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This chapter will focus primarily on the thermal oxidation process and the properties of the 
Si/SiO2 interface. Deposited oxides and other deposited thin films are described in detail in Chapter 
9.  

6.2 Historical Development and Basic Concepts 

A number of experiments done in the past thirty years [6.2 - 6.5], have conclusively shown 
that when silicon is oxidized, the oxidation process occurs at the Si/SiO2 interface as illustrated in 
Fig. 6.2.  Because of this, a new interface is constantly forming and moving downward into the 
silicon substrate.  Silicon oxidation therefore occurs by the inward diffusion of the oxidant, rather 
than the outward diffusion of silicon.  Conceptually, the simplest way to demonstrate this is to 
grow an SiO2 layer with one oxygen isotope and then continue the growth with a second isotope 
(O16 and O18 for example).  Profiling through the resulting composite oxide with a mass sensitive 
technique can then determine whether the second oxide grows at the top or bottom surface.  This 
and other related experiments have consistently shown that the new oxide grows at the Si/SiO2 
interface. 

Fig. 6.2: Basic process for the oxidation of silicon. The chemical reaction takes place at the 
Si/SiO2 interface. 

Conceptually one can think of this process in the following way.  The Si atoms in the 
substrate are bonded to other Si atoms.  These bonds must be broken, oxygen atoms inserted 
between the silicon atoms, and finally Si-O bonds formed.  The process involves a volume 
expansion because of the room needed for the oxygen atoms.  As illustrated in the center of Fig. 
6.3, the oxide would like to expand by 30% in all three dimensions to accommodate the oxygen 
atoms. However because the silicon substrate prevents expansion in the two lateral directions, the 
only option is for the oxide to expand upwards as shown on the right of Fig. 6.3. The volume is 
thus accommodated by a 2.2 times upward expansion of the oxide compared to the volume of the 
silicon oxidized.  

Fig. 6.4 illustrates this in a real two-dimensional structure.  This example is a SEM cross-
section of a simple LOCOS process like the one we described in Chapter 2. On planar surfaces, 
most of the volume expansion is accommodated simply by the oxide growing up above the original 
silicon surface as in Fig. 6.3.  On shaped surfaces, which are common especially in advanced 
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silicon device structures, the expansion may not be so easily accommodated. LOCOS results in a 
non-planar Si/SiO2 interface between the nitride masked and oxidized regions and an obvious 
transition region between the two. This transition region takes on a characteristic “bird’s beak” 
shape because of lateral oxidation under the nitride mask. While Fig. 6.3 represents what happens 
in the real LOCOS structure away from the nitride mask, the situation is clearly much more 
complicated in shaped structures. 

 
Fig. 6.3: Volume expansion that occurs during silicon oxidation. A unit volume of silicon on the 

left is transformed into SiO2. In the middle the volume expansion is unconstrained; on 
the right the substrate restricts the expansion to one dimension.  

 

 
Fig. 6.4: Scanning electron micrograph of a simple LOCOS structure. The silicon oxidation was 

masked on the right side by a Si3N4 layer. A polysilicon layer has been deposited on top 
of the structure, after the Si3N4 layer was stripped, to provide contrast in the picture. 
Note that the grown oxide on the left side occupies approximately twice the volume of 
the silicon consumed in the oxidation. Courtesy of J. Bravman, Stanford University. 

 
Oxide layers grown on silicon are amorphous.  This might seem surprising initially because 

