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29. BREAKDOWN OF THICK DIEELCTRICS –PART 1 

29.1 Review/Background 

Most of topics we covered so far address major reliability problems of thin 

oxides in logic transistors:  NBTI, HCI and TDDB.  Physics of thick dielectrics is 

important for two reasons: Firstly, for pedagogical reasons. We discussed in previous 

lectures that in thin oxides, the defect generation is uncorrelated. The reason behind that 

was that the defect generation is random and hence, that leads to a Weibull distribution. 

But, we need to understand at what point that assumption of random defect generation 

breaks. Secondly, thick dielectrics are used in a wide variety of electronics such as 

insulation in integrated circuits and solar cells, thin film transistors in flat panel display, 

RF MEMS, and ferroelectric capacitors in a cell phone. Therefore, physics of thick 

dielectric breakdown is important.  

Historically, breakdown in thick dielectrics was an important problem in high 

voltage power cable in 1960s. Originally the culprit of this problem was thought to be 

solely due to water penetration into cable because the branch and tree pattern called 

‘water tree’ [1], [2], [3] was observed after periods of usage. Later, it was found out that 

the branch pattern was actually originated by dielectric breakdown assisted  by water.  

Other examples in everyday life are lightning, discharge in each pixel of plasma TV, and 

X-ray discharge when peeling off Scotch tape [4].  

The criteria for classifying thick (thin) dielectrics is whether mean-free-path of 

electrons is  much smaller (larger) than dielectrics thickness so that electrons are under 

diffusive regime (ballistic regime). In thin oxides, breakdown phenomena is contact 

dominated phenomena and is explained by anode hole injection (AHI) model. In thin 

oxides, electrons go ballistically through the oxides from cathode to anode, hot holes are 

generated through impact ionization in the anode contact and are reinjected to cathode, 

and a fraction of holes are captured in thin oxides and recombine with electrons resulting 

in defects in thin oxides. On the other hand, in the thick dielectrics, the breakdown 
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phenomenon is dominated by scattering in the bulk region of the dielectric. Broadly 

speaking, the main difference in dielectric breakdown phenomena between thick and thin 

dielectrics is whether defect generation is correlated or not.  As we learned in the 

previous lecture, however, TDDB originated from HCI shows correlated breakdown in 

the thin oxides, which means defect generations are not entirely random. 

The Paschen’s experiments in the early 1900s illustrate the essential features of 

thick dielectric breakdown. In the experiment (see Figure 29.1 (a)), voltage is applied 

between two electrodes separated by gas dielectrics and is gradually ramped up.  At 

breakdown voltage, branching structures are formed. With varying gas pressure and the 

distance between electrodes, breakdown voltage was measured.  The typical breakdown 

behavior with respect to the product of gas pressure ���	and the distance between 

electrodes ��� observed empirically is shown in Figure 29.1(b). Many gases displayed 

similar behavior, which can only be explained by atomic theory of scattering. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 29.1 (a) Experimental setup for study of breakdown voltage of ga between 
parallel plate capacitor . �� is the applied voltage and � denotes distance between plates 
(b) Breakdown voltage (�	
) as a function of product of gas pressure ��� and distance ���. At the pressure increases, the number of gas molecules increase. This causes 
electrons to loose energy because of more scattering and an increase in breakdown 
voltage. At extremely low pressures, the electron have high energy but have fewer 
ionizing collisions with gas molecules and again there is increase in breakdown voltage. 
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29.2 Breakdown in gas dielectric and Paschen’s law 

The breakdown needs initiation process.  It is possible that an electron could be 

thermally injected over the Schottky barrier formed between metal and gas junctions. 

This process however, takes a lot of time for electrons to be injected just by applied 

voltage.  Therefore, we may start the initiation process by getting an electron out from 

electrode through radiation.  We will learn more about radiation induced charge 

breakdown in Chapter 36-40. 

Then the large electric field accelerates an electron immediately. In presence of 

large electric field the electron acquires enough energy to kick out an electron of a gas 

atom producing one secondary electron and positively charged atom. (For Ne atom, about 

20 eV is required.)  Again, the first electron and produced secondary electron get 

accelerated so that both can eject electrons out of neutral atoms.  This multiplication 

process will continue, which are very similar to impact ionization phenomena in solid 

state device except the fact that there is no hole in this picture.  The role of hole is exactly 

same as positively charged ions in this experiment. Since the positively charged atoms 

usually have large mass, the drift velocity is not so large that it cannot participate the 

impact ionization process that much.  Positively charged ion gets accelerated and strike 

cathode and then another electrons are injected from cathode. This avalanche process 

gives rise to highly correlated breakdown. 

