It is necessary to reduce the 

sintering temperature for fabricating AlN ceramics with pure phase to modify the sintering 

method to make it abundant. 

➢ However, the ideal phase pure AlN ceramics with high density, good dielectric 

properties at different temperatures, and structural properties are necessary for RF window 

applications. Since RF windows must be used in different environments to separate high-

pressurized environments from standard atmospheres, studying AlN ceramics' temperature-

dependent properties and mechanical properties is essential. The literature reveals no complete 

study on pure and composite AlN ceramics' temperature-dependent structural and dielectric 

properties. 

➢ No literature exists on the temperature-dependent dielectric permittivity, dissipation 

factor, and impedance analysis of AlN ceramics in the frequency range from 1 kHz to 100 

MHz. These broadband frequency studies with temperature stability and pure phase AlN 

ceramics studies are necessary for electronic and RF window applications. 
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This literature survey reveals that preparing nitride materials (AlN, BN) in bulk mode 

was unsuccessful. There is much scope to reduce the processing temperature and improve their 

properties. The AlN ceramics prepared in different methods lag pure phase, i.e., products with 

some secondary phases as their respective oxides or additive composites. 

It is very challenging to fabricate nitride materials with high purity at low temperatures. Thus, 

this motivated us to study AlN ceramics to prepare with pure phase as follows; 

1.8 Objectives of the thesis: 

The present thesis aims to prepare pure AlN and composite AlN ceramics with oxides 

and nitride additives in a new method. It also aims to reduce sintering temperature, improve 

density, and study the dielectric properties of pure and composite AlN ceramics. This thesis 

focuses on the effect of oxide and nitride additives on AlN ceramics' structural and dielectric 

properties, as shown in the schematic diagram in Figure 1.7. 

❖ The primary objective of the present thesis work is to provide pure-phase AlN ceramics 

with maximum relative density at low sintering temperatures. 

❖ To achieve maximum relative density, good mechanical and microwave dielectric 

properties. 

❖ To suppress the formation of Al2O3 (oxidation reduction) during the high-temperature 

sintering process and to get phase pure AlN ceramics.   

❖ To provide a method to obtain phase pure and densified AlN ceramics, which would be 

environmentally friendly. 

In addition to the above points, the objectives of the thesis are extended as follows; 

 To investigate the modified sintering method to prepare phase pure AlN ceramics. 
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 Study the effect of oxide additives (ZnO and Er2O3) on the structural and dielectric 

properties of AlN ceramics sintered in conventional sintering using a powder bed. 

 To study the effect of nitride additives such as BN on the structural and dielectric 

properties of AlN ceramics. 

 To compare the effect of the sintering method on structural and dielectric properties of 

AlN ceramics. 

 

Figure 1. 7: Schematic diagram of processing of AlN ceramics with its impact on 

applications. 

1.9 Outline of the thesis 

This thesis investigates the process for preparing phase pure AlN ceramics and sintering 

conditions, and appropriate additives to densify AlN ceramics at low sintering temperatures are 

studied. The physical properties such as structural and dielectric properties for pure and 

composite AlN ceramics are explored for the suitability of the material to be used for RF 

windows in microwave devices and electronic applications such as heat dissipators, substrate 

material, PCB (printed circuit board), etc., (low permittivity, low dissipation factor, and 

temperature stability).  This thesis explains the effect of oxide and nitride additives on 

TH-3335_186153104



Chapter 1: Introduction to dielectric materials 

 
28 

 

structural, microstructural, dielectric permittivity, and dissipation factors. Temperature (RT to 

400 ℃) - frequency (1 kHz to 1 MHz) dependent dielectric, microwave dielectric properties, 

and structural properties of pure and composite AlN ceramics are studied systematically. This 

thesis uses conventional and microwave sintering techniques to compare the effect of the 

sintering method on density, structural, and dielectric properties investigated by sintering pure 

and additive AlN ceramics.  

Chapter 1 briefly introduces dielectric materials, RF windows, and related areas. This 

chapter discusses dielectrics' theory and fundamental concepts, various applications, especially 

RF-window and electronic applications. Also, RF-window's essential aspects and requirements 

with the current status of materials developed for RF-window applications. The importance of 

dielectric resonators with polarization mechanisms inside them is discussed. The low-loss 

nitride materials applications in electronic applications, a literature survey of aluminium nitride 

(AlN) ceramics with a literature gap are also discussed, including the research problem. The 

motivation behind the selection of AlN with objectives is presented at the end of chapter 1. 

Chapter 2 describes the various methods used for preparing pure AlN and composite 

AlN ceramics. AlN ceramics have been synthesized using solid-state reaction and microwave 

sintering methods. The conventional and the microwave sintering mechanisms are discussed 

briefly.  It also describes the characterization techniques of nitride ceramics such as XRD (X-

Ray Diffraction), Raman, FESEM (Field Emission Scanning Electron Microscope), dielectric 

measurements (LCR meter, Impedance analyzer), microwave dielectric measurement (VNA), 

and AFM with their basic working principle and arrangement. 

Chapter 3 describes the new method to prepare phase pure AlN ceramics using the 

conventional sintering method. Densifying AlN ceramics requires high sintering temperatures 

>1900 °C in a special environment (presence of nitrogen). Different sintering techniques are 
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used to increase the density of AlN ceramics, such as microwave, spark plasma, and 

conventional sintering techniques. Microwave sintering of AlN ceramics processing at high 

temperatures is a high-risk rate, spark plasma sintering furnace is rarely available and 

extravagant, and conventional sintering is inexpensive but time-intensive. Synthesizing phase 

pure AlN ceramics is challenging because of its oxidizing nature at high sintering temperatures 

during sintering. This study focuses on preparing phase pure AlN ceramics with temperature-

dependent dielectric and structural properties. In this survey, AlN ceramics are synthesized at 

a low temperature of 1700 °C for 30 h by applying the powder bed (70% AlN powder and 30% 

carbon (C) powder) method in the presence of nitrogen. These obtained ceramics exhibited a 

high relative density of ~95% with pure AlN phase belonging to space group P63mc, confirmed 

from XRD refinement. It is conspicuous to note that the formation of Al2O3 is prevented using 

a powder bed, proven by the XRD and Raman spectra. The smaller initial particle sizes of the 

AlN powder lead to improved density at the lower sintering temperatures. The Raman spectra 

of AlN ceramics confirm the wurtzite structure by exhibiting six standard vibrational modes. 

The average grain size obtained for the sintered AlN ceramic is ~1.45 𝜇 m. The Raman 

spectrum of AlN ceramics recorded at various temperatures confirms the structure stability 

with stable wurtzite structure phonon modes. Good microwave dielectric properties as 𝜀𝑟 = 

8.83 and tan 𝛿 = 2.69 x 10-4 achieved by the sintered AlN ceramics. AlN ceramic exhibited the 

best dielectric properties from 1 MHz to 100 MHz at temperatures from -140 °C to 200 °C. 

Thus, the obtained properties of AlN ceramics with pure phase are essential and best suited for 

RF-window and electronic applications. 

Chapter 4 presents a systematic study of the effect of oxide additives on AlN ceramics 

by considering zinc oxide (ZnO) and rare earth oxide Er2O3 as additives—the composite AlN 

ceramics with oxide additives (ZnO) prepared by optimizing the ball milling time and sintering 

temperature. The prepared composite ceramics' structural and dielectric properties are studied 
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systematically.  AlN (pure and composite) ceramics are sintered in the conventional sintering 

method at 1700 ℃ in the presence of nitrogen. AlN-ZnO composite powder is prepared by 

high-energy ball milling. ZnO helps reduce the sintering temperature to 1700 ℃ and densifies 

AlN at lower temperatures by forming the eutectic phase at around 1400 ℃. The ZnO-added 

AlN ceramics revealed that the sintered composite ceramics are of pure wurtzite AlN phase by 

their refined XRD pattern. The powder bed prevents the formation of Al2O3 and enhances 

densification. The frequency and temperature variation dielectric properties of AlN-ZnO 

composite ceramics are studied. The powder bed helps reduce pores, implying a low dissipation 

factor with a good dielectric response. The microwave dielectric properties of AlN-ZnO 

composite ceramics show the best dielectric permittivity (𝜀𝑟 = 7.20) and dissipation factor 

(tan 𝛿 = 4.90 x 10−3) for the best composite AlN-15ZnO ceramic. 

The aluminum nitride (AlN) disc of negligible reflection and transmission loss is 

developed to handle average and peak power of 6 kW and 6 MW, respectively, for pillbox-type 

S-band dielectric windows. Pure and Er2O3 doped AlN ceramics of dimension 10 mm x 5 mm 

(diameter x thicknesses) are synthesized at 1700oC using the solid-state reaction method with 

the sintering bed (the combination of AlN and carbon powders). Engrossing, this process helps 

prevent the formation of Al2O3 completely while sintering at high temperatures. The 

diffractometry of pure and Er2O3-added AlN ceramics exhibited the wurtzite AlN structure of 

space group P63mc. The AlN ceramics with Er2O3 additive exhibited microwave dielectric 

properties (𝜀𝑟 = 7.81 and tan 𝛿 = 5x10-4) at 12 GHz. The dielectric window is designed using 

CST (Computer Simulation Technology) with the experimentally obtained dielectric properties 

as input. The theoretical value of the window's insertion loss and return loss is better than 61.25 

dB and 0.009 dB, respectively, at 3.7 GHz.  

In Chapter 5, the effect of nitride additives on the structural and dielectric properties 

of AlN ceramics is studied. AlN-BN composite ceramics are prepared with pure AlN 
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(aluminium nitride) phase using a powder bed in the conventional sintering method. The 

powder bed comprises 80% AlN powder and 20% Carbon (C) powder as layers. The effect of 

adding BN (boron nitride) on the structural and dielectric properties of AlN ceramics is studied 

by sintering in the conventional sintering method in the presence of nitrogen using a powder 

bed. The additive for synthesizing AlN-BN composite ceramics was chosen from 0-20 wt%.  

The AlN-BN composite ceramics sintered at 1700 ℃ for 20 h in the presence of nitrogen. The 

obtained composites exhibit pure AlN phase without any oxide phases (secondary phases). The 

XRD pattern and Raman spectrum of all obtained composites confirm the structure as wurtzite 

AlN with P63mc space group with a small peak corresponding to BN with no other oxide 

phases. The Raman spectrum shows six vibrational modes of wurtzite structure at every 

temperature and confirms the stability of the composite with temperature variation. The 

dielectric properties of AlN-BN composite ceramics are studied by varying temperatures from 

30-500 ℃, with frequency variation from 1 kHz to 1 MHz systematically.  

Chapter 6: This investigation demonstrates the comparative studies of conventional 

and microwave sintering of AlN ceramics with CaZrO3 and Y2O3 as additives.  Additives are 

considered the same for conventional and microwave sintering methods and studied the 

properties of obtained ceramics. In the conventional sintering method, the samples are sintered 

at 1700 ℃ for 20 h dwelling time, while in the microwave sintering method, the samples are 

sintered at 1400 ℃ for 30 min. A powder bed is adopted in the conventional sintering method, 

while in the microwave sintering method, the susceptor bed is adopted to sinter at low 

temperatures. The powder bed and susceptor bed both contain AlN and carbon powder as a 

combination layer to prevent oxidation while sintering. High relative density above 95% is 

obtained through both methods for additive ACZ2Y sample; in microwave sintering, 97.68% 

and 98.87% relative density is achieved in conventional sintering. In both sintering ways, pure 

wurtzite structure without any secondary phase with space group P63mc is obtained for all pure 
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and additive ceramics. The Raman spectrum of all sintered samples confirms the wurtzite 

structure by exhibiting six vibrational modes in both sintering methods. Dielectric properties 

are studied at temperatures ranging from -140 to 250 ℃ for higher frequencies (1 MHz to 100 

MHz). The best composite ACZ2Y ceramic sintered in conventional sintering shows dielectric 

permittivity 7.99 ≤ 𝜀r ≤ 8.61 and 0.12 × 10-2 ≤ tan 𝛿 ≤ 5.21 × 10-2 and for the composite sintered 

in microwave sintering exhibited as 7.20 ≤ 𝜀r ≤ 7.96 and 0.31 × 10-2 ≤ tan 𝛿 ≤ 1.37 × 10-2. The 

microwave sintered composite ceramics show low dissipation factor and low dielectric 

permittivity with minimal variation with temperature in the higher frequency range of 1 MHz 

to 100 MHz due to highly densified and compacted small grains compared with conventional 

sintered samples. The microwave dielectric properties of the best composite ACZ2Y ceramic 

sintered in the conventional sintering method achieved a dielectric permittivity of 9.94 and a 

low dissipation factor of 11.05 x 10-4. The composite ceramic is sintered in the microwave 

sintering method, obtaining a dielectric permittivity of 9.00 and a low dissipation factor of 7.34 

x 10-4. Conventional sintered composite ceramics achieve good dielectric properties with 

higher relative density than the sample sintered in the microwave sintering method, but a time-

consuming process. Microwave sintered composite ceramics also exhibit good dielectric 

permittivity with a lower dissipation factor than that obtained in the conventional sintering 

method with appropriate relative density and achieved in less time duration at lower sintering 

temperature. 

Chapter 7: Summarizes the process of preparing pure aluminium nitride (AlN) 

ceramics, with other oxide and nitride composite ceramics. This chapter summarizes the best 

results obtained in this research work for RF-window and electronic applications in the present 

world. It also contains the future scope of the work to improve properties and for the complete 

study of AlN ceramics for expanding applications. Thin film bilayer and multilayer can be 
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deposited for sensor applications and to improve thermal conductivity, piezoelectric and 

dielectric properties. 
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Chapter 2 

Preparation Methods, and Characterization Techniques 

 

This chapter describes the preparation methods of nitride ceramics with various 

experimental techniques implemented to characterize the nitride ceramics. Section 2.1 and its 

sub-sections describe nitride ceramics' preparation by solid-state reaction method and sintering 

mechanisms. Section 2.2 explains various characterization techniques for studying structural, 

microstructural, dielectric, microwave dielectric, and optical properties of nitride ceramics.  

2.1  Preparation techniques of ceramics 

This section deals with the preparation techniques used to prepare nitride ceramics. 

Since these nitride materials must be characterized for RF-window applications in the 

microwave range, they must be prepared with the highest density and in regular geometry. 

The required material, a nitride material, must face many challenges while sintering to 

avoid oxidation and in densifying nitride ceramics. Several methods have been developed 

to synthesize pure nitride and composite ceramics with good purity and homogeneity, such 

as the solid-state reaction [1-2], sol-gel process [3-4], microwave sintering [5–7], spark 

plasma sintering [8–10], etc. In this thesis, a conventional solid-state reaction method with 

a powder bed and a microwave sintering with a susceptor bed is used to prepare phase pure 

nitride ceramics. 

2.1.1 The conventional solid-state reaction method 

Ceramics are polycrystalline materials with fine grains with imperfections like grain 

boundaries, pores, and impurities incorporated in the grains. Generally, ceramics are brittle 

refractories; hence, carving and densifying them without cracks and deformation is 
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challenging. The conventional solid-state reaction method forms pure AlN and additive AlN 

composites from the initial reagents.  

In this work, the conventional solid-state reaction method involves the synthesis of an 

additive selected for preparing AlN composites. This method combines initial reagents by 

milling to satisfy the chemical reaction to form a specific composite. Then, calcination at high 

temperatures allows interdiffusion of cations for oxide additives. In this process, re-milling 

reduces composite particle size, then milling with nitrides to make composites.  

 

Figure 2. 1: The schematic diagram of the synthesis procedure in a conventional solid-

state reaction method. 

This method produces complex oxides from simple oxides, carbonates, nitrates, oxalates, 

hydroxides, alkoxides, and other metal salts. Usually, this method includes annealing steps 

with several intermediate milling steps to increase the composite's homogeneity and reduce 

particle size. This reduction of particle size helps to increase the active nature of powder 

particles to form densified ceramics in further subsequent heat treatment steps (sintering). The 

schematic diagram of various stages of the synthesis of composite in the CSSR method is 
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shown in Figure 2. 1. The conventional solid-state reaction method requires simple apparatus 

and is inexpensive. This method is thermodynamically stable, eco-friendly, and simple and 

produces a stoichiometric stable and pure final product.  

2.1.2 Mechanochemical processing 

Mechanochemical processing (MCP) is the combined process of both mechanical 

process and chemical reactions. This mechanochemical processing name itself reveals that in 

MCP, the chemical reaction takes place, phase transformations occur and make the material 

with fine particles by the application of mechanical energy. Different types of high-energy ball 

mills are available with high enough mechanical energy output to induce many chemical 

reactions due to advancements in modern technology [90, 91]. There are three different types 

of mechanochemical processes: 1) Mechanical milling (MM), 2) Mechanical alloying, and 3) 

Reaction milling (RM). Mechanical milling (MM) is needed to reduce the particle size of the 

pure metal or compound in a state of thermodynamic equilibrium at the start of the ball milling 

process. Mechanical alloying (MA) is needed to form an alloy or compound by milling 

elemental or some chemicals as precursors. Reaction milling (RM) is used to prepare 

compounds where there is a need to induce chemical reactions by the milling process of 

reactants. In mechanically activated chemical reactions, mechanical energy is considered input, 

which is supplied repeatedly. It leads to shifts of atoms from the equilibrium positions due to 

inducing changes in the bond lengths and angles and, in some cases, by exciting electron 

subsystems. 

Mechanical milling exists in three effective methods depending on their milling 

mechanisms. These methods are tumbler milling, vibratory milling, and planetary milling. 

These milling process schematic diagrams are shown in Figure 2.2 with rotating directions. 

The particle size of a resultant compound due to these milling types depends upon machine 
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type, milling time, speed, milling media, kind of vial used, temperature effects, and milling 

atmosphere, etc., as shown in Figure 2.3.  

 

Figure 2. 2: Schematic diagram of different types of milling processes. 

 

Figure 2. 3: The parameters affecting particle size reduction by the ball mill method. 

The material to reduce particle size using a ball mill (planetary ball mill (M/s Fritsch, 

Pulverisette 6)) is taken in a suitable vial with a powder-to-ball ratio of 1:10. Figure 2.4(a) shows the 

planetary ball mill. Primarily, grinding balls will have a high energy impact on the material. For this 

impact, the grinding vial and balls rotate around their axis on a supporting disk rotating in the opposite 

direction, as shown in Figure 2.4(b). Ground material and grinding balls will separate the inner wall of 

the vial at a certain speed due to the centrifugal force. Hence, grinding balls cross the vial at high speed 

and further grind the material by impact against the opposite vail wall. In addition to the effects of a 
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ball on material against the vial wall, the impact between the balls on the material helps reduce particle 

size or mix initial reactants to form the compound.  

 

Figure 2. 4: (a) Photographic view of the planetary ball mill used to mix the initial powders 

and to reduce particle size and (b) Schematic view of the milling process. 

2.1.3 Particle size reduction 

Particle size reduction is crucial for manufacturing ceramics. The particle size of the initial raw 

powders used to make ceramics will directly affect the physical and mechanical properties. It is a well-

known fact that the sintering temperature of the ceramics reduces, and density is enhanced due to the 

reduction in particle size of the initial raw material. Hence, minimizing the initial raw material's particle 

size is essential to reduce nitride ceramics' sintering temperature to enhance the density and thermal 

conductivity. This study uses a planetary ball mill to mix the additive with AlN for uniform mixing and 

the second for particle size reduction. Zirconia/ tungsten vials with 5 & 10 mm diameter spherical balls 

mill the raw materials. The processing parameters of the ball mill are milling speed (rotations per 

minute), milling time (number of repetitions per cycle, time per one cycle, pass the time between 

consequent repetitions), and the ratio of ball weight to raw chemical weight. Ball mill processing 

parameters are optimized to reduce particle size without any secondary phase formation. 
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2.1.4 Uniaxial pressing 

The fine powder (pure and composites) obtained after ball milling, mixed with organic 

binder polyvinyl alcohol, and compacted into cylindrical specimens (green discs) by uniaxial 

pressing using Kbr hydraulic press (M-20, Techno search Instruments, India) shown in Figure 

2.5. These cylindrical-shaped discs are dimension 10 mm in diameter and 1 mm or 5 mm thick. 

Slow compaction of powder facilitates the escape of the entrapped air in the powder. 

 

Figure 2. 5: The green compacted discs of aluminium nitride using a die by Kbr press M-

20. 

The high-pressure unit supplies hydraulic fluid to the up-stroking ram of the cylinder 

and helps raise the ram steadily and positively in the upward direction. Thus, the pressure is 

applied and produces a green compacted pellet. The ratio of pressure gradient on the die (𝑃𝑥) 

and applied pressure (𝑃𝑎) is given by the following equation 

𝑃𝑥

𝑃𝑎
= 𝑒

−4𝜇𝐾𝐿

𝐷       (2.1) 

Where μ is the coefficient of friction, L is the length, D is the diameter of the die, and K is a 

constant [92].  
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2.1.5 Conventional sintering 

Sintering is a process of thermal treatment for bonding particles into a predominantly 

solid structure via mass transport that often occurs on the atomic scale. In this process, the 

surface energy consumed in bonding particles enhances the compact strength and is often a 

dimensional change. Sintering involves transforming a powder-compact (pellet) into a strongly 

bonded monolithic mass by removing interparticulate pores. The tiny particles or clusters of 

particles with uniform composition change in shape and size by heating at a sufficiently high 

temperature is also considered sintering. According to ISO definition, the heat treatment 

performed on the powder compact at a temperature below its melting point to bond particles 

by atomic forces, thus producing strength and hardness of compacted sample, is termed as 

sintering. The sintering temperature is optimized between 0.7 and 0.9 of the compound's 

melting point. At this elevated temperature selected for sintering, atoms are free to diffuse. The 

sintering furnace used in this study (M/s Carbolite Gero, HTF 18/4 220-240V 1PH, 21-801839) 

is shown in Figure 2.6. Thus, in this sintering, the compound is not melting since the sintering 

temperature selected is below its melting temperature.  

 

Figure 2. 6: Photograph of the conventional sintering furnace. 
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Hence, this conventional sintering is also termed solid-state sintering or solid-phase 

sintering. The heat treatment consists mainly of three steps: 1) preheat, 2) sintering, and 3) 

cooling process, as shown in Figure 2.7. The binder or lubricants used to make compacts such 

as PVA are burned off or evaporated in the first process termed preheat. In sintering, the 

compact strengthens by densification and reduction in pores, as shown in Figure 2.8, and 

bonded particles by diffusion due to atomic forces. The final step in the sintering process 

involves the cooling process. The cooling process can be done in two ways: standard cooling 

or by setting a program for cooling fast.  

  

Figure 2. 7: Schematic diagram of heat treatment in sintering. 

 

Figure 2. 8: schematic diagram of densification of a compound in sintering by reducing 

pores. 
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The cooling process from high temperature to some minimum of 200 ℃ can be done 

by programming with a low cooling rate; a lower than 200 ℃ normal cooling process is 

preferable. The key parameters that play a role while sintering is atmosphere, dwelling time, 

and heating or cooling rate. A specific inert gas atmosphere must be maintained to avoid the 

undesirable surface layer formation on the compound surface (oxidized layer). The heating and 

cooling rate will affect the formation of grains and reduce pores significantly [93]. 

2.1.6 Microwave sintering 

Microwave energy is an electromagnetic wave with a frequency range of 300 MHz to 

300 GHz with a corresponding wavelength between 1 mm and 1 m. Microwaves are 

extensively used in communication applications such as radar, television, and satellite [94]. 

The other application of microwaves is the heating of different materials. 2.45 GHz frequency 

is the most commonly used home microwave oven invented by Percy L. Spencer [95]. Heat is 

generated by heating elements and transformed into samples via radiation, conduction, and 

convection in conventional sintering. In microwave sintering, the material gets heat within its 

body by absorbing microwaves [96]. The heating of the material in microwave sintering 

depends upon the penetration depth of microwaves into it. The penetration depth of the 

microwave field inside the material is defined as 1/e time of the depth from the material's 

surface at which the microwave field's magnitude drops. The penetration depth or skin depth 

(D) mathematically can be expressed as follows [97]; 

𝐷 =
1

√(𝜋𝑓𝜎𝜇)
= 0.029(𝜌𝑒𝜆0)

1
2⁄       (2.2) 

where 𝑓 is the microwave frequency, 𝜎 is the electrical conductivity of the material (S/m), 𝜇 is 

the magnetic permeability of the material H/m, 𝜌𝑒 is the electrical resistivity of the material, 

and 𝜆0 is the incident wavelength of the microwave. This equation reveals the material's high 

TH-3335_186153104



Chapter 2: Preparation methods, and characterization techniques 

 
43 

 

conductivity results in a low penetration depth. Thus, the penetration depth of metals is very 

low since the metals are good conductors of heat. However, the penetration depth of metals 

increases by increasing the metals' processing temperature [98].  

 

Figure 2. 9: The interaction of microwaves with different materials. 

The materials are classified into three types depending upon the interaction of 

microwaves with them, as shown in Figure 2.9. (a) transparent materials are materials with low 

dielectric loss (dissipation factor) materials.  

 

Figure 2. 10: The steps involved in the microwave sintering process in sintering material. 

In transparent materials, microwaves transmit without any losses. Figure 2.9(b) opaque 

(conductors) materials are materials with high conductivity. Microwaves reflect and cannot 

penetrate through opaque materials (opaque materials used in radar detection). And Figure 

2.9(c) absorber materials are the materials with high dielectric loss. The absorber materials 
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absorb microwaves depending on their dissipation factor value. The steps involved in 

microwave sintering are shown in Figure 2.10. The material which absorbs microwaves 

transforms into heat according to the following equation [97]; 

∆𝑇

∆𝑡
=

2𝜋𝑓 tan 𝛿|𝐸|2

𝜌𝐶𝑃
      (2.3) 

 

Figure 2. 11: The schematic diagram illustrating the microwave furnace and sintering 

process. 

where T is the temperature, t is time, 𝜌 is the density, 𝐶𝑃  is the heat capacity, tan 𝛿  is the 

dissipation factor, and E is the magnitude of an internal electric field. The average absorbed 

power is a volumetric absorption of microwave energy in material expressed as follows; 

𝑃 =
1

2
𝜔 tan 𝛿 𝐸2𝑉𝑒−2𝛼𝑧 =

1

2
2𝜋𝑓 tan 𝛿 𝐸2𝑉𝑒−2𝛼𝑧    (2.4) 

where, V is volume, 𝑧  is the distance into the specimen, 𝜔  is 2 𝜋𝑓 , and 𝛼  is attenuation 

constant. Two methods are available in microwave sintering, such as direct and indirect heating 

(see Figure 2.10). This indirect heating method is used to prepare phase pure AlN ceramics 

without any secondary phase. This microwave susceptor used in this method helps to reduce 

the sintering temperature and time. The schematic diagram for the microwave sintering furnace 
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is shown in Figure 2.11. the photograph of the microwave sintering furnace is shown in Figure 

2.12. The critical parameters of microwave sintering are atmosphere, microwave susceptor bed 

material, sintering temperature, and dwelling time. 

