
 

Process Variables Affecting Silicon Oxide Films Related to Wet Thermal 
Oxidation 

by Jeff Spiegelman with references to Professor J. Salzman 

The goal of oxidation in wafer fabrication is to grow a high quality oxide layer on a silicon 
substrate. Oxidation takes place in a diffusion furnace in an oxidizing gaseous environment. 
During oxidation silicon reacts with oxidants to form a layer of oxide on the silicon surface of the 
wafer. Generally, this technique is used to grow oxides between 60Ǻ and 100,000Ǻ thick. During 
the process, silicon reacts with oxidants to form silicon oxide layers. The oxide growth rate 
increases with temperature. Typical operating temperature is between 800˚C and 1,200˚C. 

Multiple factors affect oxide film performance. These include concentration of the oxidant, 
pressure, Temperature, metallic contamination,  wafer surface preparation and process recipe, 
and switching from a dry to wet process. This paper reviews the two classes of thermal oxidation 
and what affects film performance in each case.  The object is to help understand how to 
generate the highest quality oxide film under given operating parameters. 

Oxidation Process Overview 

Thermal oxidation of silicon is divided into two classes: 

 Dry Oxidation. Dry oxygen is introduced into the process tube where it reacts with silicon. 
Dry oxidation is a slow process that grows films at a rate between 140Ǻ and 250Ǻ per 
hour. It is only used in industry to grow thin oxides (<1000Å).  

Si (solid) + O2 (gas)  →  SiO2 (solid)  {1} 

 Wet Oxidation. Water vapor is introduced into the heated oxidation tube. Because water 
molecules are more reactive with silicon than oxygen molecules at high temperatures, the 
oxide growth rate increases. The wet oxidation growth rate is 1000Ǻ to 1200Ǻ per hour, 
so wet oxidation is the preferred method to grow thick oxides (>1000Å). 

  Si (solid) + H20 (gas) →  SiO2 (solid) + 2H2 {2} 

As a general principle, the amount of silicon consumed in the oxidation reaction is 45% of the 
final oxide thickness (Figure 1). For example, growing 10,000Å of oxide consumes 4,400Å of 
silicon. 
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Figure 1: Silicon Consumed in Oxidation Reaction 

 

Factor 1: Concentration of Oxidant 

The growth rate depends on the concentration of oxidant at the oxidized surface to drive the 
oxidant through the oxide layer to get to the unoxidized silicon surface.  

The kinetics of SiO2 growth has three steps. First, the oxidant (H2O or O2) reacts with silicon 
atoms.  Second, silicon atoms are consumed by the reaction and, finally, a layer of oxide forms 
on the silicon surface. 

Figure 2: Kinetics of SiO2 Growth 

 

 

The Linear Parabolic Model developed by Deal and Grove [1] demonstrates how silicon dioxide is 
grown on a silicon substrate during oxidation under both wet and dry conditions. The model 
identifies and defines two different stages in the oxidation of silicon: 

 Linear. The first stage refers to the chemical reaction resulting from the direct contact 
between silicon and oxidants at the wafer surface. The reaction is limited by the number 
of silicon atoms available. For approximately the first 500Å, the oxide grows linearly with 
time. From that point on, the reaction rate slows down because the silicon dioxide layer 
covers the silicon atoms. As the silicon dioxide layer grows, it eventually prevents the 
oxidants from coming in direct contact with the silicon atoms and the Parabolic Stage of 
oxidation begins.  
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 Parabolic. The second stage begins when approximately 1,000Å of silicon dioxide has 
been grown on the silicon substrate. At this point, the silicon atoms are no longer 
exposed to the oxidants and the oxidants begin to diffuse through the silicon dioxide in 
order to reach the silicon. The oxidation of silicon during this stage occurs at the 
silicon/silicon dioxide interface. As oxidation continues, the silicon dioxide layer thickens, 
and the distance the oxidants must travel to reach the silicon increases. The oxide growth 
rate is limited by the diffusion of the oxidants through silicon dioxide. 

The details of the Deal-Grove Model are left to the reader. However, the key point for this 
discussion is that the concentration of the oxidant affects overall film performance. 

