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Abstract. The study of gold and platinum diffusion is found to allow the separate observation of 
the intrinsic point defects, i.e., of silicon self-interstitials and of vacancies. The diffusion of gold in 
float zone (FZ) silicon is found to be dominated by the kick-out mechanism for temperatures of 
800 ° C and higher. The diffusion of platinum in FZ silicon is described by the kick-out mechanism 
for temperatures above approximately 900 ° C, whereas for temperatures below approximately 
850°C the dissociative mechanism governs platinum diffusion. As a result of numerical 
simulations, we suggest a complete and consistent set of parameters which describes the diffusion 
of platinum in silicon in the temperature range from 700 ° C to 950 ° C and the diffusion of gold in 
the temperature range from 800°C to 1100 ° C. The generation or recombination of self- 
interstitials and vacancies is found to be ineffective at least below 850 ° C. The concentration of 
substitutional platinum is determined by the initial concentration of vacancies at diffusion 
temperatures below 850 ° C. Platinum diffusion below 850 ° C can be used to measure vacancy 
distributions in silicon quantitatively. 

PACS: 61.70.Bv, 66.30.Jw, 61.70.Wp, 81.60.Cp 

In the literature, a considerable degree of uncertainty 
exists about the diffusion coefficients of self-interstitials 
and of vacancies, respectively, and about their equilib- 
rium concentrations. Reported values for the equilibrium 
concentration of self-interstitials differ by up to eight 
orders of magnitude at 800 ° C [1-5] and only a few crude 
estimates exist for the equilibrium concentration of 
vacancies [2, 6], although many attempts were carried out 
to determine the point defect parameters with the help of 
fast diffusing species. Gold diffusion was investigated 
extensively [7-15], whereas, only a few measurements of 
diffused platinum profiles have been reported so far 
[16-18]. In all of these experiments, however, diffusion of 
point-defects from the bulk to the wafer surfaces, or vice 
versa, took place. 

In this article, a theoretical study of the kick-out 
diffusion mechanism [19] (which involves self-inter- 
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stitials) and of the Frank-Turnbull [20] or dissocia- 
tive diffusion mechanism (which involves vacancies) will 
show that low diffusion temperatures are the key to the 
determination of point defect parameters. At low temper- 
atures, diffusion of point-defects from the bulk to the 
surface or vice versa, can be suppressed. Platinum will be 
introduced to reveal the behavior of vacancies at low 
temperatures. Gold diffusion profiles, which are clearly 
dominated by the influence of self-interstitials, allow the 
exclusion of the kick-out mechanism in the description of 
the measured platinum diffusion profiles at low tempera- 
tures. These platinum profiles, therefore, can be described 
by the influence of vacancies alone. 

It is well accepted that self-interstitials and vacancies 
are both present in silicon [-21-26]. But in the literature, 
there is not only a large uncertainty about point defect 
parameters but also about the generation and recombi- 
nation of self-interstitials and vacancies. It will be 
shown here that generation and recombination of self- 
interstitials and vacancies is rather inefficient below 
approximately 850 ° C. Furthermore, it was not known 
below which temperature point-defects are existing in 
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non-equilibrium concentrations. Our results will show 
that vacancies are present in non-equilibrium concen- 
trations below approximately 850 ° C, whereas self-inter- 
stitials seem to be characterized by their equilibrium 
concentration still at low temperatures of approximately 
800 ° C. 

As a further result of our work, we present a complete 
and consistent set of parameters, including the equilib- 
rium concentrations and diffusion coefficients of silicon 
self-interstitials and vacancies, for the numerical modeling 
of gold and platinum diffusion in silicon. With the 
obtained value for the equilibrium concentration of 
vacancies it is possible to calculate vacancy distributions 
in silicon quantitatively from measured platinum diffu- 
sion profiles. 

H. Zimmermann and H. Ryssel 

mechanical polishing, approximately 15 gm of silicon 
were etched off with an H F / H N O J C H a C O O H  mixture. 
In the second method, steps of various height (0.5 to 
20 gin) were etched into the samples. Immediately after a 
further HF  dip, Schottky contacts were deposited by 
evaporation of hafnium at a pressure of less than 2 x 10- 6 
torr. For both preparation methods, the doping con- 
centration was determined by capacitance voltage (C/V) 
measurements for each Schottky contact [29]. The con- 
centration of the gold or platinum donor level then was 
measured by DLTS 1-30]. The energetic position of the 
platinum donor level was determined to be 0.330 eV 
above the valence band in silicon, which is in good 
agreement with the values given in the literature [31-33]. 
The gold donor level lay 0.327 eV above the valence band, 
which is also in good accordance to the literature values 
[34-36]. 

1 Experimental 

P-type, boron doped, float zone, dislocation flee, (100) 
oriented silicon wafers were used in all experiments. They 
were polished at one surface. At least 30 nm of gold were 
deposited by evaporation after a standard cleaning proce- 
dure using Caro's acid and a dip in fluoric acid (10%). 
Other wafers were cleaned similarly and a platinum 
containing solution was spun on [27]. For the formation 
of a pure platinum film, the wafers were then heated at 
250 ° C for 20 minutes. Subsequently, the platinum diffu- 
sions were performed in a furnace either at 700 ° C, 770 ° C, 
850 ° C, 900 ° C, or 950 ° C. Gold was diffused in another 
furnace at 800 ° C or 900 ° C. The nitrogen flow was 10 to 
11 liters per minute during platinum diffusion and 100 
liters per hour during gold diffusion, respectively. The 
temperature was measured with Pt/PtRh thermo couples 
and recorded during the diffusions. The furnaces were 
preheated, i.e., they were at the desired temperature before 
loading the samples. During loading, the temperature 
dropped considerably. After loading, the temperature 
increased relatively slow in the gold furnace. Ten minutes 
after loading the preheated furnace, the temperatures 
were still approximately 20 ° C below the desired tempera- 
tures [28]. After 27 minutes the deviation from the desired 
temperatures finally was lower than 1 ° C. The platinum 
furnace heated much faster. The deviation from the 
desired temperature was smaller than 1° C already after 5 
minutes and then held constant within _+ 1° C during the 
diffusions. After diffusion, the wafers were quenched in air. 
The resistivity of the wafers was 20 to 30 flcm for the 
700°C platinum samples, 1 to 2.5 f~cm for the 770°C 
and 850 ° C platinum samples, and 4 to 6 flcm for the 
900 ° C and 950 ° C platinum samples, respectively. The 
resistivity of the wafers used for gold diffusion was 20 
to 30 fIcm for the 800°C samples and 1 to 2 f~crn for 
the 900°C samples. After the diffusion, the remaining 
gold or platinum was removed with aqua regia. 

