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4. STRUCTURES AND DEFECTS IN CRYSTALS  

4.1 Review and Introduction 

In the last three introductory chapters, we discussed the difference between variability 

and reliability and three types reliability models: empirical, statistical and physical models by 

using the generic example of a  stochastic process involving a Blind Fish in a River with a 

Waterfall (BFRW).  Developing empirical models is time consuming (and often impractical for 

fast moving technologies), so that accelerated testing (the higher velocity of the river in BFRW 

problem) is commonly used. The lifetime for normal conditions is predicted based on the 

information from accelerated tests. The main drawback of accelerated tests in empirical models 

is that extrapolation over many orders of magnitude in time can magnify any errors in the 

measured data and good visual fit may not necessarily be physically correct. Through BFRW 

problem, we saw that empirical prediction gives much conservative prediction for mean lifetime 

of the population. These mistakes can be costly.  This BFRW problem highlights the importance 

of physical model in reliability problem.  Before we dive into the (frontend) reliability problems 

in semiconductor devices in detail, we need to think about nature of defects which is a backbone 

to understand physical model behind the problems.  

Fig. 4.1   Examples of 2D Euler relationship 
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4.2 Defect Free Crystals Should Have All The Bonds Satisfied 

We know that crystal structure reflects regular arrangement of atoms. However, what 

dictates the geometry of the arrangement? The answer can be found by Euler relation, because a 

possible type of periodic lattice is determined by Euler relation based on purely geometrical 

consideration.  In 2D, Euler relationship is 

 1V E N− + =  4.1 

where  is the number of vertices,  is the number of edges, and  is the number of cells. You 

can verify the relationships yourself by going through the examples in Fig. 4.1.  For very large 

systems, we can drop the 1 on the right hand side, i.e.,  

 ~ 0V E N− +  4.2 

And let me show how this simple relationship can be used to predict all sorts of interesting 

results for defect free systems. For example, in  Fig. 4.2 (top, left)  each red atoms have three 

bonds;  Euler’s theorem say that it can only form a honeycomb lattice, Fig. 4.2 (right). This is 

because the green triangular shaped elementary cell (Fig. 4.2, bottom, left)consist of 1 red atom 

with 3 bonds, so that  V=1 and E = 3/2 (since 2 bonds makes 1 edge). Therefore, total number of 

edges per unit cell are, 

     

  

Fig. 4.2   .  (a) 3 bonds/atom         (b) 2D honeycomb lattice  
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 2 3 3PE V N N= = =  4.3 

where �� is number of edges per unit cell and � is the number of elementary cells in a unit cell.  

Replacing V, E in the Euler relation in terms of N,  

 0 6
3 2
p p

p

N N N N
V E N N N− + = − + ⇒ =∼  4.4 

Here, Np is 6 implies 6 sides per each cell to satisfy the Euler relation, implying an hexagonal 

lattice. Also from Eq. 4.3, N= ½ implies that there are each elementary cell is half the unit cells. 

The mapping of the three segments of the elementary cell to the hexagonal lattice ( Fig. 4.2, 

bottom left) confirms this point. A three-bond elementary cell therefore must form an hexagonal 

lattice.   

 Similarly, you should take a few minutes to convince yourself an atom with 4 bonds 

leads to a unit cells with 4 sides,  and, that a defect free 5-sided ring is impossible!  

 

4.3 Defects in crystals implies missing atoms or broken bonds 

Real crystals are never perfect: they always contain many defects and imperfections that 

affect their physical, chemical, mechanical and electronic properties. The existence of defects 

also plays an important role in various technological processes and phenomena such as 

annealing, precipitation, diffusion, sintering, oxidation and others. It should be noted that defects 

do not necessarily have adverse effects on the properties of materials. There are many situations 

in which a judicious control of the types and amounts of imperfections can bring about specific 

characteristics desired in a system. This can be achieved by proper processing techniques. In 

fact, “defect engineering” is emerging as an important activity. 