Factor 2: Pressure 

Henry’s Law states that the concentration of an oxidant in the solid is proportional to the partial 
pressure of the oxidant in the surrounding gas. Increasing the water vapor pressure or oxygen 
pressure in the process gas environment will increase the oxidation growth rate. 

{3} 

  

An increase in the water vapor pressure will directly increase the oxidation rate. Figure 3 
shows how an increase in temperature or pressure increases the growth rate. The oxide 
thickness increases with both pressure and temperature. 

Figure 3: Growth Rate Relative to Temperature and Pressure 

 

Factor 3: Temperature 

As noted earlier, growth rate increases with temperature. Figure 3 demonstrates this clearly. 

Higher process temperatures allow for migration of atoms within the structure.  This can be a 
benefit when gettering is available with chlorates.  This can be a disadvantage with doped films 
where dopants will migrate faster at higher temperatures. 
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Higher temperature annealing can be accomplished with FGA (forming gas anneal; 5% H2). 

FGA improvements indicate some surface contaminants and grain boundaries defects are being 
passivated by the hydrogen.  The higher temperature oxides have an annealing effect on damage, 
so increasing temperature from 850˚C to 1050˚C may improve film results. 

Factor 4: Metallic Contamination 

Wet oxide films grow at much faster rates than dry oxide films.  However, they are more 
susceptible to particles and ionic contamination.  Most horizontal furnace tubes are made from 
quartz.  Quartz tubes have good structural integrity and purity, but do contain metallic ions.  In 
addition heater elements external to the quartz tube slowly sputter onto the external surface of 
the tube.  Sodium, iron, and other metallic impurities migrate through the furnace tube during long 
high temperature oxidation processes. 

 

Many dry processes use oxygen with HCl.  When using just an oxygen source, the oxygen or 
steam can combine with iron to form iron oxide.  Steam is more reactive than oxygen with iron 
ions.  Iron oxide is stable over 1500˚C.  When adding HCl, iron chloride is formed.  This sublimes 
at temperatures near 600˚C.  Steaming for long times at 1100˚C will drive iron and other 
impurities into and through the quartz.  Steam may oxidize many of the impurities into non-volatile 
species as opposed to Chlorine which will produce volatile species that can be swept from the 
tube. 

Water is used because of its significantly higher growth rates relative to oxygen.  The faster 
growth leads to less dense oxides and more structural defects.  The density of films grown via 
wet oxidation can be adjusted later during annealing to match dry oxide films.  However the 
structural defects are more difficult to correct.  HCl is added into dry oxygen processes. The 
chlorine atoms are integrated into the film to getter mobile ions.  Chlorine atoms cannot compete 
with H2O molecules which grow much faster.  This does not allow CI to be integrated into the film 
to getter mobile ions. This lack of gettering means any free ions dissolved into the silicon wafer 
during the wet oxidation will not be captured and this leads to a higher defect rate.   

Factor 5: Wafer Surface Preparation and Process Recipe 

Figure 4 shows that the diffusivity of O2 is much greater than that of H2O, so other factors are 
responsible for the higher wet rates.  First, water forms hydroxyl groups within the Si-O-Si 
network that opens the solid structure to permit more rapid diffusion of the oxidizing species.  
Second, the growth rates in both the linear and parabolic regimes are concentration dependent, 
and the solubility of water within the network is higher than that of O2. However, the wet oxides 
are of lower density and lower refractive index than the dry oxides, as grown. 
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Figure 4: Diffusivities of O2, H2O, H2, and Na in SiO2. [2] 

 

.  

The oxidation rates also are determined by the available silicon with rates higher on higher 
density surfaces.  Thus, growth on <111> faces is greater that that on <110> surfaces.  

It is found that the silicon growth methods as well as crystal orientation affect oxide quality.  Float-
zone, Czochralski (Cz), and epitaxial (Epi) silicon have different amounts of intrinsic defects 
affecting oxide characteristics.  Thin oxides on Epi are not as good as those on Cz surfaces [3].  
Also, the higher density of silicon atoms (and defects) on <111> faces vs. <100> faces leads to 
poorer oxides on <111> surfaces [4].  Since MOS device performance is heavily dependent on 
these oxides, <100> silicon is used exclusively for these devices. 