Platinum and gold profiles were determined using 
deep level transient spectroscopy (DLTS) measurements. 
Two preparation methods were applied. In the first, 
samples of approximately 1 cm 2 were bevelled under an 
angle of 1°08 ' or 2052 ' . To remove the damage caused by 

2 Theory 

2.1 Reactions Between Metal Atoms, Vacancies, 
and Self-Interstitials 

The dissociative diffusion mechanism was suggested by 
Frank and Turnbull to describe the diffusion of Cu in Ge 
[20]. The corresponding reaction for an interstitial metal 
atom (Mi), which occupies a vacancy (V) and forms a 
substitutional metal atom (Ms), leads to: 

k+l  
Mi+  V ,~- M s . (1) 

k-1 

The kick-out mechanism suggested by G6sele is charac- 
terized by the generation of a self-interstitial (1), when the 
substitutional metal atom configuration is formed [19]: 

k+2 
Mi~_2Ms+I. (2) 

The symbols k+l, k - l ,  k+2, and k_ 2 are  the reaction 
constants in forward and reverse direction, respectively. 

The generation and recombination of self-interstitials 
and vacancies can be described by the reaction (0 = undis- 
turbed lattice) 

I + V ¢~O, (3) 

which is generally characterized by the generation/recom- 
bination constant or so-called bulk recombination rate 
K R. In the undisturbed lattice, the point defect con- 
centrations are equal to their equilibrium concentrations 
C* and C*. The generation/recombination term for self- 
interstitials and vacancies accordingly can be written as 
-- KB(CICv- C*C~) [37-39] [compare (14) and (15)]. 

2.2 Dissociative Mechanism 

The reaction (1) produces the following equations for the 
dissociative mechanism, when the generation or annihil- 
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ation of vacancies is taken into account [40]: 

COCs 
= k + 1 C i C v -  k_ 1Cs, (4) 

COt 

COCi = div D i grad C i -  k + 1CiCv + k_ 1Cs, (5) 
COt 

COCv _ div Dv grad C v -  k +, CiCv 
COt 

+ k_ 1Cs - Kv(Cv -- C*). (6) 

In these equations, C and D are used to denote con- 
centrations and diffusion coefficients. The indices s, i, and 
V refer to substitutional metal atoms, interstitial metal 
atoms, and vacancies, respectively. C* is the equilibrium 
concentration of vacancies. In deriving (4), it is assumed 
that substitutional metal atoms possess a negligible 
diffusion coefficient. 

The generation/recombination term Kv(C v -  C~) in (6) 
allows the inclusion of dislocations [41] and/or swirls 
[42] as vacancy sources or sinks. Kv determines the speed 
of vacancy generation or annihilation due to these defects. 
Vacancies are generated for Cv < C* and annihilated for 
Cv > C*. In the cases of absence or ineffectiveness of these 
defects, K v may be used to estimate an upper boundary 
for the generation or recombination of self-interstitials 
and vacancies (see Sects. 2.4 and 3.2.2). 

The reaction rate k_ 1 can be eliminated using the 
principle of detailed balance i for the dissociative mechan- 
ism. This assumption results in 

k_ 1 = k + t Ci Cv/Cs , (7) 

with the equilibrium concentrations C* and C* for 
interstitial (i) and substitutional (s) metal atoms, respec- 
tively. C* represents the concentration of substitutional 
metal atoms at the surface according to [14]. 

2.3 Kick-out Mechanism 

Reaction (2) results in the following set of differential 
equations for the kick-out mechanism [19]: 

COC~ 
cot = k+ 2Ci-  k_ 2CsCi, (8) 

The generation/recombination term K~(CI-C~) in (10) 
describes the effect of dislocations [43] and/or swirls [42] 
as self-interstitial sources or sinks, respectively. K~ is the 
reaction rate for annihilation or generation of self- 
interstitials by these defects. If these defects are absent or 
ineffective this generation/recombination term may be 
used to include the influence of vacancies (see Sect. 2.4). 

2.4 Combination of Dissociative and Kick-out Mechanism 

When reactions (1) to (3) have to be considered at the same 
time, a set of four partial differential equations has to be 
solved: 

COC~ =k+ 1CiCv-k_  iCs + k+2Ci-k_2CsCi,  
COt 

(12) 

COCi = div D i grad Ci - k + 1CiCv + k_ 1C~ 
'COt 

COG I 

- k  + 2Ci + k_  2CsCi , (13) 

COt = divD I grad C I-~- k + 2 Ci-- k_ 2 CsCI 

- KB(CICv- C* C~), (14) 

coCv 
= div Dv grad Cv - k + 1CiCv + k_ ~ Cs 

COt 

- K B ( C ,  C v  - c i * c * ) .  (15) 

The generation/recombination term - KB( CIC v - C ' C * )  
of self-interstitials and vacancies in (14) and (15) can be 
brought into the form - K v ( C v - C *  ) [compare (6)], 
when the diffusion coefficient of self-interstitials DI is large 
and Ct, then, can be assumed to be equal to C* and 

Kv = KBC* (16) 

holds approximately. Another possibility would be to 
bring - KB(CICv- C'C*) into the form - K~(CI- C*) 
[compare (10)] assuming Cv= C* and 

K1 = KB C*. (t 7) 

However, this approximation can be excluded because 
Cv = C* does not hold at the low temperatures and for the 
diffusion times examined in this paper. 

COCi 
COt - divDi grad C i -  k+ 2Ci -~ k_ 2CsCi, (9) 

COCI ~- divD I grad C, + k + 2Ci 
COt 

- -  k _  2 C s C I  - -  K I ( C I  - -  C ~ ) .  ( 1 0 )  

C* stands for the equilibrium concentration of self- 
interstitials. Again it is assumed that substitutional metal 
atoms have a negligible diffusion coefficient and the 
reaction rate k_:  can be eliminated analogous to k_ ,: 

k_ 2 = k + 2C?/C*s CF" (I 1) 

1 In thermal equilibrium, every process must be balanced by its 
exact opposite. This is called the principle of detailed balance 

2.5 Initial and Boundary Conditions 

Each of the above sets of Eqs. (4) to (6), (8) to (10), and (12) 
to (15) can be integrated using the general purpose solver 
PROMIS [44] for appropriate initial and boundary 
conditions. A concentration of 1 x 101° cm-3 is assumed 
as initial condition for substitutional metal. The initial 
concentration of interstitial metal is arbitrarily assumed 
to be 1 x 109cm -3. The results of the simulations, 
however, do not depend at all on these values for Cs(t = O) 
and Ci(t = 0), because they are orders of magnitudes lower 
than after the diffusion. The equilibrium concentration of 
self-interstitials at the corresponding diffusion tempera- 
ture is taken for G(t=0) [45]. This assumption seems 
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justified, because according to reaction (2), a very large 
supersaturation of self-interstitials builds up in the bulk 
when substitutional metal is formed. The initial con- 
centration of self-interstitials is not important as long as it 
is much smaller than the metal concentration. This 
condition is fulfilled for our experiments. Gold diffusion 
experiments also showed that the self-interstitial diffusion 
coefficient Dx is very large. Therefore, the surface value C* 
and not the initial self-interstitial concentration governs 
the self-interstitial behavior in the bulk already after a few 
minutes of diffusion. 