 

Figure 2. 12: Photograph image of the microwave sintering furnace. 

2.1.7 Liquid phase sintering 

During the sintering process, if the liquid phase coexists with solid particles for a certain 

period at a high temperature, then that sintering is termed liquid phase sintering. Diffusion and 

mass transformation of particles or atoms mechanisms occur much faster in the liquid phase 

than in the solid phase. Hence, this method significantly enhances the density of the sintered 

composite ceramic. The liquid phase sintering requires at least two chemical elements. 

Generally, a mix of powders related to different chemical compositions with a significant 

component remains solid, and one or more minor components that form a liquid phase act as 

additives and promote densification below the sintering temperature of the major component. 

In this method, the liquid phase can be formed in two ways such as by the melting of the 
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additive (the melting point of the additive should be less than the sintering temperature) or by 

the formation of low-melting eutectic phase between the solid phase and additive at the end of 

contacts between them [99]. The liquid phase formed in the liquid phase sintering method can 

be present during the whole or only for a certain sintering period, depending on the solubility 

ratio of liquid and solid phases [100]. Volume shrinkage in the sintered ceramic occurs due to 

the presence of wetting liquid by bulk viscous flow. Each grain in the sintered ceramic is joined 

with liquid and coated with it; then, the material can often achieve higher density at lower 

sintering with less tendency of excessive grain growth. In this method, particles will rearrange 

rapidly due to the transformation of higher density configuration—the liquid in the composite 

concentrates at particle contacts, causing an adequate compressive pressure on the compact. 

Particle contacts flatten due to compressive stress by capillary pressure resulting in further 

enhancement in the densification of the composite after the initial rearrangements of particles 

[101].  

2.2 Characterization techniques 

2.2.1 X-Ray diffraction 

X-ray diffraction (XRD) is a non-destructive technique for analyzing the material's 

crystallographic structure, physical properties, and chemical composition. The schematic 

diagram of the X-ray diffractometer is shown in Figure 2.13. The essential elements of a Bragg 

Brentano diffractometer are as follows: X-ray tube, flat specimen (labeled sample in Figure 

2.13), and goniometer circle (labeled measuring circle in Figure 2.13). The goniometer circle 

remains constant through analysis defined by the Cu (copper) target's position in the X-ray 

tube, the position of the receiving slit on the detector side (labeled as detector slit in Figure 

2.13), and the center of the specimen (sample). The focusing circle also contains an X-ray tube, 

the center of the specimen, receiving slit. The focusing circle radius is a function of 𝜽-2𝜽, 
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unlike the goniometer circle, which remains constant, with the decreasing radius as 𝜽 increases.  

𝜽 is the angle between the incident beam and sample, and 2𝜽 is the angle between the 

incident and diffracted beams [102]. The slit (labeled as aperture slit) on the incident beam 

side is used to make it narrow so that it is confined to the area of the specimen. 

 

Figure 2. 13: Schematic diagram of the X-ray diffractometer. 

Two soller slits are in the XRD diffractometer on both the tube and detector sides. A 

graphite monochromator is present in this system on the detector side to eliminate the need for 

a filter. Filter used to remove all except K𝜶 radiation from the diffracted beam before entering 

the detector. When the X-rays interact with the sample, it creates a diffracted beam of X-rays 

depending upon the interplanar spacing of crystal planes (shown in Figure 2.14) according to 

a mathematic relation called Bragg's law as follows; 

𝑛𝜆 = 2𝑑 sin 𝜃      (2.5) 
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where n is an integer, λ is the wavelength of X-rays, 𝑑 is the interplanar spacing due to which 

diffraction occurs, and 𝜽 is the diffraction angle. Diffractometer works mainly in two ways, 

such as 𝜽-𝜽 scan 𝜽-2𝜽 scan. In 𝜽-𝜽 scan, both the detector and X-ray tube move 

simultaneously; in 𝜽-2𝜽 scan, the X-ray tube is fixed, and the specimen moves at ½ the rate of 

the detector to maintain the 𝜽-2𝜽 geometry. The detector records the angles and intensities of 

diffractions electronically, using electronics and special software, resulting in a plot of 2𝜽 

versus intensity for the specimen. XRD is useful for studying the structure of materials such as 

minerals, chemical compounds, ceramics, or other new composites. 

 

Figure 2. 14: Schematic representation of Bragg's law for diffraction in the lattice. 

It also identifies the multi-phases in microcrystalline mixtures and the amorphous phase 

in partially crystalline mixtures. Crystallographic structural analysis and unit cell calculations 

can be done using the XRD spectrum. In the present thesis, the Rigaku X-ray diffractometer 

(TTRAX-III 18 kW) with CuK𝜶 (λ = 1.5406 Å) radiation was used to characterize the pure 

and composite AlN ceramics. The XRD patterns were analyzed using Rietveld refinement 

[103] with Ful Prof software using the pseudo-Voigt function.   
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2.2.2 Raman spectroscopy 

Raman spectroscopy is a non-destructive analytical technique that provides detailed 

molecular information about the sample. This spectroscopy measures the transition between 

vibrational levels of the molecules. Raman spectroscopy is similar to IR spectroscopy, but the 

principles differ entirely. Raman spectroscopy is based on the inelastic scattering of incident 

radiation by the molecules present in the sample [104], while IR is based on the absorption of 

electromagnetic radiation. The Raman spectrum is obtained as follows: the sample is 

illuminated with a monochromatic laser beam that interacts with the sample's molecules and is 

scattered. 

The scattered light constructs the Raman spectra with a frequency different from the 

incident light (inelastic scattering). If the frequency of scattered radiation is lower than incident 

radiation, the Stokes line appears in the Raman spectrum. If the scattered radiation frequency 

is higher than the incident radiation, the anti-stokes line appears in the Raman spectrum. The 

energy transfer diagram for a material illuminated with electromagnetic radiation is shown in 

Figure 2.15. The transitions from lower to higher energy vibrational levels induce stokes shifted 

Raman bands. These Stokes bands are more intense than anti-stokes bands. Hence, these bands 

are measured in conventional Raman spectroscopy, while anti-stokes are measured in 

fluorescing samples since this fluorescence causes interference with stroke lines. Raman shift 

magnitude does not depend on the wavelength of incident radiation used to illuminate the 

sample, but Raman scattering depends on it. The essential requirement to obtain the Raman 

spectra of the sample is a change in polarizability during molecular vibration [105].  

There are two Raman spectrophotometers: dispersive and non-dispersive. Prism or 

grating, A combination of the notch filter and high-quality grating monochromator, is 

frequently used in the dispersive Raman spectrophotometer.  
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Figure 2. 15: Energy level diagram of different scattering processes that can occur by 

interacting electromagnetic radiation with material. 

 

Figure 2. 16: Lab Ram HR 800 spectrophotometer schematic diagram. 

A non-dispersive spectrophotometer uses an interferometer such as a Michelson 

interferometer in a Fourier Transform Raman spectrophotometer. Bandpass filters are used to 

isolate a single laser beam. Most scattered radiation contains a frequency similar to the incident 
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frequency (Rayleigh scattering), but only a small fraction of scattered radiation has a frequency 

different from incident radiation (Raman scattering). Separating weak Raman lines from 

intense Rayleigh scattered radiation is done using double or triple-grating monochromators, 

super notch filters, holographic notch or edge filters, and rejection filters.  

The Lab Ram HR spectrophotometer manufactured by Horiba Jobin Yvon is used for 

observing the vibrational modes in the Raman spectrum of the sample. The schematic diagram 

of the Lab Ram HR 800 spectrophotometer is shown in Figure 2.16. It consists of the internal 

He-Ne Laser with 20 mW at 633 nm wavelength. The key components of the system are the 

density Filer wheel with D0.3, D0.6, D1, D2, D3, and D4 filters, asymmetric Czerny Turner 

spectrograph with two gratings 1800, and 600 1/mm, three objective lenses such as (10 X, 50 

X, and 100 X). It has a high-quality microscope, an adjustable confocal hole between 0 and 

1108 μm, and a notch filter to filter out excitation wavelength <120 cm-1 stokes edge.  

2.2.3 Density measurements 

In the present work, the experimental densities of the sintered samples are measured 

using Archimedes’ principle. Archimedes' principle states that the body experiences an upward 

force (buoyant force) if it is immersed partially or entirely in a fluid, and that force is equal to 

the weight of the liquid it displaces. The apparent density of the sintered composite ceramics 

is calculated using the following relation: 

𝜌𝑎 =
𝑤𝑎

𝑤𝑏−𝑤𝑐
× 𝜌𝑤  𝑔/𝑐𝑚3      (2.6) 

where, 𝜌𝑎 is the apparent density of the sintered sample, 𝑤𝑎 is the weight of the sintered sample 

in air, 𝑤𝑏 is the weight of the sintered sample immersed in a liquid medium (in this study, 

distilled water), 𝑤𝑐 is the weight of the sintered sample after removing it from liquid media 
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(distilled water), and 𝜌𝑤 is the density of the liquid medium (for water 𝜌𝑤 = 1 𝑔/𝑐𝑚3). The 

relative densities of the sintered samples are calculated using the following equation; 

Relative density =  
𝜌𝑎

𝜌0
=

apparent density of the sample

the theoretical density of the sample
   (2.7) 

2.2.4 Field emission scanning electron microscope 

The field emission scanning electron microscope (FESEM) is used to survey the surface 

morphology of the sintered ceramics. The attraction between the electron beam accelerated by 

the electromagnetic fields of the same energies and the same path with the material's atoms 

plays a vital role in detecting material morphology. In the present work, the microstructure and 

composition of pure and additive AlN ceramics have been investigated by the scanning electron 

microscopy (SEM) (1430 VP, M/s LEO) equipped with field emission scanning electron 

microscope (FESEM) (Sigma, Zeiss) and energy dispersive X-ray spectrometer (EDS). The 

schematic diagram of the SEM is shown in Figure 2.17. In SEM, the morphology of a material 

is scanned by high-energy electrons. It is generated by heating a tungsten filament, a lanthanum 

hexaboride (LaB6) crystal, and a field emission source accelerated towards an anode by 

electromagnetic lenses with sufficient kinetic energy. The wavelength of the electron beam (λ) 

depends on the operating excitation voltage as follows; 

𝜆2 =
ℎ2

2𝑚0𝑒𝑉
      (2.8) 

where, h is plank's constant,  𝑚0 is a mass of the electron at rest, e is the electron's charge, and 

V is the excitation voltage. If the excitation voltage is high, then the wavelength of the electron 

beam will be shorter. When this electron beam interacts with the specimen, it generates various 

signals to obtain information about its microstructure. These signals are classified as secondary 

electrons, backscattered electrons, and characteristic X-rays. 
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Figure 2. 17: The schematic diagram of a scanning electron microscope. 

If the primary electron in the electron beam interacts with the loosely bound electrons (on 

the specimen's surface), the specimen's atoms produce secondary electrons. These secondary 

electrons have energies in the range of 10-50 eV and are generally used to examine the 

specimen's microstructure as a secondary electron imaging technique. The angle between the 

incident beam and the specimen surface affects the yield of secondary electrons. Backscattered 

electrons are produced from the single large angle or multiple small angles scattering process, 

and their proportion is affected by the atomic number of elements that consist in the specimen's 

microstructure. These backscattered electrons usually originated from the surface layer of the 

specimen depth of 0.1-1 μm. This depth increases with increasing excitation voltage and 

decreasing atomic number. The bright portion in the image is due to the phases and particles 

of higher atomic number since many primary electrons are backscattered. Thus, the 

backscattered electron imaging technique can identify phases and particles with different 
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atomic numbers. If the primary electrons have sufficient energy to knock out electrons from 

the atoms, it produces the characteristic X-rays. These X-rays generated from the specimen are 

utilized to determine the specimen's chemistry by energy dispersive spectroscopy (EDS) or 

wavelength dispersive spectroscopy (WDS) and to create an X-ray dot image or elemental map 

that conveys the distribution of different elements in the specimen.   

2.2.5 Dielectric measurements and impedance spectroscopy 

The dielectric measurements of the pure and additive AlN composite ceramics are 

measured using LCR (Wayne Kerr Electronics Pvt. Ltd.) at lower frequencies from 1 kHz to 1 

MHz as a function of temperature ranging from 40 ℃ to 500 ℃ for dielectric measurements. 

After sintering, the pure and additive AlN ceramics are polished smoothly on both sides and 

coated with conducting silver paste to make it a metal insulator metal (MIM) type test structure 

and collected the capacitance (C), dissipation factor (D), resistance (R), and reactance (X) with 

frequency and temperature variation. This data is used in the dielectric permittivity and 

impedance of the sintered sample calculation.  

2.2.6 Microwave dielectric measurements 

Microwave dielectric properties of ceramics using the Krupka cavity resonator 

Measuring the dielectric permittivity and dissipation factor of the dielectric material at 

microwave frequencies is essential for the application of microwave passive devices such as 

resonators or filters [27, 28]. There are several methods for measuring the dielectric 

permittivity of the material, among them the transmission mode cavity resonator method, 

which is very useful for measuring dielectric properties at microwave frequencies. Hakki and 

Coleman’s modified Courtney technique is the most widely used technique for measuring the 

dielectric properties of resonator materials. The dielectric properties of low-loss materials at 
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microwave frequencies can be measured accurately by resonance methods employing cavity, 

dielectric, or open resonators [108]. The presence of air gaps limits the accuracy of permittivity 

measurement unless the electric field does not have a component perpendicular to the surface 

of the dielectric material. Therefore, TEonp modes are considered the most accurate for 

permittivity measurements [109]. The manufacturers of dielectric materials use the quasi-TE01δ 

(often referred to as TE011 mode) mode of operation commonly for measuring their dielectric 

properties. The dielectric resonator’s essential characteristics are appropriate dielectric 

permittivity and low dissipation factor at particular resonant frequency.  

The theory behind the dielectric measurements of DRs: 

The structure consists of a shorted dielectric waveguide, essentially i. e., the cylindrical 

dielectric rod of finite length waveguide is shorted by placing conducting plates at each end of 

the rod and turning the transmission line into a resonator. The characteristic equation for the 

resonant structure operating in TE011 mode is as follows; 

𝛼𝑚𝐽0(𝛼𝑚)

𝐽1(𝛼𝑚)
= −𝜇𝑟𝛽𝑚

𝐾0(𝛽𝑚)

𝐾1(𝛽𝑚)
      (2.10) 

𝐽0(𝛼𝑚), 𝐽1(𝛼𝑚) are the Bessel functions of the first kind of orders zero and one, respectively, 

𝐾0(𝛽𝑚), 𝐾1(𝛽𝑚) are the modified Bessel functions of the second kind of orders zero and one, 

respectively. 𝜇𝑟 is the relative permeability. The parameters 𝛼𝑚, and 𝛽𝑚 are the first roots of 

the characteristic equation depends on the geometry, the resonant wavelength and dielectric 

properties. Thus 

𝛼𝑚 =
𝜋𝐷𝑓𝑚

𝑐
√𝜀𝑟𝜇𝑟 − (

𝑐

2𝐿𝑓𝑚
)

2

      (2.11) 

𝛽𝑚 =
𝜋𝐷𝑓𝑚

𝑐
√(

𝑐

2𝐿𝑓𝑚
)

2

− 1      (2.12) 
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where, 𝑓𝑚  is the resonant frequency of TE011 mode, 𝛼𝑚  and 𝛽𝑚  are the first roots of the 

characteristic equation, D is the diameter, and L is the length of the dielectric specimen, c is 

the velocity of light. 

The permittivity of the dielectric specimen can be found by knowing the dimensions of 

the specimen and measuring the resonant frequency of the TE011 mode using the following 

relation; 

𝜀𝑟 = 1 + (
𝑐

𝜋𝐷𝑓1
)

2
(𝛼1

2 + 𝛽1
2)      (2.13) 

where, 𝛼1 , 𝛽1 are the first roots of the characteristic equation with m=0, 𝑓1  is resonant 

frequency. 

Measurement of dielectric permittivity: 

The unloaded quality factor 𝑄𝑢𝑙 of the cavity is defined as follows; 

𝑄𝑢𝑙 = 2𝜋
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑

𝑒𝑛𝑒𝑟𝑔𝑦 𝑙𝑜𝑠𝑡 𝑖𝑛 𝑜𝑛𝑒 𝑐𝑦𝑐𝑙𝑒
      (2.14) 

 

Figure 2. 18: QWED Krupka cavity resonator used for analyzing microwave dielectric 

properties of pure and composite AlN ceramics. 

This measurement uses a cylindrical cavity of 10 mm in height and 24 mm in diameter 

(inner dimensions). The cavity contains the rigid coaxial cable at the center of the cavity, as 

TH-3335_186153104



Chapter 2: Preparation methods, and characterization techniques 

 
57 

 

shown in Figure 2.18 for electromagnetic field coupling. It can be adjusted by moving in and 

out to form weak and strong coupling.  

 

Figure 2. 19: Schematic diagram of the microwave dielectric measurements using VNA. 

The cavity is connected to the vector network analyzer (VNA, M/s PNA-L Network Analyzer 

N5232A) by rigid coaxial cable using connectors on both ends (THRU), as shown in Figure 

2.19. The network analyzer was calibrated by setting in S21 mode. Weak coupling exists 

between the rigid coaxial cable and DR (dielectric resonator) by adjusting the coaxial cable. 

The spectrum's resonant frequency and -3 dB width were calculated for measuring loaded 

quality factor and dielectric properties by identifying TE01δ mode. 𝑄𝑙  is the loaded quality 

factor measured as the ratio of resonant frequency and the difference between left and right 

frequencies 3 dB down to resonant frequency. The dissipation factor (tan 𝛿) of the dielectric 

material can be measured using the following relations. 

𝑄𝑢𝑙 =
𝑄𝑙

1−𝛽
      (2.15) 
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tan 𝛿 =
1

𝑄𝑢𝑙
      (2.16) 

𝛽 = 10
−𝑆21

20       (2.17) 
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Chapter 3 

Structural and Dielectric Properties of Phase Pure AlN Ceramics 

 

3.1  Graphical abstract: 

 

3.2  Abstract 

In this study, AlN ceramics are prepared at a low-sintering temperature of ~1700 ℃ by 

adopting the powder bed method in the presence of nitrogen, achieving maximum relative 

density ~ 95% with wurtzite structure of space group P63mc confirmed from XRD refinement. 

The average grain size of sintered AlN ceramic is 1.45 𝜇m. The temperature-dependent Raman 

spectrum exhibits structure stability at various temperatures with stable wurtzite structure 

phonon modes. These sintered AlN ceramics exhibited good microwave dielectric properties 
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as dielectric permittivity (𝜀𝑟 = 8.83) and dissipation factor (tan 𝛿 = 2.69 x 10-4). In this study, 

the AlN ceramic exhibits the best dielectric properties in the broad frequency range 1 MHz to 

100 MHz at different temperatures from -140 °C to 200 °C. The obtained properties of AlN 

ceramics are essential and appropriate for RF-window and electronic applications. 

 3.3 Introduction 

AlN is widely used in electronic packages in the place of light-emitting diodes and 

electronic substrates, photodetectors, high power, and high voltage units [53–55]. AlN ceramic 

is chemically inert up to ~ 1500 ℃, highly stable, and nontoxic [110]. Cheng-Yu Hsiesh et al. 

[62] used microwave sintering to prepare densified AlN ceramics. In this study, AlN ceramics 

were sintered at high temperatures of 1900 ℃ or above, and additive Y2O3 was used to densify 

AlN ceramics. Jiping Cheng et al., [63] pure AlN ceramics sintered at 1850 ℃ for 30-60 min 

dwelling time using microwave sintering method. Bin Feng et al. used the vibration-assisted 

hot press sintering method. Here, AlN ceramics sintered at 1750 ℃ and 1800 ℃ for 2 h and 

applied pressure while heating up from 5 MPa with 20 Hz vibration [111]. M. J. Li et al. 

prepared AlN ceramics with pure AlN at 1850 ℃ and Y2O3, Sm2O3 additives at 1750 ℃-1780 

℃ for 5 min using spark plasma sintering [67]. In all these sintering techniques, AlN was 

sintered at a high temperature above 1800 ℃. Hence, many researchers are trying to reduce its 

sintering temperature and enhance density at lower temperatures by adding additives and 

reducing particle size. In adding additives with AlN, secondary phase formation is a major 

problem.  

Most researchers studied the thermal conductivity of pure and additive AlN ceramics [112–

114]. He. Xiulan et al. studied the thermal conductivity of AlN ceramics with the addition of 

rare earth oxides and CaF2 as an additive by ball mill for 24 h and sintered using spark plasma 

sintering technique at 1800 ℃. These samples with spark plasma sintering achieved thermal 
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conductivity from 93 to 130 Wm-1K-1 with secondary phases [115]. Only a few studies are 

available on temperature-dependent dielectric properties of AlN ceramics at low and high 

frequencies and the formation of pure AlN at lower sintering temperatures with maximum 

relative density. In addition, the microwave dielectric properties of AlN are also crucial for 

microwave applications [116, 117]. Using the powder bed method motivated us to study the 

temperature-dependent phonon modes and dielectric properties of pure AlN ceramics sintered 

at low temperatures. 

3.4 Preparation of AlN ceramics using powder bed 

AlN ceramics are sintered using a powder bed in a conventional method. Initially, the 

AlN powders (Thruttek Applied Materials Co., Ltd. Global Top Technology Inc.) are milled at 

300 rpm for 10 hours in the dry ball milling method using a ball mill. The ball-milled powders 

were collected and ground to get a fine powder. Further, 5 mol% polyvinyl alcohol (PVA) is 

added to fine powdered AlN as a binder. Then, this PVA added AlN powder compacted into a 

cylindrical shape using a hydraulic press by applying 2.5 MPa with dimensions 10 mm 

(diameter), 5 mm, and 1 mm (thickness). The compacted samples are immersed in a powder 

bed. This powder bed consists of AlN (70%) and C (Carbon) (30%) powder. Then, this 

arrangement is kept in a crucible and sintered in a furnace in the presence of nitrogen at 1700 

℃ for different sintering durations.  

By using Archimedes' principle, the density of the samples is measured. The crystalline 

structure and phase were identified by X-ray diffraction spectrum using an X-ray 

diffractometer (M/s Rigaku, TTRAX III 18 kW) employing Cu-Kα radiation (λ = 1.5406 Å). 

The microstructure of the sintered AlN ceramics is studied by a field emission scanning 

electron microscope (FESEM) (M/s Zeiss, Sigma). The vibration modes of AlN ceramics are 

studied by Raman spectrum recorded by the Raman spectrometer (M/s Horiba Jobin Vyon, 
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LabRam HR800). The microwave dielectric properties of AlN ceramics sintered using a 

powder bed are studied by vector network analyzer (VNA) (M/s PNA-L Network Analyzer 

N5232A). The temperature-dependent dielectric properties at low frequencies are measured by 

the LCR meter (M/s Wayne Kerr Pvt. Ltd., 4300) and at high frequencies, are measured by RF- 

an impedance analyzer attached with the automatic temperature controller (M/s Agilent 

Technologies, 4991 A and M/s Novocontrol Technologies Pvt. Ltd., BDS 2200). 

3.5 Results and discussion of AlN ceramics sintered using powder bed 

3.5.1 Sintering and density of AlN ceramics: 

The pure AlN ceramics are sintered using a powder bed of AlN and carbon powders 

conventional sintering method at 1700 ℃ with a 15 ℃/min the heating rate and for different 

dwelling times 5 h, 10 h, 20 h, and 30 h. The relative density of sintered ceramics increased 

from 79.5% to 95% by increasing the dwelling time from 5 h to 30 h, as is shown in Figure 

3.1(a). The relative density of the AlN ceramics enhanced with the dwelling time and reduced 

pores and uniform grain growth, observed in FESEM images. The maximum ~ 95% relative 

density achieved by this powder bed sintering for the AlN ceramic sintered for 30 h at 1700 ℃. 

The obtained maximum density at a lower sintering temperature can be attributed to the smaller 

initial particle sizes. The smaller particles enhance the densification at lower sintering 

temperatures. The lower densities for their smaller sintering duration may not be sufficient to 

enhance the nucleation process, as the driving force for sintering is very minimal. 
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Figure 3. 1: (a) Variation of relative density of AlN ceramics with different dwelling times 

(sintered at 1700 ℃ ) (b) XRD pattern of AlN ceramics sintered at 1700 ℃ using a powder 

bed with different dwelling times. 

3.5.2 Structural analysis: 

The XRD pattern of AlN ceramics, sintered using a powder bed at 1700 ℃  for different 

dwelling times for the pure AlN phase is shown in Figure 3.1(b). The obtained XRD pattern of 

AlN ceramics is appropriately matched with (JCPDS card No: 01-075-1620). The lattice strain 

and crystallite size are calculated from the modified Williamson-Hall equation [118] as 

follows; 

𝛽 cos 𝜃 =
𝑘𝜆

𝐷
+ 4𝜀 sin 𝜃      (3.1) 

where β is the full-width half maxima (FWHM) of the diffraction peak, θ is the Bragg angle, k 

is the shape factor, λ is the incident X-ray wavelength, D is the crystallite size, and 𝜀 is the 

strain in the lattice. 

Table 3. 1: The list of Rietveld refined parameters of AlN ceramics. 
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Sample χ2 Bragg Rf 

factor 

Rf factor a=b (Å) c (Å) Volume (Å3) The 

crystallite 

size (nm) 

AlN-5h 3.11 3.62 2.53 3.112(3) 4.980(12) 41.761(11) 103.8 

AlN-10h 2.98 3.20 2.28 3.112(4) 4.981(10) 41.771(10) 117.8 

AlN-20h 2.43 3.83 2.82 3.112(2) 4.981(5) 41.776(7) 136.2 

AlN-30h 2.32 2.13 1.61 3.113(2) 4.982(9) 41.807(8) 168.8 

 

Figure 3. 2: The W-H plot of AlN ceramics sintered, at 1700 ℃ using a powder bed for (a) 

5 h, (b) 10 h, (C) 20 h, (d) 30 h. 