However, as time goes, more positive ions strike electrode so that electrode 

itself becomes much heated. Therefore, it will be continuously injecting electrons like 

thermionic emission process. This self-sustained process maintain breakdown without 

need of impact ionization. The figure below shows time signatures of this process. The 

different stages of the breakdown are: 

Stage 1: Impact ionization gets initiated. The current just begins to flow under 

certain voltage condition (leakage current). It will keep going for an order of milliseconds 

(ms) depending on applied voltage. 

Stage 2: Impact Ionization process begins and noise fluctuation is observed. The 

frequency of the impact ionization current depends on the efficiency of impact ionization 

process.  

Stage 3: The branch patterns are observed in this stage. Usually, ln(t) 

dependence is shown. This topic will be discussed in the coming lecture.  
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Stage 4: Once there are enough traps in the oxide, the percolation resistance 

would go all the way down to its minimum value in a very short period of time.  At this 

point, there will be huge amount of current flowing through the oxide. If the accumulated 

heat reaches the melting point, it will result in a permanent damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Let’s discuss how field ionization get initiated and finally leads to the branching 

structure. In the process, Paschen’s law is derived [5].  

 
Stage 1: Field ionization  

In steady state, the amount of energy that electron has gained under �	field is equivalent 
to the energy loss by scattering. Energy flux balance requires 

Figure 29.2 Various stages of breakdown in gas dielectric: (a) Initiation of 
field induced impact ionization (b) An avalance process begins which leads to 
carrier multiplication (c) Branch patterns begin to be observed. Variation of 

current in the dielectric gas as a function of time is shown in (d).  
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�� = � − ��	� 	 29.1 

where � is the electric field, τ is the relaxation time, �� is the initial energy of electron,  
is the electronic charge and � is the velocity of electron. The average amount of energy 
that the electron gains by electric field is 

〈� − ��〉 ≈ 〈�〉 = ��� = ��	 29.2 

where λ is the mean-free-path of electrons. The amount of energy that system has 

〈�〉 = 32 ���� + 12 !�! ≈ 32����	 29.3 

 
where �� is the electron temperature and is very large compared to the kinetic energy,  "! 	 #! which electron gains from the electric field.  For the energy balance,  Eq. 29.3 

should be equal to Eq. 29.2. 

〈�〉 = �� = 32����	 29.4 

This expression tells how hot the electrons become in the presence of scattering under a 
certain electric field. The number of secondary electrons that are produced are 
proportional to the number of atoms that electrons are scattered against ($) and the 
amount of energy required to eject electron (%�). Therefore the ionization rate becomes,  

&~$ exp +− %�	����,~$ exp +− 3%�2��,	 29.5 

where α  is the ionization rate, called avalanche impact ionization coefficient.  

Stage 2-3: Avalanche Initiation/Breakdown: Once the avalanche multiplication process 
starts, the number of electrons increase exponentially as shown in the following Eq. 29.6 

-.-/ = &.	 
. = .0123 

29.6 

where, � is the distance between two electrodes. One factor we should account for is the 
contribution of positively charged ion to this multiplication process. Once positive ions 
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drift under electric field and hit cathode electrode, a few more electrons are kicked out 
from electrode. These electrons participate in the impact ionization process. Therefore, 
Eq. 29.6 becomes  

.�/� = .0123 + 4.0�123 − 1�123 +⋯ = .01231 − &�123 − 1� 29.7 

whereγ is called cathode factor is defined as the number of electrons ejected per positive 

ion striking the cathode. A typical value for 4	is about 2%.  Breakdown condition can be 
defined as condition under which the number of electrons taking part in ionization 
becomes excessively large (i.e. the  denominator of Eq. 29.7 becomes zero). This gives 
the breakdown condition: 

ln +1 + 14,~&�8�	 29.8 

The final step to derive the Paschen’s law is to relate Eq. 29.8 to the gas pressure. The 
ionization coefficient, &�8can be related to pressure because, in Eq. 29.5, $ and 1/� are 
proportional to pressure,	�.  So, according to Eq. 29.5, &�8becomes 

