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E˜ ect of hydrost at ic pressure up to 1.2 G Pa on oxy gen-imp lan ted sili-
con , Si :O (O + dose, D , within the 6 È 1 01 7

À 2 È 10 1 8 cm À 2 range), treated at

1230{1 570 K , w as in vestigated by X -ray , transmission electron microscopy
and photolumi nescence metho ds. The pressure treatment a˜ects oxygen pre-
cipitati on and defect creation, especial ly in low oxygen dose implan ted Si:O

( D = 6 È 10
17 cm À 2 ). Such investigation helps in understandi ng the stress

related phenomena in Si w afers w ith buried insulati ng layer.

PACS numb ers: 61.10. {i, 61.72.Y x, 81.40.V w

1. I n t rod uct io n

Separati on by oxyg en impl anta ti on (SIM OX) is a wi dely known techno logy
for pro duci ng silicon-on-insul ato r (SOI) structures . Thi s technology consists of two
steps:

(a) im planta tio n of oxyg en ions into single crysta l l ine Si substra te, to prepare
Si :O, and

(b) high tem perature (HT) trea tm ent of Si:O, usual ly at Ñ 1 5 7 0 K.

(719)
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Ini ti al ly random ly di stri buted oxyg en ato ms preci pi ta te duri ng anneal ing
and create dispersed sub-sto ichiom etri c SiO 2 À x clusters and agglomerates, and
eventua l ly, for hi gh ( Ñ 1 È 1 0 1 8 cm À 2 ) im planted oxyg en doses, D , the insul ati ng
buri ed layer com posed of sto ichiom etri c SiO 2 . Thi s e˜ect is cri ti cal ly dependent
on D and condi ti ons of im planta ti on and the subsequent trea tm ent.

Crea ti on of SiO2 À x clusters and preci pi tates in Si :O is concomi ta nt wi th
stress, both at the im planta tio n stage and duri ng the trea tm ent, because the vol -
um e of SiO2 i s about twi ce tha t of Si and therm al expansion of Si is much higher
tha n tha t of SiO .

It was expected tha t, by contro l led change of stra in resul ti ng from enhanced
hydro stati c pressure (HP) of am bient gas at anneal ing of Si:O, i t woul d bepossible
to obta in inf orm ati on on e˜ect of stra in on the structure of Si:O and of the Si/ SiO
bounda ry (tha t last one for the SOI- l ike structures prepared from Si:O wi th Ñ

1 È 1 0 cm ).
Valuable data concerni ng oxyg enpreci pi tati on have been reported for Czoch-

ra lski silicon (Cz- Si) trea ted under enhanced hydro stati c pressure of inert gas
(HT { HP trea tm ent) [1, 2]. The HT{ HP trea tm ent has been pro ven to exert pro-
nounced e˜ect on defect creati on in Si :O [3] and in SOI structures prepared by
di rect bondi ng techno logy [4].

E˜ect of the HT{ HP trea tm ent on oxyg en preci pi ta ti on and structure of
oxyg en-impl anted Cz-Si and Ûoati ng zone (Fz) grown Si sing le crysta ls wi th Ñ

6 È 1 0 cm wa s investi gated in thi s wo rk. Som e results for the Si:O sampl es
prepa red by low- dose impl anta tio n ( ç 1 È 1 0 cm ) [3, 5] were also presented
for reference.

The 001 and 111 ori ented Cz-Si and Fz- Si wa fers were im planted at
650 K by O ions ( = (6 À 2 0 ) È 1 0 cm , energy 50{ 170 keV, oxygen pro-
jected range = 0 12À 0 37 m ). Characteri sti c features of inv estigated Si:O
sam ples are presented in T abl e.

T ABLE

The sam ples of about 1 2 È 8 È 0 6 m m dim ension were cut from the Si:O
wa fers and annealed under 1 0 Pa (atm ospheri c pressure) or HT{ HP trea ted at up
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to 1570 K under argon pressure up to 1.2 GPa, typi cal ly for 5 h. The equipm ent
used f or tha t trea tm ent wa s described elsewhere [2]. The sam ples were investigated
by X- ray reci procal space mappi ng (XR R SM, Cu K ˜ radiati on). In what fol lows,
the axes on the XR RSM Ùgures are mark ed in Ñ=2 d uni ts (Ñ | X- ray wa velength,
d | interpl anar distance).

W hi te beam synchro tro n to pography (done at ESR F, I D19 beam line), cro ss-
-sectional tra nsmission electron m icro scopy (TEM) and photo lum inescence (PL)
m easurements (tha t latter one at 10 K, wi th exci ta ti on by the 488 nm line of argon
laser) were also done f or som e sam ples.