This equation 3.1 is known as the uniform deformation model (UDM), one of the 

modified forms of the W-H plot equation. The plot between βcos 𝜃 (along Y-axis) and 4sin 𝜃 

(along X-axis) for AlN ceramics sintered for different dwelling times are shown in Figure 3.2. 

This line corresponding to all the samples fitted well as shown by correlation coefficient R2 for 

each sample fit ~ 0.9. The crystallite size is calculated from the intercept of the W-H plot. 

Strain is the slope of the W-H plot. The crystallite size of AlN ceramics increases from 103.8 
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nm to 168.8 nm by increasing the dwelling time from 5 h to 20 h (see Table 3.1). The strain in 

the lattice and crystallite size is enhanced with an increase in the dwelling time of sintering.   

 

Figure 3. 3: Rietveld refinement of XRD pattern of AlN ceramics having a wurtzite crystal 

structure with P63mc space group of space group number 186. 

It proves that all sintered AlN ceramics at 1700 ℃ with various dwelling timings are of 

wurtzite crystal structure, confirming the space group P63mc with space group number 186. It 

is interesting to note that there is no signature of Al2O3, as it is difficult to eliminate its 

formation. The powder bed method aided in suppressing the formation of Al2O3. This 

suppression is confirmed by the Rietveld refinement shown in Figure 3.3.  

The Rietveld refinement of the XRD patterns of AlN ceramics sintered at different 

durations is carried out and shown in Figure 3.3. It is observed that the AlN ceramics 

crystallized in the wurtzite phase, and the 𝜒2 values are in the minimal range, showing the 

goodness of fit. Also, a small variation in the unit cell parameters prove that these samples are 
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not oxidized, and the formation of Al2O3 is eliminated by using the powder bed method (see 

Table 3.1). The refined parameters are listed in Table 3.1. 

3.5.3 Microstructure analysis: 

The surface morphology of AlN ceramics is observed by a field emission scanning 

electron microscope (FESEM), shown in Figure 3.4, along with their histograms. This 

observation reveals that the microstructure of AlN ceramics is well compacted with uniform 

grains. The microstructure and grain size are noticeably affected by increasing the dwelling 

time from 5 h to 30 h while sintering. The density of AlN ceramics is found to improve by 

increasing dwelling time.  

 

Figure 3. 4: Surface morphologies of AlN ceramics, sintered at (a) 5 h (b) 10 h (c) 20 h (d) 

30 h. 
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The average grain size is measured by Image J software and is verified by the linear 

intercept method. The obtained grain sizes are in the range 0.87 𝜇m to 1.45 𝜇m. The reason for 

the increment in grain size by the increase in dwelling time is due to the influence of domain 

wall contributions and the diffusion coefficient of Al3+ and N3- ions. Grain growth and 

crystallization occur because of the mobility of grain boundaries [119]. In addition, the smaller 

initial particle sizes also play an essential role in nucleation and uniform grain growth. The 

improvement in the relative density and the formation of uniform microstructure is attributed 

to the smaller initial particle sizes. The small particle sizes enhance the sintering energy and 

help densification at a lower temperature. The smaller particles have a higher surface reactivity 

that aids densification. 

Further, the sintering bed enabled the formation of Al2O3 and led to pure phase 

formation. Additionally, the sintering of these ceramics in a nitrogen environment is another 

critical factor in suppressing the Al2O3. This study shows that the smaller initial particle sizes 

and the sintering bed helped obtain phase pure AlN ceramics with maximum density and 

uniform grain growth. 

3.5.4 Raman spectroscopy 

The vibrational modes of AlN ceramics recorded at room temperature by exciting with 

a 514 nm laser with 30 mW power are shown in Figure 3.5. This result reveals that the sintered 

AlN ceramics using a powder bed contain 6 vibrational modes—the number of vibrational 

modes calculated from the following formula.  

Number of vibrational modes = 3N − 3      (3.2) 

where N represents the number of atoms in the molecule, the AlN ceramics show 6 vibrational 

modes (see Figure 3.5 and Table 3.2). According to group theory, 8 sets of phonon modes exist 
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for q = 0. Those phonon modes are two E2, two E1, two A1, and two B1 modes. Among these, 

B1 modes are silent [120, 121]. A and E modes are Raman and Infrared active modes. Both A1 

and E1 modes are split into transversal (TO) and longitudinal (LO) optical modes because of 

the long-range electrostatic field formed due to lattice vibrations. These vibrations polarize the 

unit cell and create a long-range electrostatic field [121, 122]. The Raman mode E2 is usually 

denoted as E2 (High) and E2 (Low) symmetries. The phonon symmetries and the allowed 

configuration for the Raman backscattering of the wurtzite crystal structure are shown in Table 

3.2. Q (LO) phonon mode is commonly visible in backscattering geometry. This mixture of E1 

(LO) and a small A1 component. E1 (LO) frequency approximates the frequency of Q (LO) 

phonon mode. In this study, z (x, y) 𝑧̅ Scattering geometry is considered to record Raman 

spectra. Where z indicates the propagation of the incident laser beam parallel to the c-axis of 

wurtzite AlN ceramics, x denotes the polarization of the incident, and y indicates the 

polarization of scattered light. 

Table 3. 2: The list of phonon modes presents in AlN ceramics. 

Scattering configuration Allowed mode 

x (zx)z Q (TO), Q (LO) 

x(yy)z E2, Q (TO), Q (LO) 

x(yz)y E1 (TO), E1 (LO) 

z(xy)𝒛̅ E2 

z(yy)𝒛̅ E2, A1 (LO) 

x(zz)𝒙 A1 (TO) 

x(yz)𝒙 E1 (TO) 

x(yy)𝒙 A1 (TO), E2 

The Raman spectra of AlN ceramics sintered at 1700 ℃ by varying dwelling time from 

5 h to 30 h, fitted using the Lorentz function, are shown in Figure 3.5. The fitted result is shown 

in Table 3.3. This result reveals that all samples contain six phonon modes near each other.  
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Figure 3. 5: The Raman spectra of AlN ceramics sintered at 1700 ℃ for (a) 5 h, (b) 10 h, 

(c) 2 0h, (d) 30 h recorded at room temperature by exiting with 514 nm laser, with 30 mW 

power. 

Table 3. 3: The phonon modes of AlN ceramics, sintered at 1700 ℃ for different sintering 

durations. 

Sample AlN-5h AlN-10h AlN-20h AlN-30h 

𝛾(cm-1) 𝛽(cm-1) 𝛾 (cm-1) 𝛽(cm-1) 𝛾 (cm-1) 𝛽(cm-1) 𝛾 (cm-1) 𝛽(cm-1) 

E2(Low) 248.65 4.881 248.63 6.628 248.24 3.003 246.76 3.808 

A1(TO) 614.11 15.942 614.47 14.842 613.04 11.813 612.30 14.234 

E2(High) 657.55 9.715 657.78 8.914 657.18 6.889 656.03 8.862 

E1(TO) 671.37 7.947 671.38 7.268 670.65 5.447 669.60 6.299 

A1(LO) 895.65 14.926 900.53 12.205 901.24 13.242 897.98 15.314 

E1(LO) 910.54 11.850 911.46 8.645 910.96 8.475 909.29 10.115 

The shift in vibrational modes was observed from the fitting result of the Raman spectra 

of AlN ceramics. The E2 (Low) vibrational mode shows the redshift from 5 h to 30 h. A1 (TO), 

E2 (High), E1 (TO), and E1 (LO) modes show a blue shift from 6 h to 10 h and a red shift from 
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10 h to 30 h. E2 (High) mode and A1 (LO) mode show a blue shift from 6 h to 20 h and a redshift 

from 20 h to 30 h. 

3.5.5 Temperature-dependent Raman studies: 

In addition, the temperature variation (123 K to 423 K) Raman spectra of AlN ceramic 

sintered at 1700 ℃ for 30 h are obtained. The Raman spectrum of AlN ceramic at various 

temperatures exhibits six phonon modes of wurtzite structure (see Figures 3.6(a) and (c)), 

confirming the stability and structure of AlN ceramic by increasing the temperature. Lorentz 

function is used to fit the Raman spectrum at various temperatures. The fitted result of the 

phonon mode E2 (High) is studied by increasing temperature; this mode exhibits the redshift 

(see Figures 3.6(b) and (d)).  

 

Figure 3. 6: The Raman spectra of AlN ceramic sintered at 1700 ℃ for 30 h by varying 

temperatures (a) and (c) The Raman spectra (b) and (d) shift in E2 (High) peak by varying 

temperatures from 293 K to 413 K and from 133 K to 273 K, respectively. 

TH-3335_186153104



Chapter 3: Structural and dielectric properties of phase pure AlN ceramics 

 
71 

 

The relation of Raman shift with temperature is linear, increasing the temperature from 123 K 

to 273 K and 283 K to 423 K, shown in Figures 3.7(a) and (b), respectively. This result confirms 

the relationship between the Raman shift and temperature as follows: 

𝜔 = 𝜔0 + 𝛼𝑇       (3.3) 

where 𝜔  is the Raman shift, T is the temperature, and 𝛼  is the first-order temperature 

coefficient [123]. The Raman spectra of AlN ceramic are recorded by varying the power of the 

laser from 20 mW to 36 mW, shown in Figure 3.7 (c).  

 

Figure 3. 7: The variation in Raman shifts of E2(High) mode by varying temperature (a) 

from 123 K to 273 K, (b) from 283 K to 423 K, and (c) the Raman spectrum (d) shift in E2 

(High) mode, recorded at room temperature by varying power of the laser from 20 mW to 

36 mW. 

This result reveals that the AlN ceramic exhibits six phonon modes of wurtzite structure 

at each laser power. Increasing the laser power enhances the intensity counts of the Raman 

spectrum. The increment in intensity counts is more photon incidents, resulting in more 

phonons participation in scattering from the sample [124], and the localized generated heat on 
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the sample due to more photon incidents. The high-intensity E2 (High) mode shows a redshift 

(see Figure 3.7 (d)). The Raman shift value of phonon mode in one spectrum is less when 

compared with the Raman shift value of the same particular phonon mode in another spectrum. 

That displacement is called redshift and can be observed in Figures 3.7 (b) and (d). The Raman 

spectra of the AlN ceramics revealed no signatures of Al2O3. This result shows that the powder 

bed method can obtain phase pure AlN ceramics at lower sintering temperatures. 

3.5.6 Dielectric studies: 

3.5.6.1 Low-frequency dielectric properties: 

The frequency-dependent dielectric properties of AlN ceramics sintered at 1700 ℃ by 

varying the dwelling time from 5 h to 30 h are calculated, and the obtained results are shown 

in Figure 3.8.  

 

Figure 3. 8: The variation of dielectric permittivity as a function of frequency for AlN 

ceramics in powder bed method sintered at 1700 ℃ for (a) 5 h, (b) 10 h, (c) 20 h, and (d) 30 

h. 
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The dielectric permittivity is calculated from the capacitance of AlN ceramics. This 

result (see Figure 3.8) reveals that the permittivity range of the samples increased as follows 

8.1- 6.5 for 5 h, 13 - 9.1 for 10 h sample, 12.9 - 9 for 20 h, 20 - 9 for 30 h with an increase in 

the dwelling time while sintering from 5 h to 30 h. The dielectric permittivity decreases by 

increasing the frequency from 1 KHz to 100 KHz for 20 h and 30 h samples. The samples 

sintered for 5 h and 10 h dielectric permittivity show slight increment above 100 ℃ for 5 h, 

and 140 ℃ for 10 h by increasing the frequency from 1 KHz to 100 KHz. The reason may be 

the porosity and lower density of the samples. The dielectric permittivity and dissipation factor 

by varying the temperature is constant, but slight variation is observed at low temperatures and 

is shown in Figure 3.9 and Figure 3.10.  

 

Figure 3. 9: The variation (from 25 ℃ to 200 ℃) of dielectric permittivity as a function of 

temperature for AlN ceramics in powder bed method sintered at 1700 ℃ for (a) 5 h (b) 10 h 

(c) 20 h and (d) 30 h. 
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The dielectric permittivity of the sample depends on the temperature, radii, volume, and 

polarizability of the atom/ion. The applied electric field (Ea) does not affect the atom/ ion 

consisting in the material, but the local field (EL) will affect it. The difference between the 

applied electric and depolarization field (Edp) is called the macroscopic field. The local field 

may equal or less than the applied field. The local field (EL) is the sum of the macroscopic field 

(Em), the electric field due to dipoles within the boundary (Ed), and the field due to charges at 

the surface (Ep). The relation between dielectric permittivity(𝜀𝑟) and polarization is as follows:  

𝜀𝑟−1

𝜀𝑟+2
=

𝑁𝛼

3𝜀0
       (3.4) 

 

Figure 3. 10: The variation of dissipation factor as a function of temperature for AlN 

ceramics in powder bed method sintered at 1700℃ for (a) 5 h, (b) 10 h, (c) 2 0h, and (d) 30 

h. 

which is known as the Clausius Mossotti relation [125]. Here, α is polarizability or dipole 

moment (p) induced in the area of interest per unit local field (EL), 𝜀0 is the permittivity of free 

space, and N is derived from the total dipole moment (P) as follows: 
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𝑃 = 𝑁𝑝 = 𝑁𝛼 (𝐸𝑚 +
𝑃

3𝜀0
)       (3.5) 

The polarization induced in the dielectric material is the result of four mechanisms. (1) 

space charge polarization, (2) dipole polarization, (3) ionic polarization, and (4) atomic 

polarization. The maximum frequency (𝑓𝑚𝑎𝑥) that induces polarizability can be measured by 

equating the quantum mechanical energy related to the frequency with the classical kinetic 

energy of the particle and by setting the speed of light as the maximum speed of the particle as 

follows [126]: 

𝑓𝑚𝑎𝑥ℎ <
𝑚𝑐2

2
      (3.6) 

where m is the particle's mass, c is the speed of light, and h is the Plank's constant. 

For electron 𝑓𝑚𝑎𝑥 = (1018 − 1019) 𝐻𝑧, in the case of ions 𝑓𝑚𝑎𝑥 = (1015 − 1016) 𝐻𝑧. 

Here, we have studied the broadband dielectric properties from 1 MHz to 100 MHz. Space 

charge polarization will affect dielectric permittivity at ≤ 104 𝐻𝑧, dipole polarization effect is 

at ≤ 108 𝐻𝑧, ionic and dipole polarization affects broadband frequency range 1 MHz to 100 

MHz.  

3.5.6.2 Broadband dielectric properties 

The AlN ceramics sintered for 20 h and 30 h exhibit good dielectric properties at lower 

frequencies selected to study high-frequency behaviour. The dielectric permittivity and 

dissipation factor variation with frequency at different temperatures (-140 ℃ to 200 ℃) were 

studied. The dielectric permittivity of the sample sintered for 20 h is constant with the 

interpretation of frequencies from 1 MHz to 100 MHz at lower temperatures, and the sample 

sintered for 30 h shows a slightly increasing nature but is higher than the sample sintered for 

20 h (see Figure 3.11 (a) and Figure 3.11 (b). The dissipation factor of the AlN ceramic sintered 
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for 20 h shows more fluctuations from 1 MHz to 10 MHz, further slightly increasing nature, 

and that of the AlN ceramics sintered for 30 h shows constantly decreasing nature without 

many fluctuations. The dielectric properties as 𝜀𝑟 (6.65-7.0) and  tan 𝛿  ((1-50) x 10-3) for the 

frequency region 1 MHz to 100 MHz obtained for the AlN ceramic sintered for 20 h.  

 

Figure 3. 11: The dielectric permittivity of AlN ceramics sintered for (a) 20 h (b) 30 h and 

dissipation factor of AlN ceramics sintered for (c) 20 h (d) 30 h with a function of 

temperature. 

The dielectric properties of AlN ceramics at higher temperature (see Figure 3.11) reveal 

that the AlN ceramic sintered for 30h shows the best dielectric permittivity (6.72-7.15) and 

dissipation factor ((1-50) x 10-3). the dielectric response obtained for AlN ceramics sintered for 

30 h is consistent with the previously reported values [127]. The dielectric permittivity of pure 

AlN ceramics (see Figure 3.11) reveals that the dielectric permittivity (6.60-7.15) of the AlN 

ceramic sintered for 30 h is higher than that of AlN ceramic sintered for 20 h. The dissipation 

factor of AlN ceramic sintered for 30 h is constant by varying temperatures, while AlN ceramic 

sintered for 20 h shows small variation at negative temperatures since porosity. The electrical 
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conductivity of AlN ceramics varies with applied frequency and temperature due to charge 

transport mechanisms.  

 

Figure 3. 12: The variation of conductivity as a function of frequency for AlN ceramics 

sintered at 1700 ℃ for (a) 5 h, (b) 10 h, (c) 20 h, and (d) 30 h. 

To understand the frequency and temperature effect on the electrical conductivity of 

AlN ceramics, the alternate current (AC) conductivity of AlN ceramics sintered at various 

dwelling times from 5 h to 30 h are studied and are shown in Figure 3.12 by varying frequency 

from 1 KHz to 100 KHz at different temperatures 40 ℃ to 200 ℃.   The ac conductivity (𝜎𝑎𝑐)of 

the AlN ceramics are calculated from the following relation: 

𝜎𝑎𝑐 = 𝜔𝜀𝑟𝜀0 tan 𝛿       (3.7) 

where 𝜔 = 2𝜋𝑓, f is frequency, 𝜀𝑟 is relative permittivity, 𝜀0 is the permittivity of free space, 

tan 𝛿 is the dissipation factor. The variation of ac conductivity with frequency at different 

temperatures is shown in Figure 3.12. This result reveals that the electrical conductivity (𝜎𝑎𝑐) 

vs. frequency curve contains two regions—one region at a lower frequency (1 KHz to 10 KHz). 
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The conductivity is less in this lower frequency region due to the grain boundary. The grain 

boundaries act as a barrier to charge conduction [128].  

 

Figure 3. 13: Logarithmic variation of 𝝈𝒂𝒄 as a function of 1000/T of AlN ceramics 

sintered for 20 h and 30 h. 

The other is in the high-frequency region (10 KHz to 100 KHz). In this high-frequency 

region, the conductivity increases due to the hoping process. The best sample shows electrical 

conductivity in 2.1 x 10-8 S/cm to 1.2 x 10-5 S/cm. The activation energy of AlN ceramic 

sintered for 20 h and 30 h are calculated from the Arrhenius relation [129]: 

𝜎𝑎𝑐 = 𝜎0𝑒𝑥𝑝 (
𝐸𝐴

𝑘𝐵𝑇
)       (3.8) 

where 𝜎𝑎𝑐 is the conductivity, 𝜎0 is the pre-exponential factor, 𝐸𝐴 is the activation energy, 𝑘𝐵 

is the Boltzmann constant, and T is the temperature. The plot between 𝜎𝑎𝑐, and 1000/T is shown 

in Figure 3.13 for the AlN ceramic sintered for 20 h and 30 h. These results revealed that the 

activation energy of AlN ceramic sintered for 20 h is 0.02 eV, and that of AlN ceramic sintered 

for 30 h is 0.03 eV at 0.19 GHz. The minimum amount of energy required to undergo the 

transformation of molecules or atoms for the AlN ceramics sintered at 1700 ℃ for 30 h is 0.03 

eV.  
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3.5.7 Microwave dielectric properties 

Microwave dielectric properties of AlN ceramics are measured by a vector network 

analyzer using Hakki- the Coleman method. Using the Krupka cavity resonator, this vector 

network analyzer will give the spectrum of signal S21 versus frequency. This spectrum reveals 

the resonant frequency and transmittance signal at that resonant frequency and FWHM (full-

width half maximum) of the peak at a resonant frequency. The material's dielectric permittivity 

and dissipation factor are calculated using the Hakki Colemon method [130]. We have prepared 

AlN ceramics of dimensions 10 mm (diameter) and 5 mm (thickness) to measure microwave 

dielectric properties. The obtained dielectric permittivity and dissipation factor of sintered AlN 

ceramics is shown in Figure 3.14. These results reveal that the sample's dielectric permittivity 

increases from 8.02 to 8.83 by increasing the dwelling time while sintering from 5 h to 30 h. 

The dissipation factor of the sample decreased from 43.81 to 21.69 in the order of 10-4. The 

dielectric permittivity increment and dissipation factor reduction are attributed to porosity 

reduction. Fractional density increases with the dwelling time from 5 h to 30 h; hence, porosity 

decreases. The relation between fractional density and porosity is as follows 

𝑃 = 1 − 𝐷      (3.9) 

where P is the porosity, and D is the fractional density of the material density to theoretical 

density. The dielectric permittivity is calculated from the following relations: 

𝜀𝑟 =
𝑐2

𝑓0
2𝜆𝑑

2       (3.10) 

where 𝜀𝑟 is dielectric permittivity, c is the speed of light, 𝑓𝑜 is the resonant frequency, 𝜆𝑑 is the 

wavelength in a dielectric equal to the diameter (size ) D of the cylindrical dielectric resonator. 

Dissipation factor (tan 𝛿) is the inverse of the unloaded quality factor [1
𝑄𝑢𝑙

⁄ ] . This unloaded 
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quality factor can be calculated using loaded quality (𝑄𝑙) factor and coupling coefficient 𝛽 

from the following relations: 

1

𝑄𝑢𝑙
=

1−𝛽

𝑄𝑙
      (3.11) 

𝑆21 = −20 log 𝛽      (3.12) 

The loaded quality factor (𝑄𝑙) is the ratio of resonant frequency (𝑓0) to the modulus 

value for the difference of frequencies right(𝑓2) and left (𝑓1)  3 dB down to the resonant 

frequency. The high dielectric permittivity (𝜀𝑟  = 8.83) and low dissipation factor (21.69 x 10-

4) are obtained for the AlN ceramics, sintered at 1700 ℃ for a 30 h sample. The obtained 

dielectric results agree with previously reported values [131]. These obtained results are 

appropriate for RF-window and electronic applications of AlN ceramics. The obtained 

dielectric response is enhanced as compared with the earlier studies [132].  

 

Figure 3. 14: Microwave dielectric properties of AlN ceramics by varying dwelling time 

from 5 h to 30 h. 
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3.6 Conclusions 

➢ In this study, pure AlN ceramics are prepared at a low sintering temperature of 1700 ℃ 

using a powder bed. The obtained densified AlN ceramic sintered at 1700 ℃ for 30 h, 

with a compacted grain size of an average grain size 1.45 𝜇m.  

➢ The Rietveld refined XRD studies revealed that AlN ceramics' crystal structure exhibits 

Wurtzite structure, with the P63mc space group. XRD pattern matched with JCPDS 

card number 01-075-1620 conforming wurtzite structure and correlated these structural 

properties with temperature-dependent phonon modes from Raman spectrum and 

electrical properties.  

➢ This study demonstrates the densification of AlN ceramics at lower sintering 

temperatures and the elimination of the Al2O3 phase by the powder bed method. The 

improvement in density, uniform microstructure, and good electrical properties are also 

attributed to consistent grain growth due to smaller initial particle sizes.  

➢ The dielectric permittivity (6.72-7.15) and dissipation factor ((1-50) x 10-3) were 

obtained for the range of frequencies 1 MHz to 100 MHz in the temperature range -140 

℃ to 200 ℃. The best microwave dielectric properties with low loss tangent (tan 𝛿 = 

21.69 x 10-4) and high dielectric permittivity (𝜀𝑟 = 8.83)) obtained are promising for 

microwave applications.  
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4.1 Graphical abstract: 
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4.2 Abstract 

This chapter is divided into two parts. In the first part, the effect of ZnO on structural, 

dielectric, and electrical properties is investigated systematically. In addition, the small initial 

particle sizes and ZnO also help decrease the sintering temperature to 1700 ℃ and densify AlN 

at lower temperatures due to the formation of the eutectic phase around 1400 ℃. The XRD 

pattern of ZnO-added AlN ceramics revealed that the sintered ceramics have pure AlN phase. 

The Raman spectrum of all sintered AlN-ZnO composites confirms wurtzite AlN structure. 

The XPS results confirm Al 2p, Zn 2p, N 1s, and O 1s presented in the AlN-15ZnO composite 

ceramic. O1s deconvoluted into Os and O-Al and this deconvoluted peaks fit reveals that the 

percentage of Os is higher than the percentage O-Al present in the sample. This result proves 

that the oxygen in the AlN-15ZnO composite ceramics is on the surface, not in grains. The 

powder bed prevents the formation of Al2O3 and enhances densification. The best additive 

AlN-15ZnO composite obtained dielectric permittivity is 5.50 to 7.41 in the variation of 

temperature 30 to 500 ℃. The impedance spectroscopy revealed that the AlN-ZnO composite 

ceramics contain non-Debye type relaxations. The best microwave dielectric properties (𝜀𝑟 = 

7.20 and tan 𝛿 = 4.90 x 10−3) for the best composite AlN-15ZnO ceramic for transmission of 

signals with high speed in electronic applications. 

In the second part, pure and Er2O3 doped AlN ceramics are prepared by solid-state 

reaction method and sintered using the sintering bed at 1700 ℃. Interestingly, it prevented the 

formation of Al2O3 completely. X-ray diffraction patterns of pure and Er2O3 added samples 

show wurtzite crystal structure with P63mc space group. Er-AlN composite ceramics exhibited 

good microwave dielectric properties (𝜀𝑟 = 7.81 and tan 𝛿 = 5 x 10-4) compared to the pure 

samples. The dielectric window is designed in computer simulation technology (CST) using 
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experimentally derived dielectric properties. The theoretical value of the window's insertion 

and return loss is better than 61.25 dB and 0.009 dB, respectively, at 3.7 GHz. 

4.3 Introduction 

 AlN (aluminium nitride) contains a covalent bond with a wurtzite structure, making it 

challenging to sinter and densify at low temperatures [133]. Many researchers followed 

different sintering methods and used different oxide or fluoride additives to reduce the sintering 

temperature and densify AlN ceramics [17, 18]. Various sintering methods used for densifying 

AlN ceramics are spark plasma sintering [136-137], microwave sintering [138, 62], Hot 

isostatic pressing, etc., and Honma. T et al. [139] sintered AlN ceramics using Ca3Al2O6 as an 

additive at 1880 ℃, studied (cathodoluminescence properties) transmittance spectra and said 

that in the range 260-550 nm increase in transmittance, intensity is due to the oxygen-induced 

defect caused by the additive. Yao. Y. et al. [79] sintered AlN ceramics using Er2O3 and Y2O3 

as additives at 1800 ℃-1950 ℃ for 2 h in a graphite furnace, achieved 106 W/mK.  

