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30. BREAKDOWN IN DIELECTRICS WITH DEFECTS 

30.1 Review/Background 

Breakdown in dielectrics has always been an important problem with a broad 

range of physical and technological implications. The physics of breakdown for thick 

dielectrics is very different from breakdown in thin dielectrics. Before we proceed further 

it might be useful to reiterate that classification between thick and thin dielectrics is based 

on the mean free path of electrons, i.e. if the thickness of the dielectric is several mean 

free paths long it is classified as thick dielectrics and dielectrics with thickness in the 

order of a few mean free paths are described as thin dielectrics. 

In the past few lectures (Lec. 21-28) we have discussed the physics of 

breakdown of thin dielectrics, the various models involved in the description of defect 

generation, statistical distribution (Weibull distributions) of defect generation, their 

measurement techniques, soft vs. hard breakdown and the circuit implications of the 

Time Dependent Dielectric Breakdown (TDDB). We have also established that the 

breakdown in thin dielectrics is essentially uncorrelated. 

 In the last lecture (Lec. 29) we described the breakdown in thick 

dielectrics (gases), derived the Paschen’s law, spatial dynamics of thick dielectric 

breakdown, Lichtenburg figures and finally a relation for the breakdown voltage. In the 

present lecture we will discuss the following: 

1. Compare the predictions of breakdown voltage obtained using the expression 

derived in Lec. 29 with experimental observations. 

2. Existence of preexisting defects in dielectrics 

3. Theory of preexisting defects in thin dielectrics 

4. Theory of preexisting defects in thick dielectrics 
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30.2 Comparison of Theoretically Predicted Breakdown Voltage with 

Experimental Observations 

In the previous lecture we derived an expression for minimum breakdown field 

using energy balance equations as a function of the bandgap energy. Recall that the 

breakdown field was given by the following expression: 

��� = �ℏ��	 	�∗��� ,  
                                         30.1 

 

where ℏ�� represents the energy of the phonons, �∗ represents the effective 

mass in the material and �� represents the  band gap of the material. 

Physically, when an electric field less than band gap is applied, the energy 

obtained from the field is completely absorbed by the phonons and impact ionization is 

not activated. If the electric field is greater than bandgap, then before the phonon can 

absorb the energy, the impact ionization is happens. 

As discussed in Lec. 29, Table 30.1 provides a comparison of the predicted 

breakdown electric field versus the experimental data. 

Materials  E
G
 

(eV)  

m*/mo  Ћωo 

(eV)  
EB  

(predicted)  
EB  

(observed)  
Reference  

InSb  0.17  0.013  0.025  2.5×10
2

  4×10
2

  
(i)  

InAs  0.36  0.02  0.03  8.6×10
2

  1×10
3

  
(i) 

Ge  0.66  0.22  0.037  …  1×10
5

  
(ii )  

Si  1.12  0.32  0.063  3.7×10
5

  3×10
5

  
(ii )  

GaAs  1.43  0.35  0.035  3.7×10
5

  3×10
5

 

~5×10
5

  

(ii )  
 

(i)  

GaP  2.24  0.35  0.05  5.5×10
5

  5×10
5

 

~10×10
5

  

(ii )  
 

(i) 

Table 30.1 Comparison of Theory Vs Experiment: Small Band Gap Materials 
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 As can be seen from this table, there is a very good agreement between the 
theoretically predicted values and the experimental measurements. The corresponding 
comparison for materials with large band gap is given in Table 30.2. 

 

Comparing Table 30.1 and Table 30.2, it is observed that for higher bandgap 

materials the match between the theoretical and the experimental values is not as good as 

that for materials with small bandgap. The reason of the discrepancy is due to presence of 

preexisting defects created as a result of various processing conditions. 

 

30.3 Preexisting Defects in Dielectrics 

In all the previous lectures we have always assumed the dielectric to be initially 

defect-free. But in reality preexisting defects are almost always present and we will 

discuss (very briefly) a few important sources (causes) of such defects in dielectrics. 

 

  Acoustic Phonons   Optical Phonons  

Materials  E
G
 

(eV)  

EB  

(predicted)  
EB  

(observed)  
Reference  Ћωo 

(eV)  
EB  

(predicted)  

CdS  2.5  1.7×10
7

  2×10
6

  
(i)  0.038  4.1×10

6

  

ZnSe  2.6  1.7×10
7

  2×10
6

  
(i) 0.03  3.6×10

6

  

ZnO  3.3  2.2×10
7

  4×10
6

  
(i)  0.07  6.4×10

6

  

SiO2  9.0  6.1×10
7

  9×10
6

  
(iii,iv)  0.12  1.4×10

7

  

NaCl  8.0  5.5×10
7

  1.6×10
6

 
(i)  0.024  6.2×10

6

  

