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Abstract : The eff ects of t he t ransition metals copper and nickel on oxygen p recipitation in Czochralski silicon un2
der a rapid t hermal p rocess are investigated. It is f ound t hat inte rstitial copper has almost no eff ect on oxygen p re2
cipitation , but copp er p recipitation markedly enhances oxygen p recipitation. However , neit her inte rstitial nickel

nor nickel p recipitation aff ects oxygen p recipitation. The reasons f or t he eff ects of copp er and nickel contamina2
tion on oxygen p recipitation are discussed in light of oxygen p recipitation nucleation t heory.
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1 　Introduction

Oxygen is t he main imp urity in Czochralski
( CZ) silicon , wit h a concent ration of about 1018

cm - 3 ,which exceeds the solubility of oxygen in sil2
icon at typical device p rocessing temperat ures.
Most oxygen atoms exist on interstitial sites be2
tween two silicon atoms. During thermal t reat2
ment s at high temperatures ,t he supersat urated in2
terstitial oxygen atoms tend to agglomerate and
form oxygen precipitates.

In t he past few decades , t he behavior of oxy2
gen precipitation in CZ silicon has been investiga2
ted extensively[ 1 ] . In t he microelect ronics indust ry ,
oxygen precipitation and defect s are intentionally
induced to reduce the imp urity content in t he elec2
t rically active device regions ,by what is called the
internal get tering ( IG) mechanism[2～4 ] . It is well
accepted t hat the IG efficiency st rongly depends on
t he type of defect induced and on t he density and
size of t he oxygen precipitate[5 ,6 ] . All t hese factors
are directly related to the behavior of oxygen pre2
cipitation nucleation and growth , which is deter2
mined not only by the t hermal p rocess but also by
ot her factors ,such as initial oxygen content ,carbon
content , nit rogen content , ambient , and metals.
Metals , especially 3d t ransition metals , may con2

taminate silicon wafers during high2temperat ure
annealing. These metals , t heir silicides , or defect s
induced by silicides may have a st rong effect on ox2
ygen precipitation. The influence of iron on oxygen
precipitation has been researched by several
group s[7～9 ] . However ,few papers have reported t he
impact of copper or nickel on oxygen precipitati2
on[10 ,11 ] .

Rapid thermal p rocessing ( R TP) has emerged
as a key manufact uring technique for t he fabrica2
tion of integrated circuit s on silicon. Recently ,
M EMC ,one of the largest world’s silicon material
companies , has developed a different approach to
optimizing the denuded zone (DZ) in IG ,called t he
magic denuded zone ( MDZ) [12 ] , which is carried
out by means of R TP. The MDZ process has now
been widely used in t he micro2elect ronics indust ry.
However ,during R TP , silicon is easily contamina2
ted wit h t ransition metals ,such as copper and nick2
el . Research about how t hese metals affect t he oxy2
gen precipitation or the denuded zone in t he MDZ
process is needed. Copper and nickel have a differ2
ent p recipitation behavior in silicon. Furt her re2
search is needed to know how t heir different p re2
cipitation behaviors affect t he nucleation or t he
growt h of oxygen precipitation in silicon. Therefore
it is important to st udy t he effect s of such metals
on oxygen precipitation in silicon bot h in experi2
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ment and in t heory.
In t his paper , we report t he investigation of

t he impact of copper and nickel on t he behavior of
oxygen precipitation in CZ silicon under R TP by
means of Fourier t ransform inf rared spect ro2scopy
( F TIR) and defect etching. In light of t he nuclea2
tion t heory of oxygen precipitation ,t he mechanism
behind the influence of copper and nickel on oxy2
gen precipitation is discussed.