3. R esul t s an d d iscu ssio n

It has been reported earl ier [3] tha t the HT{ HP trea tm ent at Ñ 1 2 3 0 K of
the Si:O sampl es im planted wi th low oxygen doses(D ç 1 È 1 0 1 7 cmÀ 2 ) resul ted
in creati on of dispersed SiO 2 x clusters/ precipi ta tes. Al m ost no di slocati ons were
form ed at (1230{ 1400) K{ (0.6{ 1.2) GPa for the sampl es implanted wi th ç

1 È 1 0 cm , contra ry to the case of Si:O annealed under 1 0 Pa [3]. Thi s e˜ect
can be related to HP- induced decrease in the misÙt, , at the SiO x preci pi ta te/ Si
bounda ry [3, 6], in accorda nce wi th Eq. (1)

= +
[ Â ( À ) + HP (1 À 1 ) ]

3 + 4
(1)

where | ini ti al m isÙt at the SiO preci pi ta te/ Si matri x boundary at 295 K,
1 0 Pa; and | coe£ ci ents of volum e therm al expansion, and

| bul k m odul i and | shear m odul us (the botto m indi ces denote the
respect ive materi al ).

The shear stress at the SiO x preci pi ta te/ Si m atri x bounda ry decreases
wi th HP, because (f or sto ichi om etri c m ateri als at 298 K: =

9 8 È 10 Pa and = 4 È 10 Pa [7]). It m eans tha t less di slocati ons wi l l
be created at HP, m oreover, tha t oxygen preci pi ta tes of decreased dim ension are
form ed at HT{ HP [2, 3].

The HT{ HP trea tm ent of Si:O im planted wi th = 6 È 1 0 cm resul ted
in creati on of a buri ed quasi-conti nuous SiO layer (Fi g. 1A), whi le for Si:O wi th

Ñ 1 È 1 0 cm a conti nuous SiO layer was form ed (Fi g. 1B{ D ). D epending
on and on condi ti ons of the trea tm ent, presence of di slocati ons at the SiO
layer/ m atri x bounda ry was detecte d (Fi g. 1B, D).

Oxyg en preci pi tates and other defects were recognized by X-ray synchro tro n
to pography only in the Si:O sampl es impl anted wi th low oxygen doses, ç

1 È 1 0 cm ; the images of indi vi dual defects (preci pi ta tes) were overl apping
for the HT{ HP trea ted Si :O sam ples prepared wi th use of hi gher O doses.

Two -dim ensional XR RSM ' s were recorded near the 004 and 333 reci procal
space points for the annealed and HT{ HP trea ted Si:O sampl es.
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Fig. 1. T EM images of Si:O samples H T {H P treated for 5 h. (A ) 001 oriented Fz- Si:O

( D = 6 È 10
17 cm À 2 , 170 keV , R p = 0: 37 ñ m) treated at 1400 K {1. 0 GPa ; (B) 111

oriented Fz- Si:O ( D = 1: 1 È 10 18 cm À 2 , 50 keV , R p = 0: 12 ñ m) treated at 1400 K {

1. 14 GPa; (C ) as (B) but treated at 1570 K À 10
7 Pa; (D) 001 oriented C z-Si:O ( D =

2 È 10
18 cm À 2 , 50 keV , R p = 0: 12 ñ m) treated at 1400 K {1. 2 GPa.

The trea tm ent at 1230 K{ 1 GPa of the 001 ori ented Fz-Si:O sam ples (D =

6 È 1 0 1 7 cm ) results in negl igibl e di ˜use scatteri ng whi ch, however, increases
stro ngly wi th tem perature and pressure, being especial ly pronounced f or the sam -
pl e trea ted at 1570 K{ 1.2 GPa (Fi g. 2). The oxygen dose equal to 6 È 1 0 cm
is not su£ cient for creati ng ful ly sto ichiom etri c SiO buri ed layer at anneal-
ing/ trea tm ent (Fi g. 1A), so enhanced di ˜use scatteri ng from such sam ples can
be considered as an evi dence of num erous but smal l silicon clusters present wi thi n
the buri ed oxi de layer.

PL spectra of Si:O sam ples trea ted at 1570 K are presented in Fi g. 3. The
trea tm ent of the reference [8] low-doseoxyg en-impl anted sampl esat 1570 K resul ts
in a presence of wi de dislocati on-related PL l ines near 0.81 eV (thei r intensi ty de-
creaseswi th HP , compare spectra and ). The sam ples wi th = 6 È 1 0 cm
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Fig. 2. T w o-dimensional X RRSM ' s recorded near 004 recipro cal space point for 001

oriented Fz- Si:O samples ( D = 6 È 10 17 cm À 2 , 170 keV , R p = 0 :37 ñ m) treated for 5 h

at: (A ) 1230 K {1 GPa; (B) 1400 K {1. 2 GPa; (C ) 1570 K À 10
7 Pa; (D) 1570 K {1. 2 GPa.