However, the synthesis of pure AlN is complicated because of its low chemical stability 

[71–74]. Achieving 100% density is challenging due to its covalent bond nature. While 

sintering, oxygen can settle on the grain boundaries and in the AlN lattice. This oxygen scatters 

the primary heat carrier (phonon), decreasing thermal conductivity [75]. Most of the used 

additives were rare earth oxides and alkaline earth oxides for AlN ceramic's densification. 

While sintering, these additives form a liquid phase, resulting in the ceramics' densification at 

lower temperatures [76, 77]. The most used rare earth oxide additives for fabricating AlN 

ceramics were Sm2O3 and Y2O3. These additives help to densify AlN by forming the liquid 

phase, but the formation of secondary phases was inevitable. Hence, the chemical inertness of 

AlN would be lost. These additives helped to densify the ceramics but could not eliminate the 

secondary phase [77–79]. However, AlN with ZnO and Er2O3 additives has not been studied 
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intensively. The pressure-less sintering method easily creates a problem of aluminum vacancies 

in AlN since oxygen can easily replace nitrogen to form aluminum vacancies while sintering 

at high temperatures. Oxygen in AlN is in the form of Al2O3 [80, 81]. The oxide additives react 

with Al2O3-covered AlN particles and helps in avoiding Al3+ vacancies, and reducing pores by 

forming a liquid phase. Thus theses oxide additives prevent formation of Al2O3 by reacting 

with Al3+ vacancies [82].  

The dielectric window is a critical component and hermetically sealed barrier between the 

external and ultra-high vacuum regions through which microwave power can pass with 

negligible absorption. Although a lot of work on the dielectric window is available in the 

literature [5, 140–147], not much work has been carried out on the study of demountable type 

dielectric window along with the dielectric materials for S-band frequency at spot frequency 

3.7 GHz. In this regard, both preliminary experiments and simulations are carried out. In the 

simulations, to feed the input parameters, it's necessary to give actual values obtained from the 

experiments to get the exact dimensions and understanding of the window parameters, which 

are crucial in developing the window.  

Most researchers studied the thermal conductivity of AlN ceramics [76, 78, 148, 149]. 

Some researchers studied the fluorescence effect of Er-doped AlN ceramics, which were 

sintered in hot isostatic pressing with a 6-ton load for 24 h and sintered at 2000 ℃ [149]. 

However, most of these studies on AlN aim at improving thermal conductivity and 

densification. Also, there were no reports on the theoretical simulations to identify a suitable 

diameter and thickness of AlN for the window design at 3.7 GHz. This literature gap motivated 

us to carry out this study—the phase pure AlN and AlN ceramics with ZnO and Er2O3 as 

additives. AlN- Er2O3 composite ceramics' microwave dielectric properties were obtained to 

provide the input for dielectric window design and simulations. 
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4.4  Experimental procedure 

Preparation of AlN – x ZnO composite ceramics: In this study, the pure and ZnO-

added AlN ceramics are sintered using a two-step sintering process. Initially, powders are 

prepared using the solid-state reaction method. Pure AlN powder is ball milled in dry ball 

milling for 10 h with 300 rpm using a ball mill. ZnO-added AlN composites are prepared using 

isopropanol as a liquid media using the wet ball milling method. The additive AlN-ZnO 

composition is prepared by ball milling at 150 rpm for 12 h. Here, the additive is added in 

different wt% from 5 wt% to 20 wt%, and these samples are named as shown in Table 4.1. The 

ball-milled sample is collected and dried on a hot plate. Then, the dried sample is ground to 

make a fine powder.  

 

Figure 4. 1: (a) The process of preparing AlN ceramics in the solid-state reaction method 

and (b) Sintered samples at 1700 ℃ with 3 h 1) Pure AlN 2) 0.5ErAlN 3) 1ErAlN 

4)2ErAlN 5) 3ErAlN. 

These powder samples are compacted into a cylindrical shape using a hydraulic press by 

applying a 2.5 MPa pressure. The compacted sample is of dimensions 10 mm (diameter), ~5 

mm, and 1 mm (thickness). The compacted samples are sintered using the powder bed method 

in a sintering furnace. A two-step sintering process is used to densify the AlN ceramics. The 
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sintering process is as follows: first from 20-800 ℃ with 17 ℃/min with 1 h dwelling time, 

and the second step involves 800-1700 ℃ with 15 ℃/min with 20 h dwelling time. 

Table 4. 1: Specification of the AlN-ZnO composites. 

Sample AlN (wt%) ZnO (wt%) Relative density (%) 

AlN 100 0 94.67 

AlN-5ZnO 95 5 94.63 

AlN-10ZnO 90 10 94.51 

AlN-15ZnO 85 15 94.43 

AlN-20ZnO 80 20 94.32 

Preparation of AlN – x Er2O3 composite ceramics: Rare earth oxide (Er2O3) additive AlN 

ceramics are prepared using conventional sintering by solid-state reaction method, as shown in 

Figure 4.1(a). Pristine AlN and Er2O3 powders are added to make the required composition and 

mixed by employing a ball mill using isopropanol as a liquid media at 250 rpm for six h. 

Additive Er2O3 was added (0.5-2 wt%) to study the additive AlN ceramics' effect. Then, the 

slurry collected in a beaker dried on a hot plate ground to get a fine powder. This fine mixture 

of AlN + x wt% Er2O3 compacted cylindrical shape with KBr press of size 10 mm diameter 

and 1 mm and 5 mm thicknesses according to the requirement. The Compacted samples are 

sintered in two stages: initially at 1600 ℃ for 3 h and then at 1700 ℃ for 3 h in the presence of 

nitrogen with a powder bed, as shown in Figure 4.1(b). The powder bed consists of 80% AlN 

powder and 20% C (carbon) powder to arrest the formation of Al2O3, which forms by oxidation 

during the sintering at high temperatures.  
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4.5 Results and discussions of AlN-ZnO composite ceramics 

4.5.1 Structural analysis: 

The density of the sintered samples is measured using Archimedes' principle using 

distilled water as a liquid media. The calculated relative densities of all AlN-ZnO composites 

are listed in Table 4.1. XRD pattern of all sintered AlN-ZnO composites is observed in the 2𝜃 

range 32° to 80° with a step size of 0.02°, as shown in Figure 4.2. This XRD pattern reveals 

that all sintered AlN-ZnO composites exhibit the desired wurtzite crystal structure with the 

P63mc space group. Pure and additive AlN ceramics XRD pattern indexed with the standard 

XRD pattern using JCPDS of card number 01-077-9871 of space group 186. 

Table 4. 2: The Rietveld refined parameters for the XRD pattern of AlN-ZnO composites. 

Composite 𝝌𝟐 Rf-factor Bragg Rf-

factor 

a 

 (Å) 

c 

(Å) 

Volume 

(Å)
𝟑
 

AlN 1.12 3.08 3.59 3.113 (28) 4.981 (76) 41.793 (1) 

AlN-5ZnO 1.53 2.32 3.64 3.115 (31) 4.985 (58) 41.894 (1) 

AlN-10ZnO 1.42 2.57 4.16 3.116 (38) 4.987 (69) 41.936 (1) 

AlN-15ZnO 1.28 2.39 4.08 3.115 (23) 4.986 (65) 41.907 (1) 

AlN-20ZnO 1.89 2.71 3.93 3.116 (77) 4.987 (84) 41.938 (2) 

Further, the XRD pattern of pure AlN and AlN-15ZnO composites are refined by 

Rietveld refinement using full prof suit software for determining lattice parameters and volume. 

The Rietveld refined patterns of pure AlN and AlN-15ZnO are shown in Figure 4.3. the 

diffraction peaks of pure AlN and AlN-15ZnO are fitted using the pseudo-Voigt function. The 

powder bed helps in preventing oxidation. It is well known that avoiding the formation of Al2O3 
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is challenging. However, the sintering bed suppressed the formation of Al2O3. The Rietveld 

refined parameters of all sintered samples are shown in Table 4.2. 

 

Figure 4. 2: The XRD pattern of all samples of AlN-ZnO composites sintered at 1700 ℃ for 

20 h. 

 

Figure 4. 3: The Rietveld refinement XRD pattern of pure AlN and AlN-15ZnO composite. 

TH-3335_186153104



Chapter 4: Effect of additives on structural and dielectric properties of AlN ceramics. 

 
90 

 

The Rietveld refined parameters of AlN-15ZnO ceramic are 𝜒2 = 1.28, Bragg Rf-

factor 4.08, volume 41.907 Å3, with lattice parameters 𝑎 = 𝑏 = 3.115 Å, 𝑐 = 4.986 Å. The 

Rietveld refinement parameters for pure AlN ceramics are 𝜒2 = 1.12, Bragg Rf-factor 3.59, 

volume 41.793 Å3, with lattice parameters 𝑎 = 𝑏 = 3.113 Å, 𝑐 = 4.981 Å. The lattice volume 

of additive AlN ceramics is higher than that of pure AlN ceramics; this might be due to the 

occupation of vacancies or the replacement of Aluminum vacancies with Zn2+. The lattice 

parameters of all sintered AlN-ZnO composites agree with previously reported values [150].  

4.5.2 Raman analysis: 

The Raman spectrum of all sintered pure and AlN-ZnO composites is obtained using a 

532 nm laser by exiting with 30 mW power and shown in Figure 4.4. This result reveals that 

each composition has six vibrational modes of the wurtzite AlN phase. One of all vibrational 

modes, the most vital mode is E2 (High), representing nonpolar vibrations of Al and N atoms. 

The Raman spectra of all sintered samples are fitted using the Lorentzian function.  

 

Figure 4. 4: The Raman spectrum is obtained using a 532 nm laser with 30 mW power for 

pure AlN, and AlN-ZnO composite ceramics sintered at 1700 °C for 20 h. 
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Figure 4. 5: The Raman spectrum fitting of pure AlN and AlN-15ZnO composite are 

recorded using a 532 nm laser with 30 mW power and fitted using the Lorentz function. 

Table 4. 3: The fitted parameters for the Raman spectra of AlN-ZnO composites. 

Sample/

Phonon 

mode 

AlN AlN-5ZnO AlN-10ZnO AlN-15ZnO AlN-20ZnO 

𝛾 

(Cm-1) 

𝛽 

(Cm-1) 

𝛾 

(Cm-1) 

𝛽 

(Cm-1) 

𝛾 

(Cm-1) 

𝛽 

(Cm-1) 

𝛾 

(Cm-1) 

𝛽 

(Cm-1) 

𝛾 

(Cm-1) 

Β 

(Cm-1) 

E2(Low) 244.00 9.371 243.51 11.673 243.41 17.353 242.92 19.787 243.45 24.304 

A1(TO) 609.81 13.952 609.73 15.841 610.00 15.417 610.32 16.282 610.37 15.890 

E2(High) 653.49 9.312 653.18 9.803 653.05 8.608 652.88 8.096 654.48 11.886 

E1(TO) 666.85 7.237 665.58 10.726 665.60 7.218 666.45 7.535 667.84 9.800 

A1(LO) 891.87 17.080 896.98 25.372 894.74 23.021 895.40 55.265 896.64 32.630 

E1(LO) 906.57 12.583 905.47 14.147 906.31 11.242 905.60 23.111 907.88 19.447 

The fitted spectrum of pure AlN and the best composition AlN-15ZnO are shown in 

Figure 4.5. The fitted results of all spectrums as Raman shift and full width half maximum 

values of all modes are shown in Table 4.3. The Raman modes corresponding AlN-5ZnO, AlN-

10ZnO, AlN-15ZnO composites, E2 (Low), E2 (High), E1 (TO), and E1 (LO) show redshift 
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(shifting towards lower frequency) and other modes shows blue shift (shifting towards higher 

frequency) in comparison with the Raman modes of pure AlN ceramic.  

AlN-20ZnO composition E2 (High), E1 (LO) modes also show blue shift with other A1 

(TO), A1 (LO) modes as common with other composites. Oxygen-related defects in the AlN 

lattice are implied in the broadening of the E2 (high) mode. Al vacancy in AlN lattice created 

due to the substitution of oxygen atom in place of N atoms by the charge neutrality constraint 

broadens the Raman line width. 

4.5.3 XPS analysis: 

The XPS high-resolution spectra of Al 2p, Zn 2p, N 1s, and O 1s for AlN-15ZnO 

ceramic are shown in Figure 4.6 (a)-(d), respectively, with corresponding deconvoluted peaks.  

 

Figure 4. 6: The High-resolution spectra of AlN-15ZnO ceramics fitted using the Gaussian 

function with their deconvoluted peaks (a) Al 2p (b) Zn 2p (c) N 1s and (d) O 1s. 
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The XPS investigation of sintered composite AlN-15ZnO ceramics confirms the 

existence of aluminium vacancies and oxygen. The primary C 1s peak at 284.83 eV for 

adventitious surface carbon is set as a reference binding energy. All deconvoluted peaks are 

fitted using the Gaussian function. All deconvoluted peaks of AlN-15ZnO composite binding 

energies with their corresponding proposed chemical bond descriptions are summarized and 

listed in Table 4.4. The high-resolution XPS scan of the Al 2p peak reveals the nature of 

aluminium bonding. Figure 4.6 (a) indicates that only small intensity Al-O at 74.66 eV is 

detected besides the primary bond Al-N at 74.11 eV assigned for aluminium bound to nitrogen 

in wurtzite AlN. 

Table 4. 4: XPS high-resolution spectra results and their deconvoluted peaks with related 

chemical bonds. 

Sub shell Chemical bond Binding energy (eV) 

C 1s C-C 284.83 

Al 2p Al-N 74.11 

Al-O 74.66 

Zn 2p Zn 2p3/2 1021.57 

Zn 2p1/2 1043.35 

N 1s N-N 395.57 

N-Al 396.72 

N-Al-O (surface only) 399.73 

O 1s O-Al (grain boundaries) 530.47 

Os (surface only) 531.61 

The Zn 2p, high-resolution spectrum, shows doublet (see Figure 4.6 (b)) with binding 

energies 1021.57 eV and 1043.35 eV identified as a corresponding line to Zn 2p3/2 and Zn 2p1/2 

respectively, with very low intensities compared to other elements. The binding energy 

difference between the two lines is 21.78 eV, in good agreement with previously reported 
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values [151]. The analysis of Figure 4.6 (c) indicates that the nitrogen mainly bonded with 

aluminium indicated by the deconvoluted peak by N-Al at 396.72 eV.  

The deconvoluted peaks of N 1s with N-Al are as little intensity at 395.57 eV and 

399.73 eV, corresponding to the chemical bonds N-N and N-Al-O, respectively. This N-Al-O 

is located at the surface only, not in grain boundaries, and matches with previously assigned 

values [152]. The oxygen high-resolution peak is fitted with two deconvoluted peaks 

corresponding to O-Al at grain boundaries and Os at the surface only, with binding energies at 

530.47 eV and 531.61 eV, respectively (see Figure 4.6 (d)). The O-Al at grain boundaries 

deconvoluted peak is with low intensity compared with surface oxygen, and this oxygen might 

be additive. This surface oxygen is due to the adsorbed gas and powder bed oxidation. This 

XPS result of the AlN-15ZnO composite shows that the Zinc (Zn) present in the sample is 

much less, and oxygen is present in the composite ceramics on the surface, not in grains. The 

other elements of wurtzite AlN obtained appropriately, such as Al 2p the significant 

contribution of 90.77% is of Al-N chemical bond, N 1s high-resolution spectra contain 56.79% 

contribution is of N-Al, significantly less amount as 10.90% as N-N chemical bond 

contribution.  

4.5.4 Dielectric properties: 

Semiconductor devices and multi-chip modules in the micro-electronics industry 

require high density and frequency to meet high-speed signal processing. The dielectric 

permittivity and dissipation factor of dielectric material for electronic applications is significant 

since the low dissipation factor of insulating material used in electronic packages helps reduce 

signal loss by resisting absorption or desorption of electrical signals passing throughout the 

electronic package. The dielectric permittivity should be low for high-speed digital circuitry. 

Since the transmission speed of a pulse is inversely proportional to the square root of that 
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dielectric permittivity in a circuit in contact with the dielectric material. Hence, the lower the 

dielectric permittivity, the higher the transmission speed. High-quality signal delay in the 

substrate also needs to be reduced to improve the performance of high-speed IC systems. The 

signal propagation delay time depends upon the dielectric permittivity of the substrate as 

follows.  

𝑇𝑑 = 𝑙𝑥 √𝜀𝑟

𝑐
      (4.1) 

where, 𝑇𝑑 = Delay time, 𝑙 = Signal transmission length, 𝜀𝑟 = Dielectric permittivity of the 

substrate, 𝑐 = Speed of light. Hence, the reduction of delay time is possible by lowering 

dielectric permittivity. The length of the resonator is inversely proportional to the square root 

of dielectric permittivity. The RF-components size can increase inconveniently if the dielectric 

permittivity is low.  

 

Figure 4. 7: The variation of dielectric permittivity with temperature for pure AlN and 

AlN-15ZnO composite measured at frequencies ranging from 1 kHz to 1 MHz. 

The case of materials with high permittivity also causes problems since they require 

narrow lines to match impedance properly. Dielectric permittivity is essential in controlling the 

impedance of microwave and RF circuits to reduce the energy reflections at the interface of 

circuit tracks and components. The dielectric properties of AlN and best composition AlN-
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15ZnO are studied using a sample of 10 mm diameter and 1 mm thickness, sintered at 1700 ℃. 

After sintering, the sample is polished and coated with silver paint on both sides for measuring 

capacitance. The dielectric permittivity is calculated from capacitance obtained for pure and 

composite AlN ceramics using the following relation: 

𝜀𝑟 =
𝐶𝑡

𝐴𝜀0
      (4.2) 

The variation of dielectric permittivity with temperature increment from 30 to 500 ℃ at various 

frequencies is shown in Figure 4.7. The dielectric permittivity of pure AlN ceramic ranges from 

5.6 to 8.0, and the best additive AlN-15ZnO composite ranges from 5.5 to 7.4 in temperatures 

ranging from 30 to 500 ℃. The dielectric permittivity of AlN-15ZnO is lower than that of pure 

AlN ceramics. The dielectric permittivity of pure AlN and AlN-15ZnO composite is enhanced 

with an increase of temperature from 30-500 ℃, attributed to the alignment of dipoles due to 

the thermal energy.  

 

Figure 4. 8: The variation of dissipation factor with temperature for pure AlN and AlN-

15ZnO composite at various frequencies ranging from 1 kHz to 1 MHz. 

The Dissipation factor of pure and best additive AlN-15ZnO ceramics as a function of 

temperatures at various frequencies are shown in Figure 4.8. This result reveals that the 

dissipation factor of pure AlN and AlN-15ZnO ceramics is almost constant by the varying 
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temperature at a particular frequency. The dissipation factor of pure AlN ceramic shows a 

slightly increasing nature of 380 ℃ at higher frequencies 300 kHz onwards. For the best 

additive, AlN-15ZnO ceramic shows a slightly decreasing nature at 80 ℃, continues almost 

constant up to 420 ℃, and then slightly increasing nature from 420-500 ℃. The increment at 

higher temperatures in pure AlN ceramic above 380 ℃ and additive above 420 ℃ may be 

higher phonon scattering due to thermal activation. The slightly enhancing dissipation factor 

behavior of AlN-15ZnO composite at 80 ℃ attributed to the addition of ZnO. The dissipation 

factor of pure AlN ceramics shows a minor increasing nature by increasing frequency from 1 

kHz to 1 MHz due to the dipolar polarization. Impedance spectroscopy is an effective technique 

to characterize the electrical properties of sintered ceramics. The impedance spectroscopy is 

obtained over a frequency range of 1 kHz to 1 MHz at various temperatures of 100 ℃ to 500 

℃ for the samples pure AlN and best composite AlN-15ZnO sintered using a two-step sintering 

process, which is shown in Figure 4.9. This result reveals that the impedance spectrum at each 

temperature for pure AlN and composite AlN-15ZnO ceramics is well-fitted with the circuit 

corresponding to three RC (resistor-capacitor) units. The equivalent circuit consists three 

number of RC circuits.  

 

Figure 4. 9: The Cole-Cole plot for pure AlN and AlN-15ZnO composite at various 

temperatures from 100-500 ℃. 
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The number of RC units in the equivalent circuit is related to the number of different 

microstructural components of ceramic causes for impedance spectroscopy. Those 

microstructural components affecting impedance spectroscopy are grains, grain boundaries, 

electrodes, residues, or pores. In the present study, the impedance spectroscopy of pure and 

best composite AlN-15ZnO ceramics, fitted with the equivalent circuit containing three RC 

components in series, as shown in Figure 4.9. One RC circuit representing grain resistance(𝑅𝑔) 

and grain capacitance (𝐶𝑔), second RC circuit representing grain boundary resistance (𝑅𝑔𝑏) 

and grain boundary capacitance (𝐶𝑔𝑏), the third RC unit corresponding to electrode resistance 

(𝑅𝑒) and electrode capacitance (𝐶𝑒).  

Table 4. 5: The numerical values are evaluated from the Cole-Cole fitting for the AlN-

15ZnO composite. 

Temperature (℃) Capacitance (pF) Resistance (MΩ) Relaxation time (msec) 

100 2.076 575.7 1.19515 

200 2.07 576 1.19232 

300 2.104 443.8 0.93376 

400 9.259 13.13 0.12157 

500 1.981 17.73 0.03512 

Precipitates are unaffected since fewer pores in the sintered sample in the two-step 

sintering process result in high density. The Cole-Cole plot of pure and AlN-15ZnO composite 

ceramics is fitted well with an equivalent circuit containing three RC circuits, as shown in 

Figure 4.9. The fitted parameters of grain resistance and grain capacitance of the best composite 

AlN-15ZnO ceramic are shown in Table 4.5. The impedance spectra of pure AlN and the best 

composite AlN-15ZnO ceramics of sintered samples prove that the non-Debye conduction 

process is contained in the samples. The frequency-dependent real part of impedance for pure 

AlN and the best AlN-15ZnO composite is shown in Figure 4.10. This result reveals that the 
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impedance of the best composite AlN-15ZnO is more than pure AlN ceramic in the frequency 

range of 1 kHz to 1 MHz. 

 

Figure 4. 10: The variation of the real part of impedance for AlN and AlN-15ZnO 

composite as a function of frequency from 1 kHz to 1 MHz measured at various 

temperatures from 100-500 ℃. 

 

Figure 4. 11: The variation of the imaginary part of impedance for AlN and AlN-15ZnO 

composite with frequency variation from 1 kHz to 1 MHz, at various temperatures from 

100-500 ℃. 

The impedance of pure and additive AlN ceramics decreases with frequency increasing 

from 1 kHz to 1 MHz. The impedance increases if the temperature rises from 100-500 ℃ for 

pure AlN and AlN-15ZnO composite. This response indicates that the conductivity will 

increase with frequency from 1 kHz to 1 MHz, as a typical semiconductor behavior. The 
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impedance of pure and additive AlN ceramics at higher frequencies above 20 kHz merged. The 

merging at higher frequencies might be due to space charge polarization relaxation.  

There are two types of dielectric relaxation processes: one is the Debye type, and the 

other is the non-Debye type of relaxation. The Debye type of dielectric relaxation is for a non-

interacting system (one body).  i. e., the system containing non-interacting dipoles considering 

dipoles separated by a viscous medium. In the Debye type of relaxations, the dipoles are aligned 

along the field direction by applying the electric field and return to their original position by 

removing the applied electric field. Impedance spectra will be a perfect semi-circle originating 

from the real axis in the case of the Debye type of relaxation. However, generally, many 

systems exhibit non-Debye-type relaxations. This non-Debye type system contains a distorted 

semi-circle since interactions present in the dipoles present in the system. The imaginary part 

of impedance for pure AlN and AlN-15ZnO composite as a function of frequency at various 

temperatures ranging from 100-500 ℃ are measured and shown in Figure 4.11. This result 

indicates the imaginary part of impedance for both pure and composite AlN ceramics are high 

value and decreases with temperature; this response is due to thermally activated charges 

relaxation.  

4.5.5 Microwave dielectric properties 

The microwave dielectric properties of sintered AlN-ZnO composite ceramics are 

measured using Hakki Colemann’s method. The measured values are shown in Table 4.6. This 

result reveals that the pure AlN dielectric permittivity (𝜀𝑟) 8.44, dissipation factor (tan 𝛿 × 10-

3) 2.64 at 12 GHz. The dielectric permittivity decreases by increasing the amount of additive 

ZnO. The best additive composition AlN-15ZnO composite dielectric permittivity (𝜀𝑟) = 7.20 

is lower than all composites with dissipation factor (tan 𝛿) = 4.90 × 10-3. The dissipation 

factor results are one order of magnitude lesser than the previously reported values [127] and 
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in good agreement with the previously reported values by Gonzalez M. et al. [131]. These 

results are appropriate for transmitting a signal with low signal loss and high speed. 

Table 4. 6: The microwave dielectric properties of pure AlN and AlN-ZnO composites. 

Sample Dielectric 

Permittivity  

Loss tangent 

(tan𝜹 × 10-3) 

AlN  8.44 2.64 

AlN-5ZnO 8.21 2.67 

AlN-10ZnO 7.26 4.09 

AlN-15ZnO 7.20 4.90 

AlN-20ZnO 7.35 3.71 

4.6  Results and discussions of AlN-Er2O3 composite ceramics 

4.6.1 Density analysis 

The AlN ceramics added with different concentrations of Er2O3 and their codes are given 

in Table 4.7. The relative densities of pure and additive ceramics are as follows: (1) AlN - 

90.53%, (2) 0.5ErAlN – 91.65%, (2) ErAlN - 92.21%, (3) 2ErAlN – 94.16%, and (3) 3ErAlN 

– 93.11%. Archimedes' principle is used to measure density. 

Table 4. 7: Specification of the prepared compositions. 

Composition name Er2O3 (x wt%) 

AlN 0 

0.5ErAlN 0.5 

1ErAlN 1 

2ErAlN 2 

3ErAlN 3 

The density of additive ceramics increases by increasing additive concentration and 

showing decreasing nature at 3 wt% additive; the reason for this increasing density is replacing 
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vacancies in AlN by the additive. The ceramics with 3 wt% additive show less density due to 

the formation of pores by replacing Al3+ or N3- with additive ions. The maximum density (~ 

94%) is obtained for 2ErAlN. 

