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Abstract

Our recently developed model for oxygen precipitation is applied to multi-step thermal
anneals including a CMOS-type cycle. The model is in good agreement with experimental
results. Alternatives for a redesign of the CMOS-process are investigated. Precipitates
forming during crystal growth in the temperature range from 1000°C to 700°C as well as
during temperature ramping are shown to influence results significantly. We also present a
generalized kinetic concept for modelling coupled diffusion-precipitation phenomena, which
contains our previous precipitation model as special case.

Controlling the formation of Si0»-type agglomerates of oxygen and silicon (oxygen precipitates)
inside CZ-wafers during thermal anneals is important for obtaining a high yield in manufacturing
VLSI/ULSI devices. Oxygen precipitation inside the bulk is utilized for the removal of harmful
metal impurities from device active regions (”internal gettering”). Designing the gettering
behaviour during complicated annealing cycles requires a detailed knowledge of size and number
of the oxygen precipitates inside the wafer.

The purpose of this work is to calculate number and size of precipitates in the bulk of the
wafer, during multi-step annealing cycles like those in CMOS technology. Most of the currently
used computer models for precipitation phenomena cannot be used for this task. Simple ”clus-
tering models” developed for arsenic precipitation (e.g.[1]) use the unjustified assumption, that
all precipitates have equal size which is constant with time. Models based on Ham’s theory
of diffusion [2],[3] assume a constant number of precipitates which is used as a free parameter.
Monte Carlo models as reported by Hawkins [5] require considerable computational resources
and to our knowledge have not been applied to multi-step thermal processes so far. Models
based on Fokker-Planck equations provide an efficient means for calculating the concentration
of precipitates as a function of precipitate size and time, which yields all necessary data (total
concentration of precipitated oxygen, average concentration and size of oxygen precipitates)
[6]. Nevertheless the Fokker-Planck equations, which are based on a Taylor series expansion
of a corresponding set of rate equations, fail at describing the smallest precipitates containing
only a few atoms [4]. Therefore we have recently developed a computer model [8] for oxygen
precipitation, which allows an adequate description of all precipitate sizes at manageable com-
putation times, by combining rate equations for small precipitate sizes with a Fokker-Planck
equation for all larger ones. The kinetic model equations are a special case of a generalized ki-
netic concept, which allows the systematic derivation of kinetic equations for arbitrary coupled
diffusion-precipitation phenomena. The kinetic concept is outlined in the following section.
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1 Generalized kinetic models for coupled diffusion-precipitation
phenomena

1.1 General set of precipitation equations

As the host medium a crystalline solid is assumed. We define a ”precipitate” as any particle or
compound of particles that differs in its composition from the ideal crystal lattice. This means
e.g. in the case of oxygen in silicon, that even a single vacancy, a single silicon selfinterstitial,
or a single oxygen atom is a precipitate just as well as an extended defect like a dislocation, a
stacking-fault, or an oxygen-silicon agglomerate composed of millions of atoms. In the following
this definition will allow a unified theoretical description of precipitate formation starting from
single particles and leading to extended defects. The fundamental qualities of a precipitate are
its ”type” and the "position” of its center of mass with respect to a coordinate system fixed
in the crystal lattice. The type o of a precipitate is completely determined by the number
of particles n; of the species T; (i=1,2...s) and by the position of the individual particles with
respect to the center of mass.

o = (n,a,) = (n1,n2,n3,..M an) (1)

The integer number a, accounts for all different geometric configurations, which cannot be
transformed into each other by a change of the coordinate system. Its maximum possible value
is called A,. We assume that there is a volume d3z (with the coordinates & = (21,23, 23) of
its center), in which the concentration of those precipitates, which can move in the lattice, is
approximately constant with space. On the other hand d®z shall be large compared to sizes
of the mobile precipitates. The concentration of precipitates of type o inside the volume d3z
can change with time either by precipitate motion (”diffusion”) into or out of d®z or by a
transition of its type from o to p or vice versa (”precipitation”)

o =(nja,) = p = (m;am) = (7 + k; Gntk) (2)

with n and m = n + k being abbreviations for the ”composition” of the precipitates with the
type o or u

n=(n,..0,..n,) m=(my,.m,..m,)=n+k=(n+k,..ni+ki. n+ k) (3)