Different types of oxide charges have been characterized [5] and related to structural defects and 
impurities.  For example, incomplete bonds are electron traps.  Other bonding defects associated 
with voids in the oxide are hole traps.  Alkali atoms in the oxide produce mobile charges.  Near 
the Si-SiO2 interface, filling of the hole traps produces slow interface states that allow leakage 
along the interface.  An excess of silicon ions near the interface constitute the surface state 
charge, Qss. [6]  The different types and quantities of defects are detected by various modes of 
capacitance-voltage measurements. 

Before oxidizing silicon, the wafers are cleaned by various methods that leave the silicon surface 
in different configurations.  The standard RCA cleaning process [7] starts with  SC-1 
(NH4OH/H2O2/H2O in the ratio of 1/1/5) at 70 to 90oC.  This step removes organics and oxidizes 
the silicon.  Any undissolved particles are not incorporated into the oxide and are washed away.  
The second step SC-2  (HCl/H2O2/H2O in the ratio 1/1/5) at 70 to 90oC removes metallic 
contaminates.  These cleans leave chemical SiO2 film on the wafers that may be problems during 
oxidation.  There are other cleans such as (H2SO4/H2O2) for removing gross contamination. This 
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clean also leaves an oxide on the silicon surface, but it is removed by a hydrofluoric acid dip.  
This is usually followed by SC-1 and SC-2. 

This gives us a starting point for explaining problems in the oxidation process.  To obtain low 
defect oxides with high breakdown voltages, the wafer surfaces must be atomically flat.  The 
cleaning steps are problematic because of the catalytic (by residual metals) decomposition of 
peroxide that may lead to inhomogeneous etching of the silicon surfaces.  This roughening may 
be measured as haze by surface scanners, and is a warning that high oxide defect densities may 
result. 

The oxidation process (in furnace systems) begins with insertion of the wafers at a temperature 
low enough to minimize thermal shock but as high as possible to reduce the cycle times while not 
pre-oxidizing the wafers with the ambient trapped on the wafer surfaces.  The usual gas used at 
this time is UHP nitrogen.  The wafer load is stabilized at this temperature while the purging N2 
dilutes the ambient pulled in with the wafers to an acceptable level. To purge a system of volume 
V from a concentration of Co to C with a purge flow Q, requires a time t.  M is a mixing factor that 
equals 1 in plug flow, but is < 1 in most furnace tubes. 

  LN ( C / Co) = - Q/V  T/To M t  {4} 

Q is in slpm, V is in liters, and To is 273.15 K.  For example,  a 70 liter tube at 600oC with a purge 
of 15 slpm, would require more than 11 minutes to go from 20% to 0.01% O2.  

Some vertical furnaces have nitrogen load locks in the insertion region minimizing this problem.  
Some horizontal furnaces have nitrogen purged load stations or use loading tubes that are 
nitrogen purged prior to insertion. However, without a loadlock there may be high levels of 
infiltration of  atmospheric impurities during loading that are not completely removed by purging.  
This level of infiltration has been correlated with levels of negative bias temperature instability in 
MOS capacitors. [8]  

The next step causes many problems depending on the prior cleaning methods.  The 
temperature ramp-up to the oxidation temperature is at a rate that minimizes cycle time without 
damaging the wafers.  If this is in an inert atmosphere and there is a (chemical or nascent) SiO2 
film on the wafer, areas of the film will evaporate by the process 

Si(s) + SiO2(s)  2 SiO(g)  {5} 

This will leave voids in the surface films that may not be filled in subsequent oxidations. These 
voids have been identified as hole traps and will appear as positive charges in C-V 
measurements. In addition, silicon is consumed in isolated areas and is a further cause of haze.  
Metal contamination also plays a role in voiding and other haze producers. 

These void formation can be minimized by adding oxygen (2 to 3%) to the purging N2.  This will 
stabilize the surface oxide and convert any carbon residues to CO and CO2.  The reduction of 
haze may be orders of magnitude depending on the temperatures and cleaning procedures [9]. 

As the wafers reach the processing temperature, there is usually a stabilization time to bring all 
wafer surfaces to the required  temperature.  Again, a small concentration of oxygen must be 
used to prevent void formation.  At higher temperatures the oxygen will prevent the formation of 
silicon nitride.  This nitride will be oxidized in a subsequent step, but the surface roughness will be 
increased significantly. 

