
X-RAY LAUE DIFFRACTION STUDY OF OXYGEN PRECIPITATES IN
CZOCHRALSKI SILICON

J. Rùžièka, O. Caha and M. Meduòa

De part ment of Con densed Mat ter Phys ics, Fac ulty of Sci ence, Masaryk Uni ver sity, Kotláøská 2, 611 37 Brno, 
Czech Re pub lic

ruzmen@phys ics.muni.cz

Key words: 

Czochralski sil i con, ox y gen pre cip i tates, x-ray Laue dif -
frac tion, sta tis ti cal dy nam i cal the ory of dif frac tion

Abs tract

In the pre sented ar ti cle, ox y gen pre cip i tates in an nealed
Czochralski sil i con were stud ied by X-ray dif frac tion in
Laue ge om e try. Re flec tion and trans mis sion curves ob -
tained by mea sure ment were com pared with curves cal cu -
lated us ing Takagi equa tions and sta tis ti cal dy nam i cal
the ory of dif frac tion. Pa ram e ters of the sim u la tions were:
rel a tive vol ume and ra dii of de fects the cores of which are
formed by the ox y gen pre cip i tates. Spher i cal shapes of de -
fects was as sumed. By us ing these two pa ram e ters the ab -
so lute con cen tra tion of de fects in side the crys tal was
cal cu lated. Dependence of the pa ram e ters on pre-an neal ing 
at high tem per a ture, on the nu cle ation tem per a ture and on
the du ra tion of pre cip i ta tion an neal ing was stud ied.

In tro ducti on

When Czochralski sil i con crys tal is be ing pulled, the melt
is held within a quartz cru ci ble. The sil i con melt is there -
fore con tam i nated by large amount of ox y gen at oms. Most
of these at oms evap o rate from the melt’s sur face in the
form of SiO ox ide, but still not neg li gi ble amount of O is
in cor po rated into the grow ing crys tal. The con cen tra tion of 
this in ter sti tial ox y gen al most reaches the sol u bil ity limit in 
sil i con [1].

Sil i con wa fers are sub mit ted to se ries of an neal ing
treat ments dur ing tech no log i cal pro cess in in dus try. An -
neal ing at high tem per a ture in duces dif fu sion of ox y gen at -
oms, which move through the crys tal and gather, form ing
the so-called nu clei [2-3]. These nu clei can fur ther grow
and form ox y gen pre cip i tates. The pre cip i tates con tain sil i -
con ox ide SiOx, usu ally SiO2. These de fects have dras tic
im pact on elec tronic prop er ties but they are also ben e fi cial
as traps for fast dif fus ing metal ions that can be rarely pres -
ent in the crys tal de spite our ef forts to avoid such con tam i -
na tion. The pre cip i tates can also cap ture dis lo ca tions.

It is de sir able to con trol the size and the con cen tra tion
of the pre cip i tates by ap pro pri ate se lec tion of an neal ing pa -
ram e ters [3-4]. Mea sure ment of in fra red ab sorp tion spec tra 
al lows us to non-de struc tively de ter mine only the con cen -
tra tion of in ter sti tial ox y gen be fore and af ter an neal,
stochiometry and mor phol ogy of the pre cip i tates, how ever
the size and the con cen tra tion of the pre cip i tates re main un -
known. On the con trary etch ing tech niques and trans mis -
sion elec tron mi cros copy are de struc tive meth ods.

A non-de struc tive method able to de ter mine these pa -
ram e ters is the X-ray dif frac tion, ei ther in Bragg or in Laue
ge om e try. In the Bragg case we usu ally mea sure maps of

re cip ro cal space and the ra dius of spher i cal de fects, whose
cores are formed by the pre cip i tates, can be de ter mined. In
the Laue case we mea sure trans mis sion and re flec tion
curves si mul ta neously and both the ra dius and the con cen -
tra tion of de fects can be de ter mined by com par ing the mea -
sure ment with the sim u la tion. The sim u la tion of a
re flec tion curve can be car ried out for the Bragg case as
well, see for ex am ple [5] and ci ta tions therein.