Any changes k; of the particle numbers n; at the transition (3) must not result in negative
particle numbers (n; + k; > 0). The variation with time (t) of the concentration fo(Z,1t) of the
precipitates with type o in d3z is determined by the continuity equation

3f-(Z, -
! 8(13 t) =-Vio + Z (.fuwu-—m - fawo—m) + Qs (4)

The first term — V7, (3, t) on the right hand side of equation (4) accounts for the increase of f,
due to diffusion into the volume d®z, while the second and the third term yield the number of
precipitates o generated or lost by transitions from or to other precipitate types. The transition
rates from p to ¢ and from o to u are denoted by wu_.o(Z,t) and w,,,(&,t). If ¢ and u are
equal wy—,, = 0 is demanded. For the net number of transitions from o to u we introduce a
?precipitation flux”

Ip—w’(ia t) = fuw,u—m - fawa'—nu (5)
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which will be useful for simplifying the notation in the sections below. The sum 2, in
equation(4) as well as the sum 3~ are short forms of

Ny Ny N3
Z Z..O Z;O z;o Z=1 Z Z{) Zg ZO z_:l (6)

N; (1 < i < s) is the maximum number of particles of the species T; that a precipitate can
contain and A, (A,) denotes the maximum number of geometric configurations possible for
a particle with composition m (n). The additional term Q,(Z,t) in equation (4) guarantees
»conservation of particles” at the ”pure” precipitation process

0= Zn; ; (%) = Eni ’ (Z (fuw#—w = foWoy) + ch) (7)
g prec 4 #

for each species T; and (¢ = 1,... s). The conservation of particles holds only in case T; is

an impurity atom. If T; is an interstitial matrix atom, or a vacancy the Frenkel pair genera-

tion/recombination mechanism has to be considered in @, too. In physical terms @, accounts

for a change in f, if precipitates of the (mobile) type o are consumed or generated during a

transition of another precipitate from & to i.

Equations (4) and (7) describe the general case of coupled diffusion-precipitation phenomena.
They serve as master equations for systematically deriving simplified kinetic equations. The
simplification is always achieved by specifying the number s of the precipitating species, the
permitted changes k; of the particle number n; at any transition of precipitate type and the
types o of those precipitates, which are mobile (diffuse) in the host crystal. We have derived
a number of special cases in this way including e.g. a model with two precipitating species,
that may be applied to the formation of precipitates of oxygen and carbon with changing
stochiometric composition. For brevity we can only demonstrate the method for the case of one
precipitating species in this paper.

1.2 One precipitating species, change of particle number +1

There shall be only one precipitating species (s = 1), and we assume that there is only one
geometric configuration for any precipitate composition n (4,, = 1), which means that the
numbers "an,am” in equations (1)~ (7) can be omitted. The notation is simplified by setting
n = ny and N = Ny. It is assumed, that the particle number n = n; can only change by k; = +1
at any single transition, and that only single particles diffuse. Therefore the > precipitate types
o and p reduce to 0 = (ny) = (n), g = (m1) = (n £ 1). Additionally, y(n) = { and Q(ny = 0 for
n # 1 follows. This is due to the restriction, that only precipitates consisting of one particle can
diffuse. Therefore the precipitates ”(1)” are the only ones that can be generated or consumed
at a transition of other precipitate types.