It will, however, be shown that vacancies are not 
necessarily present in their equilibrium concentration 
during thermal processing at relatively low temperatures, 
because the generation/recombination rate KB, respec- 
tively Kv, then is small. Therefore, a value Cv(t = O) ~: C* 
has to be chosen as initial condition. 

Interstitial gold or platinum diffused from an infinite 
source from the surface of the wafer. Therefore, 
Ci(x = O)= C* represents a Dirichlet boundary condition 
for (5), (9), and (13). A Neumann boundary condition is 
used at the backside, because it is assumed that the 
platinum cannot leave the wafer there. Dirichlet boundary 
conditions are used for (6), (10), (14), and (15), i.e., the 
concentrations of self-interstitials and vacancies are as- 
sumed to be fixed at their equilibrium values at both wafer 
surfaces. It shall be mentioned that all four quantities, Cs, 
Ci, C~, and Cv, are characterized by their equilibrium 
concentrations C*, C*, C*, and C*, respectively, at the 
wafer surface. This circumstance describes the fact that 
the concentration of substitutional gold and platinum at 
the surface is constant and equal to C* for different 
diffusion times larger than approximately 0.5 h. For the 
sake of clarity it has to be noted that C* is not given by a 
boundary condition, since (4), (8), and (12) do not contain 
diffusion terms. The value of C* at the boundary results 
from the principle of detailed balance and the structure of 
the differential equations. The values of k+ 1, respectively 
k+2, determine how long it takes until the value C* is 
reached at the surface. 

2.6 Study of the Different Mechanisms 

2.6.1 Dissociative Mechanism. Numerical Analysis. To 
illustrate the formation of substitutional metal in the 
bulk, (4) to (6) are solved numerically. Figure 1 shows the 
increase of the substitutional metal concentration in the 
bulk as a function of time, when metal is diffused from one 
surface. After approximately 5 seconds the substitutional 
metal concentration increases rapidly in this example. 
This increase in general is caused when the interstitial 
metal reaches the position in the bulk which is examined 
(in this example in the middle of the wafer). The steepness 
of this increase is determined by the value of the diffusion 
coefficient of interstitial metal and by the value of the 
reaction constant k+l. After 10 seconds all available 
vacancies are occupied and the concentration of substi- 
tutional metal Cs remains constant. This region with 
constant C~ shall be called plateau region in the following. 
Cs can further increase only when new vacancies arrive 
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Fig. 1. Increase of substitutional metal in the bulk as a function of 
time (( ) analytical kick-out mechanism; (---) simulated kick- 
out mechanism; ( . . . . .  ) analytical Frank-Turnbull mechanism; 
( - - - . )  simulated Frank-Turnbull mechanism). Kv in (6) and KI 
in (10), respectively, was set to zero. The other parameters 
were chosen arbitrarily with Di~Dv, DiC i > > D v C v ,  and k+ 1 large, 
respectively D i >~ DI, DiG ~ ~ DIG*, and k + 2 large. However, the same 
parameters were used in the analytical calculations as in the 
simulations 

from the wafer surfaces - in this example after approxi- 
mately 2 x l0 s s. Finally, the increase is limited after 10 7 s. 

Analytical Time Dependence for Interaction with the Wafer 
Surfaces. An analytical solution for the concentration of 
substitutional metal in the center of the wafer (d = wafer 
thickness, erfc = complementary error function) 1-46] 

(~ ,  ) ~ n f (2n+ l)d/2 
C~ t =2C* =_o(-1 ) e rc  (18) 

with 

D= D v C ~  (19) 
c* + c* 

compares well with the simulated curve (Fig. 1) only for 
diffusion times larger than 5 x 10 5 s. This fact is not 
surprising, because (18) was deduced for the case when 
diffusion of vacancies from both wafer surfaces to the 
center of the wafer takes place. Obviously it does not 
make a large difference in C, whether the metal diffuses 
from one or from both wafer surfaces. Simulations 
affirmed this conclusion. It shall be noted that the 
indistinguishability between one- and both-sided diffu- 
sion relates to the fast diffusion of interstitial metal. 

Analytical Analysis of the Plateau Region. Up to now, 
nobody else examined the plateau region (from 10 to 10 s s 
in this example). However, in fact this region contains the 
key to the determination of the vacancy equilibrium 
concentration. 
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A relation holds in this plateau region between the 
initial (Cv(t = 0)) and the equilibrium (C*) concentration 
of vacancies [28, 47]: 

C b 
Cv(t=O)= s . . >v(Cs + Cv). (20) 

( ' s  

C~ represents the concentration of substitutional plat- 
inum in the bulk and C* is the concentration of substi- 
tutional platinum at the wafer surface, respectively. Both 
can be measured. In the derivation of (20), a large diffusion 
coefficient of interstitial metal and a large reaction 
constant k+l were assumed. These assumptions are 
justified for platinum at low temperatures. 

When the equilibrium concentration of vacancies is 
varied to obtain a best fit of the measured diffusion 
profiles with (12) to (15), the corresponding initial con- 
centration of vacancies can be calculated according to 
Eq. (20). 

When the vacancy equilibrium concentration is taken 
as an initial condition for platinum diffusion, C,~ can be 
determined according to [28, 47]: 

, b 
cs c~ (21) c * -  - 

C* and C b can be measured. Dv can be determined by 
comparison of simulations with the measured profile near 
the surface. 

After the determination of C*, (20) then can be used to 
measure vacancy distributions Cv(t = O, x) as a function of 
the depth x, when C b is replaced by Cs(x). The con- 
centration of substitutional platinum has to be measured 
in various depth. Then Cv(t=O,x)  can be calculated 
according to (20). The depth x has to be chosen larger than 
the diffusion depth of vacancies from or to the surface 
during platinum diffusion. However, this does not limit 
the method because Dv is many orders of magnitude 
smaller than Di. The depth x has only to be larger than 
10 I~m for a platinum diffusion temperature of 770 ° C, and 
larger than 2 ~tm at 700 ° C for a diffusion time of 4 hours, 
respectively. The vacancy distributions at larger depth do 
not change due to diffusion of vacancies from the surface. 
It shall be mentioned that the value of C* does not limit 
the measurable vacancy concentration. Larger values of 
Cv(t = O, x) than C* also can be determined. 