&�8~$1: ;%�,=!>?@AB~CD�1:EFGH 3I@AJ	 29.9 

where, KD and CD are constants; ��8 is the breakdown field and L�8 is the breakdown 
voltage. Substituting Eq. 29.9 into Eq. 29.8,  gives the Paschen’s law: 

L�8 = KD��ln�CD��� − lnMln�1 + 4:"�N = O�� × ��ln�� × �� + Q	 29.10 

where O and Q are material parameter. The minimum breakdown voltage can be found by 
setting the derivative of L�8 with respect to �� to zero, this yields: 

�� × ��RDS = exp�1 − Q� = 1 ln�1 + 4:"�CD 		 
L�8,RDS = O exp�1 − Q� = KD1 ln�1 + 4:"� /CD	

29.11 

The results for pairs of gas and electrode are shown in Figure 29.3. Qualitatively, the 
behavior of gas breakdown as shown in the above figure is explained as follows: When � × � is high, electrons will collide with the gas molecules very frequently. As a result 
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they would not gain enough energy to impact ionize the gas molecules easily. They 
would require high voltage to get impact ionize as is evident from the rise in breakdown 
voltage. This regime may be called diffusive limit. In the opposite extreme case i.e when � × � is very low, electrons gain enough energy under electric field but now they are 
very small in number and hence the breakdown voltage will increase.  This regime is 
ballistic limit. 

 

 

 

 

 

 

 

 

 

 

 

 

 

29.3 Breakdown in bulk solid dielectric 

So far, the breakdown in gas dielectrics is covered. Let’s briefly discuss 

breakdown in solid state dielectrics [6], [7] and move onto the spatial and temporal 

dynamics at breakdown. 

For momentum balance, the following condition is met:  

� =  ∗�� 		⇒ � = �� ∗ 	
29.12 

For the energy flux balance, the energy gain from the field equals the energy lost through 
collision with phonons. Using the velocity from Eq. 29.12, we get 

� − �0� = �� = !�!� ∗ = VW0/�	 29.13 

where 0ωℏ is the energy of optical phonon.  

Figure 29.3 Example plot of Paschen’s law 
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� = VW0�� = XVW0 
∗

� 	 29.14 

where 
"Y =  ∗Z[√� because the scattering rate is proportional to the density of states. The 

minimum threshold energy at which impact ionization turns on is the band-gap energy ��]�.  Therefore,  

��8 = ^VW0  ∗!;√�] 	 29.15 

However, it should be noted that if supply voltage �L� is not high enough and energy is 
less than the band gap ��]�,  impact ionization can still happen and it is called sub-band 
gap ionization.  

Materials _`�a�� b∗/ba Vc� �a�� _	
 
(predicted) 

_	
 
(observed) 

Ref. 

InSb 0.17 0.013 0.025 2.5e2 4e2 [13] 
InAs 0.36 0.02 0.03 8.6e2 1e3 [13] 
Ge 0.66 0.22 0.037 - 1e5 [14] 
Si 1.12 0.32 0.063 3.7e5 3e5 [14] 
GaAs 1.43 0.35 0.035 3.7e5 3e5, 5e5 [14],[13] 

GaP 2.24 0.35 0.05 5.5e5 5e5,10e5 [14],[13] 

Table 29.1 Comparison of the breakdown voltages calculated for small band-gap 
materials using Eq. 29.15. There is reasonable correspondence between theoretical and 
experimental breakdown voltages.  

 Acoustic Phonons  Optical Phonons 

Materials Εe 

(1L� ��8 

(predicted) 

��8 

(observed) 

Ref. VW0 �1L� ��8 

(predicted) 

CdS 2.5 1.7e7 2e6 [13] 0.038 4.1e6 

ZnSe 2.6 1.7e7 2e6 [13] 0.03 3.6e6 

ZnO 3.3 2.2e7 4e6 [13] 0.07 6.4e6 

SiO2 9.0 6.1e7 9e6 [15],[16] 0.12 1.4e7 

NaCl 8.0 5.5e7 1.6e6 [13] 0.024 6.2e6 

Table 29.2 Comparison of the breakdown voltages calculated for large-band gap 
materials using Eq. 29.15. There is poorer correspondence between the theory and 
experiments 
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Table 29.1 and Table 29.2 show the comparison of breakdown voltages 

calculated for small abd large band-gap materials respectively. While the correspondence 

between theory and experiment is good for small-band gap materials, the predicted values 

aren’t that good for large band-gap materials. 

