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& Thermal Oxidation of Silicon
2 U1.C) B
* Achieved by heating the silicon wafer to a high temperature
(~900°C to 1200°C) in an atmosphere containing pure oxygen
or water vapor

* Enabling reactions:

For dry oxygen: For water vapor:

Si + Oz - SiOZ Si + ZHzo - SiOZ + ZHZ

Schematically:

.’ High T (~900°C - 1200°C)
{ =

In df'y Oz 44%
or
Water vapor

& Oxidation Modeling
ll .rkﬁlﬁ=
(1) Initially: (no oxide @ surface)

gas stream

Y Growth rate determined by

Si reaction rate @ the surface

(2) As oxide builds up:

gas stream

__ Reactant must diffuse to Si
surface where the oxidation
Si reaction takes place

% Growth rate governed more
by rate of diffusion to the
silicon-oxide interface

oxide g <« |
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i Oxidation Modeling (cont.)
" UG Betkeley
N< reactant concentration

sio Si N, = reactant conc. at oxide surface [in cm-2]
2
No ¢ N; = reactant conc. at Si-SiO, interface
ON(x,t Fick's 1st
J N J = reactant flux = —D% [l:aw of
p N Diffusion]
Xox Diffusion coeff.
< > ) [in um/hr or m/s]
distance
) ) from

surface  Si-SiO, interface surface

N, —N.
In the Si0,: | J= DM = constant 1)
\ Xox \Assumpfion that the
reactant does not

[in # particles/(cm?s)] accumulate in the oxide.

k Oxidation Modeling (cont.)

? ﬁ@ﬁ@u&ﬁjﬁ\y=
At the Si-SiO, interface:
Oxidation rate c N; .. J oc N, => |J =k N, (2

ﬂs
CReachon rate constant
Combining (1) and (2): @ Si-Si0, interface

NO—7
[NF;}:#D&

(¢

s

JX,, =DN, —% - J[XOX +k2J DN,

s s

J =l0D = Flux of reactants

Xoy +—
ox k
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L Oxidation Modeling (cont.)
= ll erkeley dudEe
Find an expression for X' . (¢): oxidizing flux

s
Rate of change of oxide }: dX oy _J __DN, /M 3)
layer thickness w/time dt M X, +D/k,

# of molecules of oxidizing | =22x10cni” for O,
unit volume of oxide

species incorporated into a
=4.4x107cni” for H,0

Solve (3) for X, (#): [Initial condition X, (+=0)=X,]

dXpx _ DNo/M Yo ¢ DN
X dx 0
dt X, +Dlk I (Yor + ¥ -

0

e Oxide Thickness Versus Time
UG Berkeley
Result:

additional time required time required to grow X,
(&90 from X, > X, [X; = initial oxide thickness]

4B N )}%_1

Xorl) =2 1+25 s

2D X x

h _ il Tl S

where 4 ) T 3 (B/A)
2DN,, )
= D=D, exp| ——=
B== ¢ p( ij

i.e., D governed by an Arrhenius
relationship — temperature dependent
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& Oxidation Modeling (cont.)

- ]

For shorter times:

oxide growth

A (B limited by reaction
(H_T)<<E :Xox(f)— 4 (H'T):> at the Si-SiO,
interface

Taylor expansion (first \_ linear growth rate constant
term after 1's cancel)

For long oxidation times: oxide growth diffusion-limited

[(m)»gjxm SCa

I>>1 Parabolic
rate constant

& B Oxidation Rate Constants

Table 6-2 Rute consmn1s descnbmg m 1) silicon oxidation kinetics ot 1 Atm total
pressure. For the corresponding values for (100) silicon, all G, values
should be dwsded by 1.68.
Ambient B B/A
- Dry0O; S G =772 X 10 pm?hr~! G = 6.23 X 105 pm hr!
e Ei=123eV - Er=20eV
CWetO; . G=214x10pm*hr!t Gy = 895 X 107 pm hr-!
o Ei=071eV . E=205eV
HO Ci=386X%10° pmPhe! G = 1.63 x 108 pm hr!
' . E1=078eV. - Ep=205eV