C v can be eliminated with the aid of (22) and the 
concentration of substitutional metal in the bulk C~ can 
be expressed by: 

b _ Cv(t  = 0) + Cg r 
C, - (24) 

1 + c~/c~ 

Cgr is given by the time integral of -KB(CIC v -  C~ C*). As 
will be shown, self-interstitials diffuse very fast. Therefore, 
C I may be approximated by C*. Cgr is positive, when 
Cv < Cv*. In the opposite case C v > C*, Cgr is negative and 
the vacancy concentration and correspondingly C b are 
reduced. The difference in the substitutional metal con- 
centration A C~ between two observation times tl and t 2 
with A t =  t 2 -  t 1 can then be calculated: 

ACbs - ACgr (25) 
1 + 

with 

A Cgr = - KB(CIC v -  C*C*)A t.  (25 a) 

The concentration of substitutional metal, therefore, will 
change with time, if the generation or recombination of 
self-interstitials and vacancies is effective, i.e., when C v 
differs considerably from C* and the bulk recombination 
constant KB possesses a large value. 

2.6.2 Kick-out  Mechanism. Numerical Analysis. The in- 
crease of substitutional metal in the bulk as a function of 
diffusion time can also be seen in Fig. 1. This figure 
contains the solution of (8) to (10) for the same equilib- 
rium value of substitutional metal as for the dissociative 
mechanism. After a steep increase, which is determined by 
the diffusion coefficient of the interstitial metal and by the 
reaction rate k + z, a plateau is reached. In our example this 
is the case after approximately 30 s. At this time so many 
self-interstitials were generated by the formation of 
substitutional metal according to reaction (2) that the 
concentration of the substitutional configuration cannot 
increase further. After 10 4 S, the concentration of self- 
interstitials starts to decrease at the spatial position under 
observation due to out-diffusion to the wafer surfaces. 
With increasing time, more self-interstitials diffuse to the 
surfaces and the concentration of substitutional metal 
finally becomes limited by the equilibrium concentration 
of substitutional metal. 

Influence of  Point  Defect Generation or Recombination in 
the Plateau Region. To account for the generation or 
recombination of self-interstitials and vacancies, the 
derivation of (20) can be modified compared to [28, 47]. 
The local dynamical equilibrium 

Cv_ Cs 
(22) 

c *  c *  

still holds. The concentration of vacancies is, however, not 
only reduced by the formation of substitutional metal, but 
also by a generation/recombination term Cgr , which 
cannot only decrease but also increase the vacancy 
concentration depending on the sign of Cgr 

Cv = Cv(t = 0 ) -  C b + Cg~. (23) 

Analytical Time Dependence for Interaction with the Wafer 
Surfaces. G6sele et al. reported an analytical expression 
for the increase of substitutional metal in the center of the 
wafer as a function of time for the case that diffusion of 
self-interstitials to the wafer surfaces is possible (d = wafer 
thickness) [19]: 

= ~ (nCs D~C~ t) / . (26) 

In an intermediate time range from 10 4 to 5 × 10 5 S, this 
expression compares well to the numerical simulation. 
Analog to the dissociative mechanism, there is practically 
no difference whether the metal diffuses from one or two 
surfaces. For larger times, however, (26) does not limit the 
increase of Cs. 
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Analytical Analysis for the Plateau Region. The more 
interesting time range, however, is the plateau. We 
showed that the following expression can be deduced 
from (8) to (10) [-28, 47]: 

C i ( t  = 0 ) _  C*sCI* b (27) C~ -Cs.  

Analog to the dissociative mechanism, a large D i (i.e., 
Ca=C *) and a large k+2 were used to derive (27). If it is 
possible to assume the equilibrium concentration of self- 
interstitials as initial condition, C* can be calculated from 
1-28, 47]: 

( 0  2 
- - .  (28) c? - c~* - c~ 

This equation allows the determination of C* directly 
from the concentration of substitutional metal C b, which 
is measured in the bulk. The diffusion coefficient of self- 
interstitials can be obtained by simulations and com- 
parison with the measured metal profile near the surface. 

3 Results and Discussion 

3.1 Gold 

3.1.1 Comparison of Modeling with Experiments. In this 
section, measured gold diffusion profiles will be compared 
with results of numerical simulations. Figure 2 depicts 
gold profiles after diffusion at 800 ° C for 0.5, 2.0, and 16 h, 
respectively. Figure 3 shows measured results after diffu- 
sion at 900 ° C for the same periods. These profiles can be 
explained by out-diffusion of self-interstitials. Figure 4 
compares the measured increase of the substitutional gold 
concentration in the center of the wafer at 900 ° C with the 
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Fig. 4. Comparison of the measured bulk gold concentration with 
theoretical predictions ( - - -  [solid line]: kick-out mechanism, --- 
[dashed line]: Frank-Turnbull mechanism). The experimental data 
result from the mean values of the data points in Fig. 3, which are 
closest to the middle of the wafer 

predictions of (18) and (26). The measured time de- 
pendence of Cs can be explained very well by (26), which 
was derived for the kick-out mechanism. Equation (18) 
leads to a much faster increase of Cs, than was measured. 
Vacancies, therefore, did not play an important role 
during these diffusion experiments. A corresponding 
result was found for the diffusion experiment at 800 ° C. 
Therefore, the out-diffusion of self-interstitials governs 
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Fig. 6. Comparison of simulated gold profiles with neutron acti- 
vation analysis measurements of Stolwijk (13)  after diffusion at 
1100° C ( + :  0.428 h, × : 1.97h, [~: 6.16 h, O:  19.8 h, A :  70.1 h) 

the formation of substitutional gold even at the lowest 
investigated temperature of 800 ° C. 

Numerical simulations were performed to optimize the 
set of parameters in (8) to (10) to obtain a best fit to our 
measured gold profiles (Figs. 2 and 3) and to the 
measurements of Stolwijk et al. at 1000 and 1100 ° C (Figs. 
5 and 6) [14, 13]. For the temperatures of 800 and 900 ° C, 
measured temperature ramps were used in the simul- 
ations [28]. For the data of Stolwijk, the simulations were 
performed with constant temperatures. The sum of simu- 
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lated substitutional and interstitial gold concentrations is 
compared to the total measured gold concentration in 
Figs. 5 and 6. The simulated results shown in Figs. 2, 3, 5, 
and 6 were obtained with the following parameters: 

C* = 3.28 x 1023 exp(-1.860 eV/kr) cm -3 , (29a) 

C* = 1.45 x 1021 exp(-  1.729 eV/kT) cm- 3, (29b) 

Di=9.31 x 10 -4 exp(-0.261 eV/kT)cm 2 s -1 , (29c) 

C~' = 1.94 x 1027 exp(-  3.835 eV/kT) cm- 3, (29d) 

D,= 2.58 x 10 -2 exp(-0.965 eV/kT) cm / s- 1, (29e) 

k + 2 = 1.00 x 1022 exp(-  5.000 eV/kT) s- a, (29 f) 

ki=0. (29g) 

C* was taken from [12], the other parameters were fit. 
Our measured surface concentrations confirm the values 
of [12] within the experimental accuracy. C* and Di result 
in a larger product C*Di, than was reported by Stolwijk 
[14]. However, this product had to be chosen larger in 
order to obtain a large enough flux of interstitial gold 
[28]. With various splittings of the product of Stolwijk 
the gold concentration did not reach the measured 
concentrations near the reverse side of the wafers. Di had 
to be increased in comparison to the value of Wilcox [8], 
because C* could not be chosen larger than (29b). The 
reason is that the sum of the concentrations of substi- 
tutional and interstitial gold must not be larger than the 
total gold concentration given by neutron activation 
analysis [28]. DI and C* were fit under the constraint that 
their product results in the value for the product OlC~, 
which was given by Tan and G6sele [2], and that the 
platinum diffusion experiments have to be described with 
the same parameters. 