4.6.2 XRD analysis 

The X-ray diffraction (XRD) patterns of pure and additive (Er2O3) AlN ceramics are 

shown in Figure 4.12. Interestingly, all the sintered samples showed a wurtzite crystal structure 

with a P63mc space group without any secondary phase at a lower temperature than in previous 

studies [153]. Carbon in the powder bed avoids entering oxygen into grains, and AlN powder 

prevents oxide layer formation. Thus, the powder bed avoids secondary phase formation even 

at high temperatures. The sintered samples ' XRD pattern (see Figure 4.12) showed the pure 

AlN phase. Further, it is noteworthy that the samples exhibited better densities at lower 

sintering temperatures without any secondary phases.  

 

Figure 4. 12: The XRD pattern of pure and Er2O3-added AlN ceramics. 

The Rietveld refinement of pure and Er2O3-added AlN ceramics is shown in Figure 

4.13. This result reveals that the sintered samples had pure AlN phase with space group P63mc 

and space group number 186 in the wurtzite structure. The Rietveld refinement parameters of 
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pure and Er2O3-added AlN ceramics are shown in Table 4.8. It reveals that the formed crystal 

structure after sintering is a wurtzite crystal structure with 𝛼 = 𝛽 = 90°, 𝛾 = 120°. 

Table 4. 8: The Rietveld refinement parameters of pure and Er2O3 added AlN ceramics, 

sintered at 1700 ℃ for 3h. 

Sample χ2 Brag Rf- 

factor 

Rf -

factor 

a = b (Å) c (Å) Volume 

(Å3) 

AlN 3.88 3.20 2.28 3.112 4.981 41.777 

0.5ErAlN 3.18 2.51 1.27 3.113 4.981 41.806 

1ErAlN 2.84 2.28 1.35 3.115 4.983 41.869 

2ErAlN 2.52 2.62 1.60 3.113 4.983 41.826 

3ErAlN 2.85 4.41 5.35 3.113 4.982 41.824 

 

Figure 4. 13: The Rietveld refinement of Er2O3 added AlN ceramics. 

4.6.3 Raman analysis 

Raman spectroscopy is a sensitive tool for detecting impurities and studying crystalline 

structures. The Raman spectra of sintered samples recorded at room temperature for the pure 
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and 2ErAlN and shown in Figure 4.14. These spectra are obtained by exciting the sample with 

laser light of wavelength 514 nm with 30 mW power and 30 sec acquisition time. The Raman 

spectrum result revealed that prepared samples pure and additive (2ErAlN) consist of 6 phonon 

modes of AlN and confirmed that the obtained sample's structures are wurtzite. 

 

Figure 4. 14: The Raman spectra of the pure and 2ErAlN ceramics. 

Table 4. 9: Phonon modes observed for pure AlN and additive 2ErAlN ceramics. 

Sample/Phono

n mode 

AlN 2ErAlN 

𝜸 

(Cm-1) 

𝜷 

(Cm-1) 

𝜸 

(Cm-1) 

𝜷 

(Cm-1) 

E2 (Low) 244.41 42.181 247.36 43.597 

A1 (TO) 614.94 16.708 613.32 11.499 

E2 (High) 656.66 7.289 656.791 6.977 

E1 (TO) 668.42 7.901 669.78 5.394 

A1 (LO) 889.70 5.966 898.84 8.139 

E1 (LO) 909.01 23.209 911.18 18.004 

TH-3335_186153104



Chapter 4: Effect of additives on structural and dielectric properties of AlN ceramics. 

 
105 

 

The Lorentz function fits the Raman spectrum (see Figure 4.14). This result shows that 

the synthesized samples' pure and additive (2ErAlN) ceramics exhibited a wurtzite structure 

with pure phase AlN. The fitted result conveys us exact FWHM (β) values, and the phonon 

modes (𝛾) for pure AlN and additive 2ErAlN samples are in good agreement with the pure AlN 

wurtzite structure with P63mc space group, which are tabulated in Table 4.9. All phonon modes 

except A1 (TO) exhibited a blue shift (shifted towards the high frequency) due to the addition 

of Er2O3. A1 (TO) mode shows a redshift (shifted towards the lower frequency). This blue and 

red shift in the Raman spectrum of 2ErAlN with pure AlN is attributed to the strain formed due 

to the additive Er3+ ions [154]. From XRD and Raman studies, phase pure AlN ceramics are 

obtained using a two-stage sintering process along with the sintering bed. 

4.6.4 Broad band dielectric analysis 

Few studies are available on AlN ceramics' dielectric properties [155, 156]. The 

dissipation factor of sintered samples is calculated in the following equation. 

tan 𝛿 =
𝜀𝑟

′′

𝜀𝑟
′⁄       (4.3) 

The dielectric properties of pure and Er2O3-added AlN ceramics are measured using an 

RF-impedance analyzer from 1 MHz to 1 GHZ by varying the temperature from -140 ℃ to 200 

℃. The variation in dielectric permittivity and dissipation factor measured as a function of 

frequency is shown in Figure 4.15: a & b, respectively. It is observed that with an increase in 

the measurement frequency, the dielectric response of all the samples is stable. In contrast, the 

dissipation factor diminished with frequency and is a typical dielectric response. 2ErAlN shows 

the best result as compared to pure and other compositions. 

The previous studies show that AlN added with 2 wt % exhibited the best structural and 

frequency-dependant properties; hence, for further studies, pure AlN and AlN doped with 2 wt 
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% Er2O3 are chosen. Further, it is vital to understand the temperature stability of these ceramics' 

dielectric behavior over a range of temperatures (-140 ℃  to 200 ℃) at a wide range of 

frequencies. To the author's knowledge, this study is unavailable in the literature. The variation 

of dielectric permittivity and dissipation factor as a function of temperature at different 

frequencies for pure AlN and 2ErAlN ceramics are shown in Figure 4.16. (a-d), respectively. 

 

Figure 4. 15: (a) Dielectric permittivity & (b) dissipation factor of pure and 

Er2O3addedAlN ceramics, measured as a function of frequency. 

It is perceived that with a rise in the temperature, both samples' dielectric permittivity 

increased gradually and decreased with an increase in frequency. At low temperatures, all the 

thermal vibrations die out; thus, the dipoles are frozen. As the temperature increases, the 

dipoles align in the field direction with the available thermal energy, which improves the 

dielectric permittivity. Dissipation factor (tan 𝛿) of these samples displayed a static response 

with temperature and fluctuated slightly with frequency. This result can be attributed to the 

higher relative densities, uniform grain growth, and the second phase's suppression. Besides, 

the sample with 2ErAlN ( 𝜀𝑟 = 4.11 and tan 𝛿 =  1.5 ×  10-2) exhibited a better dielectric 

response than the pristine AlN ceramics. This result states that the dielectric permittivity and 

dissipation factor are stable by increasing the temperature. The variation of dielectric properties 

of pure and 2ErAlN as a function of frequency (1 MHz to 10 MHz) measured at low 

temperatures -140 ℃ to 0 ℃ are shown in Figures 4.17: (a-d), respectively. Also, the variation 
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of dielectric properties of pure and 2ErAlN as a function of frequency (1 MHz to 10 MHz) 

measured at higher temperatures 20 ℃ to 200 ℃are shown in Figure 4.18 (a-d), respectively.  

 

Figure 4. 16: Variation of dielectric permittivity (a) 2ErAlN; (b)AlN; and dissipation factor 

(c) 2ErAlN and (d) AlN ceramics as a function of temperature. 
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Figure 4. 17: Variation of dielectric properties as a function of frequency measured at -140 

℃ to 0 ℃: dielectric permittivity (a) 2ErAlN; (b)AlN; and dissipation factor (c) 2ErAlN and 

(d) AlN ceramics. 

 

Figure 4. 18: The variation in dielectric properties concerning the frequency at a positive 

temperature from 20 ℃ to 200 ℃ (a) 2ErAlN; (b)AlN; (c) 2ErAlN and (d) AlN samples. 

In both samples, the dielectric permittivity displayed a constant response in the entire 

temperature range, except it is slightly raised at high temperatures. In contrast, the 

tan 𝛿 exhibited a slight dispersion up to 5 MHz above that it decreased, but a minor 

enhancement is observed at higher temperatures. At higher temperatures, the variation of 

dielectric permittivity with frequency increasing from 1 MHz to 100 MHz of the best additive 

2ErAlN sample (see Figure 4.18 (a)) and of pure AlN (see Figure 4.18 (b)) is studied. 

This result (Figure 4.18) reveals that the Er2O3 added sample displayed a higher 

dielectric permittivity than the pure AlN sample and is constant with frequency variation. The 

variation of dissipation factor by the increasing frequency at higher temperatures of the best 

additive 2ErAlN sample (Figure 4.18 (c)) and of pure AlN (Figure 4.18 (d)) seems to be slightly 
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decreasing with frequency but not much. This constant dielectric permittivity and slight 

variation in dissipation factor in the order of 10-2 by varying frequencies from 1 MHz to 100 

MHz at high temperatures represent the sample's purity and stability at high temperatures. 

4.6.5 Microwave-dielectric properties 

The estimated microwave dielectric properties (dielectric permittivity (𝜀𝑟)  and 

dissipation factor (tan 𝛿)) at 12 GHz resonant frequency, of AlN ceramics with Er2O3 additive 

sintered at 1700 ℃, for 3 h are listed in Table 4.10. 

Table 4. 10: The dielectric permittivity and dissipation factor values of AlN ceramics with 

additive sintered at 1700 ℃ for 3 h. 

Sample 𝜺𝒓 𝐭𝐚𝐧 𝜹 

0.5 ErAlN 7.20 4.3 × 10−3 

1 ErAlN 7.56 4.4 × 10−3 

2 ErAlN 7.81 5.0 × 10−4 

3 ErAlN 7.65 4.3 × 10−3 

The samples' dielectric constant and dissipation factor improved with an increase in 

additive concentration from 0.5-2 wt%. But beyond 2 wt%, both of them are degraded. The 

best dielectric permittivity (𝜀𝑟) 7.81 and low dissipation factor (tan 𝛿) 5 x 10-4obtained for the 

sample 2ErAlN sintered in a two-stage sintering process (1600 ℃  for 3 h and then at 1700 ℃ 

for 3 h). This low dissipation factor can be due to maximum density, suppression of the 

secondary phase, and uniform microstructure. Dielectric losses are classified into two types. 

They are intrinsic and extrinsic [157]. Inherent losses are due to the composition and crystal 

structure of the material. Extrinsic losses are due to dislocations, porosity, grain boundaries, 

vacancies [158], secondary phases, impurities, etc. [157]. In these samples, the extrinsic factors 

(secondary phases, porosity, and abnormal grain growth) are negligible due to the obtained 
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pure phase AlN for AlN-ZnO composite ceramics. Smaller particle sizes eliminated the 

porosity (ball milling) and liquid phase sintering, promoting density and uniform grain growth. 

Therefore, high dielectric permittivity and low dissipation factors are promising materials for 

RF-window applications. 

4.6.6 Microwave analysis of the dielectric window 

The window consists of a circular dielectric disc of the required thickness brazed on its 

periphery to a circular waveguide section sandwiched between two flanges having rectangular 

openings. Dimensions such as the circular waveguide's length on either side, the diameter, and 

the dielectric disc's thickness are chosen to make the window transparent to the RF power. The 

flange on the high-pressure side is a standard waveguide flange, whereas the one on the vacuum 

side is a UHV conflate flange. In the S-band at an operating frequency of 3.7 GHz, the WR 

284 waveguide is used in which the broader and narrower sides are 72.14 mm and 34.04 mm, 

respectively; hence the diagonal of the waveguide should be 79.76 mm. Therefore, the diameter 

of the dielectric disc should be kept at 79.76 mm. But for high-power handling, it is better to 

keep the dielectric disc's diameter more than the computed diameter of the dielectric disc. In 

the present investigation, dielectric discs of 86 mm and 100 mm diameters are considered for 

this study. The selection of proper dielectric material is essential for the design of a dielectric 

window. The dielectric should have the following properties (a) low value of loss tangent to 

reduce dielectric loss, (b) high thermal conductivity to avoid local heating due to dielectric loss, 

(c) high mechanical strength to withstand the differential pressure, (d) good joining ability with 

the metals. Considering the unique properties of AlN into account, aluminium nitride is 

selected as a dielectric material for the present dielectric window. 

The AlN-based pillbox-type dielectric window is studied in the CST microwave studio. 

The window consists of a circular dielectric disc of the required thickness brazed on its 
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periphery to a circular waveguide section between two flanges having rectangular openings. 

The rectangular opening is matched with the WR 284 rectangular waveguide. The broader and 

narrower sides are 72.14 mm and 34.04 mm, respectively; hence, the waveguide's diagonal 

should be 79.76 mm. Therefore, the dielectric disc's diameter should be greater or equal to that 

dimension. The circular waveguide's length, diameter, and thickness of the dielectric disc are 

optimized to make the window transparent to the RF power. Two designs are considered and 

optimized. Design 1: window diameter and thickness value of 86 mm and 3 mm, respectively. 

Design-2: window diameter and thickness value of 100 mm and 6.7 mm, respectively. The 

experimentally derived dielectric properties are considered in the simulation. The 

specifications of the dielectric window are given in Table 4.11. The window's three-

dimensional model and section view are shown in Figure 4.19 and Figure 4.20, respectively. 

The dimensions of the dielectric window are computed in the frequency domain solver in CST 

software, which is given in Table 4.12. The parametric analysis is performed. The length and 

thickness of the dielectric material's circular waveguide section vary to study the window's 

electrical response concerning dimensional variation.  

 

Figure 4. 19: Three-dimensional view of the window model. 

TH-3335_186153104



Chapter 4: Effect of additives on structural and dielectric properties of AlN ceramics. 

 
112 

 

In the case of 86.00 mm dielectric diameter, the optimized thickness of the dielectric and 

length of the window are found to be 3.00 mm and 34.91 mm, respectively, and the 

corresponding value of return loss and insertion loss are found to be 46 dB and 0.009 dB at 

spot frequency 3.7 GHz. 

 

Figure 4. 20: Section view of the window. 

On the other hand, in the case of dielectric of the diameter of 100.00 mm, the optimized 

thickness and length of the window are found to be 6.7 mm and 40.00 mm with corresponding 

values of return loss and insertion loss of 64 dB and 0.0076 dB. The output parameters of the 

window are given in Table 4.12.  

Table 4. 11: Input parameters used for simulation. 

Parameter Value 

Operating frequency 3.17 GHz 

Peak power 6.0 MW 

Average power 6.0 KW 

Return loss ≤30 dB 

Insertion loss ≤0.1 dB 

The dielectric constant of the material 7.8 

Loss tangent 5×10-4 

Pressure difference 3bar 
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Figure 4. 21: Electric field pattern inside the window. 

Table 4. 12: Output parameters obtained from the simulation. 

Parameter Design 1 Design 2 

Dielectric diameter 100 mm 86 mm 

Dielectric thickness 6.7 mm 3 mm 

Length of the circular waveguide 40 mm 34.91 mm 

Thickness of flange 5 mm 5 mm 

Return loss 60.11 dB 61.2 dB 

Insertion loss 0.007 dB 0.009 dB 

The window draws all assumed parameters for designing a dielectric window using CST 

software. The electric field pattern inside the window is shown in Figure 4.21. The return loss 

(S11 in dB) for both designs is provided in Figure 4.24 and Figure 4.25, respectively. The 

preparation of pure and Er2O3 doped AlN ceramics sintered using a sintering bed (layers of 

carbon and AlN powders) revealed the phase pure ceramics without the presence of the Al2O3 

phase crucial for the input parameters of the simulation studies. Further, the sintered samples 

exhibited good relative density and excellent microwave dielectric properties. The theoretical 

design of the dielectric window is carried out using CST software. The window's return loss 

and insertion loss are computed for a spot frequency of 3.7 GHz for two aluminium nitride 
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discs of 86 mm and 100 mm diameters. The return loss and insertion loss are optimized for the 

window of length 40 mm; the thickness and diameter of the AlN are 6.7 mm and 100 mm, 

respectively.  

 

Figure 4. 22: S-parameters of design-1 of the window. 

 

Figure 4. 23: S-parameters of design-2 of the window. 

The computed return loss and insertion loss are found to be 60.11 dB and 0.0076, 

respectively, shown in Figure 4.22. The return loss and insertion loss are also optimized for the 
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window of length 34.91 mm; the thickness and diameter of the AlN are 3 mm and 86 mm, 

respectively.  

 

Figure 4. 24: S11 of the design-1 of the window. 

 

Figure 4. 25: S11of design-2 of the window. 

The computed return loss and insertion losses are 61.25 dB and 0.009 dB, respectively, 

shown in Figure 4.23. It is evident from the S-parameters results that both design-1 and design-

2 are acceptable. However, design-2 has a relatively smaller diameter of the dielectric disc and 
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dielectric thickness also, so economical point of view, design-2 is better. Hence, design-2 

should be adopted for the fabrication of the window. Although both the designs provide 

excellent transmission of RF power, in view of ease of fabrication, Design1 is chosen for the 

window's future development. 

4.6 Conclusions 

➢ AlN-ZnO composite ceramics are prepared using a powder bed in conventional sintering. The 

powder bed comprises AlN (aluminum nitride) and C (carbon). The pure AlN and AlN-ZnO 

composite ceramics are obtained with pure wurtzite structure AlN phase without any secondary 

oxide (Al2O3).  

➢ The obtained XRD pattern of all sintered pure and AlN-ZnO composite ceramics appropriately 

matched with the JCPDS of card number 01-077-9871 of the wurtzite AlN phase with the 

P63mc space group. This structure is confirmed from the Raman spectrum with six vibrational 

modes of the wurtzite AlN phase.  

➢ AlN-15ZnO composite ceramic shows good dielectric properties ( 5.1 ≤ 𝜀𝑟 ≤ 8.0  and 

0.02 × 10−2 ≤ tan 𝛿 ≤ 38 ×  10−2 ) in the temperature range 30-500 ℃ , at the lower 

frequencies ranging from 1kHz to 1MHz.  

➢ AlN-15ZnO composite ceramic shows the best dielectric permittivity ( 𝜀𝑟 =  7.20) with 

dissipation factor (tan 𝛿 = 4.90 x 10-3) at microwave frequencies.  

➢ The present study also investigated the structural and dielectric properties of pure and 

Er2O3-doped AlN ceramics. The obtained experimental values are considered as input 

parameters to design a dielectric window for S-band frequency.  

➢ The preparation of pristine and Er2O3 doped AlN ceramics sintered using a sintering 

bed (layers of carbon and AlN powders) revealed the phase pure ceramics without the 

Al2O3 phase are crucial for the input parameters of the simulation studies. Further, the 
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samples sintered exhibited good relative density and excellent microwave dielectric 

properties.  

➢ The theoretical design of the dielectric window is carried out using CST software. The 

window's return loss and insertion loss are computed for spot frequency 3.7 GHz for 

two aluminium nitride discs of 86 mm and 100 mm.  

➢ The return loss and insertion loss are optimized for the window of length 40 mm; the 

thickness and diameter of the AlN are 6.7 mm and 100 mm, respectively. The computed 

return loss and insertion loss are found to be 60.11 dB and 0.0076, respectively.  

➢ The return loss and insertion loss are also optimized for the window of length 34.91 

mm; the thickness and diameter of the AlN are 3 mm and 86 mm, respectively. The 

computed return loss and insertion loss are 61.25 dB and 0.009 dB, respectively.  

➢ It is evident from the S-parameters results that both design-1 and design-2 are 

acceptable. However, design-2 has a relatively smaller diameter of the dielectric disc 

and dielectric thickness, so from an economical point of view, design-2 is better. Hence, 

design-2 will be adopted for the fabrication of the window.  

➢ The best microwave dielectric constant and loss tangent values are input parameters to 

design the window dimensions and other parameters. The window parts will be 

designed based on the design, and finally, the window can be developed. 
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Chapter 5 

Effect of BN on Structural and Dielectric Properties of AlN 

Ceramics 

 

5.1 Graphical abstract: 

 

5.2 Abstract 

In this study, AlN-BN composite ceramics have been sintered with a powder bed sintered 

at 1700 ℃  in the presence of nitrogen. The structure of the sintered composite ceramics 

obtained in this process is confirmed as wurtzite AlN and h-BN from XRD and confirmed by 

the Raman vibrational modes. The temperature dependent Raman spectra show six vibrational 

modes of wurtzite structure at every temperature. The XPS studies reveal the pure nitride phase 

formation of the AlN-BN composite, and the presence of oxygen is only at the sample's surface. 

The obtained composites exhibit pure wurtzite AlN phase without any oxide phases as 

secondary phases. The best dielectric properties (𝜀𝑟 = 6.50 - 7.48) with (tan 𝛿 = 0.2 x 10-3 - 
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9.8 x 10-3) are achieved for AlN-15BN composite ceramics by varying temperatures from 30-

500 ℃ , with frequency variation from 1 kHz to 1 MHz. Impedance spectra of AlN-BN 

composite ceramics are appropriately fitted with the equivalent circuit consisting of RCRCRC 

for all the sintered samples. The best microwave dielectric properties as 𝜀𝑟 = 7.38 and tan 𝛿 = 

2.60 x 10-3 achieved are appropriate for RF-window and electronic applications. 

5.3  Introduction  

AlN has unique properties such as high thermal conductivity [112], low thermal 

expansion coefficient, low dielectric permittivity, low dissipation factor, high mechanical 

strength, high-temperature resistance, and chemically inert. AlN is considered an ideal material 

for a new generation of highly integrated semiconductor substrates, electronic packaging, and 

other applications that require heat dissipation and high mechanical strength. Also, AlN has 

melt metal corrosion resistance and is an excellent crucible material for casting pure aluminium 

or aluminium alloy and iron [159]. Aluminium nitride has numerous applications, such as deep 

ultraviolet light emitters, high-frequency filters, photodetectors, and laser diode applications.  

Boron nitride (BN) resembles graphite, having a layered structure with a hexagonal 

phase. BN's planar networks of boron (B) and nitrogen (N) atoms stack with weak van der wall 

interactions and dipole moment force between boron and nitrogen. BN also displays excellent 

properties such as high thermal conductivity, low thermal expansion coefficient, high-

temperature resistance, excellent mechanical properties, and good dielectric properties. Based 

on the requirements of the applications discussed above, it is necessary to prepare AlN-BN 

composite ceramics in the pure phase with maximum density at lower sintering temperatures. 

Also, the formation of Al2O3 is inevitable. This study addresses the above problems by using 

the ball mill to reduce the initial particle size and the powder bed to address the process 

challenges involved in AlN-BN composites. Thus, preparing AlN-BN composite ceramics will 
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give good thermal conductivity, low dielectric constant, low dissipation factor, good 

temperature resistance, good machinability, and excellent insulation materials. Thus, these 

AlN-BN materials are appropriate for the substrate [160] and electronic packaging materials in 

a large-scale integrated circuit [161, 162]. However, AlN and BN are compounds containing 

covalent bonds; hence, sintering is difficult at low temperatures in conventional sintering. 

There are different sintering methods, such as conventional sintering [30, 163], spark plasma 

sintering [164, 165], hot isostatic pressing sintering [111, 166], and microwave sintering [167, 

168]. Spark plasma sintering, hot isostatic pressing sintering, and microwave sintering require 

costly special equipment and difficult-to-process ceramics with the application of pressure in 

a short duration. Conventional sintering is cost-effective but takes a long time and is easy to 

process, large number of samples can be sintered while in other techniques only one sample 

can be sintered at a time. Many researchers used special techniques and sintering aids to sinter 

AlN-BN composite ceramics. Kanai. et. al., [169] considered 75% BN and 25% AlN ball milled 

and placed in a graphite mold and pressed with 40 MPa. Then, sintered BN-AlN composite 

ceramics using hot pressing at 1800 ℃, for 2 h with CaC2 as a sintering aid from 0-2 wt%. 

obtained ceramics contains crystallographic phase of AlN, BN, AlON, Ca5Al6O14 and 

CaAl2O4. The obtained composite ceramics with 0.8 wt% CaC2 shows high thermal 

conductivity ~247 W/mK. Zhao et. al., [170] sintered AlN-BN composite ceramics in hot 

pressing sintered at 1750-1900 ℃, for 3 h with the heating rate 10 ℃/min by pressing 30 MPa 

pressure and using 0-4 wt% CaF2 as a sintering aid. The obtained composite had AlN, BN, and 

CaF2 phases, and reaches thermal conductivity 110 W/mK, with dielectric permittivity between 

7.29 and 7.64. Jin et al., [171] studied machinability of the AlN-BN composite by coating AlN 

particles with BN using solution-based method. Boric acid, urea used a source for BN and 

alcohol as a milling media. Dried the composites at 850 ℃ for 15 h in nitrogen gas. Hot pressed 

the composites 1850 ℃, for 1 h with 30 MPa. The obtained composite is having AlN, BN 
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phases with Al5 Y3O12 phase. Li. Yong-Li. et. al., [172] fabricated AlN-BN composite ceramics 

using spark plasma sintering technique with Y2O3 as a sintering aid. The AlN-BN composite 

ceramics with Y2O3 sintered at 1600-1800 ℃ for 10 min with a heating and cooling rate 100-

200 ℃/min, and a pressure of 30 MPa applied. The obtained ceramics contains AlN, BN 

crystalline phases with Al5 Y3O12, Y2O3. Achieved thermal conductivity 110-140 W/mK for 

15 vol% BN composites. Spark plasma sintering is chosen to sinter AlN ceramics with sintering 

aids as rare earth oxides, fluorides etc., achieved densified composite ceramics by sintering 

high temperatures above 1700 ℃ , with other phases and studied thermal and dielectric 

properties at room temperature [24, 25].  

However, studies on temperature-dependent structural and dielectric properties are 

lacking. Sintering of AlN-BN ceramics with pure phase in the conventional sintering method 

is also challenging. Using a conventional sintering technique motivated us to study the AlN-

BN composite ceramics' structural and dielectric properties at different temperatures. 

