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Abstract⎯In this paper, the dielectric properties of 

silicon nitride are studied using the dielectric polarization 
theories. According to the developed dielectric models, the 
temperature dependence of dielectric constant and loss of 
silicon nitride is mainly analyzed. In addition, the impact 
of Li+, K+, Ca2+, Al3+ and Mg2+ doping on the dielectric 
properties of silicon nitride are also estimated.   

Index Terms⎯Dielectric properties, impurity ion, 
silicon nitride. 

1. Introduction 
Silicon nitride ceramics have been recognized as one of 

the most important materials for high temperature 
applications [1]-[3]. However, scare experimental data of 
dielectric properties of the materials under high temperature 
and high pressure are reported [4]. Therefore, modeling and 
simulation become necessary to predict the dielectric 
behaviors of silicon nitride under such conditions. In this 
paper, the dielectric polarization theories are thus applied to 
develop the dielectric models of silicon nitride for practical 
applications, and the temperature dependence of dielectric 
constant and loss of silicon nitride are calculated. In addition, 
the impact of Li+, K+, Ca2+, Al3+ and Mg2+ doping on the 
properties are also investigated. 

2. Simulation Methods  
2.1 Dielectric Constant Of Solid State Si3N4 

As we know, the dielectric constant sε  of Si3N4 can be 
given by Drude formula as follows [5], 

0

11 [ ]s e e a a d dN N Nε α α α
ε

= + + +           (1) 

where eα , aα , and dα  are electronic polarizability, ionic 
polarizability, and dipolar shift polarizability, respectively. 

eN  is the atomic number per unit volume, aN  is the 
number of ion pairs per unit volume，and dN  is the 
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concentration of impurities. The electronic polarizability is 
given by [5] 
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where n is the refractive index of Si3N4, 0 2.05n = , 
dn/dT=1.96×10-6, T, the absolute temperature, T0=300K. And 
ionic polarizability is given by[5]: 
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where 0ρ  is the density of silicon nitride and the value is 
3.18 g/cm3 [6], a0=2.1×10−10 m, A=1.76[5], b is the exponent of 
crystal surface energy and adjusted by experiment, NA, 
Avogadro’s number, 0ε , the dielectric constant of vacuum, 
M, the molar mass of Si3N4. The dipolar shift polarizability 
should be considered as: 

dim dimd dN Nα α=                 (5) 

where the impurity polarizablity and the number of 
impurities per volume are given by 2

dim ( ) /12q kTα δ= , 

dim im 0 im/AN P N mρ= , where Pim is the average concentration 
of impurities and 50 ppm in this paper, q is the charge of 
impurity ions, δ is the average diameter of impurity ions[7] 
and the data are from [5], the average molar mass 

imm =28g/cm3. 
Meanwhile, the AC dielectric constant is given by Debye 

equation:  
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where ε∞  is optical dielectric constant, ω is frequency of 
the applied AC electric field, α is calibration factor and the 
value is 0.5, τ  is relaxation time:  
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where ν  is the vibration frequency of weakly linked ions, 
and is about 1014 Hz. 

3 4Si NU is the activation energy of 

weakly linked ions, and is about 0.66 ev. 
The real and imaginary parts of AC dielectric constant can 

be calculated from the following equations  
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2.2 Loss of Solid State Si3N4 
Presumably, the loss of Si3N4 includes relaxation loss 

and conductance loss (derived from electron conductance 
and impurity ion conductance), which are given by, 
respectively,  
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where e is the charge of electron, em is the mass of 
electron, k is Boltzmann’s constant, 0 0( )g gE E T Tη= − − , 

0gE =4.4ev is band gap at 300 K, η =0.0005 eV/T is the 
temperature coefficient of band gap, h is Planck constant, 

eν =1015 Hz is the vibration frequency of electrons.  

3. Results and Discussion 
Using (1) to (5), the DC dielectric constant of Si3N4 can 

be calculated. As shown in Fig. 1, the static dielectric 
constant increases with temperature mainly because the slow 
polarization may be frozen, but can be activated with the 
temperature increasing.  

  
Fig. 1. DC dielectric constant of Si3N4 vs. temperature. 