T he axes are marked in Ñ =2 d units.

(wi th the quasi-conti nuous buri ed SiO 2 layer [9]) indi cate stro ng PL at about
1.02 eV, simi lar to tha t detected in annealed hydro gen- and helium - im planted
sil icon, presum ably related to som e point defects [10]. The PL peak at 1.1 eV
corresponds to band- to -band tra nsiti on; i ts intensi ty is higher for the sam ples of
hi gher structura l perfection.

Fig. 3. PL spectra of Si:O samples ( A and B | D = 1 È 10 17 cm À 2 , 200 keV , R p =

0 : 4 ñ m; C and D | D = 6 È 10 17 cm À 2 , 170 keV , R p = 0 :37 ñ m) treated for 5 h at:

A and C | 1570 K À 10
7 Pa; B and D | 1570 K {1. 2 GPa.

The HT{ HP trea tm ent of Si:O sam ples im planted wi th the O + Ûux of high
dose but low energy ( = 1 1 1 0 cm , 50 keV) leads to X- ray di ˜use scatteri ng
alm ost independent of the trea tm ent condi ti ons (Fi g. 4). In tha t case the HT{ HP
trea tm ent a˜ects creati on of defects at the SiO Si bounda ry , but not tha t inside
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of the oxi de layer, the latter being rather uni form and reachi ng sam ple surface
(Fi g. 1B{ D ). The SiO 2 / Si interf ace in such sampl es is stro ngly dislocated because
of misÙt exi sting in thi s area. Point defects located at the interf ace form small
preci pi tates gettered at the di slocati ons.

Fig. 4. T w o-dimensional X RRSM' s recorded near 333 recipro cal space point for 111

oriented Fz- Si:O samples ( D = 1: 1 È 10
18 cmÀ 2 , 50 keV , R p = 0: 12 ñ m) treated for 5 h at:

(A ) 1230 K À 1: 2 GPa; (B) 1400 K {1. 14 GPa; (C ) 1570 K À 10
7 Pa; (D) 1570 K {1. 2 GPa.

T he axes are marked in Ñ= 2 d units.

PL spectra of Si:O sam ples wi th D = 1 : 1 È 1 0 1 8 cm , trea ted at 1400 K,
are presented in Fi g. 5. Enha nced HP duri ng the trea tm ent results in quenchi ng
of the dislocati on-related PL l ine at 0.81 eV. The trea tm ent of these sam ples at
1570 K leads to disappearance of tha t di slocati on-related PL peak.

Fig. 5. PL spectra of Fz- Si:O samples ( D = 1 :1 È 10
18 cmÀ 2 , 50 keV , R = 0: 12 ñ m)

annealed / treated at 1400 K for 5 h. A | at 10
5 Pa; B | at 0.6 GPa; C | at 1.14 GPa.
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Fig. 6. T w o-dimensional X RRSM' s recorded near 004 recipro cal space point for 001

oriented Cz- Si:O samples (D = 2 È 10 18 cm À 2 , 50 keV , R p = 0 :12 ñ m) annealed = trea ted

for 5 h at: (A ) 1230 K À 10
5 Pa; (B) 1230 K {1. 2 GPa; (C ) 1400 K À 10

5 Pa;

(D) 1400 K {1. 14 GPa. T he axes are marked in Ñ= 2d units.

The HT{ HP trea tm ent of Si:O im planted wi th D = 2 È 1 0 1 8 cm À 2 resul ts
in X- ray di ˜use scatteri ng of low intensi t y (Fi g. 6). Thi s is an evi dence tha t the
HT{ HP trea tm ent a˜ects, wi th respect to defect creati on, mostl y the SiO layer/ Si
bounda ry (co mpare Fi g. 1B, D ). The wi de but weak PL peak at 0.8 eV detecte d
after the trea tm ent at 1400 K{ (0.6{ 1.2) GPa can be related to presence of con-
ta m inati on in the surface-reaching SiO layer [11]. The trea tm ent at 1400 K{ HP
of the sam ples wi th Ñ 1 È 1 0 cm did not suppress ful ly the creati on of
di slocati ons (Fi g. 1B{ D , Fi g. 3). In the case of sam ples trea ted at HT Ñ 1400 K
and HP = 1.2 GPa, the quasi-conti nuous SiO layer (conta ini ng the crysta l l ine
Si incl usions) grew in the sampl esim planted wi th = 6 È 1 0 cm whi le, in the
case of higher oxyg en doses, tha t layer seems to be conti nuous and stoichi om et-
ri c. T ensile stress in the near- surface Si layer, exerted by not ful ly sto ichiom etri c
SiO of higher volum e tha n tha t of Si, was responsible for form ati on of disloca-
ti ons. They were detected in Si at the botto m and at the to p SiO / Si interf aces
of the buri ed layer in the case of Si impl anted wi th = 6 È 1 0 cm .

