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6. STRUCTURES AND DEFECTS IN REAL SOLIDS  

6.1 Review/Background:  

In Chapter 5, I explained that while amorphous materials do not have point defects like 

vacancies and interstitials, they can have coordination defects involving dangling or unsatisfied 

bonds. These defects are also called topological defects because in the absence of a lattice, these 

defect do not have any reference point but only defined by connections or topology. Maxwell 

relationships provides a way of quantifying the degree of coordination present in a materials. If 

the structure is over-coordinated, i.e., �� ≪ 	0, the system is too tightly held, the strain is 

signifant, and the propensity of defect generation is large. We explored some toy examples 

Chapter 4. Let us now apply the principles to several real stuctures to see if the predictions hold. 

We know, for example, that SiO2 has relatively few defects, compared to Si3N4 or HfO2. 

Would Maxwell’s relationship anticipate the trend? What about interface between two materials 

with a corresponding change in coordination? Does Maxwell has anything to say about it?  

6.2 Using Maxwell relationship to explore real bulk material  

Recall from Chapter 5 that the stability condition is given by  

�� = � × 	 − 	� − (� + �) 6.1 

where � = 1,2,3 is the dimension of the solid, �� is the coordination of bonds,  	 = ∑ ������ 	 is 

the number of points to be stabilized, 	� is the number of constraints (angle/position) involved, 

and is given by  
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In general, Maxwell proved  that  
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In Chapter 5, we worked out a few toy examples. Let us use the formulation to work out for 

realistic cases for 3D binary structures (SiO2 or HfO2) 

 

 

Fig.6.1   (top row) Defects in crystals can be defined with respect to misplaced atoms in a 
crystal. Amorphous materials are defined by coordination defects. (bottom row) The 

coordination of various atoms in SiO2, Si3N4, and HfO2 dictate the propensity of forming the 
coordination defects.  

6.2.1 What should the ratio of Si and O be to make SiO2 strain free 

A structure is strain-free if it is optimally coordinated �� = 0. We can calculate for what value 
of x is SiO strain free. First note that while Si is fully constrainted in a tetrahedral structure, 
oxygen atoms act as floppy connectors, and angle is unconstrained, therefore,  
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	�('() = 〈	�,�〉2 +
�,
+ -2〈	�,�〉 − 3./012 

	�(0) = 〈	�,3〉2 + + 0 

6.3 

So that  

 
��	 ≈ 3 − 5 6〈	�78〉2 + (2〈	�78〉 − 3)+ + (1 − 5) 〈	��〉2  6.4 

 

= 3 − 5 942 + (2 × 4 − 3); + (1 − 5) 22 0 => 75 + (1 − 5) = 3,
5 = 13 

6.5 

Si1/3O1-1/3=SiO2 stress free optimally coordinated. 

 

Note that in evaluating the constaints above, we have forgone the angle constraint for the oxygen 

atoms (i.e. 2N-3 is absent in the third term on the right, and we have also neglected (D+\alpha 

term because for large N, the additional constraint is unimportant).  

  With �� = 0 for 5 = 1/3, the structure is optimally constrained and surprisingly we 

have the same ratio (Si~1/3 and O2 ~2/3) in  SiO2. Therefore, SiO2 turns out to be optimally 

constrained stress free structure. The above calculation though a basic one, still gives us result 

that are very close to the exact calculations that include constraints in oxygen bond angle and 

also allows for a slight floppy angle on Si. If we were more careful about the calculations, and 

incorporate angle constraints for O2 as well, we will have little bit higher constraint and SiO2 

will be little bit defective. Nonetheless, as it turns out, SiO2 is one of the best structures 

available. Average coordination for this structure is :  

 
〈	�78?@〉 = 5〈	�78〉 + (1 − 5)〈	�?〉 = 0.33〈	�78〉 + 0.66〈	�?〉= 2.64 6.6 
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From the average coordination number, we get that if the structure is 3D, for it to be optimally 

constrained the average coordination should be 2.64. Therefore, if we are designing a new oxide, 

this is the number we should be looking for. It is important to realize that these examples are 

based on Zero temperature approximation and defects are created as a result of thermodynamics 

and temperature governing the interplay between energy and entropy to minimize free energy.  

 

6.2.2 Si3N4 is over coordinated and therefore, defective 

We can repeat similar calculation for Si3N4 and as it turns out, M0/N is =-0.66 which, 

depicts that Si3N4 is over constrained and is very defective. Though we might have a reasonable 

structure at room temperature, as we raise the temperature many bonds get broken.  