By introducing the above conditions into equations (4) and (7) and by using the definition
of the precipitation flux (5) we obtain

af(l)(ia t)

s = ~Vin~ -+ (n=1) (8)
af(n)(svt)
50 = dn-1)=(m) ~ Limyo(nr) (n=2,3,..N) (9)

Q)= =D Ttn1)ntn)  Lin-1)=(n) = Fin-1)W(n_t)m(n) = Fim)Win)mno1)  (10)
n=2
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In deriving equation (8) it has to be considered, that no particles are generated or annihilated
(W(o)_‘(l) = Ww(1)—(0) = 0). Additionally, we consider I(x)_,(n+1) = 0 for n = N in equation
(10), since the maximum N of the number n of particles of the species T; cannot be exceeded
(W(N)—»(NH) = W) (V) = 0). This model has been proposed earlier [7] and will be the basis
for describing the precipitation kinetics of oxygen in silicon later. Another potential application
may be modelling the formation of precipitates of other dopants like Sb,... or metals.

1.3 Kinetic rate equations in combination with a Fokker-Planck equation

Usually both small precipitates consisting of a few atoms and very large precipitates with
millions of atoms can form during thermal anneals. Even in the simple case of section 1.2 this
leads to millions of coupled kinetic rate equations like equations (9), which cannot be solved
at manageable computation times. Therefore the sets of kinetic rate equations (equations (4))
are usually expanded (”Kramers-Moyal expansion” [10]) into a Taylor series with respect to the
changes k; in the particle numbers n; , which are assumed quasi-continous. Termination of the
series after second order terms yields a single ”Fokker-Planck” equation approximating the whole
set of rate equations. In case of the equations (9) in section 1.2 the Kramers-Moyal expansion
and some straightforward manipulations lead to the following Fokker-Planck equation:

0f(n; 2,t) _BI(n;E,t)
ot B on
I(n;2,t) = —B-%{- + A-f (11)

with the coefficients A,B depending on the transition rates W(n)—=(n-1)) W(in)—(n+1)

. 0B

A(n; Z,t) = ~ o + Win)o(n+1) ~ W(in)=(n-1) (12)
. 1

B(n; £,t) = 3 (W(n)_,(n_;_l) + w(n)-o(n—l)) (13)

Similar to equation (9) f(n;Z,t) denotes the concentration of precipitates of type ”(n)” (...con-
taining n particles of the species 77). Nevertheless we write f(n;&,t) instead of fin)(Z,1)
indicating that the domain for n has been extended to non-negative real values. The disad-
vantage of the Fokker-Planck equation is that it provides a bad approximation for the smallest
precipitate sizes containing only a few atoms. Recently [7], [8] we have therefore suggested a
combined system of rate equations for small precipitate sizes and a Fokker-Planck equation for
all larger ones linked by appropriate boundary conditions. In case of one precipitating species
and a permitted change of the particle number of £1 such a combined system consists of equa-
tions (8)-(9) for n = 1 up to a user specified index n = ng and the Fokker-Planck equation
(11) for ng + 1 < n < N. The rate equation (9) for n = ng and the Fokker-Planck equation are
linked by a boundary condition for the precipitation flux

I(no +1; i’ t) = f(ﬂo)w(ﬂo)—»(ng-i-l) - f(’no +1; E$ t)w(ﬂo-i-l)—*(ﬂo) = I(ﬂo)—’(ﬂo-i-l) (14)

Finally, it has to be considered, that in the term @Q(;) in equation (10) for n > ng + 1 the
following substitutions have to be made

n=N n=N

neMNomn€RS  fuED - fmEy > - (15)

n=ng+1 n=ng-+1
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with Ao being the set of non-negative integers and Ry denoting the set of non-negative real
pumbers. (8)-(10) and (11)~(15) are the set of combined kinetic equations obtained earlier(7].