29.4 Spatial and temporal dynamics at dielectric breakdown 

In the previous section, we calculated the average breakdown field for a solid or 

a gas dielectric. But, we still need to understand how the branching structures are formed 

and how the field within the breakdown region changes with time. Breakdown process is 

a spatially and temporally correlated stochastic process and we will discuss its dynamics 

in the present section.  

29.4.1 Spatial dynamics at dielectric breakdown 

 This session address the questions of how the avalanche breakdown occurs in 
space and how can we understand the branch pattern?   

Figure 29.4 (a) shows the spatial dynamics of breakdown in a thick dielectric 
insulator. It is first charged with a large amount of electrons by application of electric 
field. Then it is hammered at a particular point which is grounded. This creates a 
discharge path leading to large number of defects in its route. The paths where the defects 
are generated light up, as they act as color centers. These figures are called “Lichtenberg 
diagrams”. 

 

Figure 29.4 (a) Lichtenberg diagram representing the spatial profile of breakdown in 
thick dielectric. (b) Illustration of algorithm used for fractal analysis of breakdown. 
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Such a defect generation can be modeled by following procedure: Consider two 

electrodes separated by a particular distance and at potentials f = 0	 and f = 1 
respectively (see, Figure 29.4 (b)). Breakdown is initiated in the simulation by assigning 

a random point such that the electric field at that point exceeds the critical field for 

breakdown. And the poisson equation is solved between the electrodes at every time step. 

System is allowed to evolve and at ever time steps all the points with field exceeding the 

critical field are selected. Out of these points, we select randomly a point and assign it as 

new breakdown point (f = 0�. This point perturbs the field around it and the process is 

repeated again and again.  

In 1984, Niemeyer [10] proposed a stochastic model to describe the fractal 

properties of branched discharges in two-dimensional structure (see, Figure 29.5). This 

example refers to a leader surface discharge in compressed SF6 gas. The parameters were 

controlled in such a way that the experiment produces an equipotential channel system 

growing in a plane with a radial electrode from a central point. To simulate this particular 

case, they considered a two-dimensional square lattice in which a central point represents 

one of the electrodes while the other electrode is modeled as a circle at large enough 

distance. The discharge pattern is indicated by the black dots connected with thick lines 

and it is considered equipotential, i.e. zero. The dashed bonds indicate all the possible 

growth processes. The probability for each of these processes is proportional to the 

‘local’ electric field.  The already formed branch lines screen the electric field so that the 

lattice behind branch line feels almost no local electric field and no discharge can happen 

at the lattice point. Hence, only the branch line continues to move on, though initially all 

lattices have the same probability of discharge initiation.  This is a physical reason why 

correlated discharge pattern occurs 
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Figure 29.5 (a) Time-integrated photograph of a surface leader discharge (Lichtenberg 
figure) on a 2-mm glass plate in 0.3-MPa hij. Applied voltage pulse: 30 kV x 1 kl. This 
experiment corresponds to an equipotential channel system growing in a plane with 
radial electrode (b) Illustration of the stochastic model to simulate dielectric breakdown 
on a lattice. The central point represents one of the electrodes while the other electrode is 
modeled as a circle at large enough distance. The discharge pattern is indicated by the 
black dots connected with thick lines and it is considered equipotential �m = ��. The 
dashed bonds indicate all the possible growth processes. The probability of each of these 
processes is proportional to the local electric field. 
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29.4.2 Temporal dynamics at dielectric breakdown 

 

In 2007, Wagennars et al. [11] reported time-respolved direct measurements of 
electric-field strengths in ionization fronts during breakdown. The discharge system 
consisted of two cylindrically symmetric electrodes of which the tips had a radius of 
curvature of 4 mm (see, Figure 29.6 (a)). They were mounted inside a vacuum chamber 
creating a discharge gap. A pulsed discharge was created by applying voltage pulses to 
the electrodes. These pulses had a rise time of 30	μs, a total duration of 100	μs, a 
repetition rate of 500 Hz and an amplitude of 390 V, which was about 15	%	 above the 
breakdown voltage. Figure 29.6 (b) shows the ICCD images of the breakdown phase of 
the discharge. The images show following features of breakdown: first a region with light 
emission in front of the anode �t = 26.0	μs�. The light emission became more intense 
and crossed the electrode gap at t = 27.5	μs. Finally, the discharge stabilized, covering 
the cathode surface �t = 40.0μs�.  Figure 29.7 shows the measurements of electric fields 
during the breakdown phase of the discharge. The measurement shows a clear peak in 
electric field at the time when the ionization front crosses the measurement volume. After 