 

��	 ≈ 3 − 5 6〈	�78〉2 + (2〈	�78〉 − 3+ + (1 − 5) 〈	�C〉2
= 3 − D 3(3 + 4) 942 + (2 × 4 − 3; + 4(4 + 3) 32E= −0.66 

6.7 

A negative number means, Si3N4 is over-coordinated and over-constrained structure and 

therefore defective.  High defects in Si3N4, is one of the reason for its increased usage as a flash 

memory. In traditional flash memory (fig 6.2(a)) , the charged is stored in the floating gate and 

the whole gate is charged. Whereas, Si3N4 based flash memories have distributed storage and 

uses traps in Si3N4 film. 

 

 
Fig. 6.2    (left) Floating Gate configuration for flash memory. (Right)   Trap level in the Nitride 

film. 
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We can also calculate average coordination of the structure as follows : - 

 〈	�78FCG〉 = 37 〈	�78〉 + 47 〈	�C〉 = 3.42 6.8 

6.2.3 HfO2  is over-coordinated as well, and therefore, prone to defect 

formation 

Similarly we can solve for HfO2. 

 
��	 ≈ 3 − 5 6〈	�HI〉2 + (2〈	�HI〉 − 3+ + (1 − 5) 〈	��〉2  6.9 

 

 = 3 − D 1(1 + 2) 98(12)2 + (2 × 8(12) − 3; + 1(1 + 2) 42E = −3.22  

 

HfO2 is highly over coordinated,  and therefore, highly stressed and prone to defect formation.   

 

In the above calculation, we have used coordination of 8 for Hf. This number varies from 8 to 12 

depending on the crystal structure. Whereas, O2 in HfO2 has coordination of 4 (shares 4 

electron). Therefore, as we see that HfO2 is highly over-coordinated (constrained) and therefore, 

more defective. The idea of Hf talking to 8 oxygen and oxygen talking to 4 Hf might be 

confusing, but it is like sharing half an electron, which is observed in many metallic bonds. It is 

instructive to note that too many constraints result into over-coordinated system and are 

undesired because  over-coordinated systems have increased number of defects. Besides, these 

are zero temperature (ground state) calculations that are based on minimizing the free energy. 

6.2.4 Amorphous silicon is widely used, but are a-Si the same as a-Si:H  

We can do a similar calculation as above to find out that α-Si is highly over-coordinated and 
defective. 
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��	 ≈ 3 − 6〈	�78〉2 + (2〈	�78〉 − 3+ 6.10 

 

 = 3 − 942 + (2 × 4 − 3; = −4  

α-Si is highly over-coordinated and therefore defective, but you can easily show that the 
Hydrogenation makes the structure less strained, and therefore less defective.  

6.2.5 Examples of bulk defect: missing oxygen bonds called E’ center 

Fig 6.3 below shows defect free SiO2 (Fig 6.3(a)), as well as SiO2 where an Oxygen is 

missing. In defect free Sio2, Si bonds to 4 O2, but when one of the O2 is missing, we have O2 

vacancy which is termed as E’ center. Various types of E’ centers are shown in Fig 3.6(b-f). Si 

can still share electron with each other and make a week bond. These defects in Sio2 are largely 

responsible for gate dielectric breakdown as well as trapped charges. 
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Fig. 6.3   (a) a Defect free SiO2 Oxygen vacancy in SiO2 Positvely changed E’Center 

Neutral E’ )   E’ Center (74G doublet) E’Center(10.4 G doublet). Courtesy of Prof 
Lehahan 
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6.3 Maxwell’s relationship can be used to predict defects at the interface 

We have focused on bulk defects so far,  let us now consider Interface defects. Interfaces are 

interesting because if we have some material e.g. GaAs as shown in Fig 6.4 below, in the bulk all 

the bonds satisfied but if we look at the interface everything is unsatisfied. Therefore, if we take 

a cut and look at the structure, we might expect a structure as shown in the Fig 6.5(a). But this is 

not what happens and surface of the material is reconstructed to look something like depicted in 

Fig 6.5(b) 

 

Fig. 6.4   (a) Crystal structure of GaAs, with surface atoms shown as red dots a Material cut at 
the surface - expected surface structure of the material Thermoelectric Power Generation).   

Surface reconstruction after cut– atoms rearrange material  
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6.3.1 Si/SiO2 – How H relaxes the structure 

 As we introduce H in the system to relax it and therefore, reduce the number of defects. 