Table 30.2 Comparison of Theory Vs Experiment: Large Band Gap Materials 
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30.4 Plasma Discharge 

When the front-end processing of a wafer is done, metal is deposited on the 

wafer and etched to create interconnects. This is usually done by plasma etching. In a 

plasma etching system, high voltage from plasma chamber electrodes ionizes the etching 

gases into negative electrons and positive ions (this is called plasma). The more mobile 

negative charges are collected by wafer (shown in blue in Figure 30.1), which builds up a 

retarding potential that decelerates further negative charges and accelerates the positive 

ions (��) until the positive and negative fluxes are balanced and self-consistently is 

maintained a certain built-in potential. If the substrate is grounded, then the built-in 

potential induces an electron tunneling current (��). This tunneling current along with the 

hole current (��) has to balance the positive ion flux. As a result, the built-in voltage is 

lowered. Hence, we can see that the oxide is subjected to a huge stress during 

manufacturing process itself even before its first use. This stress leads to presence of 

preexisting defects which have to be incorporated in the model. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 30.1 (a) Plasma Etching Diagram. (b) Energy diagram before and 
after the plasma is turned on. 
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30.5 Electro Static Discharge 

A second source of pre-existing defects could arise from the assembly process. 

For assembling an IC on a board, different robotic handlers or humans are involved 

which can have a huge amount of electrostatic charge stored. While connecting the input-

output pins, there can be a huge impulse (due to electrostatic discharge, ESD) which can 

consequently damage the transistors, even before they are shipped out.  To avoid this, we 

incorporate a large capacitor between the I/O pins (Figure 30.2). This capacitor, however, 

should not be too big, because it would limit the speed of the circuit. The ESD stress can 

cause damages to the gate oxide, and therefore create preexisting defects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30.6 Theory of Pre-existing Defects 

30.6.1 Theory of Pre-existing Defects: Thin Dielectrics 

To model the effect of preexisting defects, we start with assuming a random 

concentration of defects in dielectric (modeled as an � � � matrix) before the stress is 

applied (t<0), as shown in Figure 30.3 (a). 

 

Figure 30.2 Implementation of a relatively large capacitor for protecting the IC 
against electrostatic discharge. 



132                        

 132 

 

 

If we rearrange the space with all the columns with no defects together followed 
by the columns with only one defect, the columns with two defects and so on, then we get 
the arrangement shown in Figure 30.3 (b). Using the same model we used in breakdown 
statistics, the survival probability (1 � �) is given by: 

1 � � = �1 � ��������1 � ��� ��!�1 � �����"⋯�1 � ���$% ��&'! 30.2 

The above expression indicates the probability of dielectric NOT failing. The probability 

of a column with no initial defects NOT failing is given by 1 � ����. Since there are �� 

columns �1 � ������� indicates the probability of all the columns with no initial defects 

not failing. Similarly, the other terms can easily be calculated. The implicit assumption is 

that these defects are generated in an uncorrelated manner, which is a reasonable 

assumption for thin dielectrics.   

If ( indicates the possibility of non-defective cell and 	 indicates probability of defect 

being generated in the cell, substituting the values in Eq. 30.2: 

 1 � � = �1 � 	$����1 � 	$% ��!�1 � 	$%��" ⋯�1 � 	 ��&'! 30.3 

When all the cells are non-defective in every �� columns, the failure probability is 	$, 

for the columns with single defect the failure probability 	$% , and so on. Simplifying 

Eq. 30.3 to represent the distribution as a Weibull distribution: 

 

a) b) 

Figure 30.3 (a) Dielectric with Random Pre-existing defects. (b) Dielectric with 
columns equivalently rearranged with respect to part (a). 
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�ln�1 � �� = ��	$ + � 	$% +�	$% +⋯ = ��	$ ,1 + � �� 1	 +⋯ -	
→ ln/�ln	�1 � ��0 = ln	�� +� ln 	 + ln ,1 + � �� 1	 +⋯ -	
≅ ln��	 + 2 ln 3 45�6 + � �� 1	 = ln��	 + 2 ln 3 45�6 + � �� �5�4 �7 

30.4 

Now let us define a parameter called Hazard Rate (Failure Rate), λ, as: 

 

8 ≡ :�; :4⁄1 � �; = ��� 25�=�4=% ,1 + � 5�7�� �2 � >2 � 147-                                          30.5 

 

 Failure rate defines the probability that the system has survived up to time 4 and 

immediately fails at time 4 + :4. We obtained the failure rate by taking the derivative of �ln�1 � ��  w.r.t  4 (given in Eq. 30.5). Figure 30.4 (a) and Figure 30.4 (b) plot W and λ 
as a function of ln�t�, respectively. 