Figure 29.6 (a) Schematic diagram of the electrode arrangement, including both laser 
beams. Laser beam 1 was focused into a sheet parallel to the discharge axis, while beam 2 
remained unfocused. (b) ICCD emission images of breakdown. The top electrode was the 
anode, the bottom electrode the grounded cathode. Light from 7500 discharges was 
accumulated for each image. The white lines indicate the edges of the electrodes. The spot 
of light on the anode in the image y = z�. �	kl	was not direct plasma emission, but a 
reflection of the plasma around the cathode. 
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crossing of the ionization front, there remains a significant electric field inside the 
electrode gap. The measurements indicate that the moving ionization front observed in 
emission is sustanined by a spatially narrow, rapidly moving region of strong electric 
field. This enhancement in field is caused by a positive space charge region in front of the 
anode as a result of the dielectric breakdown. The continuing electron avalanches in the 
high-field region causing an extension of the space charge region which is observed as a 
moving region of enhanced electric field. 

 

29.5 Measurement of temporal dynamics by Stark Spectroscopy: 

Stark spectroscopy is a form of spectroscopy based on the Stark effect 
(shifting/splitting of spectral lines of atoms because of electric field). Consider a gas atom 
in presence of electric field (see, Figure 29.8). In presence of external electric field, the 
atoms will get polarized and the loosely bound outer shell electrons will get stretched out. 
This will result in decrease in the gap between the quantized energy levels, which makes 
the photon absorption spectrum shift. Hence, we can probe the local field by shining light 
in the gas dielectric and analyzing the absorption spectrum. 

 

 

 

 

 

Figure 29.7 Electric-field strengths, measured 0.4 mm in front of the cathode 
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29.6 Conclusion: 

In this chapter, we discussed the rich history of dielectric breakdown and broad 
range of physical and technological implications it has. TDDB is important for both thick 
and thin dielectrics, but the physics of breakdown is very different. While the breakdown 
in thick dielectrics is correlated, the breakdown in very thin dielectric is uncorrelated. 
The breakdown in thin dielectrics is contact limited, the breakdown in thick dielectrics is 
bulk phenomenon. Correlated breakdown in gas dielectrics can be understood in terms of 
Paschen’s model. We related the breakdown voltage in the gas dielectrics to the pressure 
and dimensions of the gas chamber. While the theory of breakdown that we discussed for 
bulk dielectrics provides a good estimate for small bandgap semiconductors , it is not that 
accurate for large bandgap semiconductors. Even then , it is still good for getting a first 
estimate of the breakdown voltage. In real dielectric  breakdown voltage is considerably 
smaller because of  pre-existing defects which we didn’t consider in our analysis. This is 
something that we will be discussing in next chapter.  
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Figure 29.8 Illustration of temporal profile for breakdown by using Stark Spectroscopy 
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Appendix (Box-Counting Method): 
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Anytime we have correlated breakdown, we said that everything branches out 

nicely. But how do we say that something is correlated  or uncorrelated. Is there any 
objective measure? In this section, we will describe how the spatial correlation can be 
defined in terms of the fractal dimension of the surface.  
 

 
Figure 29.9 (a), (b) and (c) shows the illustration of 2-d, 1-d and 0-d surfaces. 

Also, shown in Figure 29.9 (d) is a surface with spheres scattered all-over it. Figure 29.9 
(e)  shows a similar two-dimensional surface with lines scattered over it. Can we say 
anything about the dimension of (d) and (e). These questions will be addressed in the 
following discussion.   
 

Figure 29.9 Illustration of the different dimension surfaces: (a) Plane (b) Line (c) Point 
(d) Circles scattered over a planer surface. (e) Lines scattered over a planer surface. 
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Let’s assume that we divide the surface into {	boxes as shown in Figure 29.10 

(a) for a 2-d surface,  for a line (Figure 29.10 (b)) and for a point (Figure 29.10 (c)) . We 
see that the number of occupied boxes , $ goes as {! for a 2-d surface, as {" for a line 
and remains constant �{0� for a point. We define this exponent as the dimension of the 
surface.  