5.4 Materials and methods: 

AlN-BN composite ceramics are prepared using the conventional sintering method 

using a powder bed. Initially, the commercially available AlN powder and BN (boron nitride) 

powder (purity > 98%, average particle size 1 μm) are chosen for preparing AlN-BN composite 

ceramics. These chemicals are weighed according to different wt% shown in Table 5.1; then 

ball milled in propanol as a liquid medium with 500 rpm for 12 h by a planetary ball mill. The 

mixed slurry is further dried in an oven at 90 ℃ for 18 h.  The dried sample is ground to get 

fine powder using an agate mortar and mixed with 5 mol% PVA as a binder. The AlN powder 

ball is milled in dry condition with 150 rpm for 10 h with relaxation and hand mixing for every 

2 h interval for pure AlN ceramics. The fine powder is compacted into a cylindrical shape of 

dimension 10 mm diameter, 1 mm, and 5 mm thickness. The compacted discs are sintered using 
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the conventional sintering method with the help of a powder bed in a furnace in the presence 

of nitrogen flow. The powder bed consists of a combination of AlN and C (carbon) powder 

layers. The discs are immersed in the powder bed AlN layer to control the ceramics' secondary 

phase and pores. The AlN-BN composite ceramics are sintered at a high temperature of 1700 

℃ with a dwelling time of 20 h.  

Table 5. 1: Specification of the AlN-BN composites. 

 

5.5 Results and discussions: 

5.5.1 Structural and density analysis:  

AlN-BN composite ceramics are sintered using a powder bed at 1700 ℃ for 20 h in the 

presence of nitrogen. The sintered composite ceramics are polished finely, and the density of 

the samples is measured using the Archimedes principle using distilled water as a liquid media, 

as listed in Table 5.1. These results convey that all samples are densified, and the AlN-BN 

composite ceramics achieve ~ 95% relative density. By increasing BN content in the 

composite, the relative density showed little decreasing nature due to the poor sinterability 

nature of BN but formed a pure nitride phase without any secondary and intermediate phases. 

AlN-xBN composite ceramics have an AlN phase with JCPDS card no: 00-066-0534 and a BN 

phase with JCPDS card no: 00-009-0012. All the sintered AlN-xBN composite ceramics are 

Sample AlN (wt %) BN (wt %) Relative density (%) 

AlN 100 0 94.67 

AlN-5BN 95 5 94.58 

AlN-10BN 90 10 94.54 

AlN-15BN 85 15 94.45 

AlN-20BN 80 20 94.23 
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sintered by adopting a powder bed at 1700 ℃ for 20 h in the presence of nitrogen with different 

weight percentages of BN from (x = 5-20). All composite XRD patterns are shown in Figure 

5.1.  

 

Figure 5. 1: The XRD pattern of AlN-xBN composite ceramics, sintered at 1700 ℃ for 20 

h. 

 

Figure 5. 2: (a) The XRD pattern of AlN-xBN composite ceramics, sintered at 1700 ℃ for 

20 h. (b) Enlarged image of (1 0 0) peak. 

These results reveal that all the AlN-BN composite ceramics show wurtzite AlN with a 

small BN (low intensity) (0 0 2) peak. The pure AlN ceramic and other composite ceramics 
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show a wurtzite AlN phase without any oxidized phase. Commonly, Al2O3 is observed in AlN 

ceramics as a secondary phase in conventional sintering. However, in the current study, the 

sintered samples' XRD pattern reveals no oxidation phase as a secondary phase. The powder 

bed adopted for conventional sintering of AlN-xBN composite ceramics helps to avoid the 

oxidation phase, evident from the obtained XRD pattern.  

 

Figure 5. 3: The W-H plots of (a) AlN, (b) AlN-5BN (c) AlN-10BN, (d) AlN-15BN (e) AlN-

20BN composite ceramics, sintered at 1700 ℃ for 20 h. 

The enlarged image of the (1 0 0) peak of the XRD pattern of AlN-xBN ceramics (see 

Figure 5.2) shown in Figure 5.2(b) reveals that all additive AlN ceramics (1 0 0) diffraction 

peak shifts towards higher 2𝜃 angle in comparing with pure AlN ceramics. The diffraction peak 

of the AlN-BN composite ceramics is fitted using the Gaussian function and plotted the W-H 

plot for each composite to study structural properties, as shown in Figure 5.3. This shift results 

in increasing lattice volume (see Table 5.2).  
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The AlN-10BN peak shifts towards a lower 2𝜃 angle in comparison with the AlN-5BN 

composite resulting in increasing stress (see Figure 5.3(b) and (c)) and increases lattice volume 

(Table 5.2). XRD peaks' peak shifts and broadening are attributed to lattice strain in composite 

ceramics [175]. The lattice strain induced by adding BN in the composite ceramics, Williamson 

Hall (W-H) plots are linearly fitted and shown in Figure 5.3. The XRD peak broadening is the 

result of both crystallite size and strain as follows [176, 177]; 

 

Figure 5. 4: The Rietveld refinement of AlN-xBN (x = 0-20) composite ceramics, sintered 

at 1700 ℃ for 20 h. 

𝛽ℎ𝑘𝑙 = 𝛽𝑐𝑠 + 𝛽𝑠      (5.1) 

here, 𝛽𝑐𝑠 =
𝑘𝜆

𝐷 cos 𝜃
, where 𝑘 is a constant (~0.94), 𝜆 is the wavelength of the incident 

ray, D is the crystallite size, 𝜃 is the Bragg angle. Peak broadening from strain is 𝛽𝑠 = 4𝜀
sin 𝜃

cos 𝜃
, 

𝜀 is strain. The obtained XRD patterns are refined using the Rietveld refinement software using 

the Pseudo Voigt function. Refined XRD patterns of all the AlN-xBN composites are shown 

in Figure 5.4, and refined parameters are shown in Table 5.2. It reveals that all composite 
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ceramics shows wurtzite AlN with P63mc space group of space group number 186. The quality 

of fitting given by 𝜒2 values. The obtained 𝜒2 values, lattice volume, lattice constants, Rf-

factor, and the Bragg Rf-factor for all sintered AlN-xBN composite ceramics are listed in Table 

5.2. It is observed that lattice constants and lattice volume are enhanced by adding BN.  

Table 5. 2: The refined parameters of AlN-xBN composite ceramics. 

Composite 𝝌𝟐 a (AlN) 

 (Å) 

c (AlN) 

(Å) 

a (BN) 

 (Å) 

c (BN) 

(Å) 

AlN 1.12 3.113 (28) 4.981 (76) - - 

AlN-5BN 1.78 3.115 (42) 4.985 (75) - - 

AlN-10BN 1.43 3.115 (29) 4.984 (52) - - 

AlN-15BN 1.26 3.115 (29) 4.986 (53) 2.524 (10) 6.679 (08) 

AlN-20BN 1.34 3.116 (47) 4.987 (85) 2.502 (13) 6.680 (07) 

5.5.2 Raman spectroscopy: 

Aluninium nitrides (III nitrides) normally crystallize in two forms, such as zinc blend 

and wurtzite structures [178]. In AlN ceramics, the frequencies related to 𝐴1 (𝑇𝑂) and 𝐸1 (𝑇𝑂) 

grouped with the frequency gap ~ 60 cm-1, 𝐸1(𝐿𝑂) and 𝐴1(𝐿𝑂) Modes are grouped in the 

frequency range of ~ 20 cm-1, and LO-TO group splitting is in the ~ 200 cm-1 frequency range 

[179]. This result reveals that the dominant interaction in AlN ceramics is long-range 

electrostatic field interaction. The obtained spectrum of all AlN-xBN composite ceramics 

conveys the dominant interaction as long-range electrostatic force (see Figure 5.5). 

The Raman spectra of all sintered AlN-xBN composite ceramics are observed at room 

temperature by exciting the sample with a 514 nm laser, with a 5 sec acquisition time, and 

shown in Figure 5.5. All samples show 6 phonon modes of wurtzite AlN [180], with one BNNS 

(boron nitride nanosheets) phonon mode for BN-added ceramics except for pure samples. The 
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pure AlN shows 6 phonon modes of AlN [181]. The phonon modes of each sample fitted using 

the Lorentzian function to extract the exact value are listed in Table 5.3.  

 

Figure 5. 5: The Raman spectra of AlN-xBN (x = 0-20) composite ceramics sintered at 

1700 ℃ for 20 h.  

These results reveal that all sintered AlN-xBN composite ceramics contains only 

aluminium nitride and boron nitride phases. No alumina phase or any other oxide compound is 

present in the sintered AlN-xBN composite ceramics sintered at 1700 ℃ for 20 h using a 

powder bed in the presence of nitrogen. The powder bed used in this method helped prevent 

oxygen from entering the AlN lattice. All AlN-BN composites show the blue shift (shifting 

towards higher frequency) compared with pure AlN ceramic vibrational modes (see Table 5.3) 

with an extra BN peak at ~ 1365 cm-1 corresponding to the E2g phonon mode of h-BN. E2 

(High) and E1 (TO) modes show a blue shift up to AlN-15BN, and the other shows a redshift 

(shifting towards lower frequency) with the increase of BN additive. A1 (LO) mode shows a 

blue shift up to 15 wt% addition of BN; for further, this mode is not visible.  E1 (LO) and E2 
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(Low) modes show a blue shift up to AlN-10BN, the other AlN-15BN shows a redshift, and 

for AlN-20BN, this mode is not clear. E2g phonon mode corresponds to phonon mode of h-BN 

in composite ceramics, showing blue shift up to 10 wt% addition for other 15 wt% shows red 

shift and for 20 wt% shows blue shift. 

Table 5. 3: The fitted values for the Raman spectra of AlN-xBN composite ceramics 

Sample/Phonon mode E2 

(Low) 

A1 (TO) E2 (High) E1 (TO) A1 (LO) E1 (LO) E2g 

(BNNS) 

AlN 𝛾 (Cm-1) 244.85 609.78 653.52 667.08 893.83 907.09  

𝛽 (Cm-1) 7.519 13.695 9.403 6.919 17.863 13.209  

AlN-5BN 𝛾 (Cm-1) 247.02 611.37 656.05 669.40 895.35 908.75 1365.01 

 𝛽 (Cm-1) 26.601 10.886 6.664 4.916 15.978 9.382 79.885 

AlN-10BN 𝛾 (Cm-1) 247.33 610.66 656.28 669.87 899.17 910.18 1365.19 

 𝛽 (Cm-1) 7.973 13.056 7.313 6.113 32.873 7.100 66.174 

AlN-15BN 𝛾 (Cm-1) 248.02 612.93 656.41 669.98 900.92 910.11 1365.14 

 𝛽 (Cm-1) 7.813 13.296 7.469 6.152 22.905 6.275 156.542 

AlN-20BN 𝛾 (Cm-1) - 611.792 656.17 668.27 - - 1365.74 

 𝛽 (Cm-1) - 13.031 6.226 2.874 - - 53.085 

 

 

Figure 5. 6: The Raman spectra of AlN-15BN composite ceramics, sintered at 1700 ℃ for 

20 h recorded at low temperatures from 0 ℃ to -196 ℃. 
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The Raman spectra of AlN-15BN composite ceramics are observed at different 

temperatures ranging from -196 ℃ to 400 ℃ to study the stability and purity of the sample with 

temperature variation using liquid nitrogen. The Raman spectrum of AlN-15BN composite 

ceramics by varying temperatures from -196 ℃ to 0 ℃ are shown in Figure 5.6. At higher 

temperatures, to observe the Raman spectrum of AlN-15BN composite ceramics, liquid 

nitrogen is removed, heated the sample is from 20 to 400 ℃, and Raman spectra are recorded 

by increasing temperature, as shown in Figure 5.7. These Raman spectra are fitted using the 

Lorentz function and observed the Raman shift and FWHM of each phonon mode at every 

temperature. This result shows that the Raman spectrum of AlN-15BN composite ceramics 

shows 6 vibrational modes of wurtzite AlN at each temperature and maintains purity and 

stability at low temperatures.  

 

Figure 5. 7: The Raman spectra of AlN-15BN composite ceramics, sintered at 1700 ℃ for 

20 h recorded at high temperatures from 10 ℃ to 400 ℃. 

No new phonon modes appear, and no phonon modes of AlN and BN are missing while 

increasing the temperature in the obtained spectra.  The observed changes are only in FWHM, 

Raman shift, and intensities of phonon modes. These changes are due to the absence of phase 

transition. These Raman spectra at each temperature are fitted using the Lorentz function, and 

fitted values of Raman shift and FWHM of each phonon mode collected and plotted with 
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temperature and shown in Figure 5.8. Every mode shows a linear nature with temperature. Each 

mode shows a redshift (shifting towards lower frequency) by increasing temperature from -196 

℃ to 0 ℃ (see Figure 5.8). These Raman shifts and FWHM at positive temperatures are plotted 

with temperature and shown in Figure 5.9. This result reveals that the phonon modes also show 

a redshift at higher temperatures while increasing temperature from 20 to 400 ℃.  

 

Figure 5. 8: The behavior of Raman shifts and FWHM of each vibration mode with 

temperature variation (0 ℃ to -196 ℃) for AlN-15BN composite ceramics. 
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At higher temperatures, the composite shows six vibrational modes of wurtzite AlN 

with one E2g phonon mode corresponding to h-BN, indicating that the composite maintains 

purity and stability at higher temperatures.  

 

Figure 5. 9: The change in Raman shifts and FWHM by varying temperature from 20 ℃ to 

400 ℃ for AlN-15BN composite ceramics related to each phonon mode. 

The temperature dependence of the Raman shift fitted linearly with the best-suited 

equation as follows; 

𝜔(𝑇) = 𝜔0 + 𝜒 𝑇      (5.3) 
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where 𝜔0 is the extrapolated peak position at absolute zero temperature, and 𝜒 is the first-order 

temperature coefficient. 

5.5.3 EDAX analysis 

The elemental analysis of AlN-15BN composite ceramics sintered at 1700 ℃ for 20 h 

in the presence of nitrogen using a powder bed is observed from EDS spectra shown in Figure 

5.10.  

 

Figure 5. 10: The EDS spectra of AlN-15BN composite ceramics, sintered at 1700 ℃ for 20 

h using a powder bed. 

It is observed that there are no other elements except carbon and oxygen in the 

composite ceramics. The initial raw AlN powder contains some amount of carbon and some 

amount of carbon on the surface of the composite due to the contribution of the powder bed 

used for sintering. The raw material consists oxygen in it by default hence, a meager atomic 

percentage is present in the AlN-15BN composite ceramics. The disc of AlN-15BN composite 

embedded in a powder bed of AlN surrounded by carbon powder up and down. Hence, there 

is less chance of oxidation evident from XRD and Raman spectra. The amount of each element 

present in the AlN-15BN composite ceramics is given in atomics percentages in Figure 5.10. 
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Figure 5. 11: The elemental mapping of AlN-15BN composite ceramics, sintered using a 

powder bed at 1700 ℃ for 20 h. 

The elemental mapping of AlN-15BN composite ceramics is shown in Figure 5.11. 

This result reveals that all elements are uniformly distributed in the composite. The common 

problem in conventional sintering of AlN ceramics is oxidation and secondary phase. The 

carbon powder in the powder bed helps avoid oxidation while sintering at high temperatures, 

~1700 ℃, for 20 h. The carbon is not in direct contact with the AlN-BN disc; hence, it does not 

create any pores or distortions in the microstructure. 

5.5.4 Microstructural analysis 

The microstructure of the AlN-15BN composite ceramics sintered at 1700 ℃ for 20 h 

using a powder bed, observed by FESEM, is shown in Figure 5.12. The surface morphology is 

obtained as a sintered sample to show the powder bed and the AlN-BN composite. This result 

conveys that AlN-15BN composite ceramics sintered using powder bed contain hexagonal AlN 

grains and circular BNNS grains, as shown in Figure 5.12. The powder bed is also evident on 

the surface of the microstructure of composite ceramics. No other grains are observed in the 

microstructure. This result confirms the purity of sintered composite in the conventional 

sintering method using a powder bed. 
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Figure 5. 12: The Microstructure of AlN-15BN composite ceramics, sintered at 1700 ℃ for 

20 h using a powder bed. 

5.5.5 XPS analysis 

Figure 5.13 shows the XPS survey spectra of AlN-15BN composite ceramics sintered 

at 1700 ℃ for 20 h using a powder bed in the presence of nitrogen.  

 

Figure 5. 13: The XPS survey spectra of AlN-15BN composite ceramics, sintered at 1700 

℃ for 20 h. 

This spectrum reveals the presence of elements in the obtained composites as Al 

(aluminium), B (boron), N (nitrogen), O (oxygen), and C (carbon) atoms. The peaks with a 
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high intensity related to 1s and low-intensity auger KLL peaks are observed corresponding to 

both N and O atoms, including Al 2s, Al 2p, B 1s, and C 1s peaks. In Figure 5.13, the peak 

located at 284.74 eV corresponding to C 1s presents; this shows that the peak calibration is 

carried out as a reference to C 1s peak. The peaks corresponding to Al and N atoms in the 

obtained spectrum for AlN-15BN composite ceramics agree with Rosenberger. L. [182]. The 

peaks corresponding to B and N atoms in Figure 5.13 agree with Pakdel. [183].  

Table 5. 4: The deconvoluted bonds and their binding energy values of each element 

present in AlN-15BN composite ceramics. 

Sub shell Chemical bond Binding energy (eV) 

Al 2p Al-N 74.484 

Al-O 74.733 

B 1s B-N 190.203 

O-B-N 190.494 

B-OH 191.488 

B-O 192.326 

N 1s N-Al 397.627 

N-B 398.108 

N-Al-O 398.438 

N-O 399.416 

O 1s O-H 531.485 

Os 532.413 

Wang. et al. [184] studied the XPS spectra of commercially available AlN ceramics and 

reported as Al 2p sub shell deconvoluted into Al-N (73.55 eV), Al-O (74.64 eV) at alumina 

domains and grain boundaries O1s deconvoluted into O-Al (530.53 eV) grain boundaries, O-

Al (532.04 eV) alumina domains, N 1s deconvoluted as N-N (395.65 eV), N-Al (396.9 eV), 

N-Al-O (398 eV) alumina domains and grain boundaries, N-Al-O (399.6 eV) at the surface 
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only, C 1s as C-C (284.8 eV). Zhao. et al. [185] reported the deconvolution of B 1s as B-O at 

192.3 eV. Achour. et al. [186] reported the deconvolution of B 1s spectra 190 eV attributed to 

B-N, 190.8 eV for the bond as N-B-O, at 191.9 eV for B-OH, and 192.3 eV for B-O, 190.7 eV 

for O-B-N, 191.7 eV assigned for B-OH. N 1s peak deconvoluted as N-B at 397.7 eV for 

turbostratic structure (t-BN) for the contribution of N-O / N-OH at 398.7 eV and N-H at 400 

eV.  

 

Figure 5. 14: The XPS high-resolution spectra of Al 2p, B 1s, N 1s, and O 1s for AlN-

15BN composite ceramics, sintered at 1700 ℃ for 20 h using a powder bed. 

The binding energy of Al 2p depends upon the chemical state of the Al cation; hence, 

for detecting different binding states of the aluminium atom, Al 2p XPS high-resolution spectra 

are fitted. High-resolution spectra of Al 2p fitted using the Gaussian function deconvoluted 

into two peaks. Peak values are identified using the values listed in the National Institute of 

Standards and Technology (NIST) database. Figure 5.14(a) shows the evolution of high-

resolution spectra of the Al 2p signal for the AlN-15BN composite ceramic. This Al 2p peak 

deconvoluted into two peaks, one at 74.48 eV and another at 74.73 eV, are attributed to the 
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contribution of Al-N for the aluminium bonded to nitrogen in wurtzite AlN and Al-O bonds, 

respectively. These deconvoluted peaks of each element with their binding energies are listed 

in Table 5.4. B 1s peak deconvoluted into four peaks at 190.203 eV, 190.494 eV, 191.488 eV, 

and 192.326 eV attributed to B-N, O-B-N, B-OH, and B-O, respectively. High-resolution 

spectra with fitted deconvoluted peaks of B 1s are shown in Figure 5.14(b). N 1s peak 

corresponding to nitrogen atom deconvoluted into 4 peaks at 397.627 eV, 398.108 eV, 398.438 

eV, and 399.416 eV (see Figure 5.14(c)) corresponding to the contribution of N-Al, N-B, N-

Al-O, and N-O respectively. N-Al-O (399.438) value is similar to the previously reported 

values [184] due to surface oxygen only. This result confirms that no oxygen presents in grains 

and grain boundaries. O 1s peak deconvoluted into two peaks, O-H at 531.485 eV and other as 

Os (surface oxygen) at 532.413 eV. 

5.5.6 Dielectric studies: 

The dielectric properties of AlN-xBN composite ceramics, sintered at 1700 ℃ for 20 h, 

are studied at different frequencies ranging from 1 kHz to 1 MHz by varying temperatures from 

30 to 500 ℃ and shown in Figure 5.15. The dielectric permittivity of pure AlN ceramics is 

shown in Figure 5.15(a). This result reveals that pure AlN ceramics dielectric permittivity 

ranges from 5.60 to 8.00 by varying temperatures from 30-500 ℃. The dielectric permittivity 

of AlN-5BN composite ceramics is in the range 4.23 to 5.68 (see Figure 5.15(b)), for AlN-

10BN composite ceramics is in the range 4.23 to 6.98 (see Figure 5.15(c)). At lower 

frequencies, the value extends up to 8; for AlN-15BN composite ceramics is between 6.50 to 

7.48 (see Figure 5.15(d)), and for AlN-20BN composite ceramics is in the range of 4.46 to 6.98 

(see Figure 5.15(e)). All pure and AlN-BN composite ceramics show minor increasing nature 

by increasing frequency from 1 kHz to 1 MHz, constant nature with increasing temperature 30-

500℃. This increment is due to interfacial and dipolar polarization. In pure AlN ceramics, the 
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dielectric permittivity shows a disordered nature at lower frequencies from 1 kHz to 50 kHz. 

At higher frequencies, the dielectric permittivity shows constant nature with temperature 

increment from 30 to 380 ℃ and then slightly increases nature at high temperatures from 380 

to 500 ℃. The AlN-5BN composite ceramic shows constant dielectric permittivity at each 

frequency with temperature variation. It is slightly disordered at low frequencies from 1 kHz 

to 10 kHz, with increasing temperature from 380 to 500 ℃ as dielectric permittivity with a little 

growing nature.  

 

Figure 5. 15: The variation in the dielectric permittivity of (a) AlN, (b) AlN-5BN, (c) AlN-

10BN, (d) AlN-15BN (e) AlN-20BN composite ceramics, sintered at 1700 ℃ for 20 h, at 

different frequencies ranging from 1 kHz to 1 MHz. 
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AlN-10BN composite ceramics also show constant dielectric permittivity value by 

increasing the temperature from 30-500 ℃, but at lower frequencies ranging from 1 kHz to 50 

kHz, show little decreasing value by increasing the temperature from 30-220 ℃, then show 

constant value up to 440 ℃, and then shows the increasing value from 440-500 ℃.  

 

Figure 5. 16: The variation in the dielectric permittivity of (a) AlN, (b) AlN-5BN, (c) AlN-

10BN, (d) AlN-15BN (e) AlN-20BN composite ceramics, sintered at 1700 ℃ for 20 h, at 

different frequencies ranging from 1 kHz to 1 MHz. 

For AlN-15BN, composite ceramics show the constant value at each frequency by 

increasing the temperature to 30-500 ℃, at lower frequencies from 1 kHz to 50 kHz, showing 

little fluctuations. AlN-20BN composite shows almost constant value with temperature 
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variation at each frequency ranging from 100 kHz to 1 MHz, with minor fluctuations at lower 

frequencies from 1 kHz to 50 kHz (see Figure 5.15(e)).  

 

Figure 5. 17: The Cole-Cole plot for the ceramics (a) AlN, (b) AlN-5BN, (c) AlN-10BN, (d) 

AlN-15BN, (e) AlN-20BN. 

Among all AlN-BN composite ceramics, AlN-15BN composite ceramic shows the best 

dielectric permittivity with good behavior by varying temperatures from 30-500 ℃ . The 

dissipation factor of each composite ceramic is measured and shown in Figure 5.16. In the 

dissipation factor, each composite shows fluctuations similarly at the same frequencies as in 
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dielectric permittivity fluctuations. At other frequencies, it offers constant behavior with a low 

dissipation factor in the order of 10-3. The Best dielectric permittivity (6.50-7.48) with low 

dissipation factor (0.2 x 10-3-9.8 x 10-3) obtained for AlN-15BN composite ceramics. This 

result reveals that AlN-15BN composite ceramics are suitable for RF-window and electronic 

applications. The obtained dielectric properties indicate pure phase formation of AlN-BN 

composites without the secondary phase.  

A secondary phase would enhance the loss tangent, and the obtained values are better 

than the reported values. The slight change in the electric properties of the material can be 

detected from impedance spectroscopy [187]. This spectroscopy is an essential and easy tool 

for a wide range of materials to detect small changes in their electrical properties. This 

impedance spectroscopy is necessary to develop and improve the material since it separates its 

electrical properties into components [188]. The Impedance (Z) can be expressed as real (Z′) 

and imaginary (Z″) parts and can be calculated from the following relations; 

𝑍′ = |𝑍| + cos 𝜑 = 𝑅      (5.4) 

𝑍″ = |𝑍| + sin 𝜑 = 𝑋𝑐 =
−1

𝜔𝐶
      (5.5) 

𝜀′ =
𝐶𝑡

𝜀0𝐴
=

𝑡

𝜔𝑍"𝐴𝜀0
      (5.6) 

𝜀″ =
𝜎(𝜔)

𝜀0𝜔
=

𝑡

𝜔𝑍′𝐴𝜀0
      (5.7) 

tan 𝛿 =
𝜀′𝜎(𝜔)

𝜀″
=

𝑡

𝑅𝐴
      (5.8) 

where R is the resistance, 𝜑 is the phase angle, X is the reactance, C is the capacitance, 𝜀0 is 

the permittivity of the free space, 𝜎(𝜔) conductivity, 𝜔 is the angular frequency, and A and t 

are the area and thickness of the samples, respectively. 

The measured impedance as real and imaginary from the following relations are fitted 

with an equivalent circuit comprising 3 parallel connected resistance and capacitance. The 

fitted impedance spectra are shown in Figure 5.17. This result reveals that one resistor and 
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capacitor is a contribution of grain, another resistor and capacitor are the contributions of grain 

boundary, and the last one is the contribution of the electrode. All AlN-BN composite ceramics 

are appropriately fitted with the same equivalent circuit. All samples show decreasing 

impedance with an increase in frequency. All composite AlN-BN ceramics' impedance merges 

at higher frequencies above 2.4 kHz. The obtained results are in good agreement with 

previously reported values [189]. 