The trea tm ent of Si:O sam pl e wi th = (1 1 À 2 ) È 1 0 cm at 1400/
1570 K À 1 0 Pa/ 1.2 GPa for 5 h resulted in creati on of conti nuous buri ed SiO
layer. Onl y l im i ted numb er of dislocati ons were detected for the sam ples trea ted
at about 1400 K (Fi g. 1B, D). Dislocati ons were practi cal ly absent in Si:O trea ted
at 1570 K (Fi g. 1C), whi le some point- l ike defects were detected in these sampl es
by XR RSM and PL m easurements (Fi g. 4{ 6). The as-impla nted Si :O sampl es
consist of the bul k of perf ect crysta l l ini ty , of thi n near- surface layer conta ini ng
m ost impl anted oxygen ato m s and of the to p Si layer (very thi n or even not exi sting
for the case of low energy impla nta tio n | Fi g. 1B{ D ). The impl anta tio n-induced
dam ages(a lso present at the botto m SiO / Si bounda ry) were dependent on oxygen
dose, energy, Si substra te tem perature duri ng im plantati on, etc.

An increase in is related to an increase in energy \ intro duced" by oxygen
ato m s into the Si latti ce and so in m ore pro nounced structura l disturba nces.
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Two di ˜erent groups of the HT{ HP trea ted Si :O sam ples were inv estigated:
wi th D = 6 È 1 0 1 7 cm À 2 and wi th D = (1 : 1 À 2 ) È 1 0 1 8 cm À 2 . W hi le at HT{ HP the
indi vi dual silicon clusters were created in the SiO 2 À x conti nuous-l ike layer present
in Si:O sampl es belonging to the Ùrst group, the conti nuous SiO layer was found
to be created in the sampl es im planted wi th = (1 1 À 2 ) È 1 0 cm .

The f ollowi ng HT{ HP induced e˜ects seem to be most responsible for the
reported observati ons:

| oxyg en-conta ini ng layer is hi ghly disturb ed just ater implanta ti on. At
anneal ing/ HT{ HP trea tm ent the oxyg en conta ining agglom erates, at Ùrst of the
sub- stoichi om etri c SiO x compositi on, are created mostl y wi thi n the area di s-
turb ed by oxygen im planta tio n;

| stra in/ m isÙt at the SiO x / Si boundary decreases and even can change
i ts sign wi th HP (Eq. (1)). Mo re but smal ler SiO x agglom erates are created
in trea ted Si :O at the Ùrst stages of trea tm ent. Such HT{ HP trea ted sampl es
indi cate presence of sil icon parti cles inside of the oxi de layer whi le creati on of other
extended defects is stro ngly suppressed. The conti nuous SiO layer is created in
the Si:O sampl es for 6 È 1 0 cm , especial ly at the highest tem peratures{
pressures (1570 K and HP Ñ 0 01 GPa). The structura l perfection of Si:O layers
seems to be im pro ved wi th increased HT and HP .

The tem perature{ pressure trea tm ent results in speciÙc, trea tm ent related
change of the Si :O structure, especial ly as i t concerns the defects (di slocati on)
density .

In the case of Si :O implanted wi th oxygen dose equal to 6 È 1 0 cm ,
the quasi-conti nuous buri ed SiO x layer, conta ini ng sil icon inclusi ons, is created
at Ñ 1 4 0 0 K. The features of tha t layer are dependent on trea tm ent condi ti ons;
the HP- induced changes occur both inside the layer and at the layer/ Si substra te
interf ace.

In the case of Si:O im planted wi th higher oxygen doses ( =

(1 1 À 2 ) È 1 0 cm ), the conti nuous SiO layer was created; tha t layer reached
the Si surf ace. The HP- induced changes to ok pl ace m ostly at the layer/ substra te
interf ace.

D etai led inv estigati on of the HT{ HP trea tm ent e˜ect on the oxygen-impl ant-
ed Si :O structure s o˜ers also a uni que opp ortuni ty to study intera cti on, at high
tem peratures{ pressures, of reacti ve components (such as oxygen) wi th the near-
-surface substra te ato m s in condi ti ons of contro l led stress. Such inv estigati ons are
of interest for understa ndi ng e˜ects duri ng fabri cati on and pro cessing the SIMOX
structures .
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