In general, for any picture that we want to find the fractal dimension, we follow 
the same procedure and plot the number of occupied boxes, $�{�	as a function of log of 
number of divisions�1/{� . The slope defines the dimension of the surface. The slopes 
(Figure 29.10 (d)) as expected are 2, 1 and 0 for a plane, line and a point respectively. 
Also, shown is the plot Figure 29.10 (e) for a random array of NW. We observe that the 
slope is less than 2 and greater than 1 for this mesh. When the mesh is sparse, the 
dimension is closer to 1 but when it is dense the dimension approaches 2.  

The fractal dimension of the breakdown is closer to 1 when the breakdown is 
uncorrelated, while for a correlated breakdown it would be closer to 2.  It is to be noted 
that even for a point, if the division is very fine as compared to its size, then the fractal 
dimension will be 2. So, the fractal dimensional should be calculated depending on the 
size of the space we are working in. Say, if we are looking at earth from distance, then it 
would be a point, whereas if we are looking it from proximity it would be plane and 
would thus have a fractal dimension of 2.  

Consider, a random network shown in Figure 29.11 . The blue points are 
occupied and the red points are unoccupied. We can again divide it up to get the fractal 
dimension of the blue points. Say, we get a fractal dimension of 1.8. If for another case, 
we get the same fractal dimension, then these are termed as self-similar.  
 
 
 

Figure 29.10 Illustration of box-counting method. The surface is divided into |
square boxes and the number of occupied �}�|�� boxes are counted.  
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Review questions and answers.  

1. Mention a few differences between thick and thin oxide breakdown.  

a. Breakdown in thick oxides in extrinsic is dominated by defects, while that of thin 
oxide is intrinsic, dominated by contacts.  Breakdown in thick oxides is correlated, 
while the BD in thin films is uncorrelated. 
 

2. Is breakdown in thick oxides contact dominated? Can I use AHI theory here? 

a. Breakdown in thick oxides is extrinsic and dominated by defects in bulk. AHI cannot 
be used.  

 
3. How does the Paschen cascade initiated? 

a. By stray photon. 

4. What does it mean to have a fractal dimension of 1.7 for 2D breakdown? 

Figure 29.11 The fractal dimension of two surfaces calculated from box-
counting method. The surfaces are said to be self-similar in case their fractal 
dimensions are the same, even though the spatial profile maybe different.   
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a. It is partially correlated breakdown.   
 

5. Why does the number suggest spatial correlation? 

a. It is because a fractal dimension of completely correlated and uncorrelated 
breakdown is 1 and 2, respectively.  
 

6. What is a color center? How does color center help us visualize breakdown in 
polymers? 

a. Color center is atomic and electronic defects of various types which produce optical 
absorption bands. Without color center, polymers are transparent so that we cannot 
trace the breakdown.  
 

7. Explain physically why there is a minimum breakdown voltage for gas dielectric? 

a. When PL is high, too many collisions occurs so that electrons cannot be so energetic 
that impact ionization doesn’t occur. This regime may be called diffusive limit case. 
In the opposite of extreme case, electrons gain enough energy under electric field but 
now there are only small number of atoms that electrons hit against.  Therefore, the 
ionization process doesn’t get initiated. This regime is ballistic limit. 

 

8. Is gas dielectric breakdown reversible? What about solid dielectric BD? 

a. Gas dielectric breakdown is reversible, whereas solid state BD is irreversible because 
it makes a lot of defects in lattice that is permanent damage. 

 

Q &A in the website 

 
(Q) In Slide 12, which stage of the temporal diagram relate to the fractal configuration in 
space?  
(Q) In the stage 2,  what determines the frequency of avalanche  BD? Is there a unique 
frequency feature of avalanche BD? 
(Q) In slide 14, Can gamma be increased or decrease depending on cathode 
geometry ?  For example, does sharp tip have higher gamma than  blunt tip? 
(Q) Are you assuming that momentum relaxation time is similar to energy relaxation 
time? How valid is this assumption? Is this because phonon-dominated scattering rate  in 
bulK is proportional to density-of states? 
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(Q)  Comparing Eb (predicted) for optical phonon case  with Eb observed, I am not 
sure  the difference between theory and expt are  poor.  I think your intention is that it is 
of more chance to have  pre-existing defects in large band gap solids.  Considering pres-
existing traps,  does theory show better agreement with expt? Why does large band gap 
material  have  higher chance of pre-existing defect? 

 

 