The value of k+2 may only serve as an estimate. 
However, the activation energy of the rev.erse reaction 
constant k-2 is also positive, when (29 a), (29b), (29 d), and 
(29f) are inserted into (11). Therefore, the consistency of 
the set of parameters (29) can be concluded. 

Morehead et al. reported that during gold diffusion, 
a contribution of the dissociative mechanism has to be 
considered above 1000 ° C [11]. These authors, however, 
performed their simulations with a simplified model using 
only one diffusion equation. Coffa et al. [15] explained 
their spreading-resistance measurements at 800 and 
970 ° C in terms of the kick-out mechanism. The conclu- 
sion can be drawn that the simplified model obviously 
is not applicable, because the complete model of the 
kick-out mechanism describes our measurements with 
good success. Furthermore, from our experiments we 
cannot decide whether in our gold samples the va- 
cancy concentration was smaller than approximately 
3×1012 cm -3 [according to (20), with C*(800 ° C) 
=6 x 1014 cm -3, C~r=6 X 1013 cm -3, and a bulk value 
of Cs = 3.0 x 10:1 cm-3] or the reaction constant k+ : of 
gold for the dissociative mechanism is very small. How- 
ever, in order to save computing time and because of the 
time dependence of the bulk concentration (Fig. 4), the 
assumptions of k+ 1 = 0 and that reaction (3) is negligible, 
seem to be justified. Therefore, (12) to (15) reduce to (8) to 
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(10) of the kick-out mechanism. K~ can be set to zero 
because the wafers were dislocation free. 

The simulated gold profiles are in good accordance to 
our measurements. For  the shortest diffusion periods, the 
simulated concentrations lie slightly above the measured 
concentrations of Stolwijk et al. This small deviation is 
probably caused by the constant temperatures used in the 
simulations because of missing exact temperature ramp- 
ing data for these measurements. 

Figures 7 and 8 are shown to illustrate the supersatur- 
ation of self-interstitials caused by the formation of 
substitutional gold due to reaction (2) and the out- 
diffusion of self-interstitials to the wafer surfaces. The 
wafer surfaces maintain the equilibrium concentration of 
self-interstitials. After 0.5 h at 800 ° C, the supersaturation 
ratio C~/C~ is approximately 200 (Fig. 7). With increasing 
time more and more self-interstitials diffuse to the surfaces 
and the supersaturation decreases to 60 after 2.0 h and to 
25 after 16.0 h. The corresponding supersaturations for 
900°C are 60, 20, and 6, respectively (Fig. 8). The 
concentration of interstitial gold was almost equal to its 
equilibrium concentration after 0.5 h at 800 and 900 ° C 
and, therefore, needs not to be shown. 

A variation of the initial self-interstitial concentrations 
in simulations with (8) to (10) by a factor of 100, 
respectively of 104 , to larger values compared to the 
equilibrium concentration C*, proved that C~(t = 0) has 
little influence on the substitutional gold concentration 
and that Ci( t=0)= C* is a reasonable choice. For  the 
factor of 100, Cs in the bulk was reduced by 0.8% and for 
the factor of 104 by 21% at 800 °C.  At 900 °C, the 
corresponding reductions were 0.3% and 5.8%, 
respectively. 

3.1.2 Boundaries for the Equilibrium Concentration of 
Self-Interstitials. At the lowest diffusion temperature, 
diffusion of self-interstitials from the bulk to the surface 

was still possible. Therefore, it is not possible to obtain a 
relation between C~(t=0) and C* or to calculate C~' 
exactly according to (28). It is possible, however, to deduce 
an upper boundary for CI* from our measurements. 
According to (28), the following considerations can be 
made. Due to the out-diffusion of self-interstitials, a 
higher substitutional gold concentration results than 
would be possible when no out-diffusion occurs. When we 
calculate for C~' the value of 1.5 x 101° cm -3 for the 
shortest diffusion time of 0.5h at 800°C with 
Cs = 3.0 x 1012 cm-  3 and C* = 6.0 x 1014 cm- 3 using (28), 
this value for C* will be larger than for the case where no 
out-diffusion of I takes place. Analogously for 30 min at 
900 ° C, we obtain an upper boundary of 1.0 x 1012 cm -3 
with Cs=6.0xl013 cm -3 and C*=3.3x1015 cm -3. 
According to these values of 1.5 x 10 l° cm -3 at 800 ° C 
and of 1.0x 10 lz cm -3 at 900 ° C, C* has to fulfill the 
condition: 

C* < 3.72 x 1031 exp(-4.55 eV/kT) cm-  3. (30) 

In order to find a lower boundary for C*, simulations with 
smaller values for C~* were performed. DI was increased by 
the same factor as C* was reduced in order to keep the 
product D~C* constant. Even for a reduction factor of 
1000, practically no difference was found in the simulated 
profiles for C S in comparison to the profiles shown in Figs. 
2 and 3. It can be concluded that a lower boundary for C* 
cannot be found using such an approach. For  a diffu- 
sion time of 0.5 h at 800 ° C, there still was diffusion of 
self-interstitials observed from the bulk to the surfaces. In 
order to come into the plateau region, two possibilities 
can be suggested: to choose shorter diffusion times and/or 
thicker samples and lower diffusion temperatures. How- 
ever, the possibility cannot be excluded that the diffusion 
coefficient of self-interstitials is larger than D i of gold. 
Then it will not be possible to use (28) to determine C* 
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with gold diffusion. A prerequisite to determine C* is that 
the interstitial diffusion coefficient Di of an appropriate 
element is larger than the self-interstitial diffusion 
coefficient DI. 