Dy na mi cal diffracti on by a de fect crys tal

In or der to study ox y gen pre cip i tates in sil i con by means of
X-ray dif frac tion the in ten si ties of dif fracted (and trans mit -
ted in the Laue case) waves com ing from a dis turbed crys -
tal must be calculated. Since the pre cip i tates are smaller
than the X-ray co her ence length used, en sem ble av er ag ing
over all pos si ble de fect con fig u ra tions must be per formed. 
Holý and Gabrielyan [6] de scribed the the ory us ing sta tis ti -
cal dy nam i cal the ory of diffraction and only key points of
the cal cu la tion out line will be pre sented here. Only Laue

case and s-po lar iza tion of the pri mary wave will be con sid -
ered for co her ent and in co her ent ap prox i ma tion in this
work.

Cal cu la tion of the co her ent part of the sig nal (i.e. we
ne glect the dif fuse scat ter ing) is based on Takagi equa tions
for the case of dis turbed crys tals in the form
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,k h0  are the co or di nates in di rec tions of real parts of the

wave vec tors 
r
k h0,  , K  is the mag ni tude of the wave vec tor of 

the pri mary wave, ch,-h are Fou rier com po nents of the crys -

tal sus cep ti bil ity, E ihu= -exp( )
rr

 is the Debye-Waller fac -

tor,  
r r
u r( ) is the dis place ment field of at oms from their
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lat tice po si tions, f r ihu E( ) exp( )
r rr

= - -  and D rh0, ( )
r

 are the

am pli tudes of the wave fields in the crys tal.
In tro duc ing the Green’s func tion $G 0  rep re sent ing the

in verse op er a tor $L-1  and per form ing the sin gle-group ap -
prox i ma tion [6], Takagi equa tions can be re writ ten into the
Dyson equa tion in an in te gral form
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where 
r r
d r0 ( ) is the wave field in a quasiperfect crys tal (i.e. a 

per fect crys tal with sus cep ti bil ity co ef fi cients 
¢ =- -c ch h h hE, , ). Nontrivial so lu tion can be ob tained for the

co her ent waves in the dis turbed crys tal af ter Fou rier trans -
for ma tion of equa tion (2).

Cal cu la tion of the in co her ent part is per formed us ing
the en sem ble av er aged mu tual co her ence func tion

$( , ) ( ) ( )g
r r r r r r
r r d r d r¢ = Ä ¢+ ,                (3)

where Ä de notes the di rect prod uct and + an adjoint vec tor.
The so lu tion can be ob tained from Bethe-Salpeter equa tion 
in an in te gral form af ter us ing sin gle-group ap prox i ma tion
[6]
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where g ij
c r r d r d r( , ) ( ) ( )

r r r r r r
¢ = Ä ¢

+

 is the mu tual co her ence

func tion of the wavefield in the co her ent ap prox i ma tion,i,
j, k, l, m, n = 0, h, $ ( )G r r

r r
- ¢    is the Green’s func tion rep re -

sent ing the in verse op er a tor of the Dyson op er a tor 
$ ( ) $( ) $ ( ) $ ( ) $ ( )D r L r P r G r r P r

r r r r r r- = - ¢ ¢ - ¢¢ ¢¢1 0  and Kklmn are the

com po nents of the in ten sity op er a tor. Equa tion (4) can be
solved by it er a tions. Ac cord ing to ref er ence [6] the first it -
er a tion is suf fi cient and the higher ones are neg li gi ble. We
con sider only one in co her ent scat ter ing of each wave in the
crys tal; how ever the in co her ently scat tered waves can dif -
fract again co her ently. 

Ex pe ri ment 

The ex per i ment was per formed on the high res o lu tion
X-ray diffractometer at the De part ment of Con densed Mat -
ter Phys ics at Masaryk Uni ver sity Brno. The lay out is

shown in Fig. 1. The char ac ter is tic ra di a tion Ka1 of mo lyb -
de num was monochromized by Göbel mir ror and by
Bartels mono chro ma tor (dif frac tion (220) by ger ma nium
sin gle crys tals). Two scin til la tion de tec tors were used in
or der to si mul ta neously mea sure both the trans mit ted and
the dif fracted in ten si ties.