In order to apply the sets gf kinetic equations derived from (4) and (7) to real physical
systems, the d_i—ffusion fluxe(s) jo and transition rates w,_.,,w, ., have to be modelled. An
expression for j, can be obtained by considering the jumps of mobile precipitates from one
lattice site to another. Since it is known from literature [10] that transitions of precipitate sizes
and jumps in a crystal lattice are a mathematically identical problem, it is clear that jumps in
the crystal lattice are described by a term identical to the second term in equation (4). This
time 0 = (y1,92,¥3) and p = (21, 23, 23) denote positions in the crystal lattice. The transition
rates w are interpreted as jump rates to neighbouring positions. Performing a Kramers Moyal
expansion leads to a Fokker-Planck equation now called diffusion equation, the coefficients of
which depend on the jump rates. They are mathematically identical to the equations derived
for precipitation. In this way modelling diffusion or precipitation is referred to modelling jump
rates or transition rates. In the simple case of equal and constant jump rates, this leads to
Fick’s law of diffusion for j,. More refined models for jump rates have recently been used [9]
to derive equations for diffusion under influence of mechanical stress.

2 Transition rates for oxygen precipitation in silicon

Oxygen precipitation in silicon is described by the combined set of kinetic equations (8)-(10) and
(11)_(15). All coefficients in the equations are determined by the transition rates W(n)—(n+1)

(growth) and W(n)_(n-1) (dissolution) of an oxygen precipitate containing n oxygen atoms,
which are modelled by [8]

_ if i
Wno(nt) = B GG Wms(nor) = k- Cly (16)

Expressions for the concentration C’g of oxygen atoms at the interface between precipitate
and matrix and for its equilibrium value Cgo can be derived as shown earlier [8]. For h the
expression (8]
-AG 4
h=d4rr§ -vex Bl G et .29 =T .3

p oT , n T T (17)
based on the assumption of spherical precipitates with radius r is used. r is related to the
number of O-atoms as shown in the right equation in (17). vo = vi‘zgl is the volume per oxygen
atom in the precipitate with stochiometric composition SiO,. The thickness § of the interface
between precipitate and matrix in equation (17) is roughly equal to the distance between two Si

atoms in the lattice (0.235 nm). » denotes the frequency of attempts » = Do /6% (Do denotes
the diffusion coefficient of oxygen) of the O-atoms to surmount the energy barrier

AGn—on-{-l = AG(” + 1a t) - AG(nat) + AGactivation (18)

for incorporation into the precipitate. This requires an activation energy of AGactivation =

0.25eV[11]. The Gibbs energy AG(n,t) of a precipitate containing n O-atoms, is modelled as
the sum of volume energy AGo and the interfacial energy AG*f

. L
AGo = —n  kTln (C—‘;> . AGY =drr? .. (1 + (£>°> (19)
CO

n
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The average concentration of oxygen atoms Co residing in interstitials sites in the silicon bulk
is equal to the solution f;y of equation (8) and Cg is its value in case of thermodynamical
equilibrium. The interfacial energy AG*/ contains a constant parameter a = 0.31J/m? [12]
In difference to earlier work [8] a correction factor for the interfacial energy of small precipi-
tates containing a free parameter { [13] is introduced. Point defects and precipitate stress are
not considered, which is also contrary to earlier [8] work. This shall reduce the number of
free parameters and allow the fitting of a large number of experimental data at manageable
computations times.

3 Simulation Results

Only calculations for oxygen precipitation in the bulk of a silicon wafer are performed. Using
ZOMBIE(14] we solve the combined kinetic equations (8)-(10) and (11)~(14) numerically, which
yields the size distribution function f(n,t) = f(n;t) as a function of the number of O-atoms in
the precipitate and the annealing time. The dependence on the location & and the diffusion term
—V;(l) are neglected, since the oxygen concentration in the bulk is approximately homogenous.
Loss of bulk oxygen due to outdiffusion is a minor effect in all processes studied. Therefore it
is only accounted for by error functions [7]. Experimentally observable quantities like the loss
of interstitial oxygen Cg joss due to the formation of precipitates containing 2 or more O-atoms,
the total concentration Cop and the average precipitate radius 7 of those oxygen precipitates
(OP) containing more than n,., particles, are evaluated according to