we are oxidizing a single crystal substrate and SiO2 exists in both crystalline and amorphous 
phases.  However, there are no crystalline forms of SiO2 whose lattice size closely matches the 
silicon substrate.  Any attempt to grow single crystal SiO2 on silicon would therefore result in very 
large stresses.  Such stresses could easily be large enough to generate crystallographic defects in 
the silicon, which would significantly degrade circuit yield and device performance.  Even though 
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the oxide that grows is amorphous, it does have short range order, which is illustrated in Fig. 6.5. 
SiO4 tetrahedra are the basic units from which SiO2 forms.  These tetrahedra bond together by 
sharing oxygen atoms as illustrated on the right of the figure.  Such shared atoms are called 
bridging oxygen atoms.  In the amorphous forms of SiO2 there may also be some non-bridging 
oxygen atoms present.  These phases are often referred to as fused silica.  Crystalline forms of 
SiO2 such as quartz contain only bridging oxygen bonds.  The various crystalline and amorphous 
forms of SiO2 arise because of the ability of the bridging oxygen bonds to rotate allowing the 
position of one tetrahedron to move with respect to its neighbors.  This same rotation is what allows 
the material to lose long-range order and hence become amorphous.  At normal processing 
temperatures, the thermodynamically stable form of SiO2 is one of the crystalline forms.  These 
forms are rarely observed in IC structures however, because the time required for amorphous SiO2 
to rearrange itself into a crystalline form is very long compared to normal diffusion, oxidation or 
anneal cycles.  Occasionally fused silica furnace tubes that are used in oxidation or diffusion 
furnaces will crystallize (a process called devitrification) after many months or years at high 
temperature. 

 
Fig. 6.5: Structure of fused silica glass.  The silicon atoms are in the center of each of the tetrahedra.  

The O-O distance is 0.262 nm; and the Si-O distance is 0.162 nm.  The Si-Si bond 
distance depends on the particular form of SiO2, but is about 0.31 nm. The six membered 
ring structure of SiO2 is shown conceptually on the right. 

 
The oxide layers that grow on Si are normally in compressive stress.  At the Si/SiO2 interface, 

the growing oxide can expand only upwards, not laterally since it must attach to the silicon 
substrate.  This results in compressive stresses that can be as large as 5 x 109 dynes cm-2.  At 
temperatures above about 1000˚C, the oxide can relieve some of this stress by viscous flow; at 
lower temperatures, the oxide viscosity is too high to allow much relief to take place.  In addition 
to these intrinsic stresses which can be present after an oxide is grown, there is also a large 
difference in the thermal expansion coefficients of Si and SiO2.  As the wafers are cooled down 
after an oxide is grown, this results in an additional compressive stress in the oxide that can be as 
high as a few x 109 dynes cm-2.  These two effects place the silicon substrate in tension; however, 
the substrate is many times thicker than the oxide layer and as a result, the tensile stresses are 
scaled down in proportion to the thickness ratio.  These effects can be easily observed even on flat 
silicon wafers.  After an oxidation, SiO2 is normally present on both the top and back surface of 
the wafer and the stresses from the two oxide films therefore balance.  If the oxide is chemically 
stripped from one surface, however, a distinct bow will be observed in the wafer because of the 
stresses. In fact measurement of this “wafer curvature” is one way to determine the stress levels in 
SiO2 or other thin films on silicon substrates.  

Silicon

Oxygen

0.262 nm

0.162 nm
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Fig. 3.15 showed a high-resolution transmission electron micrograph (TEM) of the Si/SiO2 
interface.  The atomic resolution in this image clearly shows the silicon crystal structure, the 
amorphous SiO2 layer and the abruptness of the interface.  A number of recent studies using TEM 
and other techniques have shown that the Si/SiO2 interface is normally characterized by a transition 
region which is vary narrow (perhaps only one atomic distance).  The interface is usually quite 
flat, although there are steps of one atomic distance which occur occasionally.  The abruptness of 
the interface depends to some extent on the process conditions used to grow the oxide and the 
interface is a little rougher for oxides which are rapidly grown (H2O versus O2 oxidation or high 
pressure oxidation, for example). The interface is also a little rougher for oxides grown at low 
temperatures. 

The growth kinetics of SiO2 layers on silicon have been studied for more than three decades, 
and continue to be studied today.  Early studies variously reported the growth rate to have a linear, 
parabolic, logarithmic, inverse logarithmic or power law dependence on time.  The first widely 
accepted model of the growth kinetics was due to Deal and Grove in 1965 [6.6]. This work showed 
that over a wide range of conditions, the growth followed a linear parabolic law which could be 
explained on a solid theoretical basis.  Later work has generally focused on modeling growth 
conditions for which the Deal Grove model is inadequate.  Examples include very thin oxides, 
oxides grown in mixed ambients, oxides grown on 2D or 3D silicon surfaces and oxides grown on 
heavily doped substrates.  We will discuss these and other models later in this chapter.   