2 　Experiment

The samples used in t his work are 200mm
(100) Czochralski grown , boron2doped silicon wa2
fers with a t hickness of about 620μm and a resistiv2
ity of about 10Ω ·cm. The initial oxygen concen2
t ration of t he wafers was about 110 ×1018 cm - 3 ,as

determined by a Bruker IFS 66V/ S F TIR wit h a
calibrated coefficient of 3114 ×1017 cm - 2 . All sam2
ples were chemically etched to remove surface dam2
age and were cleaned by RCA solute. Then t hey
were divided into two group s , A and B. In group
A ,t he samples were subjected to MDZ annealing ,
two2step annealing ( 750 ℃ for 4h + 1050 ℃ for
16h) , followed by a pre2annealing of R TP at
1250 ℃ for 50s. To int roduce copper and nickel
contamination f rom t he surface into t he bulk of the
silicon , t he samples , which were sp ut tered wit h
copper and nickel on t he surface ,were annealed by
R TP at 1000 or 1200 ℃ for 50s. According to the
solubility of copper and nickel in silicon , t he con2
cent rations of copper and nickel in t he samples
were about 1017 ～ 1018 cm - 3 . This contamination

level should be much higher t han t hat in act ual de2
vices ,in which t he maximum tolerable metal con2
cent ration for important imp urities such as copper
and nickel is about 1011 cm - 3 [13 ] . The cooling rate of

t he R TP was about 20 ℃/ s. In group B ,copper and
nickel contaminant was first int roduced into the
samples by R TP at 1000 or 1200 ℃ for 50s. Then
t he same MDZ annealing ( R TP 1250 ℃ for 50s +
750 ℃for 4h + 1050 ℃for 16h) was performed. All
annealing was performed in argon atmosp here. The
samples’ interstitial oxygen concent ration was
measured by F TIR at room temperat ure. Before
measurement , all samples were chemically etched
to remove about 50μm of t he surface and cleaned
by RCA processes. Optical microscopy observation
( Olymp us MX50 ) combined with Sirtle etchant

was used to study t he defect dist ribution at t he
cleaved surfaces of t he samples. The etching time
was 4min.

3 　Results and discussion

Figure 1 shows t he variation of interstitial ox2
ygen concent ration in samples with a different cop2
per contaminated sequence during the IG process.
In Fig. 1 (a) , t he samples were first subjected to
MDZ annealing (R TP 1250 ℃for 50s + 750 ℃for 4h
+ 1050 ℃ for 16h ) and were then contaminated
with Cu by R TP at 1000 or 1200 ℃. In Fig. 1 ( b) ,
t he samples were first contaminated wit h Cu by
R TP at 1000 or 1200 ℃and were t hen subjected to
MDZ annealing (R TP 1250 ℃for 50s + 750 ℃for 4h
+ 1050 ℃for 16h) . The oxygen concent ration loss ,
defined as t he difference in oxygen concent ration
before and af ter t hermal t reat ment s , was taken as
t he precipitated oxygen concent ration. In Fig. 1
(a) ,it can be seen that af ter t he MDZ annealing ,
t he oxygen concent ration of t he samples ranges
f rom t he original 1015 ×1017 to 813 ×1017 cm - 3 ,and
t he precipitated oxygen concent ration is about 212
×1017 cm - 3 . Af ter t he samples were contaminated

with copper by R TP , t he oxygen concent ration
dropped slightly ,as shown in Fig. 1 (a) ,and t he a2
mount of oxygen precipitation changed slightly. In
Fig. 1 (b) ,a small increase in t he oxygen concent ra2
tion can be observed in t he samples subjected to
copper contamination by R TP. This is because high
temperat ure R TP annealing makes the original
small oxygen precipitation melt in t he silicon ,thus
increasing t he measured oxygen concent ration. Due
to t he short duration of t he R TP annealing , t he
change of oxygen precipitation can be neglected.
Then the oxygen concent ration drop s to about 414
×1017 cm - 3 af ter the MDZ annealing ( R TP 1250 ℃