Using (6) to (9), the AC dielectric constant of Si3N4 can 
be calculated. Fig. 2 shows the real part of AC dielectric 
constant of Si3N4 vs. temperature at three different fre- 
quencies. It can be seen that the AC dielectric constant does 
not show big change among the frequencies (1GHz~18GHz). 
But when compared to the DC dielectric constant, the data 

are obviously lower than the corresponding DC data at the 
same temperature, which can be ascribed to the relaxation 
phenomena. Since the slow polarization decreases with the 
increasing temperature, there has no difference between the 
AC and DC dielectric constant. In order to validate the 
results at high temperature, comparison of dielectric constant 
between theoretical calculation and the experimental data[8] 
are given by Table 1. Consequently, the consistence of them 
demonstrates the effectiveness of the dielectric models in this 
work. 

  
Fig. 2. Real part of AC dielectric constant of Si3N4 vs. temperature. 

Table 1: The dielectric constant of Si3N4 from this work 
and experimental data 

T (K) This work Reference [8] 
298 7.62 7.60 
588 7.77 7.70 
810 7.82 7.80 
921 7.88 7.90 
1088 7.93 8.00 

 
Fig. 3. Relaxation loss of Si3N4 vs. temperature at three frequencies. 

 
Fig. 4. Electron conductance loss of Si3N4 vs. temperature. 
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Therefore, the results of relaxation loss, electron 
conductance loss, impurities conductance loss using (10), (11), 
and (12) are obtained, shown in Fig. 3, Fig. 4, and Fig. 5, 
respectively. And then, the total loss of Si3N4 at two 
frequencies can be derived from the sum of the above three 
parts, given in Fig. 6. It can be seen from Fig. 3 that the 
maximum of relaxation loss moves to the low value as the 
frequency increases while it almost changes with temperature. 
When a comparison is made between Fig. 3 and Fig. 6, one 
may see that the relaxation loss has more contribution to the 
total loss compared to the conductance loss due to less 
electrons and impurities at low temperature. With increasing 
temperature, more ions and electrons will lead to more 
contribution to the dielectric loss, and the impact of electrons 
on the loss may be getting less at high temperature when 
compared to the relaxation loss and the impurity conductance 
loss, and the total loss of Si3N4 was decreased with the 
increasing frequency from Fig. 6. 

 
Fig. 5. Impurity ion conductance loss of Si3N4 vs. temperature. 

 
(a) 

 
(b) 

Fig. 6. Total loss of Si3N4 vs. temperature at two frequencies:      
(a) f=10GHz and (b) f=24GHz. 

The impact of Li+, K+, Ca2+, Al3+ and Mg2+doping on the 
dielectric properties and loss of silicon nitride were also 
calculated using equations (8) and (12), where pim is the 
concentration of Li+, K+, Ca2+, Al3+ and Mg2+, mim, q are the 
molar mass and the charge of them, respectively. The 
dielectric constant and total loss of silicon nitride with 
different impurities doping were calculated and given in 
Table 2. It can be seen that the dielectric constant and total 
loss of silicon nitride increase with the impurity ions. 
Substantially, Al3+ has the greater impact on the dielectric 
properties of silicon nitride. The reason of this result may be 
the smaller radius of Al3+

 and its more electrons. Specifically, 
the impurity ion loss at 1500 K can get increased about 25 
times when the concentration of Al3+ is 500ppm, which is 
very harmful for practical applications. Moreover, the impact 
of impurity ions on loss is much greater than on dielectric 
constant. Therefore, the concentration of impurities should 
be limited especially for Al3+ in order to obtain the smaller 
dielectric constant and lower loss helpful to practical 
applications  

Table 2: The dielectric constant and total loss of silicon nitride 
under conditions: f=10 GHz, Pim= 500 ppm, and T= 1500 K 

4. Conclusions 
In summary, using dielectric theories, the DC and AC 

models of silicon nitride have been established. The dielectric 
constant calculated from these models is consistent with the 
experimental data. With regard to the impact of impurities on 
dielectric properties, the dielectric constant and total loss of 
silicon nitride increase with doping of impurity ions, and Al3+ 
have the greater impact on total loss than on dielectric 
constant. Therefore, the concentration of impurities should be 
controlled and limited especially for Al3+ in order to obtain the 
smaller dielectric constant and lower loss in practical 
applications. In conclusion, this work suggests a method to 
estimate the dielectric constant and loss of silicon nitride and 
can give some results concerning different impurity ion 
doping. These results are significant to practical applications 
of silicon nitride. 
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