 All defects and imperfections can be conveniently considered under four main 

categories: point defects, line defects or dislocations, planar defects or interfacial or grain 

boundary defects, and volume defects. In addition, bulk defects such as pores, cracks and foreign 

inclusions introduced during production and processing can also be important. Point defects are 

inherent to the equilibrium state and thus determined by temperature, pressure and composition 

of a given system. The presence and concentration of other defects, however, depend on the way 

the solid was originally formed and subsequently processed. 
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To tackle reliability problems, we need to understand the pre-existing defects due to 

processing issues as well as newly-created defects due to device operation. Also, the number of 

pre-existing defects determines the choice of materials. In this section, we will see that the 

creation of certain amount of defects is purely because of thermodynamic issues.   

4.3.1 Vacancy means a missing atom in a crystal lattice 

To calculate the number of vacancy, ��, in a solid of of N atoms,  we can minimize the 

free energy of the system (�	 � 	�	– 		
, where E is internal energy, S is entropy, and T is 

temperature) for a given number and configuration of vacancies.  Making an vacancy increase U 

by an amount �� � ��, where �� is energy required to pull out each atom from crystals.  

Entropy change after creating a vacancy is the number of ways to put �� identical vacancies in N 

sties, ( )ln ! !( )!B V Vk N N N N− .  Therefore, total free energy changes becomes, 

 ( )( ) ( ) ( ) ln ! !( )!V V V V V B V VF N E N T S N N E Tk N N N N∆ = ∆ − ∆ = − −  4.5 

To find NV, we minimize ( )VF N∆  by setting the derivative of ( )VF N∆  (w.r.t. ��) to zero.  

Using Stirling’s Approximation (ln ! ln )N N N N≈ − ,  

 
( )

0 (ln( ) ln( )) ln( )V I
V B V V V B

V I

d F N N
E k T N N N E k T

dN N N

∆= = + − − = +
−

  

leads to,  
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Usually we can assume � ≫ ��,  hence 

 
V

B

E

k T
VN Ne

−
=  4.7 

.We can extract activation energy EV from a ��	vs. 	 plot. Similar to typical Boltzmann 

statistics, the number of vacancies increase with temperature For �� 	� 	1�� and 	 � 	1000�, 

vacancy concentration (VN N ) is about 10-5. It confirms that validity of our assumption N >> 

��.  For room temperature, vacancy concentration is about 10-17.  The atomic density in Si is 

1022 /cm3, therefore at 	 � 300�, we expect vacancy density of  105 cm-3.  People often show 
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defect-free TEM pictures. In a typical 10 nm×10 nm TEM image, there are about 1000 atoms. At 

room temperature, the number of defects in every 1000 atoms is only 10-14.  This is the reason 

why we cannot observe any defects in a typical TEM image.   

Fig. 4.3 (Left) A vacancy indicates a missing atom in a lattice (square box), while an 

interstitial is an excess atom (red circle) that is yet to find a position in the lattice. (Right) 

Volume defects involve a collection of misplaced atoms.  These defects occur only in crystals.  

4.3.2 Interstitials are excess atoms floating around in a crystal 

When an atom is plucked from a lattice to create a vacancy, we must allow sufficient 

time to let it out of the solid. In practice, the atom is often trapped somewhere in the solid, 

thereby creating an interstitial. In this case, creating a vacancy leaves behind an interstitial 

defect, which means NI= NV. Now total energy change is  

 ( ) ( )
( ) ( )

ln ! !( )! ln ! !( )!

