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7. TRAPPING IN PRE-EXISTING TRAPS  

7.1 Outline and background 

The goal of this lecture is to understand the difference between and properties of pre-

existing bulk and interface defects and stress-induced defects, and how these defects affect 

different aspects of MOSFET operation. Physical understanding of these effects can help us 

identify the nature of defects from the experimental characteristics and also how to improve 

processing conditions to reduce the presence or growth of defects. We will also look at some of 

the empirical observations and the role of interface traps on NBTI degradation. 

 

7.2 Traps and Threshold Voltage 

In a dielectric material like SiO2, charges may be trapped in pre-existing traps or from 

charged impurities. The charged impurities could be mobile or fixed. Mobile ionic charges 

consist of positively charged ions like Na+/K+, which get deposited in the oxide during 

fabrication. These ions are free to move inside the oxide with applied gate bias, making them 

“mobile”. In contrast, fixed oxide charges involve positively or negatively charged metal ions 

trapped in the dielectric during fabrication. If these charges do not exchange charges with 

electrodes, the charges will remain invariant with bias.  

In contrast, the defects associated with broken bonds (discussed in Chapter 6) are 

charged during device operation as they trap electrons/holes from the substrate or the gate. The 

Oxide trapped charge involve defects caused due to unsatisfied atomic valences are usually 

present in the dielectric. On the other hand, interface trapped charge involve unsatisfied atomic 

valences at the Si-SiO2 interface causes charges to get trapped at the interface.  summarizes the 

different types of traps and trapped charges that are usually found in a dielectric material like 

SiO2.  
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Fig. 7.1  (Left) Different types of defects in a typical MOSFET. (Right) Charging in pre-existing 

or newly generated interface (top-right) or bulk (middle and bottom) defects shift threshold 

voltage. 

 

The charges associated with these defects either increase or decrease the effective gate 

induced electric field near the Si-SiO2 interface. This results in a change of the threshold voltage 

of the device, and can be calculated using the following expression: 
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where ��� is the work-function difference between gate and substrate, �� is the total mobile 

ionic charge, �� is the sum of fixed and oxide trapped charges, ��� is the interface charge given 

as a function of the surface potential �� and 	
 is the oxide capacitance. 

Interface traps are either present beforehand due to unpassivated Si bonds, or are 

generated during device use due to NBTI (Negative Bias Temperature Instability) degradation. 

Bulk traps are usually present beforehand if the dielectric is SiO2 having high nitrogen content, 

or if it is a high-k dielectric like HfO2 or HfAlO. Bulk traps are also generated during device use 

as a result of PBTI (Positive Bias Temperature Instability) or TDDB (Time Dependent Dielectric 

Breakdown) degradation mechanisms. We will discuss the degradation in detail in future 

chapters. For now we will assume that exist, and discuss how they trap charges.  
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7.3 The transient occupation of traps can be calculated by flux balance 

Consider a dielectric having bulk trap density ��. Let � be the number of occupied 

traps, so that the trap occupancy may be defined as  � ≡ �/��. 

  

Fig. 7.2   (Top) Flux balance of electrons in and out of a bulk defect determines � ≡ ���. Here 

we consider a NMOSFET in inversion, i.e., gate is biased positive.  (Bottom) When the voltage 

is applied abruptly, at first, the transient flux increases first and then saturates quickly. 

 

In the dielectric is embedded in a NMOS configuration and biased in inversion, � can 

be determined by transient balance of tunneling fluxes ��, ��, ��  in an and out a defect, as 

follows (see Fig. 7.2):   

 ( )1 2 3 1 1 2 .th e T S G

dn
P P P n T N n p T n p T n

dt
= − − = − − −  συ  7.2 

where � is the capture cross-section, ���  is the thermal velocity, �� is the number of inversion 

electrons, �� and �� are number of empty states in Si and gate, respectively. Finally, ����,  �! 
and ����,  �! are gate voltage ( �) dependent tunneling coefficients  between silicon and the 

defect and gate and the defect, respectively. For now, we consider electron tunneling. The 

analysis for hole tunneling is the same, except for change in values of the different constants 

mentioned below. Dividing both sides by the number of traps at location x,  ��, we get: 

 ( )1 1 21 .T
th e T S T G T

df
v n T f p T f p T f

dt
σ= − − −    7.3 
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In steady state, the "�/"# = 0, so that 
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The transient change in threshold voltage is calculated by Δ ���, #,  �! ≡ '����	�, #,  �!�/
)*+,
, see  Fig. 7.2.  

 Three comments before we conclude the section. First, Although Eq. 7.4 appears 

complicated, it has a form [1 − 0���#/#
	!] that increases linearly at first, and then saturates 

within a few time constant of #
. In principle, #
  may depend on time itself as trapped charges 

change the bandprofile and surface potential, which in turn changes ��, ��	2�"	��. The 

prescription of charge accumulation however is straightforward, and can be easily calculated. 