The sequence of oxidations dry/wet/dry has been found to exhibit improved intrinsic breakdown 
characteristics and a smaller density of net effective trapped charge than a wet oxide alone [10].  
Therefore, the first oxidation step should be with dry oxygen. This should eliminate any carbon 
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contamination and minimize excess silicon injected past the Si/SiO2 interface. A relatively smooth 
interface will result that should be maintained in subsequent oxidations.  Micro-roughness at the 
interface will decrease carrier mobilities. 

The next step is to use water vapor, generated by a vapor generator, hydrogen-oxygen torch, etc.  
The dry oxide should be thick enough to prevent isolated high growth areas.  At the end of the 
wet cycle, there again may be poor electrical characteristics at the Si/SiO2 interface.  Also, the 
oxide density may have been decreased by trapped hydroxyls.  These problems are minimized 
by a final dry oxidation cycle to remove dangling bonds, remove hydroxyls, and allow Si trapped 
in the oxide to diffuse back to the interface. It was found that the final Qss value from all 
oxidations is that of the final oxidation step.  The higher the temperature and the dryer the 
oxidation, the lower the surface state charge. [7] 

As an added precaution, for thin oxides, the temperature ramp down to below 900oC  (at about 
5oC/min.) should also have a small percentage of oxygen in the nitrogen purge to prevent void 
formations.  This may not be necessary at lower temperatures, since there may be sufficient 
oxygen remaining from the previous step. Using Eq. {4} for the same tube at 1000oC and 15 slpm 
N2, it will require about 5 minutes to go from 100% to 1% O2. At the end of this time the 
temperature would have dropped only about 25oC.  It would be prudent to maintain extra oxygen 
for this case. 

As a final step in the oxidation process, an inert gas anneal may be required.  An inert gas anneal 
has been found to decrease the surface state charge concentration.  

To decrease the density of interface traps, a hydrogen (or forming gas) anneal near 450oC is 
used. 
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Figure 5: Wet Oxidation Lifetime 

Temperature 
[°C] 

 Layer 
Thickness 

[nm] 

Initial 
Lifetime 

[µs] 

Lifetime after FGA 
Anneal (425°C, 25 min) 

[µs] 

850  90 17.83 79.90 

850  90 19.26 112.43 

850 
10 min Ar 

anneal 
90 31.40 175.97 

850 
10 min Ar 

anneal 
90 30.75 166.19 

1050  370 80.42 200.22 

1050  370 62.95 190.35 
Reference Fraunhofer –communication Jan Benick August 1, 2008 

Data above indicates that argon anneal was able to roughly double lifetime.  A forming gas 
anneal after argon anneal was able to further improve lifetime by a factor of 5.5X. 

Factor 6: Switching from dry to wet processes 

An oxidation layer will form on the furnace tube and other components within the furnace that 
have been used for extended periods of time for dry oxidation.  This oxide layer will contain 
metallic impurities and can eventually vitrify.  During dry oxidation, ion mobility in the furnace 
environment is low, so film performance may be acceptable.  However when converting over to 
wet processing, ion mobility increases as well as the tendency for vetrification to accelerate.  It is 
not uncommon to see increased particulates as well as lower film performance.  Below are 
examples of particles found on wafers from tubes that were converted from doped oxide to wet 
oxide without cleaning.  

Switching from dry to wet oxidation degrades film quality. In addition to growing faster less dense 
films, steam will increase the mobility of metallic components in the furnace delivery line, the 
furnace tube, and the wafer tooling.  Also, the specific heat of steam and steam gas temperature 
may make delivery sections hotter than they were with the original dry oxidation process, which 
can lead to degassing of impurities that may contribute to the poorer lifetimes.  The addition of 
HCl or other chloride chemistries can help to prevent metallic impurities from being incorporated 
into the film during wet oxidation growth. 
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Figure 6: Particles 
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Figure 7: Unpatterned Defects 
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Figure 8: Typical Particle Results 

 

 

