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Abstract

In this paper a new numerical model for the three-
dimensionakimulationof thermaloxidationof silicon is
presented. The modeltakes into accountthat the diffu-
sionof oxidants thechemicalreaction,andthevolumein-
creaseoccur simultaneouslyn a so-calledreactivelayer.
This reactivelayer hasa spatial nite width, in contrast
to the sharpinterfacebetweersilicon andsilicon dioxide
in the corvential formulation. The oxidation processis
numericallydescribedvith a coupledsystenof equations
for reaction diffusion,anddisplacementin orderto solve
the numericalformulationof the oxidationprocesghe -
nite elemenscemeis applied.

1. Intr oduction

If asurfaceof asiliconbodyhascontactwith anoxidizing
atmospherethe chemicalreactionof the oxidant(oxygen
or steam)with silicon forms silicon dioxide. The parts
of silicon which shouldnot be oxidizedaremasled by a
layerof silicon nitride.

If a silicon dioxide domainis alreadyexisting, the oxi-
dantsdiffuse throughthe oxide domainandreactat the
interfaceof oxideandsiliconto form new oxidesothatthe
oxide domainis penetratedThis reactionconsumesili-
con andthe newly formedsilicon dioxide hasmorethan
twice the volumeof the original silicon.
Thermaloxidationis a complex processwherethe three
subprocessesxidant diffusion, chemical reaction, and
volume increaseoccur simultaneously The volume in-
creasds the main sourceof mechanicaktressandstrain,
andthesecausedisplacementl].

Fromthe mathematicapoint of view the problemcanbe
describedy a coupledsystenof partialdifferentialequa-
tions, onefor the diffusion of the oxidantthroughthe ox-
ide, the secondfor the conversionof silicon into silicon
dioxide at the interface, and a third for the mechanical
problemof the Si—SiO, — SizNi4 —body.

Novel in our modelis that all subprocesseare coupled
simultaneoushandthe oxidationprocessds simulatedin
threedimensionsEarlieroxidationmodelsdecouplehem
into a sequencef quasi-stationargteps.

We will restrictthefollowing explanationto themostsim-
ple physicalmodelof linear oxidantdiffusionandlinear
elasticdisplacementf the Si—SiO, —SizNi4 —body.
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2. Model
Analogouslyto [2] we usea normalizedsilicon concen-
tration
Csi(x;t
(et = 20 ®
0Si

whereCs; (%;t) is the silicon concentratiorat time t and
pointx (x; y; z) andCys; istheconcentratiorn puresili-
con.So islin puresiliconandOin puresilicondioxide.
The oxidantdiffusionis describedy

D C(¢;t) = k( )C(%;1): (2)

HereD isthediffusioncoefcient andk( ) isthestrength
of a spatialsink and not just a reactioncoefcient at a
sharpinterfacelik e in the standardnodel[3].k( )C(x; t)

de neshow mary particlesof oxygenperunit volumere-
actin aunit time interval to silicon dioxide.

Thechangeof is describedy
*; 1
28D - Zk(Ocen ©)
where is the volume expansionfactor (= 2.25) for the

reactionfrom Si to SiO, andN; is the numberof oxidant
moleculesncorporatednto oneunit volumeof SiO,.
Wede nein (4) thatk( ) is linearly proportionalto

k= (%t)Kkmnax: 4)

The chemicalreactionof siliconandoxygencausesvol-
umeincrease.The normalizedadditionalvolume,where
we assumehattheoxidantconcentratiorC is constantjs

add —
Vr el —

t K( )C(x;t)=N1: (5)
We assumehat the Si—SiO, —body deformselastically
In thetheoryof linear elasticitywith smalldisplacements
T(x;y;2) = fu(x;y; z) v(x;y; z) w(x; y; z)g andstrains
"i (i;j standdor x, y or z), thestraintensor*is

(6)

where™is thedisplacementectorandL p is adifferential
operatorsothate.g."xx = & and"y, = %(% + @),
Assumingalinearmaterial the stresgensor~ Is givenby

~=D* )
whereD is a (6x6) materialmatrix of elasticcoefcients

which are linear functions of Young's Modulus E and
Poissonératio of thematerials.

0-7803-7999-3/0817.00 c 2003IEEE.