There has also been for many years a considerable controversy over which oxidant species 
diffuse through the SiO2 to grow new layers of oxide.  In the gas phase above the wafer, molecular 
species (O2 or H2O) are present.  However, these species could dissociate or even ionize to form 
O, ,  or many other species once they enter the SiO2.  Some early work [6.2] using an 
electric field suggested that a charged species was the dominant diffusant.  However, later work 
largely discounted these results and today most workers believe that neutral O2 and H2O and/or 
OH are the dominant species involved in the oxidation process.   

The electrical properties of the Si/SiO2 interface have been studied intensively for more than 
40 years.  A great deal has been learned about these properties, how they depend on process 
conditions and how to control them.  To first order, the interface is perfect.  The densities of defects 
that are present in modern devices are on the order of 109 - 1011 cm-2 compared to a silicon surface 
atom density of about 1015 cm-2.  Most of the defects that do exist are usually attributed to 
incompletely oxidized Si atoms or Si atoms with dangling or unsatisfied bonds.  However, only 
about 1 atom in 105 has such a defect. 

In 1980, in an effort to unify research in this field, Deal [6.7] suggested the nomenclature 
shown in Fig. 6.6 to represent the various types of electrical defects that are found experimentally 
at the Si/SiO2 interface and in SiO2 layers.  There are four basic types of defects or charges that 
exist.  The first, Qf, is known as the fixed oxide charge.  Experimentally we find that a sheet of 
positive charge (usually 109 - 1011 cm-2) exists in the oxide, very close to the interface.  It seems to 
be located within 2 nm of the interface (perhaps closer) and is likely associated with the transition 
from Si to SiO2.  Most physical explanations for Qf suggest that it is due to incompletely oxidized 
Si atoms that have a net positive charge.  Qf is called the fixed oxide charge because its charge 
state does not change during normal device operation.  It is positive and invariant under normal 
conditions. 

The second type of charged defect present at the Si/SiO2 interface is Qit, the interface trapped 
charge.  The physical origin of these charges is often suggested to be similar to Qf.  That is, Qit is 

O− O2
−
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likely due to some type of incompletely oxidized silicon atom with unsatisfied or dangling bonds 
located in the oxide, but very close to the interface.  However there is a very important difference 
between Qit and Qf.  The charge associated with Qf is fixed and positive.  The charge associated 
with Qit may be positive, neutral or negative, and in fact may change during normal device 
operation because of the capture of holes or electrons.  Hence the name trap associated with Qit.  
These traps behave very much like the bulk deep level traps we discussed in Chapters 1 and 4 (Fig. 
1.27).  Energy levels associated with Qit exist throughout the forbidden band, although usually 
there are more traps at energy levels near the conduction and valence band edges than there are in 
the middle of the bandgap.  Oxidizing a silicon surface usually results in a density of Qit on the 
order of 109 - 1011 cm-2 ev-1, about the same density as is found for Qf.  In fact it is usually the case 
that a process that results in a high value of Qf will also result in a high density of Qit.  This 
correlation is one of the experimental results that suggests a common origin for the two charges.   

 

 
Fig. 6.6: Charges associated with the SiO2/Si system.  (After Deal [6.7]). 
 

The other two types of charges shown in Fig. 6.6 are usually less important today.  Qm is the 
mobile oxide charge that may be located anywhere in the oxide, and was a serious problem in the 
1960s.  At that time, it was often the case that MOS structures were unstable after fabrication.  We 
discussed this briefly in Chapter 1 and again in Chapter 4 and observed there that this instability 
in transistor threshold voltage was traced to the presence of mobile ions like Na+ and K+ in the gate 
oxides - Qm.  With proper attention to cleanliness in wafer fabrication facilities, this problem 
largely disappeared by the 1970s, although even today it occasionally becomes a problem in 
manufacturing facilities since ppm concentrations of these mobile ions can cause measurable 
instabilities. In the example we considered in Chapter 4, we saw that the shift in VTH in MOS 
devices caused by Na+ or K+ is inversely proportional to COX (Eqn. 4.1). Thus as gate oxide 
thickness is scaled down, larger Qm values can be tolerated.  