N N EN r. ]c
= NTNres (n)
Cojoss = D1+ finy, Cop = Y, fin) T="—F
n=2 ) N=nrecs Zn:n,c, f(n)

(20)

and by considering equation (15). The number n,., is chosen as 0.5-108, which roughly cor-
responds to the resolution limit for precipitate sizes in the experimental determination of the
concentration of precipitates by etch pit counting. As far as possible we have tried to take into
account all thermal influences a sample has been exposed to. This includes temperature ramps
before and after annealing as well as an estimate for the cooling time t;oo1n, from 1400°C to
450°C during crystal growth. Simulation parameters have been determined using the optimiza-
tion driver "PROFILE”[15] to match experimental [16] and calculated data of two-step anneals
shown in Figs.1,2. The values obtained are ¢ = 0.22, the coefficients Cg% = 2.2 - 10**¢m™3 and
Eo = 1.05¢V in the bulk equilibrium concentration of interstitial oxygen

e e -FEo
Cq:CO%'EXP( T) (21)

and an estimate of teo1ny, = 3h for the cooling time during crystal growth. (Only ¢ = 0.22
was universal in all simulations we performed). Comparing our model to the experimental
results shown in Fig.3 and a number of other results not shown here the values of C’g{] =
2.0 -10%'em~3 and Eo = 1.03eV as observed experimentally by Craven [19] were found more
accurate. Additionally a value of tcootin, = 10h was used instead of teooling = 3h. The difference
in parameter values is not surprising, since different samples may have different levels of point
defect supersaturation and different levels of contamination with other impurities than oxygen
(e.g. carbon), which cannot be considered in the model used here. Additionally the value of
teooling May be blurred by additional thermal pretreatments in the experiment which we did not
know of.
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In the following the model with parameters as in Fig.3 is used for estimating oxygen pre-
cipitation in a CMOS-type annealing cycle ("p3” in Tables 1ab). The simulation results for
precipitated oxygen, the density and the average radius of the precipitates for the full cycle
"p3” as well as its first ("p1”) and second stage (”"p2”) are shown in Figs.4,5 and 6. The lines
labeled with "p4” and "p5” will be discussed later. In Fig.4 experimental results for the loss
of interstitial oxygen after "p1”,”p2” and the final CMOS-cycle "p3” are shown too. It can be
seen that the experimental results are predicted quite well in most cases.

As mentioned before the formation of oxygen precipitates during cooling in CZ-crystal
growth is accounted for by assuming an exponential decrease of temperature from 1400°C to
450°C in about 10h (”col”). The subprocess 1 (*spl”) is intended for dissolving preexisting
precipitates, especially those formed during crystal growth. Nevertheless it can be seen that the
1200°C steps contained in pl (full lines in Figs.4,5,6) already lead to a significant amount of
oxygen precipitation. For initial oxygen concentrations above 8.0 - 10'8¢m~3 almost all precipi-
tates have already formed during the first stage "p1” of "p3”(Fig.5), while for the lower oxygen
concentrations the majority of the precipitates have formed after the second stage ”p2” due
to the ”"sp3” (Table lab). The final steps ("sp4”) leading from ”p2” to "p3” in Figs.4,5,6 do
not lead to any additional significant formation or growth of precipitates and can therefore be
omitted. Nevertheless the calculated size distribution functions for ”p2” and ”p3” (Fig.7) used
to evaluate the results in Figs.4,5,6 differ by an additional precipitation peak (C) as shown in
Fig.7. The steps in Fig.7 show the calculation results for the 5 rate equations used in combina-
tion with a Fokker-Planck equation (continuous lines). The size distribution function for "pl1”
shows one precipitation peak (A) being characteristic for the (1200°C) steps, while "p2” shows
an additional one for the 1000°C anneal in "sp3” and "p3” a third one (C) for the 950°C step
in "sp4”.