Second, we have assumed that the capture of an electron has no effect on the energy level of the 

defect. In reality, empty and filled trapped have different energies as the presence of the 

additional electron forces rearrangement of bonds. If the electron is captured at level 3�, but 

relaxes and emits from energy level 3�, then ���3�,  �! while ���3�,  �!. The analytical form of 

Eq. 7.4 remains unchanged, but the numerical coefficients changes significantly. Third and 

finally, we have calculated the tunnel current assuming that the defects are located at a single 

location �; in practice the traps are spatially distributed as 4���!, dictated by the process by 

which the dielectric is deposited. For example, while defect density increases towards Si/SiO2 

interface for plasma Nitrided Oxides (PNO), the opposite is true for thermal Nitrided Oxides 

(TNO). For these cases, the Δ ���, #,  �! ≡ 5 '4���!��	�, #,  �!�"�+6
 /)*+,
. 
 

7.4 Charging of a thick dielectric decreases logarithmically with time 

Since electrons can only tunnel to empty states, the flux back into silicon from the trap (i.e., ��) 
can often be neglected with respect to �� and ��. This is because states near the conduction band 

of Si are almost filled during inversion (pS is very small). Eq. 7.3 can now be simplified as  

 
( )1 21T

th e T G T

df
v n T f p T f

dt
σ≈ − −   7

 7.5 

 

Furthermore, if the dielectric is thick, for the traps near the Si-dielectric contact, T1 is very high 

compared to T2. Thus, for thick dielectrics, 
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 ( )1 1T
th e T

df
v n T f

dt
σ≈ −  7.6 

with the solution ( )1( , ; ) 1 expT G th ef x t V n T t= − −συ , which implies that the traps at a location is 

empty at t=0, but is filled within a few times constants of  #
 = 8����������,  �!9:�. Since 

����! depends exponentially on position away from the oxide, therefore, we expect the traps to 

fill (and charge) sequentially into the oxide away from Si/SiO2 interface, i.e., we expect the 

charging front to move forward gradually with time, see Fig.  The traps are filled to the full 

within the few #
, as discussed above. . The time dependence of charging of thick dielectrics can 

be seen qualitatively in Fig. 7.3. Remarkably, the integrated charging can be obtained 

analytically, as follows.  

 

Fig. 7.3   (left) Filled trap density for three different charging time. (middle) The integrated 

charging response for two different voltage, indicating logarithmic response, (right) the 

corresponding reduction in charging current is reflected in the experimental results. 

 

Multiplying 7.6 by local density of defects 4��!, and writing ���! = 4��!���, #!, we find 

 

 
( ) ( )( )0

0 1 0

dn x J
T N n x

dt q
≈ −σ  7.7 

where 0 e thJ qn v=  in the injection flux from the substrate. Assuming that �� decreases 

exponentially with x, the distance into the dielectric, Eq. (7.8) transforms to: 
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= − − ≡ − 

 
σ  7.8 

where  2��! ≡ �)�
 <
 '⁄ !0���−�/�
!. And the solution is  

 ( ) ( )( )( )0 1 expn x N a x t= − −  7.9 

And therefore, Δ � = 5 ����’!"�’/�)*+,		!+6
 	, and Δ? ≡ ?
 − ?�#! = 5+6
 '@"���! "#⁄ =
@"�/"#. It is easy to calculate the integral numerically to show that Δ	 � increases and 

Δ?	reduces logarithmically with time, see Error! Reference source not found..  

 Although a closed form analytical expression for Δ	 � and Δ? are not available, a 

simpler analysis highlights the essence If we define a characteristic length x* and a characteristic 

time t* such that a(x*)t*=1, then it is possible to find out a relation between x* and t* from the 

definition of a(x). 

 
0

0 0* ln *
J

x x k t
q

σ 
=  

 
7  7.10 

 

This shows that in thick oxide, the charging front advances logarithmically in time. 

Consequently, the total charge present in the dielectric, i.e., �� = 5 4�	��’!"�’+∗

 	, the net VTH 

shift Δ � = ' 5 �4� 	��’!"�’+6+6:+∗ )*+,
B �= �∗4���∗! )*+,
⁄ → log�#!!	 and the transient current 

Δ? ≡ ?
 − ?�#! = ' 5 "�+6
 @"� "#⁄ = '@	"���∗!/"#, all have a GHI�#! dependence as well. The 

anticipated log-dependence is widely observed in initial charging transient, see Error! 

Reference source not found.. The additional increase (and sign reversal) of current transients 

reflects trap generation, a topic we will discuss later in the book. Briefly, the current falls 

initially because the pre-existing traps are filled and rate of charging reduces with time. 