It is important to note that there are far fewer types of defects in amorphous materials compared 

to crystalline materials. Since surface bonds are not satisfied the surface is not as good as the 

bulk. The surface has to reconstruct itself. We can see how introducing H relaxes the structure:  

 

Without H2 :  

Si-SiO2 (0.5 monolayer of both, i.e. 0.5 atom of Si and 1.5 atom of SiO2 

Si�0.5xNSi=2bonds 

SiO2�1.5x(0.33x4+0.66x2)=4 bonds 

Average bonds�6bonds/(1.5 atoms+0.5 atoms)=3 

The calculation above shows that for half  a mono layer we have 4 bonds of SiO2 
and the average number of bonds is 3. This can be shown that this structure is 
highly constrained and defective. 

With H2 

  Si0.9H0.1-SiO2(0.5 monolayers of both, i.e. SiH=0.55 atom, 1.5 atom of SiO2 

  Si0.9H0.1�0.55x(0.9 NSi+0.1NH)=2.03 bonds 

  SiO2�1.5x(0.33x4+0.66x2)=4 bonds 

  Average bonds �6.03 bonds/(1.5 atoms+0.55 atoms)=2.94 

Average number of bonds is reduced �Hydrogen relaxes structure. It can be 
easily shown that this structure has less constrained and defect free.  

 

6.3.2 Interface defects called a Pb center (displaced hydrogen) 

Pb centers are interface traps of displaced hydrogen or dangling bond, i.e. H2 is not 

where it supposed to be as shown in the Fig. 6.5below.  
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Fig. 6.5  if H2 ties the dangling bond at the interface, if H2 is displaced from the 
interface, it is termed as Pb center defects. 

 Depending on the orientation and where the defect is i.e. which surface ([111] or [100] 

etc) and which orientation the defects are termed in the variants of Pb e.g. Pb0, or Pb1. These are 

shown in Fig. 6.6 below. 

 

  

  
 
 

Fig. 6.6 (a)   [111] surface, Pb along [111]Thermoelectric Power Generation (b)   
[100] surface Pb along [111]  (c)   [100] surface Pb along [211] 
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Fig. 6.7  A crystal shown with a defect (red dot). Fig 6.8   Radiation induced generation of bulk 
defect shown with a red dot. 

 

 

6.4 Dynamics vs Thermodynamics  

In last part of the lecture we briefly touch upon the distinction between dynamics and 

thermodynamic nature of the defects. Everything we did in this lecture was based on 

thermodynamics i.e. once we are growing a material, how the defects are formed (generated). 

Dynamics, on the other hand encompasses the aspects such as once there is a radiation strike on 

the devices, it could stress the device and create number of defects (see Fig 6.8 below) 

 

6.5 Three types of bond Dissociation 

Also discussed briefly was the three types of bond dissociation. Let us suppose that we 

have perfect atom i.e. every atom is where it is supposed to be (Fig. 6.8below). Now if we apply 

an electric field (Fig. 6.8), the potential will tilts and it will therefore, be easy for the atom to 

leave its location and thereby leaving behind a defect (Fig. 6.8 (a)). Generally it is not a very 

strong effect and is relevant to everyone and happens every time we apply a gate field. The other 

one is a charged defects e.g. there was a covalent bond holding the atoms together, now if we 

remove an electron, somehow, the barrier holding the atoms together will be lowered and it 

would be easier for the atom to escape and leave a defect behind (Fig. 6.8 (b)). This phenomenon 

happens primarily in NBTI. Lastly if we have radiation strike or e-h recombination giving us an 
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excess energy, despite large barrier we can still have atoms displaced and leaving behind a defect 

state (Fig. 6.8(c)). This phenomenon happens primarily in HCI, TDDB and radiation strike. 

 

 

 
 

 
 
 
 

Fig. 6.8  (a)  Field induced  (b) Charge State Fig 6.10(c)  Radiation or e-h recombination  

 

6.6 Conclusion :  

In this lecture we discussed how the defects form and how to think about the defects 

and how to calculate the number of defects. Also we covered the dynamic vs thermodynamics 

nature of the defects and various types of bond dissociation mechanisms. Also discussed in the 

class was the fact that as we passivate the structure with H2, we get less number of average bonds 

and therefore defects are reduced. This also insinuates that if we do not put H2, Si-SiO2 interface 

will be over-constrained and highly defective. Lastly, it was emphasized that the issues about pre 

existing trap is very important because that dictates the choice of the material that we want to use 

e.g. HfO2 ZrO2 etc and it comes from the coordination issue.  