Date Recipe Steam 
Top 

Adders
Cen 

Adders
Bot 
Post 

Bot 
Adders  

11/11/07 
Dry 
OXQual No 0 0  0  

11/12/07 
Wet 
OxQual Yes 581 168 350 347  

1/21/08 
Wet 
OxQual Yes 27 8  20 

3 day wet steam at 
1050 done before run 

2/6/08 
Wet 
OxQual Yes 18 2  6 

8 day wet steam at 
1050 done before run 

2/12/08 
Wet 
OxQual Yes 42 5  52  

4/2/08 
Wet 
OxQual Yes 10 3  1 New tube 

4/3/08 
Wet 
OxQual Yes 4 0  0  

4/5/08 
Dry 
OXQual no 0 0  0  

 

When converting a dry doped tube to a wet tube, significant particles were found on the wafer.  HCl steaming reduced but 
did not eliminate the particle problem.  Replacing with a new tube enabled a particle free process. 
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MITIGATING THE FACTORS AFFECTING PERFORMANCE 

Implement a multi step oxidation process 

The object is to maximize the process benefits of fast growth rate from wet oxidation and the film 
quality from dry oxidation. Wet oxides are used because of significantly higher growth rates over 
their dry counterparts. However, the faster growth leads to less dense oxides and more defects. 
When lifetimes, defects, etc. are a problem, the solution is to add oxidation steps as necessary. 

1. Dry oxidation with HCl to establish an initial gettering of silicon surface and near-surface 
impurities.  Dry oxidation will also provide a smooth interface to improve carrier mobilities. 

2. Wet oxidation for the majority of oxide thickness. 

3. Dry oxidation with or without HCl for final passivation, removed dangling bonds and 
defect annealing. 

4. Inert gas anneal to reduce surface charge and reduce Si ions in the SiO2 film 

5. H2 or Forming gas anneal at 450˚C to repair interface bonds 

Additionally, all components within the process including the process delivery lines, the furnace, 
wafer tooling, and wafer boats must be cleaned at higher temperatures. 

Tube and boats should be cleaned with an HCl source at a temperature at least 50˚C higher than 
the maximum process temperature. Also, wet oxidation run should be performed after the tube 
cleaning to determine if the critical impurities come from the wafer surfaces or the quartz 
components. 

Add Chlorides 

Chlorides don’t have the same effect in wet as in dry oxidation. TCE, TCA, and TLC need excess 
O2 to convert to H2O and HCl and eliminate all carbon compounds except CO2.  Water vapor, 
alone, won't do it.  Compared to H20 or OH-, Cl and HCl are slow diffusers in SiO2, so the 
Chloride atoms don't get to the growing interface.  By not getting to the Si/SiO2 interface, the 
chlorine atoms are not available to getter impurities that degrade film performance.     

HCl is not incorporated into wet oxides. Also TCA (TCE, TLC) require additional oxygen.  TCE, 
TCA, and TLC need excess O2 to convert to H2O and HCl and eliminate all carbon compounds 
except CO2.  Water vapor, alone, won't do it.   

Some users keep the HCl on during wet oxidation for tube cleaning.  Even though the Cl is not 
incorporated into the oxide, it will volatilize some residual impurities.  However, the Cl compounds 
and their carrier gases decrease the oxidation rate by decreasing the partial pressure of water 
vapor.   

Minimize impact of switching 

If you switch between dry and wet processes, minimize performance problems  using the 
following options (ranked by performance): 

1. Replace quartz tube with silicon carbide tube.  Silicon carbide tubes will not oxidize, hold 
up better to thermal cycling and form a better metallic barrier.  Silicon carbide tubes are 
the best for wet thermal oxidation. 

© 2009, RASIRC, Inc. All Rights Reserved.   Page 12 of 14 
11760 Sorrento Valley Road, Suite E • San Diego, CA 92121 • 858.259.1220 
info@rasirc.com • www.rasirc.com  



 

2. Remove the existing quartz tube and have it HF cleaned to strip off existing oxide and 
deplete surface metal contamination. 

3. Operate the furnace and all components in contact with the process environment with 
oxygen and HCl at a temperature at least 50˚C above the wet thermal oxidation 
temperature for 8 hours.  Then run steam with HCl for 2 hours.  Then run a dry oxidation 
run to validate the process. 

In conclusion, while diffusion is one of the oldest and simplest processes in the fab, generating 
good film quality requires attention to detail and process recipes tailored to the device 
performance requirements.
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