for 50s + 750 ℃for 4h + 1050 ℃for 16h) . Thus t he
final concent ration of oxygen precipitation is about
611 ×1017 cm - 3 ,which is much higher t han t he oxy2
gen precipitation concent ration shown in Fig. 1 (a) .
For t he p rocess shown in Fig. 1 (a) , t he MDZ an2
nealing creates some density of t he oxygen precipi2
tation and induced defect s in the silicon wafers ,
which get ters t he interstitial copper undiff used by
t he subsequent R TP annealing. Due to t he IG
mechanism ,copper only p recipitated at the existing
induced defect s or oxygen precipitate. Thus t hey
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would not affect t he oxygen precipitation concen2
t ration remarkably. However , for the p rocess
shown in Fig. 1 (b) ,during t he cooling of R TP ,the
undiff used copper agglomerates and t hen forms
copper silicides in t he silicon wafers due to the
great dependence of t he solubility of interstitial
copper on temperat ure. These copper silicides
should enhance t he oxygen precipitation in the sub2
sequent MDZ annealing ,so t hat the amount of oxy2
gen precipitation is greater t han t hose of the sam2
ples only subjected to MDZ annealing shown in
Fig. 1 (a) .

Fig. 1 　Variation of interstitial oxygen concentration
( [ Oi ]) in samples with different copper contaminated

sequences during IG annealing 　( a ) MDZ annealing
(RTP 1250 ℃for 50s + 750 ℃for 4h + 1050 ℃for 16h)

+ Cu contamination by RTP (1000 ℃/ 1200 ℃for 50s) ;
(b ) Cu contamination by RTP ( 1000 ℃/ 1200 ℃ for

50s) + MDZ annealing ( RTP 1250 ℃ for 50s + 750 ℃
for 4h + 1050 ℃for 16h)

The variation of t he samples’interstitial oxy2
gen concent ration wit h different nickel contamina2
tion sequences during t he IG process is shown in
Fig. 2. The annealing process of nickel is similar to
t hat of copper . In Fig. 2 (a) , t he samples’oxygen
concent ration shows a big drop af ter MDZ annea2

ling , and t he subsequent in2diff used nickel has a
slight impact on t he oxygen precipitation ,which is
similar to that of copper . In Fig. 2 ( b) , t he oxygen
concent ration of t he samples ranges f rom t he origi2
nal 1015 ×1017 to about 412 ×1017 cm - 3 ,and t he a2
mount of oxygen precipitation is about 613 ×1017

cm - 3 ,which is as much as t he last oxygen precipi2
tation concent ration in Fig. 2 ( a ) . This indicates
t hat t he initial undiff used nickel also has no effect
on t he subsequent oxygen precipitation , which is
obviously different f rom t he effect of copper on ox2
ygen precipitation.

Fig. 2 　Variation of interstitial oxygen concentration
( [ Oi ]) in samples with different nickel contaminated

sequences during IG annealing 　( a ) MDZ annealing
(RTP 1250 ℃for 50s + 750 ℃for 4h + 1050 ℃for 16h)

+ Ni contamination by RTP (1000 ℃/ 1200 ℃for 50s) ;
(b) Ni contamination by RTP (1000 ℃/ 1200 ℃for 50s)

+ MDZ annealing (RTP 1250 ℃for 50s + 750 ℃for 4h

+ 1050 ℃for 16h)

To f urt her investigate t he impact of copper
and nickel on oxygen precipitation behavior during
t he different annealing processes in silicon ,an opti2
cal microscope combined wit h Sirtle etchant was
used to observe t he defect dist ribution in the sam2
ples. Figure 3 shows t he cross2sectional optical mi2
crograp hs of t he samples subjected to Cu annealed
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in group s A and B. It is clearly seen t hat t here is a
high density of etching pit s in Fig. 3 ( a ) , but in
Fig. 3 ( b ) large star2like colonies appear in the
etching pit s. These etching pit s reveal oxygen and
copper p recipitation as well as t he induced defect s.
This type of colony normally forms during slow
cooling of annealing of copper p recipitation[14 ] . Af2

Fig. 3 　Cross2sectional optical micrographs of the sam2
ples subjected to Cu annealed in group s A and B 　(a)