The cooling rate in crystal growth is an important parameter for the amount of precipita-
tion observed. This is demonstrated by reducing the cooling rate (”co2” instead of "col” (Table
1lab)) leading from "p3” to "p4” in Figs.4,5,6. Enhanced precipitate formation and growth in
the CMOS-type cycle is observed (compare "p4” to "p3” in Figs.4,5,6). From the calculated
size-distribution functions plotted in Fig.8, it can be seen that precipitates formed during cool-
ing in crystal growth are generated predominantly in the temperature range from 1000°C to
700°C. The high temperature cycle "spl” was intended to dissolve these precipitates and make
the results after the CMOS-cycle less sensitive to thermal conditions in crystal growth. The
effectiveness of "spl” can be improved using a steeper temperature ramp and inserting the
wafers into the furnace at 1000°C instead of 850°C (”sp5” in Table lab). This allows less of
the preexisting precipitates ("col” in Fig.9) to grow on during the ramp up to 1200°C (dashed
and dotted line in Fig.9) and leads to retardation of precipitation after the CMOS-type cycle
(?p5” compared to "p3” in Figs.4,5,6).

4 Summary and conclusion

A general concept for systematically deriving coupled kinetic diffusion-precipitation equations
has been proposed. Our recently developed computer model for oxygen precipitation is found
to be in good agreement with a number of experimental results including CMOS-type anneals.
It has been applied for investigating oxygen precipitation in order to help optimizing a CMOS-
type annealing cycle. Temperature ramps and cooling in crystal growth are found to have a
significant influence on the number and size of the precipitates after the CMOS-type cycle.
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Figure 8: Calculated size-distribution func-
tions shown at 4 succeeding temperatures dur-
ing cooling in crystal growth.



= 10" T T
e Initial oxygen: 8.0+10Ycm™
. 108 H -
— col (crystal growth)
-~ o2 _f """"""" col+spl (after remp up)
G —-— col+spl (final)
Z 400 | col+sp5 (ofter remp up)
=
<
= 10° [ 7
=z
]
S H N S -
(‘%_; 10% H|il ke o
100 W EHANA
10° 103 10 10°

NUMBER OF O-ATOMS n

Figure 9: Calculated size-distribution func-
tion after cooling in crystal growth (full line),
after ramp up (dotted line) and ramp down in
subprocess spl (Tablelb), and for comparison
after ramp up in subprocess spb.

CMOS-type cycles

—

process= sum of elements
pl= col+4spl+sp2
p2= col+spl4sp2+sp3
p3= col+4spl4sp2+sp3+spd
pd= co2+spl+sp2+sp3+spd
ps= col+sp5+sp2+sp3+spd

Table 1a

123

L Elements of the CMOS-type cycles ]
step temperature time
col {cooling 1) 1400°C —450°C 10h
co02 (cooling 2) 1400°C —450°C 20 h
spl (subprocess 1) 850°C —1200°C | 70 min
(precipitate + 1200°C | 120 min
dissolution) + 1200°C — 850°C | 70 min
sp2 (subprocess 2) 850°C — 950°C | 20 min
(Oxidation) + 950°C | 60 min

+ 950°C —1100°C | 30 min
+ 1100°C —1200°C | 50 min
{Well drive in) + 1200°C | 300 min
+ 1200°C — 850°C | 175 min

sp3 (subprocess 3)
(Nitridation) 800°C | 200 min
+ 800°C —1000°C | 40 min
{Oxidation) -+ 1000°C | 780 min
+ 1000°C — 850°C | 75 min

sp4 (subprocess 4)
800°C | 60 min
+ 800°C — 950°C | 30 min
+ 950°C | 300 min
+ 950°C' — 850°C | 50 min
sp5 (subprocess 5) 1000°C —1200°C | 20 min
(precipitate + 1200°C | 120 min
dissolution) + 1200°C — 850°C | 70 min

Table 1b