The sam ples were cut from a wa fer from the top of a sil -
i con in got. The ori en ta tion of the in got was (111). The
thick ness of the wa fer was 2 mm. The sam ples were an -
nealed ac cord ing to the fol low ing treat ment

(1150 °C/3 min) + Tn/24 h + 800 °C/4 h + 1000 °C/x

where the pre-an neal ing in the brack ets was per formed for
some sam ples in or der to dis solve nu clei grown dur ing the
pull ing of the crys tal, Tn was the nu cle ation tem per a ture
(500 °C or 550 °C) and x was the du ra tion of the pre cip i ta -
tion an neal (up to 24 hours or 48 hours re spec tively). The
con cen tra tion of in ter sti tial ox y gen in the sam ples was
mea sured by the in fra red ab sorp tion spec tros copy us ing
the IOC88 stan dard.

Si mu lati on

The sim u la tion was per formed by us ing soft ware writ ten
by prof. Václav Holý. The soft ware uses the sta tis ti cal dy -
nam i cal the ory of dif frac tion by a de fect crys tal de scribed
in ref er ence [6]. The de fects are as sumed to be spher i cal,
ho mo ge neously dis trib uted through the crys tal and co her -
ently nondiffracting. Sim u la tion pa ram e ters are the ra dius
of the de fects Ref  and their vol ume Vrel rel a tive to the vol -
ume of the crys tal. The ab so lute con cen tra tion can be di -
rectly cal cu lated us ing these two pa ram e ters ac cord ing to
the for mula

n
V

R

rel

ef

=
4

3

3p

, (5)

The ra dii of the de fects are as sumed to be ran dom val ues
with Gaussi an dis tri bu tion around the given value.

It is nec es sary to men tion that the de fects are not the
pre cip i tates them selves. The sur round ing sil i con lat tice is
de formed to a great ex tent and this area of strong de for ma -
tion does not co her ently dif fract as well. There fore we in -
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Fig ure 1. The lay out of the HRXRD diffractometer at the De part ment of Con densed Mat ter Phys ics.



ves ti gate de fects con sist ing of pre cip i tates form ing their
cores and ar eas of strong de for ma tion field around them.
How ever there is also the area of weak de for ma tion fur ther
from the pre cip i tate which can al ready dif fract in cer tain
way, since the lat tice is no lon ger de formed enough. The
co her ent dif frac tion is sup pressed with re spect to the one of 
an ideal crys tal due to this fact. This weak de for ma tion
field was not con sid ered in the per formed cal cu la tion.

The de scribed de fect is sche mat i cally drawn in Fig. 2.
The ef fec tive ra dius can be, ac cord ing to Caha et al.  [7],
de fined by the con di tion

u R
pV

R h
R

pVh
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ef

ef( )
.

,= = =
4

01
10

42

2

p p
                (6)

where V is the vol ume of the pre cip i tate, p de scribes the
dif fer ence be tween the real pre cip i tate vol ume and space
avail able in the un strained lat tice and h is the dif frac tion
vec tor. 

Fi nally the sim u lated curves have to be con vo luted with 
the ap pa ra tus func tion con sist ing of the to tal re flec tion
curve of the Bartels mono chro ma tor in or der to be com -
pared with the mea sure ment. Ex am ples of sim u la tions and

mea sure ments are plot ted for unan nealed and an nealed
crys tal in Fig. 3.

Re sults

The mea sured and sim u lated trans mis sion and dif frac tion
curves, ob tained both in Laue set-up, were in good agree -
ment only far from the co her ent peak, see Fig. 3 b). We be -
lieve that the rea son is ne glect ing the weak de for ma tion
field of the lat tice which would sup press more of the co her -
ent sig nal. De spite this it seems that the rel a tive vol ume of
the de fects had been de ter mined well. The rel a tive vol ume
of the de fects is plot ted against the du ra tion of the pre cip i -
ta tion an neal in Fig. 4 for all in ves ti gated sam ples. The er -
ror-bars in Figs. 4-8 rep re sent the step of a sim u la tion grid
we used for find ing the best fit. We can see that the pre cip i -
tates grow faster with higher nu cle ation tem per a ture. This
ef fect is given by the de pend ence of the crit i cal ra dius on
tem per a ture [1]. The growth of the pre cip i tates in the case
of pre-an nealed sam ples is slower and the nu clei formed
dur ing the in got growth are at least par tially dis solved dur -