3.2 Platinum 

3•2.1 Characterization of Diffusion Behavior• The mea- 
sured bulk platinum concentration after 4.0 h is approxi- 
mately a factor of 1.4 larger than after 2.0 h at 950 ° C and 
900 ° C, i.e., at these temperatures C s in the bulk increases 
with the square root of time [48]. According to (26), the 
conclusion can be drawn that the kick-out mechanism 
dominates at these temperatures• Figure 9 shows mea- 
sured platinum profiles after diffusion at 950 ° C. The 
results for 900°C are shown elsewhere [48]. At 900 
and 950 ° C, the out-diffusion of self-interstitials signs 
responsible for these platinum profiles• 

The platinum profiles which were measured after 
diffusion at 850 ° C, 770 ° C, or 700 ° C, however, show a 
quite different shape• The concentration of substitutional 
platinum in the bulk is approximately the same after the 
different diffusion times. At 770 ° C, Cs equals approxi- 
mately 3.5 x 1013 cm -3 after diffusion times of 0.5 and 4 
hours (Fig. 10). At 850 ° C, the measured platinum con- 
centrations also were approximately equal after 0.5 and 
4.0 h [48]. Obviously, these diffusion profiles belong to 
the plateau region of Fig. 1, where no diffusion of point 
defects from or to the wafer surface takes place• The 
explanation of the platinum diffusion profiles at 850, 770, 
and 700 ° C with the help of the kick-out mechanism can 
be excluded, because the diffusion coefficient of self- 
interstitials, as obtained from the gold profiles above, is 

16 
I0 

I 
E 

E 

c- 

4..i 
a] 

14 
-o 10 
ZI 

O3 

13  , . . . . . . . .  1 , , , , , , , , , I , , , , , , , , , I ,  . . . .  , , , ,  

10 
0 • 96 .  192.  288 .  384.  

D e p t h  (pm) 

Fig. 9. Measured and simulated platinum profiles after diffusion at 
950 ° C (n: 2.0 h, o: 4.0 h). The kick-out mechanism is dominating. 
The initial vacancy concentration in the samples was smaller than 
4 x 1014 cm-  3 ((  ) 0.5 h; (- - -) 4.0 h )  

I 
E 

E 

4 a  
II1 

0 
4,a 

. 0  

O3 

:15 
10 

t 4  
10 

129 

i 3  . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . . .  
t 0  

- t  0 t 2 3 
10 t 0  10 10 t 0  

D e p t h  (pro] 

Fig. 10. Measured and simulated platinum profiles after diffusion 
at 770 ° C (r3: 0.5 h, ©:  4.0 h). The dissociative mechanism domi- 
nates. The initial vacancy concentrat ion in the samples was 
5.5 × 1013 cm 3 ( (  ) 0.5 h; (---)  4.0 h )  

much too large. Therefore, the conclusion can be drawn 
that platinum diffuses via the dissociative mechanism at 
temperatures of 850°C and below• The platinum con- 
centration in the bulk does not rise above the value of C b 
which can be calculated from (20) and is the same for the 
different diffusion times. C b is determined by the equilib- 
rium concentration of substitutional platinum, by the 
initial and by the equilibrium concentration of vacancies 
according to (20). 

Equation (20) can also be taken to determine the 
highest temperature up to which the dissociative mecha- 
nism dominates over the kick-out mechanism• If C b 
calculated from (20) is larger than the concentration of 
substitutional platinum, which can be formed via the 
kick-out mechanism (compare (26)), the dissociative 
mechanism dominates. 

Measurements after platinum diffusion at 700°C 
prove that the initial concentration of the vacancies is not 
equal to their equilibrium concentration [49]. The con- 
centration of substitutional platinum in the bulk is 
approximately 1.0 × 1014 c m  - 3  after diffusion times of 4 
and 142 hours (Fig. 11). Whereas at the wafer surface, the 
concentration of substitutional platinum is only approxi- 
mately 1.5 x 1013 cm-3. Simulations using (4) to (6) show 
this inverse U-shape only if the initial concentration of 
vacancies is higher than their equilibrium concentration 
[28, 49]. In the case when the equilibrium concentration 
of vacancies is taken as initial value for the simulation, the 
concentration of substitutional platinum does not rise 
above the equilibrium concentration of substitutional 
platinum, which corresponds to the concentration of 
substitutional platinum at the wafer surfaces. From (21), 
which holds for Cv(t = O) = C*, the condition C b < C* also 
can be deduced, when (21) is brought into the form 

b ::g * * Cs - CvC~ /(Cv + c*). 
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The most important conclusion from these inverse 
U-shaped platinum profiles, however, is that vacancies 
are not present in their equilibrium concentration at low 
process temperatures. It follows from these inverse 
U-shaped platinum profiles and from the dominance of 
the dissociative mechanism during platinum diffusion at 
700, 770, and 850 ° C that diffusion processes, which are 
dominated by vacancies, are governed mainly by the 
initial concentration of vacancies and not by their equilib- 
rium concentration at least below approximately 850 ° C. 

At 700 ° C, the initial concentration of vacancies is 
much larger than their equilibrium concentration. There- 
fore, the concentration of substitutional platinum 
becomes higher in the bulk than C* at the wafer surface 
(Fig. 11). In the past, bulk metal concentrations larger 
than the surface value C* had not been measured for in- 
diffusions and for in-diffusions the surface value C* was 
called substitutional solubility of the metal. These inverse 
U-shaped platinum profiles in Fig. 11, however, show 
that it is not appropriate to call C* the solubility of 
substitional platinum. C* has to be defined as the 
equilibrium concentration of substitutional platinum. 
These inverse U-shaped profiles, furthermore, may serve 
as the evidence that larger vacancy concentrations than 
C* can be investigated by means of platinum dif- 
fusion. 

For  the sake of completeness, it shall be mentioned 
that solutions of the kick-out (8) to (10) also can cause an 
inverse U-shape of Cs-profiles, when Ci(t = 0) is chosen 
appropriately. In order to explain the measured inverse 
U-shaped platinum profiles in terms of the kick-out 
mechanism, however, a small diffusion coefficient of self- 
interstitials D I would be necessary. Gold diffusion profiles, 
however, showed that D, is much larger. The inverse 

U-shaped platinum profiles, therefore, can only be ex- 
plained in terms of the dissociative mechanism. 

3.2.2 Point Defect Generation or Recombination. Equa- 
tion (25) and the platinum profiles of 850, 770, and 
700 ° C can be used to estimate the effectiveness of the 
generation or recombination of self-interstitials and va- 
cancies. After 4.0 h at 850 ° C, a platinum concentration 
of approximately 6 x 10' 3 cm-  3 was measured in the bulk. 
Compared to the concentration of 5 x 1013 cm -3 after 
0.5 h, this concentration is larger by 1 x 1013 cm -3 [48]. 
If this increase is assumed not to be due to a beginning 
contribution of the kick-out mechanism, it can be con- 
cluded that C* was larger than Cv(t = 0) in these samples. 
When we approximate A Cgr by KBC* C*A t (compare Sect. 
2.6.1), the term KBC*C* should be of the order of 
109 cm-3s  -1 at 850 ° C [(25) with Acb=I x 1013 cm -3, 
A t = 12 600 s, and C~ ~ C*]. 