However, the high electric field impressed upon the oxide during charging creates new defects. 

Additional traps allow for more charge to flow in, increasing the leakage current. In order to get 

the current caused due to trap generation, one must subtract the initial charging component from 

the measured transient. We will use this important algorithm many times in later chapters. 
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7.5 Charging in pre-existing Interface traps are fast, but could be complex 

You may recall that bulk SiO2 has an average co-ordination number of 2.66, this near-

ideal coordination makes structure stress-free with few defects. The charging current to bulk 

traps is therefore small. On the other hand,  the average coordination for  Si-SiO2 interface is 3. 

This over-coordinated system relaxes quickly by creating numerous Si dangling bonds 

(~10��	JK:�	! at the Si-SiO2 interface, as in Fig. 7.6. Charging of these states are fast, because 

� L 1 in Eq. 7.7 and a significant/instantaneous change in Δ � makes transistor operation 

difficult. Moreover, since the trap energies are distributed within the bandgap (Fig. 7.6, top 

right), the number of traps filled depend on the Fermi-level (Fig. 7.6, bottom row), leading to a 

stretchout of the C-V characteristics.  

 

 �� =  ��∗ − M 1
	*�
NO �

+6



	P� �!�*+��!Q�� − �
!"� =  ��∗ − RP� �!�*+��!	* S 7.11 

where P� �! is the fraction of total traps at the interface that are above the Fermi level.  

 

Fig. 7.4   (top,left) Interface trap states at the Si-SiO2 boundary involve dangling Si bonds, (top, 
right) these traps are distributed within the bandgap, (bottom row) the gate voltage changes the 

surface potential and the number of traps above the Fermi-level. Donor charges are neutral below 
the Fermi-level, but are charged above it. 
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These interface traps can be reduced dramatically by saturating the dangling bonds by 

H, see Fig. 7.5. Small atoms like hydrogen relax the structure, reducing the coordination. It has 

been found by several measurements (like charge pumping) that after annealing, the trap density 

comes down to 1010 cm-2, which makes transistor operation possible. The reduction in trap 

density is reflected in sharpening of the C-V characteristics, as shown in Fig. 7.5. 

 

Fig. 7.5   (left) Hydrogen passivation is necessary to reduce interface traps (right) This reduction 
is reflected in the sharpening of the C-V transition. 

 

7.6 Statistics of Charging  

In the discussion above, we have focused on the continuum limit where one obtains an 

average shift in transistor characteristics. This is appropriate for large test structures, but small 

area transistors must additionally account for both statics of the number of traps present, as well 

the transient capture of charges within the traps. For example, for �� = 10�T	JK:�, a 100�K U
	100	�K device with 2 nm thick oxide, has on average 2 traps. However, the number of defects 

(�) per device is Poisson distributed, i.e.,  �V = ��V	0:WX/�! , i.e., some devices has no defects 

(� = 0), while others might have � = 3 or more, see  Fig. 7.6.   

 

Trap configuration is also important. Consider two transistors with n=2, for the first 

case, both traps are located close to the source, while in the other, traps are located close to drain. 

The impact of these two traps on potential profile are different, and so are the changes in the 

threshold voltage. A finite channel percolation theory is necessary to calculate the effective 

threshold voltage accurately.  

Finally, remember that charging of a trap is a discrete event. If the capture and emission 

time constants are [\	2�"	[�, respectively, the traps will capture and emit with corresponding 
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time constants. This discrete statistics of single traps are reflected, among other things, in 

random telegraph noise (RTN). We will return to the discussion of this topic later in the book.  

 

Fig. 7.6  (left) Number of defects in a small device is Poisson distributed. (middle) Percolating 
conduction through the potential landscape defined by the traps define effective threshold 

voltage, (right) random telegraph noise reflects statistics of trap occupation. 

 

7.7 Conclusions 

Pre-existing defects in the bulk and at the interface are present in all materials, 

depending upon the composition, processing conditions and operating conditions. These defects 

can trap charges over a period of time, or during device operation, the effects of which can be 

observed as changes in threshold voltage, transconductance, charging current, and other device 

characteristics. These changes can be modeled by simple first order differential equations, and 

can explain a number of experimental results. The effect of trapping is found to be higher for 

thick dielectrics, compared to thin ones. Compared to Si-SiO2 interface is full of defects, and can 

make MOSFET operation impossible unless the dangling bonds are passivated by hydrogen 

atoms.  

In the next few chapters, we will see that electrical stress create new defects, and shifts  

device characteristics during operation.  Both bulk and interface defects are created, and we will 

consider both. The creation of interface defects involve depassivation of interface states 

previously passivated by hydrogen, a process known as negative bias temperature instability. 