MDZ annealing (RTP 1250 ℃for 50s + 750 ℃for 4h +

1050 ℃for 16h) + Cu contamination by RTP (1000 ℃
for 50s) ; ( b) Cu contamination by RTP (1000 ℃ for

50s) + MDZ annealing ( RTP 1250 ℃ for 50s + 750 ℃
for 4h + 1050 ℃for 16h)

ter subsequent MDZ annealing ,t he star2like config2
uration hardly changes because t he R TP at 1250 ℃
in t he MDZ is short and could not entirely dissolve
t he copper p recipitation. It is reasonably demon2
st rated t hat oxygen precipitated at t he arm of the
colonies and nucleated at t he dislocation loop s in2

duced by copper p recipitation , t hat is , heterogene2
ous nucleation of oxygen precipitation should be
dominant in t his sample[ 10 ] . Figure 4 shows cross2
sectional optical micrograp hs of the samples sub2
jected to Ni annealed in group s A and B. There
were high densities of etching pit s in Figs. 4 (a) and
(b) . No obvious different etching pit s can be found
in t hese two micrograp hs ,and t hey all reveal oxy2
gen and nickel p recipitation.

Fig. 4 　Cross2sectional optical micrographs of the sam2
ples subjected to Ni annealed in groups A and B 　(a)

MDZ annealing (RTP 1250 ℃for 50s + 750 ℃for 4h +

1050 ℃ for 16h) + Ni contamination by RTP (1000 ℃
for 50s) ; ( b) Ni contamination by RTP ( 1000 ℃ for

50s) + MDZ annealing ( RTP 1250 ℃ for 50s + 750 ℃
for 4h + 1050 ℃for 16h)

The above result s indicate t hat in the IG
process Cu and Ni have no appreciable effect on ex2
isting oxygen precipitation in CZ silicon ,and can be
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get tered effectively , whereas initial contaminated
Cu in silicon significantly enhances t he subsequent
oxygen p recipitation in the IG process , but the
effect of Ni on oxygen precipitation is small .

During t he MDZ annealing ,t he oxygen precip2
itation is driven by the supersaturation of oxygen

in silicon. Generally , t he oxygen precipitation

process includes two aspect s : nucleation and

growt h of oxygen precipitate. During the nucleation

of oxygen p recipitation ,a reaction between t he sili2
con mat rix and oxygen occurs as[1 ]

2Si + 2O i ΖSiO2 + y1 I + (1 - y1 ) Sist rain (1)

where I rep resent s t he interstitial silicon ,and Sist rain

rep resent s the compressed st ress of oxygen precipi2
tation on t he silicon mat rix. Due to t he volume

difference between oxygen precipitation and sili2
con ,large st resses are generated ,retarding t he for2
mation of the oxygen precipitation. Compared to

carbon or vacancy absorption and generation of

p unching2out dislocation loop s , I emission is

t hought to be more effective to release st ress. On

t he basis of st rain relief models ,t he critical size of

oxygen precipitation can be writ ten as[1 ]

rcrit =
Ωoxσ

kB Tl n ( Ci

Ceq
i

) ×( Ceq
I

CI
) 1/ 2

(2)

where Ωox a ndσrefer to t he SiO2 molecule volume

and t he interfacial energy density between t he oxy2
gen precipitations , Ci and Ceq

i are t he act ual and e2
quilibrium concent rations of interstitial oxygen ,re2
spectively ,and Ceq

I and CI are t he actual and equilib2
rium concent rations of interstitial silicon.