∆ = ∆ + ∆
= − − + − −

V I

V V B V V I I B I I

F F N F N

N E Tk N N N N N E Tk N N N N
  

Setting the derivative to zero and using the fact of ,  

 
( )

2
V I

B

E E

k T
V IN N Ne

+−
= =  4.8 

where a factor 2 in 2kBT is because both vacancy and interstitial increase total entropy.  If there 

are already some vacancies or interstitials in a solid, our assumption of NI= NV doesn’t hold any 

more.  In this case,  

 
( )

2
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V IN N N e

+−
=  4.9 
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The relationship should remind you of the principle of detailed balance for free carriers in a soild 

– i.e, � � 	�	 � 	����	�������/� 		!. This is hardly surprising, because the theoretical 

considerations used to derive both relationships are the same. We should note that these defect 

concentrations can be only obtained under thermal equilibrium, allowing enough time for atoms 

to arrange to minimize free energy.  In the case of radiation or stress induced bulk defects, above 

formula doesn’t hold, because the origin of those defects is not from thermodynamic 

consideration, but from dynamics consideration.   

 

4.3.3 There are many other types of defects in a crystalline solid  

 Apart from the point defects such as vacancy and interstitials, there are more 

complex defects such as line defect, volume defect, screw dislocation, edge dislocation which 

has been discussed in detail in many solid state textbooks, see Fig. 4.3(b). The classification of 

these defects through Burger’s vector and understanding how these pre-existing defects affect 

physical properties of solid (e.g. solute hardening, yield strength) has been an important topic of 

solid state chemistry. The newly generated defects in response to stress during operation are 

mostly point defects, therefore, we will focus on them alone.  

4.4 Conclusions: 

In a perfect crystal, the type of periodic lattice is determined by only geometric 

constraints, elegantly summarized by the Euler relation. Because reliability physics deals with 

newly created defect due to device operation as well as pre-existing defects during a process, the 

origin of pre-existing defects is one of key things we have to know before we go into generation 

of defects under device operation. In this chapter, it is shown that the creation of pre-existing 

defect is due to thermodynamic considerations and the concentration of defects is estimated from 

standard thermodynamic model. 
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QUESTIONS 

RING STATSTICS 

What is the size of primitive ring? How many rings share an atom? Go to Abacus ‘crystal 
viewer’ choose carbon meshes (6x6) to get the image on the side. Can a ring be odd-numbered? 
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http://rings-code.sourceforge.net/ 

 

 

Ans. The primitive ring contains 6 

atoms, is given by value of N_p (see main book).  

For the number of rings threading through a single atom, in a 3-bond atom, one can get out in 3 

ways; having chosen an exit, one returns through remaining 2 bonds. You can convince yourself 

that in the calculation above, rings are double counted, a single ring is traversed twice in opposite 

direction, therefore, the the total number of rings through a point is 3x2/2 = 3.  

 
• Show that atoms with 6 bonds will create triangular lattice. 
• Explain why 5 ring lattice is impossible.   

For a 5-sided ring, , so that , therefore, 
. Putting this in Euler’s relationship, one finds  

 
5 5

0
2C

N N
V E N N

N
− + = − + ∼   

 

 
 
 
 
 
 

Fig. 4.4    
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The equation is solved for Nc=10/3.  The number of bonds cannot non-integer, therefore, a  5-

ring lattice cannot exist in nature.  
 

Show that Si has (a) 6-atoms in smallest ring (b) 12 rings through each atoms (since for each ring 

starting from a given atom, we have four paths to exit, but one of the four is chosen, we can 

return via the other three, so that there are 4x3 rings), (c) All rings are even (inclusion of every 

new atom adds multiple of two bonds to return to the same point).  

 

 

. 

 

 

 

Q. Is this picture of Si/SiO2 fake?  

  

 

 

QUESTIONS  AND ANSWERS 

Q. What is role of annealing in thermodynamic equilibrium? 

 

DEFECTS IN A SOLID  
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A: Annealing at high temperature allows for atoms to be arranged to minimize free so that defect 

concentrations can be reduced down to the level which can be obtained under thermal 

equilibrium.  

 

Q. Is the hexagonal lattice solution unique? 

 

Q. Is there a 3D version of Euler relationship? 

A: � � � " �	 � 2, where V: Vertices, E: Edges, and F: Faces. For example, for a Si tetrahedral, 

� � 4, � � 6, and	� � 4, so that � � � " � � 2.  

 

Q. Does each atom has its own activation energy and how does it relate to ionization energy? 

 

 