ing the pre-an nealing at 1150 °C/3 min.
Op po site to the rel a tive vol ume, the ra dii and cal cu lated 

ab so lute con cen tra tions of the de fects were de ter mined
with large un cer tainty. The ra dius of pre cip i tates var ied in
the range from 500 nm to 800 nm for sam ples nu cle ated at
500 °C and in the range from 300 nm to 650 nm for sam ples 
nu cle ated at 550 °C. No sig nif i cant de pend ency on pre cip i -
ta tion du ra tion was ob served. The cal cu lated pre cip i tate
con cen tra tions are plot ted in Figs. 5-6. Since the de fects are 
the same or lit tle smaller in size with in creas ing du ra tion of
the pre cip i ta tion an nealing, their con cen tra tion in creases.
This is not in agree ment with the clas si cal the ory of pre cip -
i ta tion [2] where the nu clei form only dur ing the nu cle ation 
part of the an neal ing pro cess and not dur ing the pre cip i ta -
tion. On the con trary the ra dii should in crease be cause the
lon ger the al ready formed pre cip i tates are an nealed, the
big ger they grow. The prob lem con sists in the de ter mi na -
tion of ra dii which is sen si tive mainly to the width of the
dif frac tion peak af fected also by the co her ent part. Since
the model used in this pa per does not in clude the weak de -
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Fig ure 2. Sche matic pic ture of a de fect with a pre cip i tate form ing 
its core.

a) b)

Fig ure 3. Mea sured and cal cu lated re flec tion and trans mis sion curves for a) not-an nealed sil i con crys tal (not an nealed sam ple) and b)
sam ple an nealed at 500 °C/24 h + 800 °C/4 h + 1000 °C/48 h.



for ma tion field of the lat tice far from the de fect core, the
val ues of the ra dii and con se quently the val ues of the con -
cen tra tion are only ap prox i mate.

The ra dius of the de fects is con nected rather with the
shape of the curves, while the rel a tive vol ume is con nected
with the in te gral in ten sity of the re flec tion curve. That
means that in our case, when the sim u la tion does not fit
well the mea sure ment, it is still quite pos si ble to get rea son -
able val ues of the rel a tive vol ume since the in te gral in ten -
sity is more ro bust than the shape of the curves.
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Fig ure 5. The ab so lute con cen tra tions of de fects in sam ples a)

with out and b) with the pre-an neal at  1150 °C/3 h and with Tn =
500 °C.
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Fig ure 6. The ab so lute con cen tra tions of de fects in sam ples a)
with out and b) with the pre-an nealing at  1150 °C/3 h and with Tn

= 550 °C. 
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Fig ure 7. The rel a tive vol ume of the de fects com pared with the

loss of in ter sti tial ox y gen for sam ples with Tn = 500 °C and a)
with out b) with pre-an neal ing.



Al though the rel a tive vol ume is con nected to the loss of 
in ter sti tial ox y gen, we can not com pare them quan ti ta tively
since with out the in for ma tion about the real size of the pre -
cip i tates we can not say how many ox y gen at oms they con -
tain. But we can com pare at least the shape of the curves
and it fits quite well, as seen in Figs. 7 and 8.

Conclu si on

The pre sented method of in ves ti gat ing the ox y gen pre cip i -
tates in Czochralski sil i con proved to give rea son able re -
sults of the rel a tive vol ume of the de fects that are in
agree ment with the the ory of pre cip i ta tion and with the in -
fra red mea sure ments de spite the fact that the model is not
com pletely cor rect. The ra dii of the de fects and there fore
consequently the ab so lute con cen tra tions can not be de ter -
mined well in the cur rent state of the model. For fur ther in -
ves ti ga tion it is nec es sary to com plete the model with the
area of weak de for ma tion and check whether this is truly
the cause of the sim u la tion not fit ting the mea sure ment. In
case the sim u lated curves fit better it would be pos si ble to
com bine the re sults of this method and of the in fra red ab -
sorp tion mea sure ments in or der to de ter mine the real size
of the pre cip i tates them selves.
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Fig ure 8. The rel a tive vol ume of the de fects com pared with the

loss of in ter sti tial ox y gen for sam ples with Tn = 550 °C and a)
with out b) with pre-an neal ing.