Qot or oxide trapped charge, which also may be located anywhere in the oxide, is the final 
experimentally observed charge type in the Si/SiO2 system.  These defects are likely broken Si-O 
bonds in the bulk of the oxide, well away from the Si/SiO2 interface.  Such bonds can be broken 
by ionizing radiation or by some of the process steps used in manufacturing ICs today.  Plasma 
etching, for example, exposes oxides to energetic ions, electrons and other neutral species.  Ion 
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implantation is often done through an oxide layer.  These and other processes can damage oxides 
resulting in traps in the bulk oxide - Qot.  Such traps are normally repaired by a high temperature 
anneal before device fabrication is complete which allows the broken bonds to repair themselves.  
If they exist in the oxide because they are not fully annealed, or because the device is exposed to 
ionizing radiation, these traps can capture holes or electrons that may be injected into the oxide 
during device operation, resulting in trapped charge.  Hence the name Qot.   

Qot has taken on increased importance in recent years because of the high electric fields 
present in scaled devices. These higher fields result in more energetic or “hot” carriers that can 
achieve energies high enough to be injected into the gate oxides of modern MOS devices. If oxide 
traps are present, or if they are created by the energetic carriers themselves, charge trapping can 
occur. This results in device threshold shifts with time (see Eqn. 4.1) and reliability concerns. A 
common measure of the quality of a gate insulator is QBD or the amount of charge that can be 
passed through the oxide before failure (breakdown) occurs. Charge trapping in SiO2 insulators is 
also a major issue in programmable devices like EPROMs in which current is purposely passed 
through the gate oxide as part of the write operation.  

All four of the charges in Fig. 6.6 can have deleterious effects on device operation.  As a 
result, great care is normally taken during fabrication to choose process sequences that will 
minimize these charges.  Generally this is accomplished by high temperature inert anneals in Ar 
or N2 towards the end of the process flow, and by a final moderate temperature (≈ 400 °C) anneal 
in H2 or forming gas (N2/H2) at the end of the process.  We will discuss such anneals and charges 
more carefully in Section 6.5.13 later in this chapter. 

A final point with regard to SiO2 layers on Si is important.  One of the earliest and most 
important uses of SiO2 layers was for masking against impurity diffusion.  Oxides are still widely 
used for this purpose today and this use depends fundamentally on the fact that most impurities 
have much lower diffusivities in SiO2 that they do in Si.  It is reasonably simple to calculate the 
thickness of an oxide layer needed to successfully mask against a diffusion or ion implantation 
operation.  However, we will defer discussion of these points until Chapters 7 and 8 where we 
discuss diffusion and ion implantation in detail. 

The Appendix contains a number of useful and important properties of three insulators 
commonly used in silicon technology. SiOXNY is an insulator usually formed by exposing an SiO2 
layer to an NH3 or other nitrogen containing ambient to convert the oxide into an oxynitride.  The 
properties of both oxynitrides and Si3N4 vary somewhat with deposition and/or nitridation 
conditions and will be discussed in more detail in Section 6.5.11 and at the end of the chapter when 
future trends are discussed.  

 
6.3 Manufacturing Methods and Equipment 
 
Oxidation systems are among the simplest types of semiconductor processing equipment.  

Conceptually all that is needed, as illustrated in Fig. 6.7, is an oven capable of temperatures from 
600 - 1200˚C and a simple gas distribution system capable of introducing O2 or H2O.  In practice, 
such systems are far more complex because of the need for uniformity, reproducibility and 
cleanliness in the process.  Modern furnaces are capable of handling up to several hundred 8" 
wafers, with a temperature uniformity of ±0.5˚C.   

Most such systems in use today are horizontally oriented with the oxidant species introduced 
at the back end and the wafers at the front.  Many recently developed furnaces are vertically 
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