 

The Weibull curve (red curve), obtained from the above expression, describes 

the distribution in the presence of preexisting defects and the intrinsic curve (blue curve) 

is one obtained under the assumption of no-initial defects. It must be noted that if �� = 	� (total number of columns), then the Weibull expression is the same as that 

obtained for the intrinsic case. The above curves show that the dielectric with preexisting 

a) b) 

Figure 30.4 (a) Weibull Distribution, (b) Hazard Rate. 
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defects fails earlier compared to intrinsic dielectrics and also the extrinsic and intrinsic 

curves approach each other asymptotically when ln�4�	is large enough (Figure 30.4 (a)). 

 Referring to Figure 30.4 (b), notice that the extrinsic oxide damage raises 

the hazard rate at the beginning and as time grows the hazard rate curve gradually 

approaches that of intrinsic breakdown. The extrinsic curve, because of its shape, is also 

called the “bathtub curve”.  

 And finally, burn-in protocol indicates that if the product survives the 

initial stress period, then it can survive the entire lifetime similar to the intrinsic device. It 

should be mentioned that these curves are widely used in mechanical and biological 

systems (Infant mortality determined by APGAR test). 

30.7 Theory of Pre-existing Defects: Thick Dielectrics 

Figure 30.5 (a) shows the electric field lines in a capacitor with no defects. The 

field is uniform throughout the capacitor. Now consider a capacitor with a defect as 

shown in Figure 30.5 (b). In this case, the electric field (E-field) is enhanced at few points 

and decreases at some others, thereby maintaining the total energy constant (since applied 

potential is the same). But the field is enhanced at a few points in the presence of defects 

and this reduces the breakdown voltage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) b) 

Figure 30.5 (a) A typical capacitor with no defect (Uniform Electric field) (b) Non 
uniform Electric Field due to the presence of defects. While the blue arrow shows the 
place where the electric field is subdues, the red arrow indicates the location where the 
electric field is enhanced. 
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 Let us now look at the local field and derive a quantitative relation. Considering 

Figure 30.5 (b) and Figure 30.6, the defects which are elongated parallel to the direction 

of E-field (x-direction in this figure) have the most degradation effect. In the following 

subsections a detailed discussion on the potential profile around the defects and their 

enhancement effects is provided. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

30.8 Enhancement of Local Electric Field 

Enhancement in local electric field is given by the expression: 

� = �� B1 + CDCEF = �� G1 + HCDIJ, 
where	I ≡ CK2CM 

 
                                         30.6 

If NOPQ   >>1 , then 1 can be neglected and the breakdown electric field can be written as: 

�~��HCD�I�I  
 

                                         30.7 

a) b) c) d) 

Figure 30.6 (a) Defects in a dielectric. (b) Magnified view of the defect and the field 
lines around it. (c) Potential distribution around the defect. (d) The corresponding 

electric field. 
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There is nothing unusual about this field enhancement close to a sharp conductor – it is 

precisely how a lightning rod works.  To find the critical field, however, we must first estimate 

the typical size of  ( )xl p . 

30.9 Size Distribution and Critical Defect Size 

To estimate the critical defect size and find the effective local electric field, we 

use the concept of percolation theory and island size distribution. Consider a square grid 

and discs representing the defects (see Figure 30.7 (a)). Considering Figure 30.7 (b), the 

probability of finding one isolated defect is equal to the probability of a finding a defect 

(() and 4 cells around it with probability  of �1 � (�. Therefore the combined probability 

is: 

 S �(� = 1 � ( � �1 � (�T                      30.8 

Now consider the probability of finding an island with 2 defects, Figure 30.7 (c): 

There are two different possibilities of finding such an island, given by the probability of 

two cells being defective (() times the probability that there are 6 non-defective cells 

around (�1 � (�U). Therefore: 

 S�(� = 2 � ( � �1 � (�U                      30.9 

Similarly, as shown in Figure 30.7 (d), for 3 defective islands there are 2 

possibilities when the defects line in a row and 4 other possibilities in other 

arrangements: 

 SV�(� = 2 � (V � �1 � (�W + 4 � (V�1 � (�Y                      30.10 
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From above, we can write the island size distribution using the expression given below: 

 SZ�(� =[\Z]] � (Z � �1 � (�]                      30.11 

Also if we consider the defects to be always lined up vertically, it is easy to see that the 

total number of non-defective cells would be 2S + 2 (S cells on either side of the S 

defective islands and one cell on the top and one on the bottom). Therefore the 

probability of vertical island size of S is given by: 

 SZ�(� = (Z � �1 � (�Z^                      30.12 

In Error! Reference source not found., SZ�(� is plotted for _ = 1 and _ = 2. 