The most important part is that the volume expansion
causedlisplacement.The normalizedadditionalvolume
from (5) canbewritten as

Vradd ="y

el — +

(8)

For anisotropicmaterialthe straincomponentareequal

sothat
1

[ LE—
7= =

5 ©

With (6) and(9) the relationshipbetweerthe volumeex-
pansionandthedisplacemenis fully determined.
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3. Discretization

3.1. WeakFormulation
Before we start with the discretizationwe considerthe
weakformulationon (2) and(3). After usingthe Galerkin
methodwith lineartestfunctionsNy (%) on the diffusion
equation(2) andapplyingGreenstheoremwe obtain

Z Z

CNxdv= D

\Y

r Cr NgdV

kmax

(10)
\%
Theapplicationof the Galerkinmethodwith thesamdin-
eartestfunctionsN (¢) to thedistribution functionfrom
(3) leadsto
@ z
@ Nk dV = kmax

\%

3.2. Oxidant Diffusion

In orderto solve (2) and(3) on a three-dimensionatio-
mainwith thevolumeVypal , we split thedomainup into
tetrahedraklementswith thevolumeV andperforma -
nite elementdiscretization.The spatialdiscretizationfor
C(x) and (%) onasingletetrahedraklemenis

CNgdv:  (11)

\%

4

Cxt=ty) = "IN;(e) (12)
i=1
A
(kit=to) = {"Ni(%) (13)
i=1
Whereci(t”) is the oxidantconcentratiorand i(t”) is the

normalizedsilicon concentrationat nodei and discrete
timet,. N; (%) is thelinearform functionon nodei.

If wereplaceC(x;t) and (x;t) in (10)with (12) and(13)
we obtain

Z
D " Nir Ny dV =
v i=1
Z x4 (14)
Kmax ) ) NG Ny dv
v i=1
With thefollowing substitution
z
Mii = Nk (%) Ni(¥)dV (15)
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z

Kki = r Nk(x)r Ni(X)dV (16)
\%
(14)is simplied to
x4
D Kki Ci(tn) + kmax Mki Ci(tn) i(tn) =0 (17)

i=1
which is a non-linearequationsystem(k is the equation
index) with theconstant®, K y;, kmax andM; andwith
theunknawvn variablesci(t”) and i(t”) for oneelement.
3.3. Changeof

The spatialdiscretizatiorfor C(x) and (x) on (3) is the
samelike in the last subsectiorandis alreadydescribed
by (12) and(13). Thetime discretizatiorof % is per
formedwith the simpleBackward-Eulemmethodas

@(6t=1t) _  (x:tn)
@
wheret, andt, ; aretwo successie discretetimes.
If wereplaceC(¢;t), (;t) and% in (11) with the
discreteexpressiong12), (13) and(18), we obtain

(%th 1)
t

(18)

14 X

i(tn) i(tn 1) N; N dv =

i=1
Z

\%
o (19)

Kmax ) ) Ny N dv

v i=1

With thesubstitution(16) thelastequationis simpli ed to

anon-linearequationsystem(k is theequationndex)

x4

_(tn 1) (tn)
I

(tn)
G i

I(max =0

1
ot

(20)
with the unknowvn variablesci(t”) and i(t”) andwith the
constantdM i, Kmax and% for one nite element.The

valuesfor i(t” v arealreadydeterminedat the previous

time step.

3.4. Mechanics

The nite elementdiscretizationfor a mechnicalsystem
hasbeenalreadyoftendescribedge.g. by [4]. Becauseof

thisfactwe will restrictthis subsectioronly to somesteps
which areimportantfor the oxidationsimulation.

After discretizatiorof the continuum therelationshipbe-
tweenstrainanddisplacemen(6) canbewritten as

**=Bd = [Bi;Bj;Bn;Bp]d° (21)

in which*¢ is thestraintensor @® is thedisplacementec-
tor (12x1)andB; is the (3x3) submatrixfor the nodei.
Theentireinnervirtual work ona nite elements

Z

Winner = f*8g"  ©dV (22)



in whichthetransposedtraintensoris
fregl = ge' BT (23)

andthestresgensor(7) canbewritten as

e=D*"*=DBGde: (24)
Thatleadsto thefollowing equationfor Winner
Z
Wimer = & BTDB d@edV: (25)
\%

The outervirtual work on a nite elementcausecdy the
nodeforcesis

T
Wouter = @° e (26)

On an elementthe innerwork mustbe equalto the outer
work, thatleadsto
Z
T T _ T
dge B' DB dedv = ae fe (27)

\Y

With thesubstitution
Z
Ké= BTDBdV (28)
\%

whereK € is the so-calledstiffnesmatrix, we obtainallin-
earequationsystemfor themechanicaproblem

Kede = fe: (29)

The mostimportantpartis, how the volumeincreasg5),
causedy the chemicalreactionof siliconto silicon diox-
ide, loadsthe displacemenproblem.
Dueto (9) we obtainthecomponent$, "¢ and"y for the
straintensor~ andwith

&=

B/ D*V (30)

the relationshipbetweenthe volume expansionand the
nodeforcesis given,andwith (29) and(30) the displace-
mentson the nodess fully determined.