For t he samples first subjected to MDZ annea2
ling in both Cu and Ni ,almost no defect existed to

act as heteronucleation sites of oxygen p recipitate ,

and t he interstitial silicon atoms could not be easily

absorbed ,so homogeneous nucleation was t he main

met hod. According to Eq. ( 2) , t he critical size of

t he oxygen precipitation increases ,and t he density

of t he oxygen precipitation in silicon is low. Mean2
while , because the residual st ress induced by the

oxygen precipitation cannot be released easily ,dis2
location occurs around t he oxygen precipitation. It

has been found t hat interstitial copper and nickel

do not enhance oxygen diff usion or oxygen precipi2
tate nucleation[1 ] . During t he next R TP annealing ,

t he in2diff used Cu and Ni are gettered by t hese ox2
ygen p recipitates or t heir induced defect s , and the

effect of metals on oxygen precipitation is slight .

Copper atoms exist p rimarily in complexes or

as interstitial copper when the annealing tempera2
t ure is lower t han 800 ℃. However t he annealing

temperat ures of R TP are 1000 and 1200 ℃, higher

t han 800 ℃, and t he copper atoms are agglomera2
ted. Thus copper p recipitation in silicon with a high

density of dislocations is generated. These precipi2
tates and dislocations could provide heteronucle2
ation sites for t he oxygen precipitation due to t he

much lower nucleation barrier . Furthermore , t he

dislocations could absorb t he interstitial silicon at2
oms during t he oxygen precipitation nucleation ,

t hus decreasing the concent ration of interstitial sil2
icon ( CI ) . From Eq. (2) , when t he critical size of

t he oxygen precipitation is smaller ,a high density

of t he oxygen precipitation appears. On the ot her

hand ,t he defect s generated by t he copper p recipita2
tion could absorb the interstitial silicon atoms and

release t he st rong st ress induced by t he oxygen

precipitation , enhancing the oxygen precipitation.

Therefore , copper p recipitation greatly enhances

t he nucleation process of t he oxygen precipitation

and increases the final amount of t he oxygen pre2
cipitation ,as shown in Fig. 1.

U nlike copper ,nickel atoms tend to diff use to

t he surface of t he silicon wafers , and only part of

t hem precipitate in the bulk of the silicon wafers ,

when t he annealing cooling is slow. However , t he

nickel p recipitation fit s t he silicon mat rix very

well . They do not induce large st ress in t he silicon

mat rix ,and no high density of defect s is generated.

Thus in t hese silicon wafers ,t here is a lack of het2
eronucleation sites for t he oxygen precipitation ,and

t here are no defect s to absorb interstitial silicon at2
oms and to release t he st rong st ress , so oxygen

precipitation is not influenced by nickel . Therefore ,

nickel had no effect on the subsequent oxygen pre2
cipitation ,and t he amount of oxygen precipitation

was the same in t he two processes in Fig. 2.

4 　Conclusion

We have investigated t he impact of copper and

nickel on the oxygen p recipitation during t he IG

process in CZ silicon by means of F TIR. In CZ sili2
con ,interstitial copper almost has no effect on t he
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oxygen precipitation , but copper p recipitation

markedly enhances t he oxygen precipitation ; how2
ever ,interstitial nickel and nickel p recipitation have

no effect on the oxygen precipitation. These result s

suggest t hat copper p recipitate act s as heterogene2
ous nucleation sites for t he oxygen precipitation

and enhances the oxygen p recipitation , whereas

nickel p recipitation fit s well wit h t he silicon mat rix

and has no effect on the oxygen precipitation nucle2
ation.
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快速热处理工艺下直拉单晶硅中铜、镍对氧沉淀的影响 3

吴冬冬 　杨德仁 　席珍强 　阙端麟

(浙江大学硅材料国家重点实验室 , 杭州　310027)

摘要 : 研究了快速热处理工艺下直拉单晶硅中过渡族金属铜、镍对内吸杂工艺中氧沉淀形成规律的影响. 实验结
果表明 :在快速热处理工艺下 ,间隙铜对氧沉淀几乎没有影响 ,铜沉淀却能显著地促进氧沉淀的形成 ;而间隙镍或
镍沉淀对氧沉淀的形成都没有影响. 基于实验结果并结合氧沉淀的形核理论 ,对金属铜、镍对氧沉淀的影响机理进
行了解释.
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