* Above theory is great .. but usually, the equations are not
used in practice, since measured data is available
% Rather, oxidation growth charts are used
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& Oxidation Growth Charts
" UG Betkeley
'05 T T T TTTTT T T T TTTTT] T TTTTT] 10E T T T TTTT] T T TTTT]
E 1003-Si E {iy-Si
i ]
0.01 b nidul ||||||1||0 ] 001 Lol Lol L1l U
Fe. 3.1 Fig.32
& Using the Oxidation Growth Charts
" UGBerkeley
Example: Growth Chart for <100> Silicon
* <100> Silicon e S R RN T T T T T TTTTT]
* Starting oxide =
thickness: X;=100nm - Goorsi
* Want to do wet
oxidation @ 1000°C to E
achieve X_,=230nm iF
* What is the time t P =
required for this? }_ y
X+ 1001 |
B
A T
0.02?’ \.él onl l|le vl ‘l ‘l |(|:lllo | 11 llllll00
-~ - . .Oxlda[mn time l:r l} qun‘}
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o Factors Affecting Oxidation
e %
* In summary, oxide thickness is dependent upon:

1. Time of oxidation

2. Temperature of oxidation
3. Partial pressure of oxidizing species (< N,)

* Also dependent on:
4. Reactant type:
Dry O,
Water vapor = faster oxidation, since water has a
higher solubility (i.e., D) in SiO, than O,
5. Crystal orientation:
<111> « faster, because there are more bonds
available at the Si-surface
<100> « fewer interface traps; smaller # of
unsatisfied Si-bonds at the Si-SiO, interface

% Factors Affecting Oxidation

TP Rl bRall i il Rttt
6. Impurity doping:
P: increases linear rate const.
no affect on parabolic rate constant
faster initial growth — surface reaction rate limited
B: no effect on linear rate const.
increases parabolic rate const.
faster growth over an initial oxide — diffusion faster
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w Dopant Redistribution During Oxidation
U B,
* This must be considered and designed for when generating

any process flow, especially for transistor circuits, e.g.,
CMOs

* During oxidation, the impurity concentration at the Si-SiO,.
interface can increase (pile-up) or deplete, depending upon
the dopant type

* Whether a particular impurity depletes or piles up @ the
interface depends on:

1. Diffusion coefficient, D (of the impurity in SiO,)

2. Segregation coefficient, m:

impurity equil. conc. in Si

impurity equil. conc. in SiO,

I
b e}

* Segregation coefficient (m) and diffusion constant (D)
combine to determine dopant behavior during oxidation:

Dopant Behavior During Oxidation

Lo Dopant Behavior During
21 B, Oxidation

B <0.3 (small) | Small | depl- /S surface, pile up

Impurity m

L depl. f/Si surface, depl.
B (oxidation w/I-Lz) <0.3 (small) Large from oxide

- pile up in Si, very little
P, Sn, As ) 10 (large) Small diff. info SiO,

Ga / 20 (large) Large | depl. f/Si, depl. from oxide

(g. , wet oxidation

So large that it depletes
where H, is present the dopant @ the Si
as a by-product.

surface despite
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Dopant Redistribution During Oxidation

1T T T 1

Silicon

| 1 Il 1

| 1 1 1

0

X(um)

1.0

it
L
ol avliol
I UGBerkeley
Oxide takes up impurity (m < 1)
T T T T
1.0
c L |/ _. <
G G
B L Silicon - 8
1 1 1 1
0 1.0
x(um)

B (oxidation w/ H,)

Oxide rejects impurity (m > 1)

1.0

Silicon

T T T T
ok | T— |
< ] <
[ . Ca
e | Silicon .
1 1 1
0 1.0
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P, Sn, As

T 1T T T T

1 | | |
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