5.5.7 Microwave dielectric studies: 

The calculated dielectric values of all AlN-BN composite ceramics at 12 GHz are listed 

in Table 5.5. This result reveals that the dielectric permittivity of AlN-BN composite ceramics 

is lower than pure AlN ceramics since the dielectric permittivity of pure BN (𝜀𝑟 = 5)  is less 

than AlN. Thus, the low dielectric permittivity (𝜀𝑟 = 7.38) and low dissipation factor (tan𝛿 =

2.60 × 10-3) was achieved for AlN-15BN composite ceramics with pure nitride phase without 

any oxide phase are best suitable for RF window and electronic applications. 

Table 5. 5: The Microwave dielectric properties of AlN-15BN composite ceramics. 

Sample Dielectric 

Permittivity  

Loss tangent  

(tan𝜹 × 10-3) 

AlN  8.44 2.64 

AlN-5BN 6.86 5.16 

AlN-10BN 7.35 2.98 

AlN-15BN 7.38 2.60 

AlN-20BN 6.85 4.13 

5.6 Conclusions: 

➢ AlN-BN composite ceramics are prepared in conventional sintering by adopting a powder 

bed. The AlN-BN composite ceramics are sintered at a low temperature of 1700 ℃ using 
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a powder bed and obtained pure nitride ceramics with AlN and BN phases without any 

oxide phase as a secondary phase.  

➢ The XRD and Raman spectrum of obtained AlN-BN composite ceramics confirms that the 

obtained ceramics are of wurtzite crystal structure with P63mc and space group number 

186. The temperature Raman demonstrates the stability of vibrational modes at low and 

high temperatures.  

➢ The XPS spectrum of AlN-15BN composite ceramics shows that the sintered samples do 

not contain any Al-O-N peak, indicating that the sintered sample was not oxidized. The 

oxygen present in the XPS spectrum is surface oxygen due to the adsorbed gas used in 

XPS as oxygen.  

➢ The obtained dielectric properties of AlN-15BN composite ceramic show the best 

dielectric permittivity (6.50-7.48) and low dissipations factor (0.2 x 10-3-9.8 x 10-3). This 

result reveals that the obtained AlN-BN composite ceramics are appropriate for electronic 

applications.  

➢ The Cole-Cole plots of impedance spectra of all AlN-BN composite ceramics show non-

Debye type relaxations. They are fitted with RCRCRC circuits corresponding to three 

parallelly connected R and C circuits connected in series corresponding to grain, grain 

boundary, and electrode.  

➢ The best microwave dielectric properties at 12GHz, such as  low dielectric permittivity 

(𝜀𝑟 =7.38) and low dissipation factor (tan𝛿 = 2.60 × 10-3) is obtained for AlN-15BN 

composite ceramics with pure nitride phase without any alumina or intermediate phases 

are appropriate for RF-window and electronic applications. 
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Chapter 6 

The Effect of the Sintering Method on Structural and Dielectric 

Properties of AlN Ceramics with Additives CaZrO3 and Y2O3 

 

6.1 Graphical abstract: 

 

6.2 Abstract: 

This investigation demonstrates the effect of the sintering method on AlN composite 

ceramic’s properties.  In the conventional sintering method, a powder bed is adopted to sinter 

at a low temperature of ~1700 ℃. In contrast, the microwave sintering method adopts a 

susceptor bed to sinter at 1400 ℃. High relative density for additive ACZ2Y sample, 97.68% 

in microwave sintering and 98.87% in conventional sintering are achieved. Pure wurtzite 

structure without any secondary phase with space group P63mc is obtained for all pure and 

additive ceramics in both sintering methods. The Raman spectrum of all sintered samples 

confirms the wurtzite structure by exhibiting six vibrational modes in both sintering methods. 
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The best composite ACZ2Y ceramic sintered in conventional sintering shows dielectric 

permittivity 7.99 ≤ 𝜀r ≤ 8.61 and 0.12 ×10-2 ≤ tan 𝛿 ≤ 5.21 × 10-2 and for the composite sintered 

in microwave sintering exhibited as 7.20 ≤ 𝜀r ≤ 7.96 and 0.31 × 10-2 ≤ tan 𝛿 ≤ 1.37 × 10-2. The 

microwave dielectric properties of the best composite ACZ2Y ceramic 𝜀 r = 9.94, tan 𝛿 = 

11.05 x 10-4, and 𝜀 r =  9.02, tan 𝛿 =  7.34 x 10-4 achieved in conventional sintering and 

microwave sintering respectively. Conventional sintered composite ceramics achieve good 

dielectric properties with higher relative density than the sample sintered in the microwave 

sintering method, but a time-consuming process. Microwave sintered composite ceramics also 

exhibit good dielectric permittivity with a lower dissipation factor than that obtained in the 

conventional sintering method with appropriate relative density and achieved in less time 

duration at lower sintering temperature. 

6.3 Introduction: 

Aluminium nitride (AlN) has good mechanical strength and non-toxicity compared to 

BeO (beryllium oxide) as a competing material [70, 132]. AlN is a promising non-oxide 

material for thermomechanical and electronic ceramic applications [190]. The required 

properties for packaging materials are high thermal conductivity, high electrical resistivity, and 

low thermal expansion coefficient, similar to silicon [191–193]. The required properties for 

electronic chips are low dielectric constant, low dissipation factor, high mechanical strength, 

high stability, non-toxicity, ease of cutting and polishing full filled by AlN ceramics [194–

196]. The covalent bond present in AlN makes it a compound with limited atomic mobility. 

Hence, the Sintering of AlN at low temperatures with pure phase without oxidation is 

challenging.  

Cheng. Jiping et al. [63] sintered pure AlN ceramics using the microwave sintering 

method at 1850 ℃ for 30-60 min. Here, a BN (boron nitride) crucible was used with the powder 
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bed containing 50% AlN and 50% BN to separate pellets and to reduce decomposition or 

evaporation of AlN while sintering at high temperatures. Some researchers used additives such 

as oxide composites, rare earth oxides, fluorides, and nitrides. Yu. Yind-Da et al. [197] sintered 

AlN ceramics using rare earth oxide (Y2O3) as an additive with AlN powder as a powder bed 

in a BN crucible covered by its lid and graphite crucible in a graphite furnace at 1880 ℃ for 2 

h in a nitrogen atmosphere. The yttrium aluminate garnet (YAG) formed as a secondary phase. 

Quao L et al. [136] and Du Xueli et al. [198] sintered pure AlN ceramics using spark plasma 

sintering at lower sintering temperatures of 1600 ℃ and 1470 ℃, respectively. He. Xiualn et 

al. [174] sintered AlN-BN composite ceramics using Sm2O3 and CaF2 as sintering additives in 

spark plasma sintering method at a temperature of 1800 ℃ for 10 min with 40 MPa uniaxial 

pressure in the presence of nitrogen. SmAlO3 and Ca3Al2O6 are formed as secondary phases in 

the obtained AlN-BN composite ceramics. Geng fu Xu et al., [199] AlN is prepared by 

combustion reaction method, with Y2O3 additive sintered from 1600 ℃-2000 ℃. 

Very few studies are available on the dielectric and structural properties of AlN 

ceramics with pure phase and comparing both microwave and conventional Sintering of AlN 

ceramics. Hence, this study aims to prepare pure AlN ceramics, sintering AlN at low 

temperatures with high-density achievement, and compare the structural and dielectric 

properties of AlN ceramics sintered in both methods.  

6.4 Experimental procedure: 

The pure and additive AlN ceramics are prepared in conventional sintering and 

microwave sintering methods, and the effect of sintering on the properties of AlN and additive 

AlN ceramics are compared. Additives are considered as CaZrO3 and Y2O3 to densify AlN 

ceramics at low sintering temperatures. The additives are taken in different wt%, as shown in 

Table 6.1. Pure AlN powder ball milled in dry condition with 150 rpm for 10 h. AlN, CaZrO3, 
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and Y2O3 are taken per the sample specification (Table 6.1) and ball milled using iso-propanol 

as a liquid media with 150 rpm for 12 h to prepare composite. The ball-milled suspension is 

dried on a hot plate and ground using agate mortar to get a fine powder. The fine powder is 

mixed with 2 mol% PVA (polyvinyl alcohol) and then compacted into a cylindrical shape by 

applying 2 MPa pressure. The compacted sample is inserted in a powder bed (see Figure 6.1), 

consisting of AlN powder and C (carbon) powder as a layer in a crucible to prevent oxidation. 

This arrangement is placed in a chamber and sintered in the conventional sintering method at 

1700 ℃ for 20 h dwelling time with a 15 ℃/min rate of heating in the presence of nitrogen 

flow. The sample is inserted in the susceptor bed consisting of AlN and carbon powders as 

layers, placed in between SiC (silicon carbide bricks) shown in Figure 6.1, and sintered at 1400 

℃ for 30 min. 

 

Figure 6. 1: The schematic diagram of preparing pure and additive AlN ceramics using 

different sintering methods. 
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6.5 Results and discussions: 

6.5.1 Sintering and relative density: 

The pure AlN powders are ball milled for 10 h and, compacted into cylindrical shapes, 

are sintered at different temperatures from 1200 ℃ to 1400 ℃ with a dwelling time of 35 min. 

One pure AlN sample is sintered at 1400 ℃ with a dwelling time 60 min for checking the 

variation of properties by varying the dwelling time. The relative densities of sintered pure AlN 

ceramics are shown in Figure 6.2. This result conveys that the density of AlN ceramics is 

improving by increasing the sintering temperature from 1200 ℃ to 1400 ℃ with a constant 

dwelling time of 35 min, further increasing dwelling time to 60 min, the density decreases. The 

increase in the density with sintering temperature is due to the increase in grain size and 

decrease in porosity. The density of the ceramics decreased with a rise in the dwelling time at 

1400 ℃ from 30 min to 60 min.  

 

Figure 6. 2: Variation in relative density of pure AlN ceramics as a function of sintering 

temperature and dwelling time. 

The reduction in density is due to the escalation of the grain growth over the nucleation, 

causing an increase in porosity [200]. The maximum density obtained for pure AlN ceramics, 

sintered at 1400 ℃ with a dwelling time of 35 min, is 2.70 g/cm3 (81.07%). To improve the 
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density of AlN ceramics CaZrO3 and Y2O3 are chosen as sintering additives. These samples 

are sintered at different temperatures from 1200 ℃ to 1400 ℃ with a soaking time of 35 min. 

The densities of these samples are shown in Figure 6.3. This result reveals that the density of 

AlN composite ceramics improved with a rise in the sintering temperature from 1200 ℃ to 

1400 ℃. 

 

Figure 6. 3: The variation in relative density as a function of sintering temperature for 

different concentrations of additives. 

Table 6. 1: The sample specification of additives used to prepare additive AlN ceramics. 

S. No Specification of AlN ceramics with Additives 

Sample name AlN (wt.%) CaZrO3 (wt.%) Y2O3 (wt.%) 

1 AlN 100 0 0 

2 ACZY 98 1 1 

3 A2CZY 97 2 1 

4 ACZ2Y 97 1 2 

5 A2CZ2Y 96 2 2 

This density improvement could be due to the smaller initial particle sizes, which 

facilitate the nucleation over grain growth, reduced porosity, and uniform microstructure. The 

maximum densities among all the prepared samples are shown by 1 wt% CaZrO3 and 2 wt% 

TH-3335_186153104



Chapter 6: Effect of sintering method on the properties of AlN-CaZrO3-Y2O3 composite ceramics. 

 
150 

 

of Y2O3 additive AlN (ACZ2Y) ceramics, sintered at 1400 ℃ with dwelling time 35 min is 

3.25 g/cm3 reached 97.68% of the theoretical density. AlN ceramics added with additives 

exhibited higher densities than pure ceramics. It is a combined effect of smaller initial particles, 

filling vacancies by additives while sintering, uniform grain growth, and also due to the 

formation of liquid phase effect. 

AlN ceramics sintered with CaZrO3 and Y2O3 additives using conventional sintering at 

1700 ℃ for 20 h. In microwave sintering at 1400 ℃ for 30 min in the presence of nitrogen 

using powder bed. The density of the sintered ceramics is measured using Archimedes' 

principle and shown in Figure 6.4.  The relative density of AlN and ACZ2Y samples sintered 

in conventional Sintering is higher than in the microwave sintering method. ACZY and 

A2CZ2Y samples sintered in the microwave sintering method show higher relative density 

than conventional Sintering, and A2CZY samples show almost equal relative density in both 

sintering techniques.  

 

Figure 6. 4: The relative density of pure and additive AlN ceramics sintered, using 

different methods. 

These results convey that using a powder bed helps densify AlN ceramics with additives 

at low temperatures in both conventional and microwave sintering methods. Still, the time 
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consumption is different in both methods. The highest relative density (98.87%) is achieved by 

conventionally sintered ACZ2Y samples among all additive AlN ceramics. AlN ceramics 

sintered with CaZrO3 and Y2O3 additives using conventional Sintering at 1700 ℃ for 20 h. In 

microwave sintering at 1400 ℃ for 30 min in the presence of nitrogen using powder bed. The 

density of the sintered ceramics is measured using Archimedes' principle and shown in Figure 

6.4. The relative density of AlN and ACZ2Y samples sintered in conventional Sintering is 

higher than in the microwave sintering method. ACZY and A2CZ2Y samples sintered in the 

microwave sintering method show higher relative density than conventional Sintering, and 

A2CZY samples show almost equal relative density in both sintering techniques. These results 

convey that using a powder bed helps densify AlN ceramics with additives at low temperatures 

in both conventional and microwave sintering methods. Still, the time consumption is different 

in both methods. The highest relative density (98.87%) was achieved by conventionally 

sintered ACZ2Y samples among all additive AlN ceramics. 

6.5.2 Structural analysis: 

The crystal structure and phase purity of sintered additive AlN ceramics is identified 

from the XRD diffraction spectrum and shown in Figure 6.5. The additive AlN ceramics 

sintered in the conventional sintering method at 1700 ℃ for 20 h is shown in Figure 6.5(a) and 

sintered in the microwave sintering method shown in Figure 6.5(b). This result reveals that all 

sintered samples showed wurtzite AlN with pure phase AlN without any secondary phase 

formation. The structure of sintered AlN ceramics is confirmed as wurtzite phase with space 

group P63mc by matching appropriately with standard JCPDS data with card no: 00-003-1144. 

The Rietveld refinement of the obtained XRD pattern of all samples is carried out using the 

Pseudo Voigt function shown in Figure 6.6 for conventionally sintered samples and Figure 6.7 

for the samples sintered in the microwave sintering method. The Rietveld refined parameters 
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for the samples sintered in the conventional sintering method are listed in Table 6.2, and the 

samples sintered in the microwave sintering method are listed in Table 6.3.   

 

Figure 6. 5: The XRD pattern of pure and additive AlN ceramics, sintered in (a) 

Conventional and (b) Microwave sintering methods. 

 

Figure 6. 6: The Rietveld refinement of XRD pattern of pure and additive AlN ceramics, 

sintered in conventional sintering. 
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Table 6. 2: The Rietveld refined parameters of pure and additive AlN ceramics, sintered in 

conventional sintering. 

Conventional 

sintered 

composite 

𝝌𝟐 Rf-factor Bragg Rf-

factor 

a 

 (Å) 

c 

(Å) 

Volume 

(Å)
𝟑
 

AlN 1.12 3.08 3.59 3.113 (28) 4.981 (76) 41.793 (1) 

ACZY 2.15 4.55 3.51 3.113 (67) 4.981 (14) 41.809 (2) 

A2CZY 1.86 4.57 3.63 3.115 (61) 4.983 (16) 41.873 (1) 

ACZ2Y 1.52 1.16 1.82 3.116 (28) 4.985 (53) 41.912 (1) 

A2CZ2Y 2.32 7.03 4.24 3.115 (49) 4.983 (98) 41.873 (1) 

 

 

Figure 6. 7: The Rietveld refinement of XRD pattern of pure and additive AlN ceramics 

sintered using microwave sintering technique. 

These results reveal that both the method's XRD pattern fitted properly and the lattice 

parameters of all the samples are in good agreement with each other such as the lattice volume 

of all the samples are ~ 41.80 Å3 and lattice parameters are a ~ 3.113 Å, c ~ 4.981 Å. The value 
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of good fit 𝜒2  obtains little higher values in the microwave sintering method than in 

conventional sintered samples. This result shows that the XRD pattern of AlN ceramics 

sintered in the conventional sintering method fitted very nicely than that of microwave sintered 

samples. These results agree with previously reported AlN ceramics [200, 201].   

Secondary phase such as alumina in AlN ceramics will deteriorate it’s properties and 

thus effects applications. Since, (alumina) secondary phase creates thermal conductivity and 

lattice mismatch with AlN at their interface leads to crack or stress. The powder bed helps 

avoid alumina (Al2O3) phase formation in both methods, and the additives are taken in very 

small amounts; hence it is not formed any secondary phase is confirmed from the XRD pattern. 

ACZ2Y composite ceramics are better fitted than all other composites sintered in conventional 

sintering. 

Table 6. 3: The Rietveld refined parameters of pure and additive AlN ceramics sintered in 

microwave sintering technique. 

Microwave 

sintered 

composite 

χ2 Brag R 

factor 

Rf -factor a = b (Å) c (Å) Volume 

(Å3) 

AlN 3.88 6.03 4.56 3.113 (15) 4.980 (27) 41.805 (4) 

ACZY 4.67 8.87 6.62 3.115 (12) 4.983 (15) 41.859 (2) 

A2CZY 3.54 9.40 6.96 3.114 (11) 4.981 (19) 41.828 (3) 

ACZ2Y 4.23 11.6 7.76 3.113 (11) 4.981 (16) 41.807 (3) 

A2CZ2Y 5.14 13.1 9.43 3.113 (12) 4.981(17) 41.812 (2) 

6.5.3 Raman spectroscopy: 

The Raman Spectra of all pure and composite AlN ceramics sintered in conventional 

and microwave sintering methods is recorded by exciting the sample with a 514 nm laser with 
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30 mW power. The obtained Raman spectra of all samples is fitted using the Lorentz function 

and shown in Figure 6.8 and Figure 6.9 for the samples sintered in conventional and microwave 

sintering, respectively.  

 

Figure 6. 8: The Raman spectrum of pure and additive AlN ceramics sintered by 

conventional sintering. 

All the fitted Raman spectra reveal six vibrational modes of the wurtzite structure AlN 

pure phase without any secondary phases such as alumina (commonly existing secondary 

phase) or any other additive composites such as CaZrO3 and Y2O3 or their composites. Those 

six vibrational modes are E2 (Low), A1 (TO), E2 (High), E1 (TO), A1 (LO), and E1 (LO). The 

best composition ACZ2Y sample sintered in conventional sintering method exhibited phonon 

modes are 246.33 cm-1 (E2 (Low)), 609.81 cm-1 (A1 (TO)), 655.21 cm-1 (E2 (High)), 668.81 cm-

1 (E1 (TO)), 902.67 cm-1 (A1 (LO)) and 910.05 cm-1 (E1 (LO)).  
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Table 6. 4: The Raman spectrum pure and additive AlN ceramics fitted parameters sintered 

in the conventional sintering method. 

Sample/Phonon mode E2 (Low) A1 (TO) E2 (High) E1 (TO) A1 (LO) E1 (LO) 

AlN 𝛾 (Cm-1) 244.00 609.81 653.49 666.85 891.87 906.57 

𝛽 (Cm-1) 9.371 13.952 9.312 7.237 17.080 12.583 

ACZY 𝛾 (Cm-1) 246.35 611.35 656.19 669.63 898.46 908.45 

 𝛽 (Cm-1) 3.323 10.326 6.093 4.986 18.284 7.825 

A2CZY 𝛾 (Cm-1) 245.77 613.14 654.93 668.45 907.93 909.77 

 𝛽 (Cm-1) 5.235 13.325 7.292 6.494 10.586 6.116 

ACZ2Y 𝛾 (Cm-1) 246.33 609.81 655.21 668.81 902.67 910.05 

 𝛽 (Cm-1) 4.074 11.106 6.937 5.481 20.143 7.621 

A2CZ2Y 𝛾 (Cm-1) 247.10 610.60 654.98 668.59 893.19 908.37 

 𝛽 (Cm-1) 3.083 13.294 6.502 7.625 13.555 16.312 

Table 6. 5: The Raman spectrum pure and additive AlN ceramics fitted parameters sintered 

in microwave sintering method. 

Sample/Phonon mode E2 (Low) A1 (TO) E2 (High) E1 (TO) A1 (LO) E1 (LO) 

AlN 𝛾 (Cm-1) 247.67 610.65 656.27 670.07 895.37 909.77 

𝛽 (Cm-1) 3.433 13.464 8.163 8.717 18.694 12.224 

ACZY 𝛾 (Cm-1) 247.41 612.23 656.5 669.7 892.65 909.29 

 𝛽 (Cm-1) 3.573 11.36 8.742 8.428 12.631 15.703 

A2CZY 𝛾 (Cm-1) 247.44 612.99 656.55 670.04 891.94 911.1 

 𝛽 (Cm-1) 3.662 11.65 7.741 9.118 16.449 12.915 

ACZ2Y 𝛾 (Cm-1) 247.48 613.53 657.69 671.05 900.31 909.98 

 𝛽 (Cm-1) 3.217 13.62 8.29 7.163 11.227 9.592 

A2CZ2Y 𝛾 (Cm-1) 247.71 610.12 656.22 670.01 895.54 910.87 

 𝛽 (Cm-1) 3.37 9.374 8.832 6.315 20.137 11.775 
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Figure 6. 9: The Raman spectrum of pure and additive AlN ceramics sintered in 

microwave sintering. 

The composite ceramics ACZ2Y sintered in microwave sintering method exhibited six 

vibrational modes as 247.48 cm-1, 613.53 cm-1, 657.69 cm-1, 671.05 cm-1, 900.31 cm-1, and 

909.98 cm-1 respectively. The Raman shift and full-width half maximum of all vibrational 

modes for each sample sintered in conventional and microwave sintering are observed and 

shown in Tables 6.4 and 6.5, respectively. Thus, the obtained six vibrational modes of all 

sintered AlN composites in both methods agree with the previous literature [202, 203]. Raman 

spectra fit nicely and complement the XRD studies. The fitted result gives us exact FWHM (β) 

values (see Table 6.4 and Table 6.5), revealing that the phonon modes frequencies (𝛾) for each 

sample is in agreement with pure AlN wrutzite structure.  The Raman spectra shows with slight 

increment and decrement in FWHM values by increasing the additive concentration tells us 

that the additive elements are filled the VAl
3- (aluminum vacancy) and VN (nitrogen vacancy) 
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as stated in the previous literature [180]. Hence, no secondary phase is observed in the 

synthesized/densified sample in this process.   

6.5.4 EDAX analysis: 

The elemental analysis of the pure AlN and ACZ2Y (AlN composite) samples is 

obtained by EDS spectra and is shown in Figures 6.10(a) and 6.10(b), respectively. The EDS 

spectra of the best AlN composite ceramics sintered in the conventional sintering method are 

shown in Figure 6.10(c).  
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Figure 6. 10: EDS spectra of (a) the pure AlN and (b) ACZ2Y (AlN composite) sintered in 

microwave sintering method (c) EDS spectra of the ACZ2Y (AlN composite) sintered in 

conventional sintering method. 

 

Figure 6. 11: Elemental mapping of the elements in the pure AlN ceramics, sintered at 

1400 ℃. 

It is observed that no trace of other elements is detected except some amount of carbon 

present with the additive elements. Because of the higher temperature and high microwave 

power, densification occurs fast. The unique arrangement helps to avoid the direct contact of 

carbon with samples protected from porosity and yields good density at a lower sintering 

temperature than in conventional sintering. This study shows that the maximum density and 

phase of pure ceramics can be obtained from this technique. 
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Figure 6. 12: Elemental mapping of the best additive AlN ceramics (ACZ2Y) sintered at 

1400 ℃. 

 

Figure 6. 13: Elemental mapping of the additive AlN ceramics (ACZ2Y) sintered at 1700 ℃ 

in conventional sintering method. 
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Further, the initial powder contained little oxygen and carbon atoms on the AlN surface 

due to the preparation process of the powder sample. Hence, the sintered samples did not show 

any abnormal behavior in this process. In addition, carbon in the susceptor bed did not promote 

porosity and oxidation during the sintering process. In this process, carbon is not in direct 

contact with the sample. Further, to confirm the distribution of the elements over the sample, 

the elemental mapping of these two samples performed and are depicted in Figures 6.11 and 

6.12, accordingly. The elements distribution present in the best AlN composite ACZ2Y 

sintered in the conventional sintering method at 1700 ℃ is shown in Figure 6.13. It is observed 

that the elements present in all the samples are distributed uniformly. 

6.5.5 Dielectric properties: 

Pure and additive AlN samples of dimension 10 mm diameter and 1 mm thickness 

sintered at 1700 ℃ for 20 h are considered for dielectric properties analysis. The sintered 

samples are polished and coated with silver as an electrode on the top and bottom surfaces and 

then carried out for dielectric analysis. All conventional and microwave-sintered samples' 

dielectric permittivity is shown in Figure 6.14 and Figure 6.15, respectively, and the dissipation 

factor is shown in Figures 6.16 and 6.17, respectively. Dielectric permittivity for pure AlN 

ceramics sintered in conventional sintering ranges from 6.60 to 6.97; ACZ2Y ranges from 7.99 

to 8.61 for best composition. ACZ2Y exhibits higher dielectric permittivity values than other 

composites and pure AlN ceramics. The pure AlN sample shows a slightly increased rate of 

increasing dielectric permittivity from 6.60 to 6.97 with a minimum 0.37 difference between 

the minimum and maximum. Other additive composite shows constant dielectric permittivity 

approximately with a low rate of increase with a 0.5-1.0 difference between the minimum and 

maximum for the temperature variation from -140 ℃  to 200 ℃  due to grain and grain 

boundaries (see Figure 6.11).  
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Figure 6. 14: Dielectric permittivity of pure and additive AlN ceramics sintered 

conventional sintering as a function of temperature (-140 to 200  ℃ ) measured at various 

frequencies (1 MHz to 100 MHz). 