At 770 ° C, AC b was smaller than 2 x 1012 cm -3, when 
we assume that a difference in the platinum concentration 
between 0.5 and 4.0h of 5% would be noticeable. 
KBC*C* can be estimated to be of the order of 
10 s cm -3 s -1. KBC* can be replaced by Kv, which was 
estimated to be smaller than 10- s s-  1 at 770 ° C [-473. C*, 
then, has to be of the order of 1013cm -3. With 
C* = 109 cm-3 [-compare (16)], KB can be estimated to be 
10-14 cm-  3 s- 1 or less. 

From the universe U-shaped platinum profiles at 
700 ° C, Cv(t = O)>> C} can be concluded. The term A Cgr, 
therefore, can be expressed by -KBC*Cv(t=O). With 
Cv(t=0)=2.2.  x 1014 cm -3 (see figure caption 11), AC b 
smaller than 5 x 1012 cm -3, and At=511200 s, KBC~ 
should be smaller than 5 x 10- a s-  1. Kv, which is equal to 
KBC*, was estimated to be smaller than 10 -6 s-1 [-49]. 
According to the new lower limit, KB should be of the 
order of 5×10  -16 c m - a s  -1 or smaller, when C~ is 
108 cm -a, instead of lower than 10-14 cm-3 s-1 

The considerations in this section can be summarized 
as follows: Practically no change of the measured plat- 
inum concentration as a function of time was observed in 
the plateau region. According to (25), the ineffectiveness of 
Frenkel pair generation or recombination results. 

An interesting and very important conclusion can be 
drawn from the inverse U-shaped profiles and the ineffec- 
tiveness of Frenkel pair generation or recombination: it is 
possible to measure vacancy distributions by means of 
platinum diffusion according to (20). It shall be mentioned 
that Frenkel pair generation/recombination does not 
influence this measurement, because the equilibrium 
concentration of self-interstitials C* is very small com- 
pared to C* and because DI is large. 

3.2.3 Numerical Modeling. According to the dependence 
of the dominating mechanism on temperature and on the 
initial vacancy concentration, both diffusion mechanisms 
have to be taken into account for the modeling of 
platinum diffusion. Equation (12) to (15) have to be solved 
simultaneously. The set of parameters (C*, Di, C*, C*, 
k+,,  and k+2 ) in (12) to (15) was optimized to fit our 
platinum diffusion profiles measured with DLTS. The 
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diffusion coefficients D v and D, were calculated from the 
products C*-DI and C*. Dv given by Tan [2]. 

The initial vacancy concentrations for the simulations 
(700, 770, and 850 ° C) had not to be fitted: They are 
related to C* and to be measured quantities C b and C* 
according to (20). Figure 12 contains the relations 
between Cv(t = 0) and C* for the measured values of C~ 
and C* at 700, 770, and 850 ° C. Figure 12 also illustrates 
the circumstance that it is not possible to assume the same 
initial vacancy concentration for all measured diffusion 
profiles. When an horizontal line is drawn in Fig. 12, for 
example at Cv(t = 0) = 4 x 10 a4 cm-  3, the intersections 
with the curves for 700,770, and 850 ° C do not result in an 
arrhenius expression for C* However, an arrhenius 
expression should hold for C*. Therefore, different values 
for Cv(t=0) result from (20) for the samples from 
different wafers. 

Good agreement between simulated and measured 
platinum profiles for the temperature range from 700 ° C 
to 950 ° C (see Figs. 9 to 11) is obtained with the following 
set of parameters [48]" 

C* =4.44 x 1024 e x p ( -  2.212 eV/kT) cm -3 , (31 a) 

C* = 1.79 x 1022 e x p ( -  1.920 eV/kT) cm-  3 (31 b) 

D i = 5.07 x 10- 2 e x p ( -  0.604 eV/kT) cm 2 s- a, (31 c) 

C~= 1.83 x 10 a9 e x p ( -  1.162 eV/kT) cm -3 , (31d) 

D v = 1.09 x 103 e x p ( -  2.838 eV/kT) cm z s-  a (31 e) 

C* = 1.94 x 1027 exp(--3.835 eV/kT) cm-3,  (31 f) 

D1 = 2.58 x 10- 2 e x p ( -  0.965 eV/kT) cm 2 s- a, (31 g) 

k+a=8.12xlO-a3exp(-O.330eV/kT)cm3s -a , (31h) 

k+ 2 = 1.50 x 1023 exp(-5.200 eV/kT) s -a , (31i) 

k B = 2.80 x 107 exp(-4.910 eV/kT) cm 3 s -a . (31j) 

The expression (31 a) for C* is obtained by measurements. 
Our values lie between the values reported for substi- 
tutional platinum by Hauber [18] and Lisiak [50]. The 
self-interstitial parameters C* and DI are identical to the 
parameters used for the modeling of gold diffusion in 
Sect. 3.1.1. The formulae in the above shown set of 
parameters for C*, Di, and the reaction rates k+ 1 and k+2 
with the activation energies of 1.920eV, 0.604eV, 
0.330 eV, and 5.200 eV represent only rough estimates. 
However, they are consistent with (7) and (11), i.e., the 
activation energies of the reverse reactions are positive as 
is necessary to fulfil physical reasons. 

The value of (31 f) for C~' is approximately a factor of 
10 smaller than the value of Tan [2] at 1100° C (see 
Fig. 13). The difference becomes smaller for lower temper- 
atures. Morehead [4] reported almost the same values as 
can be calculated from our expression for C~'. The values 
of Bronner [3], Boit [5], and Taniguchi [1] are much 
larger than our values for C*. The values of Boit do not 
seem to be very reliable, because he admits an error of 
10% in the temperature measurement in his rapid optical 
annealing experiments, and because of the strong in- 
fluence of the cooling phase. Taniguchi calculated the self- 
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interstitial parameters from the growth of oxidation 
induced stacking faults in the temperature range from 
1100 to 1200 ° C. It also seems possible that traps in the 
bulk acted as sinks for the self-interstitials. Furthermore, 
he neglected the influence of vacancies. 

Analog to Sect. 3.1.2, simulations of platinum diffusion 
with (12) to (15) are not very sensitive to different values of 
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[( ) this work; (---) Tan; ( . . . .  ) Dannefaer] 

C*, i.e., to different splittings of the s3-~6'alled self-diffusion 
coefficient DI" C*. However, we were able to find an upper 
limit for C* [see (30)] by means of gold diffusion (Fig. 13). 
The values for C* (31f), which we used to simulate our 
measured gold and platinum profiles, are approximately 
one order of magnitude smaller than the limiting upper 
values. Actually, it turned out that Bracht et al. [51] used 
a value of 7 x 1013 cm -3 for C* at 1208 ° C (1481 K) to 
simulate zinc diffusion profiles. Equation (31 f) is in good 
agreement with this value. 