NBTI is characterized by unique time, voltage and temperature signatures. We will begin the 

next chapter with a summary of these characteristic features.  
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7.8 QUESTIONS 

1. Why are there more types of defects in crystals than amorphous materials? 

2. What does one mean by the term “Topological defects”? What is topology to begin 

with? 

3. From the perspective of Maxwell’s relation, how does H reduce defect density? 

4. Why is HfO2 so defective? Why do we want to use it? How would Maxwell improve 

the defect density? 

5. What is the difference between Pb centers and E’ centers? 

6. Between thin and thick oxides, where is the effect of trapping more and why? 

7. Even for the same integrated nitrogen content and the same total number of defects, 

why does PNO perform better than TNO? 

8. If SiO2 has few defects anyways, why are we so concerned? 
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9. Are the effective masses and tunneling probabilities different for tunneling from Si to 

SiO2 and SiO2 to Si different? 

10. If H is so effective in passivating surface and relaxing structure, why not use the 

same approach for GaAs?  

Maxwell's and Euler's formula only accounts for geometry, not the chemistry or physics 

of the problem. If one tries forming gas anneal (H-anneal) of GaAs surface, the temperature is 

too high and given the low partial pressure of GaAs surface, damages the surface itself (i.e. Ga 

and As simply leave the surface). Other strategies are sometimes useful: Professor Melloch used 

H2S passivation (liquid) for HBTs and was able to demonstrate very low leakage transistors. 

However, given the oxidation temperature in III-V transistors, H terminated III-V surfaces often 

end up degrading anyway. So geometry is not everything, chemistry of the problem matters as 

well! 

11. Can we make HfO2 both in cyrstalline as well as amorphous form? Does 

amorphization reduce defects? 

With appropriate pressure and temperature, materials can be in different forms, so 

indeed HfO2 can also be in both phases depending on the process conditions. However, for 

typical process conditions appropriate for ICs, HfO2 tend to assume crystalline form. 

Amorphosization is still possible if the network is broken by atoms like N and Si with different 

coordination - and hence the use of HfSiON (Use Maxwell's relationship to convince yourself). 

Although the defect density is reduced as a result, but the dielectric constant is also reduced -- a 

trade-off must be found. 

12. At slide 22 on lecture 6, why is there 0.55 atoms of SiH in 0.5 monolayer? 

We are talking about SiH0.1 -- every tenth silicon atom coupled to 1 H atoms. Therefore, 

just like in SiO2 we had 3 atoms and divided it by 2 for a monolayer, here we have 1.1 atoms, 

then divided by 2 for a monolayer. The precise values perhaps do not matter -- the bottom line is 

that H relaxes the structure and reduces defects. 

13. Does the profile of Nitrogen in PNO and TNO affect dielectric constant? In other 

words, is there trade-offs between dielectric constant and defects at Si-SiO2 interface in the 

nitridation process? 

It does -- TNO has higher dielectric constant and lower gate leakage. Therefore, indeed 

there is a trade-off between off-state power-dissipation and reliability for TNO films. 

14. At slide 25, you assumed 1000C to estimate concentration of traps. Why is Temp 

1000C, not RT at where device is operating? 
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Because these defects created when the material was processed at 1000C and then were 

frozen in place when temperature was reduced to RT abruptly. If we had given them a lot of time 

to relax to their equilibrium position and cooled it very slowly in the presence of oxygen 

overpressure, then we would have reached equilibirum at RT. And we should have used RT 

vacancy numbers in our calculations. 

15. What is the distinction between BTI and NBTI phenomena? 

16. What does it mean that a process is thermally activated? 

17. What is the difference between parametric failure and catastrophic failure? 

18. What are the time characteristics of trapping v/s NBTI? 

19. Which device will have poorer NBTI characteristics: buried channel PFET or 

surface channel PFET? 

20. Under what condition can NBTI occur for NMOS? 

21. How do you know NBTI is an interface related reliability issue? 

22. Is it appropriate to use Gaussian distribution for distribution of on-current or VT 

shift? 

Reliability is a 'extreme value' or 'weakest link' problem -- so that the failure of any one 

is equivalent to failure of all. If we want to ensure '1 part in 10 trillion' level of reliability, then 

use of physics-free Gaussian distribution matched to few measurement point or Monte Carlo 

simulation is not adequate. We need physical distribution to anticipate reliability probabilities. 

23. In what ways the screening of electrodes in a battery by Hydrogen and 

corresponding loss of drive current is similar to degradation related to NBTI related trap 

generation problem? 

24. In the cartoon there is a symmetrical spread of distribution with NBTI degradation? 

In general, shouldn't the distribution be asymmetric? 

25. How do we know accelerated testing does not introduce any additional effects? 

 

 

 