 Now let us try to find the critical defect size given the probability (. Considering 

only the vertical defect case: S �(� = `(OP�1 � (�OP^                      30.13 

Assuming ( to be very small: 

 

(a) (b) (c) 

d) 
Figure 30.7 (a) Island size distribution. (b) an isolated defect, (c) diffent configurations 

for two defects forming a bigger isolated island, (d) diffent configurations of three 
defects sitting next to each other to form a larger isolated island. 
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S �(�	~`(OP 	�( → 0�                      30.14 

The average size of the defect is given by: 

 (〈OP�c�〉`	~	1 →	
〈CD�(�〉 = �2 ln `ln (  

                     

30.15 

 

If ( is small, then 1 ln (⁄  is small, and consequently the defect size, 〈CD�(�〉, would be 

small. Also always ( < 1, which is why the minus sign in the numerator is accounted in 

Eq. 30.15. 

From Eq. 30.7 we can calculate the breakdown electric field: 

 ��fg�]�〈CD�(�〉 I⁄ = ���                      30.16 

Substituting the value of  〈CD�(�〉  from Eq. 30.15 in Eq. 30.16 we have: 

 

〈CD�(�〉 = �2 ln `ln ( = I 3����� 6
 = IB`���hicc F

	
→ hicc`��� = H I ln (�2 ln ` 

 

                    

 

 30.17 

The breakdown electric field depends on the probability of defect formation, i.e. if there 

is large number of defects, the breakdown field is low. Similarly, if you have thick 

dielectric, then breakdown voltage will be low as it is statistically highly probable to have 

a long defect. 
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30.10 Breakdown voltage when p is close to percolation threshold 

If ( is close to the percolation threshold, all defects are equally likely, and 

therefore all the defects need to be considered (not only the most likely ones which are 

the longest skinny defects). The probability of failing is determined by the product of 

failure probability of each defect (blue disks) in Figure 30.6 (a) is given by: 

1 � ����� =jk1 � l��;
�� ���m	

n 1 �[l�����;
�� ≅	o%∑ qr�s��tru! 	

≡ o%vw!�s��	
 

                     

30.18 

where l����� is the probability of failure of the i-sized island at ��. It should be noted 

that in derivation of Eq. Error! Reference source not found. is assumed to be small and 

using Taylor series expansion is used. 

 Now by taking the natural logarithm (CS) of both sides of the above equation, we 

get the Weibull distribution: 

 ln/� ln/1 � ����00 = ln x + ln\ ���                      30.19 

Where x is the area and \ ��� is the defect density that breaks at �. Now we need to 

calculate and substitute \ ��� in Eq. 30.19: 

Figure 30.8 Island size distribution as a function of p. 
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 \ �(� ≡ `%S �(�	= (OP�1 � (�OP^	~CD%z@	( = (f 
 

                     30.20 

When ( is close to the percolation threshold ((f), \ �(�~CD%z. Substituting in Eq. 30.16: 

 

\ �(�~I%z 3 ���6
%z

 
 

                     30.21 

 

And finally the Weibull distribution, plotted in Error! Reference source not 
found.Error! Reference source not found., would be: 

| = ln/� ln/1 � ����00 = lnx + ln\ ���	= ln�xI%z� + 2}	ln��� ���⁄ �	
= ln�xI%z� + 2}	ln 3 1��� hicc` 6 

 

                

      30.22 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 30.9 Weibull distribution for thick dielectrics to 
estimate the breakdown electric field. 
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In Figure 30.9 it is observed that the Weibull as a function of Vapp/L is a straight 

line. If there are no defects, all of the dielectrics fail at the same time. If there are few 

defects, there will be distribution of failure. At the percolation threshold, there is straight 

line with a slope of 2} which should be approximately equal to 4. 

30.11 Ramp Test 

A set of oxides is stressed by ramping the voltage. If one of them breaks, the 

applied voltage is recorded and ramping is continued until all the devices are broken.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 From Figure 30.10 (a) (red point) it is concluded that there are very few, but 
very large islands (for example in Figure 30.10 (b), there is just one capacitor with a large 
number of defects (red)). Devices with these islands will break the first as can be seen in 
Figure 30.10 (c). Similar explanation can be made for the other points in the figures. 

 

30.12 Conclusions 

Breakdown in thick oxides in extrinsic (dominated by defects), while that of thin 

oxides is intrinsic (dominated by contacts). Breakdown in thick oxides is correlated 

(Lichtenberg figures), while the breakdown in thin oxides is uncorrelated. The breakdown 

a) b) c) 

Figure 30.10 (a) Number of defects as a function of the defect size. (b) Test structure 
used for obtaining part (a). (c) Weibull distribution of the breakdown voltage as a 

function of V /L. 



142                        

 142 

 

strength of thick oxides is often dramatically reduced due to preexisting defects. In this 

sense, the physics of fracture and dielectric breakdown are closely related. 
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