The value of (31 d) for C~ lies one order of magnitude 
below the value of Tan [2] at I I00°C (Fig. 14). At 
approximately 800°C both values for C* are equal. 
Dannefaer et al. determined C* by means of positron 
annihilation experiments [6]. The activation energy was 
found to be 3.6 + 0.2 eV. However, even after the correct 
interpretation of their data by VanVechten [52], who 
calculated a value of 8 x 1013 cm -3 at 1300 K (1027 ° C), 
the absolute value has an uncertainty of at least one order 
of magnitude to lower and higher concentrations. 

In view of the high accuracy of DLTS measurements 
and the results of many platinum diffusions, which were 
performed in the presence of high concentration phos- 
phorus profiles [28], our vacancy parameters should be 
very reliable for temperatures below about 900 ° C. With 
(20) and (21), additionally, the base for the experimental 
determination of C* has been set and it was shown that 
C* can be measured accurately, when contamination 
during long lasting diffusions are avoided [53]. 

The point defect bulk recombination rate K B (31j), C* 
(31f), and C* (31d) are consistent with the product 

:g :g KBC I C v evaluated by Pichler [54] from boron diffusion 
during ion implantation at high temperatures. We, how- 
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ever, examined another value for K B. According to [24], 
an activation energy of 1.4 eV was assumed for the bulk 
reaction rate, whereas the preexponential factor was 
chosen so that at 1000 ° C, the resulting K B equals the 
value given by Budil [55]. The resulting expression 
KB= 3.43 x 10-12 exp(-- 1.4 eV/kT)  cm a s- 1 leads to 
smaller values than the expression (31 j). The values for K B 
of (31j) are much smaller than the upper boundaries, 
which were estimated in Sect. 3.2.2. Therefore, the in- 
fluence of this KB on the simulated platinum profiles is 
very small. Simulations even with KB = 0 showed practi- 
cally no difference compared to the values (31j). The 
values (31j) for KB seem to be the most reliable. In order to 
save computation time in calculating platinum diffusion 
profiles, it may be reasonable, however, especially in 
regard of the considerations in Sect. 3.2.2 to set KB equal 
to zero. 

As a further result, besides a complete set of para- 
meters for the modeling of platinum diffusion, (20) allows 
the calculation of the initial vacancy concentrations, 
which were determined by the growth process of the 
crystals in the case of the diffusion experiments in this 
paper, because no temperature treatment was performed 
before platinum diffusion. In the wafers, which were 
diffused at 950 ° C, Cv(t = 0) can only be estimated to be 
smaller than 4×1014cm -3, because the dissociative 
mechanism did not dominate at this temperature. In the 
samples, which were diffused at 850°C or 770 ° C, the 
initial vacancy concentration can be calculated to be 
5.5× 1013 cm -3. The samples, which were diffused at 
700°C show an initial vacancy concentration of 
2.2 × 1014 cm -3. It can be concluded that the vacancy 
concentration varies considerably in float zone silicon 
wafers. 

The boron doping concentration was the same for the 
770 and 850 ° C samples and for the diffusion times of 0.5 
and 4 h (approximately 1 x 1016 cm-3). In the samples 
diffused for 4 and 142h at 700 ° C, the boron con- 
centration was approximately 6 x 1014 cm-  3. From these 
facts it may be allowed to speculate that the vacancy 
concentration remains larger for lower boron concen- 
trations during the cooling phase after float zone crystal 
growth. However, it shall be mentioned that the vacancy 
concentration could also depend on growth rate, thermal 
gradients, oxygen, nitrogen, and/or carbon concentra- 
tions, which were not determined for our samples. 

Our result that platinum diffuses predominantly via 
the kick-out mechanism at temperatures of 900 ° C and 
above is in accordance with the results of Hauber [18], 
who showed measurements between 1050°C and 
1200 ° C. We can, however, not verify the conclusions of 
Mantovani et al. [16, 17] who interpreted their DLTS 
measurements on samples diffused at temperatures be- 
tween 650 ° C and 850 ° C only in terms of the kick-out 
mechanism even at the lowest temperature of 650 ° C. A 
possible explanation is the fact that they used an epitaxi- 
ally grown silicon layer of approximately 25 lam for their 
platinum diffusions. Griffin suggested that point defect 
concentrations are different in float zone, Czochralski, 
and epitaxial silicon [56]. It can be concluded that the 
vacancy concentration in the epitaxial layers of Man- 
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tovani et al. was much lower than in the float zone wafers, 
which were used in our experiments. 
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4 Summary 

The formation of substitutional gold and platinum was 
studied analytically, experimentally, and numerically. 
The DLTS technique was successfully employed for 
accurate measurements of gold and platinum diffusion 
profiles in silicon. The gold profiles can be simulated with 
the three equations of the kick-out mechanism alone. 
Whereas, the complete set of four differential equations 
for the kick-out and dissociative mechanisms has to be 
used for modeling the measured plat inum profiles. A 
complete and consistent set of parameters  was suggested 
which describes the diffusion of gold and of plat inum in 
silicon in the temperature range from 800 ° C to 1100 ° C, 
and from 700 ° C to 950 ° C, respectively. It  was proposed 
that for plat inum in float zone silicon the kick-out 
mechanism dominates at approximately 900°C and 
above, whereas the dissociative mechanism dominates at 
approximately 850°C and below. An analytical ex- 
pression was deduced which allows the determination of 
the exact temperature region for the dominance of the 
dissociative mechanism. 

F rom measured gold profiles, the conclusion could be 
drawn that self-interstitials diffuse fast in the examined 
temperature range and that  their equilibrium concen- 
tration is small. An upper  limit for the self-interstitial 
equilibrium concentration was found, which reduces the 
possible range considerably compared  to literature 
values. Plat inum profiles showed that vacancies diffuse 
slowly and that their equilibrium concentration is high. 
Plat inum profiles also induced that the generation and 
recombinat ion of self-interstitials and vacancies seem to 
be rather ineffective. 

A plateau region in the increase of substitutional metal  
as a function of time was investigated. This plateau region 
was found to be the key to the determination of point 
defect equilibria concentrations. Plat inum diffusion was 
shown to be appropriate  to use this plateau region to 
investigate vacancy distributions quantitatively. 

The vacancy concentration was found to be different 
from the equilibrium concentration at least for tempera- 
tures smaller than 850 ° C and to be determined by the 
growth process of the crystal. The vacancy concentration 
varies considerably in float zone silicon wafers. Plat inum 
diffusion, therefore, can be suggested to investigate va- 
cancy distributions accurately after crystal growth. For  
the first time plat inum diffusion offers the possibility to 
investigate and greatly improve the growth process with 
respect to vacancy distributions. 
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