The dissipation factor of the best sample ACZ2Y sample shows lower values from (0.12 

– 5.21) x 10-2 than all other composites. The dissipation factor of all sintered samples showed 

very low values in the order of 10-2 and is almost constant without drastic changes by varying 

temperatures from -140 ℃ to 200 ℃.  
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Figure 6. 15: The Dielectric permittivity of pure and additive-added AlN microwave 

sintered ceramics measured as a function of temperatures from -140 to 200 ℃ at various 

frequencies (1 MHz to 100 MHz). 

Pure and additive AlN composite ceramics sintered in microwave sintering method at 

1400 ℃ for 30 min considered for dielectric measurements by varying temperatures from -140 

℃ to 200 ℃. The dielectric permittivity and dissipation factor changing the temperature at 

various frequencies from 1 MHz to 100 MHz are measured for all sintered pure and additive 

AlN ceramics sintered in microwave sintering method are shown in Figure 6.15 and Figure 
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6.17. The dielectric permittivity of pure AlN ceramics sintered in the microwave sintering 

method is 4.67 - 5.15 by varying temperature range -140 to 200 ℃ at various frequencies from 

1 MHz to 100 MHz. The dielectric permittivity for ACZY composite ceramic is 7.22-7.69, and 

for A2CZY composite is 4.80-6.09.  

 

Figure 6. 16: The dissipation factor of pure and additive added AlN conventionally 

sintered ceramics with varying temperatures (-140 to 200 ℃) measured at various 

frequencies (1 MHz to 100 MHz). 
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Figure 6. 17: The dissipation factor of pure and additive added AlN microwave sintered 

ceramics with varying temperatures (-140 to 200 ℃) measured at various frequencies (1 

MHz to 100 MHz). 

The dielectric permittivity of ACZ2Y is in the range 7.20-7.96; for A2CZ2Y, ceramic 

dielectric permittivity is in the range 4.11-4.67 (see Figure 6.15) respectively by varying 

temperature -140 to 200 ℃ at various frequencies from 1 MHz to 100 MHz. All the sample 

exhibited constant dielectric permittivity with a minimal increasing value of 0.4-1.2 by 

increasing temperature. This increment in dielectric permittivity by increasing temperature is 

due to thermally activated charges. The dielectric permittivity of all the sintered samples shows 
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approximately relative values with a small increment by varying frequency from 1 MHz to 100 

MHz due to the sample's space charge and dipolar polarization. The dissipation factor for pure 

AlN ceramics is 0.11 × 10−2 ≤ tan 𝛿 ≤ 2.23 × 10−2 ,  ACZY composite ceramic is 

0.03 × 10−2 ≤ tan 𝛿 ≤ 6.12 × 10−2 , A2CZY composite 0.02 × 10−2 ≤ tan 𝛿 ≤ 3.71 ×

10−2 , ACZ2Y 0.31 × 10−2 ≤ tan 𝛿 ≤ 1.37 × 10−2 , and for A2CZ2Y 0.21 × 10−2 ≤

tan 𝛿 ≤ 1.19 × 10−2 (see Figure 6.17) respectively by varying temperature -140 to 200 ℃ at 

various frequencies from 1 MHz to 100 MHz. The A2CZY sample shows a small fluctuation 

in the temperature range of 60-120 ℃  (see Figure 6.17) might be due to polarization 

relaxations; consequently, at a similar temperature range, the dielectric permittivity also 

fluctuates (see Figure 6.15). The best composite ACZ2Y ceramic sintered in conventional 

sintering shows a dielectric permittivity of 7.99 ≤ 𝜀𝑟 ≤ 8.61  and 0.12 × 10−2 ≤ tan 𝛿 ≤

5.21 × 10−2 and for the composite sintered in microwave sintering exhibited as 7.20 ≤ 𝜀𝑟 ≤

7.96 and 0.31 × 10−2 ≤ tan 𝛿 ≤ 1.37 × 10−2. The obtained dielectric properties are in good 

agreement with the previously reported values [205]. Due to the compactness, the dielectric 

permittivity of the samples sintered in conventional sintering is higher than that of the samples 

sintered in microwave sintering. The microwave-sintered sample exhibits lower dielectric 

permittivity with a lower dissipation factor than the sample sintered in conventional Sintering. 

6.5.6 Microwave dielectric properties: 

The microwave dielectric properties of sintered pure and additives added AlN ceramics 

are studied by using a vector network analyzer (VNA) using the Krupka resonator cavity at 12 

GHz, RT. The dielectric constant and loss tangent values calculated for pure AlN ceramics are 

shown in Figure 6.18. The high dielectric constant (𝜀𝑟 = 8.04) and low loss tangent (tan 𝛿 = 

2.804 x 10-3) are obtained for AlN ceramics, sintered at 1400 ℃ with dwelling time 35 min. It 

is found that the dielectric constant of AlN ceramics is improved by the rise in sintering 
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temperature from 1200 ℃ to 1400 ℃ with a dwelling time of 35 min, and decreasing further 

increase in dwelling time to 60 min at 1400 ℃.  The dielectric constant and loss tangent values 

of AlN ceramics added with different additives are shown in Figure 6.19. This result reveals 

that additive AlN ceramics show the best dielectric properties compared to pure AlN ceramics 

due to enhanced density by adding the additive.     

 

Figure 6. 18: The dielectric permittivity and dissipation factor variation of pure AlN 

ceramics sintered at different temperatures and dwelling times. 

Surprisingly, the best dielectric permittivity (𝜀𝑟 =  9.02) and low dissipation factor 

(tan 𝛿 = 7.340 x 10-4) is achieved by the 1 wt% of CaZrO3, and 2 wt% of Y2O3 additive AlN 

ceramics and these values are in good agreement with the previously reported values [206]. 

This process achieved a low dielectric constant and low loss tangent, are enhanced as compared 

to the earlier studies [207]. The microwave dielectric properties are measured for 

conventionally sintered pure and additive AlN composites with CaZrO3 and Y2O3. These 

measured values are compared with the microwave dielectric properties of the same composites 

sintered in the microwave sintering method and shown in Figure 6.20. The high 𝜀𝑟 with low 

tan 𝛿 achieved in both methods by the same composite ACZ2Y ceramic (see Figure 6.20). 
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Figure 6. 19: Variation in dielectric constant and loss tangent value of additive added AlN 

ceramics, sintered at different sintering temperatures. 

 

Figure 6. 20: Variation in dielectric constant and loss tangent value of additive added AlN 

ceramics, sintered using different sintering methods. 

The microwave dielectric properties of the best composite ACZ2Y ceramic, sintered in 

the conventional sintering method achieved a dielectric permittivity of 9.94 and a low 

dissipation factor of 11.05 x 10-4. The ACZ2Y composite ceramic sintered in microwave 

sintering method with a dielectric permittivity of 9.02 and a low dissipation factor of 7.34 x 10-

4 is better than the previously reported values [158, 208]. The dielectric losses are of two types: 

intrinsic and extrinsic; intrinsic losses are associated with the crystal structure of ceramics, and 
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extrinsic losses are due to dislocations, porosity, vacancies, and impurities [209]. In this study, 

the interaction with surroundings is less due to microwave sintering with a shorter duration. 

Hence, porosity and vacancies are decreased.  Microwave susceptor bed prevents dislocations 

and impurities [210] (oxide form due to oxidation). Therefore, the obtained high dielectric 

constant and low loss tangent ACZ2Y (additive AlN ceramics) are suitable for RF-window 

applications.   

6.5.7 Hardness measurement: 

Vicker's hardness tester is used to measure the hardness of the sintered ceramics. In this 

hardness test, the indent is formed on the surface of the ceramics after applying the load by the 

right pyramid with a square base. The pyramid has an angle of 136° between opposite faces 

subjected to load. The two diagonals of the indentation are measured after removing the load 

using a microscope.  

 

Figure 6. 21: Variation of hardness values of pure AlN ceramics measured as a function of 

sintering temperature and dwelling time. 

The hardness value of the sintered AlN and additive AlN ceramics are calculated using 

the following relation [211];   
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𝐻𝑉 =
2𝐹 𝑠𝑖𝑛

136°

2

𝑑2 = (1.8542)(
𝐹

𝑑2)            (6.6) 

where HV is Vickers hardness, F is the load in kg f, and d is the average of two 

diagonals. The Vickers hardness values of pure AlN ceramics, sintered at different 

temperatures and dwelling times, are shown in Figure 6.21. 

 

Figure 6. 22: Comparison of varying hardness values of AlN ceramics added with additives 

at two sintering temperatures. 

It conveys that the hardness of the ceramics improved by increasing the sintering 

temperature from 1200 ℃ to 1400 ℃ with a dwelling time 35 min, further increasing the 

dwelling time to 60 min at 1400 ℃ the hardness value is decreased (see Figure 6.21) and 

followed the similar response as density which shows its dependency on the relative density. 

The hardness (475.58 HV30) is obtained for pure AlN ceramics sintered at 1400 ℃ with 35 

min dwelling time. The hardness of the additive-added AlN ceramics is shown in Figure 6.22.  

These values reveal that the hardness of additive AlN ceramics enhanced with an increase in 

the sintering temperature. It also shows that hardness varies by the additives' concentration.  

Surprisingly, the maximum hardness (1079.51 HV30) is achieved among all the additives AlN 

ceramics with 1 wt% CaZrO3 and 2 wt% of Y2O3, sintered at 1400 ℃. The hardness of the 
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samples sintered in the conventional sintering method are measured and compared with that of 

the samples sintered in the microwave sintering method, as shown in Figure 6.23. The 

composite ACZ2Y exhibited high hardness (965.63 HV30) among all other composites and 

pure AlN ceramics.   

 

Figure 6. 23: Variation in hardness of pure and additive-added AlN ceramics, sintered 

using different sintering methods. 

The hardness achieved by conventional sintering is lesser than that of the hardness 

values achieved by microwave sintering. The reason for decreasing the hardness in the samples 

sintered in conventional sintering might be due to grains and grain boundaries. These values 

reveal that the hardness of additive AlN ceramics enhanced with an increase in the sintering 

temperature. It also shows hardness variation by the additives' concentration.  This increase in 

hardness by adding additives is due to an enhancement in density and occupying vacancies 

with additive elements.  

6.6 Conclusion: 

AIN ceramic comprises 1 wt% CaZrO3 and 2 wt% of Y2O3 additive AlN (ACZ2Y) 

ceramics, sintered at 1400 ℃ with a dwelling time of 35 min having a relative density of 

97.68% of the theoretical density. The same composite achieves a maximum density of 98.87% 
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sintered in conventional sintering, approximately similar with little more value than the sintered 

in microwave sintering method. 

❖ Composite AlN ceramics achieved good dielectric properties with pure wurtzite AlN 

phase without any secondary phase such as alumina or other composites with additives. XRD 

spectra and Raman vibrational modes of all obtained composite AlN ceramics with CaZrO3 

and Y2O3 approve the resultant composite's purity. 

❖ EDS spectra of best composite (ACZ2Y) AlN with CaZrO3 and Y2O3 additive sintered 

in both methods show that pure AlN phase with minimal amount presented related to negligible 

additives does not affect the structural and dielectric properties of AlN ceramics. 

❖ The microwave dielectric properties of the best composite ACZ2Y ceramic sintered in 

the conventional sintering method achieved dielectric properties as (𝜀𝑟) 9.94 and (tan 𝛿) of 

11.05 x 10-4.  ACZ2Y composite ceramic sintered in microwave sintering method as (𝜀𝑟) 9.02 

and (tan 𝛿) 7.34 x 10-4 at 12 GHz. The ceramics sintered in microwave sintered achieved a low 

dissipation factor with appropriate dielectric permittivity due to smaller grains and highly 

compacted densified structure with direct heating of microwave power. 

❖ The maximum hardness (1079.51 HV30) is achieved by ACZ2Y composite AlN 

ceramic sintered in microwave sintering method higher than that of hardness 965.63 HV30 

achieved by the same composite ceramic sintered in conventional sintering method. The low 

value of hardness in conventional sintering is due to grain size and compactness.  
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Chapter 7 

Summary and Future Scope of Work 

 

7.1 Summary 

This chapter summarizes exciting results and highlights the present thesis work with 

conclusions. This thesis primarily focuses on nitride (AlN) ceramics preparation to achieve 

pure phase, discussion on structural and dielectric properties, which are highly interesting from 

the point of view of scientific research, microwave, and electronic industries. The fundamental 

aspects of RF-window with its requirements and basics of dielectrics with applications of 

nitride materials are presented in Chapter 1. The preparation of nitride ceramics in different 

methods, and characterization techniques are discussed in Chapter 2.   In summary, the 

dielectric resonator (DR) of pure phase AlN ceramics have been prepared by conventional and 

studied the dielectric properties presented in Chapter 3. The effect of various additives such as 

oxides (rare earth oxides Er2O3, other oxides ZnO), nitride additives such as BN, some 

composites as CaZrO3, Y2O3 their concentrations, processing parameters and its effect on 

crystal structure, microstructure, and microwave dielectric properties are studied 

systematically in chapter 4, 5, 6 respectively. Successful efforts are made to reduce the sintering 

temperature from 1900 to 1700 ℃  and to obtain pure-phase AlN ceramics without any 

secondary phases, such as alumina, without affecting microwave dielectric and dielectric 

properties. In the conventional sintering method, the powder bed with a combination of AlN 

powder and carbon powder plays an essential role in densifying AlN ceramics at low sintering 

temperatures and obtaining a pure phase. Summary of all results for optimized AlN and 

composite ceramics are listed in Table 7.1. A summary of the key results and significant 

findings are as follows; 
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Table 7. 1: The summary of all results for optimized AlN and its composite ceramics. 

Sample χ2 Relative 

density 

(%) 

Sintering 

temperature 

/ method 

a=b (Å) c (Å) Dielectric 

permittivity 

(𝜺𝒓) at 12 

GHz 

Dissipation 

factor 

(𝐭𝐚𝐧 𝜹) 12 

GHz 

AlN 2.32 95 1700 ℃ - 

30h / 

conventional  

3.113(2) 4.982(9) 8.83 21.69 x 10-4 

AlN-

15ZnO  

1.28 94.43 1700 ℃ - 

20h / 

conventional 

3.115(23) 4.986(65) 7.195 4.90 x 10-3 

AlN - 

2Er2O3  

2.52 94 1600 ℃ - 3h 

+ 1700 ℃ - 

3h / 

conventional 

3.113 (18) 4.983 (27) 7.81 5.00 x 10-4 

AlN-

15BN -

20h 

1.26 94.45 1700 ℃ 20h 

/ 

conventional 

3.115(29) 

BN(2.524(10)) 

4.986(53) 

BN(6.679(08)) 

7.38 2.60 x 10-3 

AlN 

2CaZrO3 

Y2O3 

1.52 98.87 1700 ℃ - 

20h / 

conventional 

3.116 (28) 4.985 (53) 9.94 11.05 x 10-4 

4.23 97.68 1400 ℃ - 

30min – 

35min / 

Microwave 

3.113 (11) 4.981 (16) 8.04 2.80 x 10-3 

7.1.1 Pure AlN ceramics: 

❖ AlN compacted Disks were immersed in a powder bed containing AlN powder surrounded 

by carbon powder to avoid oxidation. The powder bed has 70% AlN with 30% Carbon 

powder at the bottom and top as two layers. The compacted samples sintered at 1700 ℃ 

for 20 h show good density and structure. The sintering time and dwelling time are 

optimized from 1400-1700 ℃ and 5 h to 30 h dwelling time, respectively.  

❖ This research obtained a new method to prepare AlN ceramics at low sintering 

temperatures by optimizing the sintering environment and conditions, such as in the 

presence of nitrogen, without a powder bed, and with a powder bed. The powder bed 

composition is also optimized in this process, such as with only AlN powder oxidation not 
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able to be avoided entirely and only with carbon powder bed; carbon powder enters into 

the grains of AlN and in the combination of AlN and carbon powder.  

❖ In the optimized condition of powder bed used to sinter AlN ceramics with different 

dwelling periods and studied the effect of powder bed with the variation of dwelling time 

on structural, microstructural, dielectric, and microwave dielectric properties of AlN 

ceramics.  

❖ The Rietveld refinement of the obtained XRD pattern of sintered samples confirms crystal 

structure as wurtzite with P63mc space group and confirmed from the Raman spectrum by 

exhibiting the well-known six vibrational modes of wurtzite AlN.  

❖ The temperature-dependent Raman spectrum shows that the obtained ceramics are highly 

stable in structure without any phase transformations at temperatures ranging from -196 

℃ to 400 ℃ by exhibiting six vibrational modes of wurtzite AlN at each temperature.  

❖ The obtained AlN ceramics sintered at 1700 ℃  for 20 h achieved the best dielectric 

permittivity (𝜀𝑟 = 8.83) with a low dissipation factor (tan 𝛿 = 21.686 x 10-4) at microwave 

frequencies. The obtained ceramics show good dielectric behavior at low frequencies (1 

kHz to 1 MHz) at different temperatures ranging from 30-200 ℃. The broadband dielectric 

properties were also studied at temperatures ranging from -140 ℃ to 200 ℃ using liquid 

nitrogen.  

7.1.2 Oxide additive AlN ceramics with Er2O3 and ZnO as additives: 

❖ In this study, the effect of oxide additives on structural and dielectric properties of AlN 

ceramics was investigated systematically for transmitting a signal with high speed in 

electronic applications. Here, one rare earth oxide (Er2O3) and ZnO with a structure similar 

to AlN have been chosen as oxide additives.  
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❖ The obtained composite ceramics crystalline structure was identified by refinement of the 

XRD pattern and matches appropriately with JCPDS of card number 01-077-9871 of the 

wurtzite AlN phase. This result confirms that the AlN pure and composites (AlN-ZnO and 

AlN- Er2O3) form pure wurtzite structure without any secondary oxide phases such as 

ZnO, Er2O3, and typical secondary phase Al2O3 (alumina forms due to oxidation while 

sintering at high temperatures). The Raman spectrum of all sintered samples also confirms 

the wurtzite phase by exhibiting the known six vibrational modes of wurtzite AlN. 

❖ The powder bed prevented the oxidation process due to the immersion of compacted 

samples in AlN powder, and the surroundings at the top and bottom covered with carbon 

powder and then at the top covered with AlN again. This powder bed arrangement doesn't 

allow the oxygen to enter the composites while sintering at high temperatures, and the 

environment flowing with nitrogen also helps control entering oxygen from outside.  

❖ Both oxide composites (AlN-ZnO and AlN-Er2O3) show good dielectric properties with 

temperature variation at low frequencies. These oxide composites show the best dielectric 

properties at microwave frequencies as 𝜀𝑟 = 7.810  and tan 𝛿 = 5.00 x 10-4 for 2ErAlN 

composite ceramic, 𝜀𝑟 = 7.195  and tan 𝛿 = 4.90 x 10-3 for AlN-15ZnO composite 

ceramic.  

❖ Considering these microwave dielectric properties of AlN-Er2O3 composite ceramics as 

input, the theoretical design was carried out for designing RF windows using CST software 

for spot frequency 3.7 GHz. The return loss and insertion loss are also optimized for the 

window of length 34.91 mm; the thickness and diameter of the AlN are 3 mm and 86 mm, 

respectively. The computed return loss and insertion loss are 61.25 dB and 0.009 dB, 

respectively.  
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7.1.3 Effect of nitride additives (BN) on structural and dielectric properties of 

AlN ceramics: 

❖ In this study, an attempt has been made to synthesize AlN-BN composite ceramics in a 

conventional sintering method using a powder bed to understand the effect of nitride 

additives on the structural and dielectric properties of AlN ceramics.  

❖ The AlN-BN composite ceramics are sintered at a low temperature of 1700 ℃ using a 

powder bed and obtained pure nitride ceramics with AlN and BN phases without any oxide 

phase as a secondary phase. AlN-xBN composite ceramics have an AlN phase matched 

with JCPDS card no: 00-066-0534 and a BN phase with JCPDS card no: 00-009-0012.  

❖ The Rietveld refinement of the obtained XRD pattern of all composite ceramics confirms 

that the AlN present in the composite is a wurtzite crystal structure with P63mc and space 

group number 186. The temperature Raman demonstrates vibrational modes at low and 

high temperatures stability of obtained AlN-15BN composite ceramic.  

❖ The oxygen in the composite AlN-15BN ceramic is due to the contribution of surface 

oxygen and oxidized powder bed confirmed by the fitting of high-resolution XPS spectra 

of AlN-15BN composite ceramic.  

❖ The dielectric properties of AlN-15BN composite ceramic were studied at different 

temperatures from 30-500 ℃, by varying frequencies from 1 kHz to 1 MHz and obtained 

as (𝜀𝑟 = 6.50 - 7.48) and low dissipations factor (tan𝛿 = 0.2 x 10-3 - 9.8 x 10-3). These 

obtained dielectric properties convey that AlN-BN composite ceramics are appropriate for 

electronic applications.  

❖ The Cole-Cole plots of impedance spectra of all AlN-BN composite ceramics show non-

Debye type relaxations. They are fitted with RCRCRC circuits corresponding to three 

parallelly connected R and C circuits connected in series corresponding to grain, grain 

boundary, and electrode.  
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❖ The obtained best microwave dielectric properties at 12GHz, such as  (𝜀𝑟 = 7.381) and 

(tan𝛿 = 2.603 × 10-3) for AlN-15BN composite ceramics with pure nitride phase without 

any alumina or intermediate phases are appropriate for RF-window and electronic 

applications. 

7.1.4 The Effect of the sintering method on structural and dielectric properties of 

AlN ceramics with additives CaZrO3 and Y2O3:  

❖ This study investigated the effect of the sintering method on the structural and dielectric 

properties of AIN ceramics by preparing AlN composites with CaZrO3 and Y2O3 additives 

using conventional and microwave sintering methods.  ACZ2Y (AIN ceramic comprises 

1 wt% CaZrO3 and 2 wt% of Y2O3 additive) ceramics, sintered at 1400 ℃ with a dwelling 

time of 35 min in microwave sintering method, achieved a relative density of 97.68% of 

the theoretical density. The same composite achieves a maximum density of 98.87% 

sintered in conventional Sintering at 1700 ℃ for 20 h. The achieved relative density is 

approximately similar with little more value than the composite relative density sintered 

in the microwave sintering method.  

❖ The structure of sintered all composite ceramics in both methods is confirmed as wurtzite 

phase AlN with space group P63mc by matching appropriately with standard JCPDS data 

with card no: 00-003-1144. 

❖  The best composition ACZ2Y sample sintered in conventional sintering method exhibited 

phonon modes are 246.33 cm-1 (E2 (Low)), 609.81 cm-1 (A1 (TO)), 655.21 cm-1 (E2 (High)), 

668.81 cm-1 (E1 (TO)), 902.67 cm-1 (A1 (LO)) and 910.05 cm-1 (E1 (LO)). The composite 

ceramic ACZ2Y sintered in microwave sintering method exhibited six vibrational modes 

as 247.48 cm-1, 613.53 cm-1, 657.69 cm-1, 671.05 cm-1, 900.31 cm-1, and 909.98 cm-1 

respectively.  
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❖ The best composite (ACZ2Y) AlN with CaZrO3 and Y2O3 additive sintered in both 

methods show that pure AlN phase with minimal amount presented related to negligible 

additives revealed by EDS spectra. These minimal additive elements in the composite do 

not affect structural properties evident from XRD and Raman spectra.  

❖ The conventional sintering method achieved dielectric properties as (𝜀𝑟) 9.94 and (tan 𝛿) 

of 11.05 x 10-4 at 12 GHZ for ACZ2Y composite ceramic.  The microwave dielectric 

properties as (𝜀𝑟) 9.02 and (tan 𝛿) 7.34 x 10-4 at 12 GHz achieved the same composite 

sintered in the microwave sintering method.  

❖ The maximum hardness (1079.51 HV30) is achieved by ACZ2Y composite AlN ceramic 

sintered in microwave sintering method higher than that of hardness 965.63 HV30 

achieved by the same composite ceramic sintered in conventional sintering method. The 

low value of hardness in conventional Sintering is due to grain size and compactness. 

7.2 Future scope of the work 

In the present study, it has been observed that the powder bed method helped to obtain 

phase pure AlN ceramics with high density at lower sintering temperatures. These prepared 

pure AlN and its composites showed better structural, microstructural, dielectric, and 

microwave dielectric properties for pure and composite AlN ceramics. However, further 

studies are essential for the complete analysis of pure and additive AlN ceramics. Here, we 

proposed future work of the present study as follows; 

 AlN ceramics, composite systems will be prepared with lower sintering temperatures, such 

as BaZrO3, BaSrTiO3, CaTiO3, and KNN with rare earth oxides to minimize the sintering 

temperature and dwelling time while sintering for densifying. The effect of these additives 

makes AlN sinter at low temperatures with high density.  
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 The sintering method and parameters with the amount of additive to mix with AlN for 

suitable composite need to be optimized for obtaining phase pure AlN ceramics with good 

dielectric and thermal properties. AlN-KNN composite ceramics must be studied to 

improve piezoelectric properties with other properties of AlN ceramics.  

 The composite ceramics with nitride additives such as GaN (Gallium nitride) and (Si3N4) 

silicon nitride need to be studied to obtain phase pure AlN ceramics with high thermal 

conductivity and improved dielectric properties. GaN has the same wurtzite structure; it 

may form good compatibility with the AlN structure to enhance the properties of AlN 

ceramics. AlN with carbide additives must be studied to avoid the alumina phase formation 

while sintering and obtain microwave-absorbing materials.  

 We have focused on reducing sintering temperature and obtaining phase pure AlN 

ceramics with improved dielectric properties of pure and additive AlN ceramics with high 

density. The thermal conductivity of the AlN ceramics plays a vital role with its other 

properties in AlN applications, such as heat sinks, RF windows, and electronic 

applications. Hence, Thermal conductivity measurements of the prepared phase pure AlN 

ceramics will be helpful. The thermal conductivity of AlN ceramics with nitride additives 

compared with other oxide composites and corresponding dielectric properties at 

broadband frequencies will provide a complete study of AlN ceramics.  

 Metallization of AlN ceramics is also essential to study for applications since it is used in 

RF windows, heat sinks, PCBs, etc., where metal contact is necessary. Metallization of 

AlN ceramics is essential to study the boning strength, the effect of thermal conductivity 

at the interface of ceramic and metal, and stresses induced at the interface of metal and 

ceramics with its impact on structural and thermal properties of AlN ceramics. 

 AlN disc as RF window application in specified dimensions for magnetron applications 

needs to be fabricated. It is necessary to optimize the dimensions shape of RF window 
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effects in thermal and mechanical management of AlN in the magnetron or other devices 

theoretically and experimentally. 
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