By coupling (17), (20), and(29) a local equationsystem
for one nite elementis given, which is a completenu-
mericalformulationof the oxidationprocessat ary time.

4. Simulation Procedure

In the rst stepof the simulationprocedurewe perform
a nite elementdiscretization. With this aim in view
we split upthe Si—SiO, —bodyinto tetrahedraklements.
The size of the tetrahedronsnd, asa resultof that, the
numberof nite elementcanbein uencedby the mesh-
ing module.
In the next stepwe setthe initial valuesfor the oxidant
concentratiorC andthe normalizedsilicon concentration
on the grid nodes. For example mustbel in a pure
silicon domain.
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As shavnin Fig. 1, weiterateoverall nite elementsand
build thelocal equationsystemfor oneelementfor every
actualdiscretetime. Thelocal systemdescribeghe oxi-

dationprocesswumericallyfor oneelement.

In orderto describethe global oxidationprocessve need
a global coupledequationsystem. The componentsof

the global equationsystemare assembledrom the local
equationsystemby usingthe superpostitiorprinciple. In

our case’'global” hasa spatialmeaningandstanddor the
wholediscretizeddomain.

Startsimulation

‘ Createatetrahedragrid ‘

|

‘ Initialize the grid valuesfor C and ‘

|

| setactualsimulationtime=0 |
I
¥

‘ time = time + timestep ‘
|

v
Make thelocal equationsystemfor
one®nite element

|

Assemblehe componentform the
localto theglobalequationsystem

|

‘ Solvetheglobalequationsystem ‘

!

Updatethevaluesfor C, and
displacementnthegrid nodes

Yes

Endsimulation

Figure 1. Simulationprocedure

After theiterationoverall elementss nished, theglobal
assembleakquationsystemis also completed. Now the
global non-linearequationsystemcan be solved andwe
obtainthe resultsfor the C, and displacemenvalues
for theglobaldiscretizedxdidationprocesdor theactual
time step.

With theseresultswe updatethe valuesfor C, anddis-
placementon the grid nodesand so thesevaluesare al-
wayskeptpacewith the actualsimulationtime.
Whenthe above describedprocedures nished, we in-
creasdheactualsimulationtime andstartwith theassem-
bling loop again. The sameassemblingand solving pro-
cedureis repeatedor eachtime stepuntil the desiredend
of thesimulation.



5. A Demonstrative Example

As examplea Si—Si3Ni4 —bodyasshawn in Fig. 2 is ox-
idized. In this exampleonly the uppersurfaceof the Si—

SizNi4 —bodyhascontactwith the oxidizing atmosphere.

The upperlayeris a silicon nitride maskthat preventthe
oxidantdiffusiononthesubjacensilicon layer.
For the simulationthefollowing parametersverechosen:

C =3 107[2%], D=0:08[-], kmax = 40[%].

m3

As shown in Figs.2—4 the bottom surfaceis x ed, the
lateralsurfacescanonly move vertically andon theupper
surfaceafreemechanicaboundaryconditionis applied.
In the Figs.2—4 theangelof view is alwaysthe sameand
theproportionf thebodygeometryarealsoright, sothat
the displacemeneffects causedby the volume increase
canbeobsenedcorrectly

The color in the silicon layer shows the value of the nor-
malized silicon concentration. This meansthat blue is
puresilicon dioxide andredis puresilicon andthe other
colorsarethereactionlayer.

Figure2. Initial Si{ SizNi4{ body befare oxidation.
6. Conclusion

A three-dimensionabxidation modelwhich is basedon
the nite elementtechniquehasbeenproposed.In this
modelit is assumedhatthe interfacebeweensilicon and
oxideis areactionayerwith nite widthinsteacfasharp
interface.In thislayerthereis a mixture of thethreecom-
ponentssilicon, oxidants,andoxide.

The numericalformulationof the completephysicaloxi-

dationprocessgconsistingof a coupleddifferentialequa-
tion system takesinto accounthatthe oxidantdiffusion,
the chemicalreaction,andthe volumeincreaseoccursi-

multaneously Sothis modelenables realisticandaccu-
ratesimulationof thewhole oxidationprocess.

As demonstratedn a numericalexample,this modelis a
powerful tool to simulatethe whole oxidationproceson
three-dimensionaemiconductostructures.
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Figure 3. Defamation and silicon dioxide distribution
(blue region) at sometime t;.

Figure 4. Defarmation and silicon dioxide distribution
(blue region) at time 2 t;.
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