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On the formation of stacking faults in silicon 
implanted with high doses of oxygen 
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The stacking faults (SFs) in the silicon overlayer, which is formed after the implantation 
of silicon wafers by high doses (2 x 1018cm -2) of oxygen ions, are studied. During the 
implantation, a three-dimensional network of SiO2 precipitates is formed along the (1 0 0) 
directions. Stacking faults appear only after a high-temperature annealing when all the SiO2 
precipitates are dissolved. Due to the very low value of the anomalous absorption coefficients 
of silicon, a-fringe contrast profile calculations are needed for the characterization of SFs. The 
results show that these SFs are extrinsic in character, bounded by Frank partial dislocations. 

1. In troduct ion  
The behaviour of oxygen in silicon has been a subject 
of great interest over recent years, because of its harm- 
ful effect in the field of silicon microelectronic circuits, 
since it induces precipitates and stacking faults during 
the thermal treatment of the devices [1-3]. 

In this paper we present transmission electron micro- 
scopy (TEM) and cross-sectional electron microscopy 
(XTEM) observations concerning the formation of 
stacking faults (SFs) in specimens implanted with high 
doses of oxygen (SIMOX: an acronym for separation 
by implanted oxygen) [4]. 

In the SIMOX technique an SiO2 buried layer is 
formed well below the silicon surface by a high dose of 
oxygen atoms (~  1080 + cm -2) implanted at a fairly 
high energy (~  200 keV). The silicon wafer is heated 
at about 500 ° C during the implantation, so that part 
of the damage produced is cured, preventing the 
amorphization of the silicon overlayer. The oxygen 
concentration saturates to form a stoichiometric 
amorphous buried oxide layer, below the superficial 
silicon layer, to a depth that depends on the ion energy 
(for 200eV at 500nm). Secondary ion mass spec- 
troscopy [5] and X-ray photoelectron spectroscopy [6] 
have shown that the oxygen concentration gradually 
increases from near zero at the surface to a stoichio- 
metric S i O  2 concentration in the buried layer. 
Although the oxygen concentrations in the wings of 
the profile are below that of stoichiometric silica, they 
are still far in excess of the solid solubility levels, 
resulting in the formation of the S i O  2 precipitates. 

By annealing at high temperatures, these precipi- 
tates become unstable. A post-annealing at 1300°C 
dissolves the precipitates, due to the kinetic processes 
[7], resulting in a silicon overlayer denuded of SiO2 
precipitates. The oxygen migrates to the Si-SiO2 
buried layer interface, thus extending the buried layer 
by 15 to 20% and forming a very sharp Si-SiO2 
interface. Such a technology has been developed for 

fabrication of silicon-on-insulator (SOI) devices and 
consequently it would be of interest to study the SF 
formation in these structures. Also, due to the high 
doses of oxygen implantation, it would be interesting 
to study the oxygen kinetics and the related phenom- 
ena under high oxygen concentrations. 

2. Exper imenta l  t e c h n i q u e s  
Oxygen ions were implanted into (1 0 0) device-quality 
silicon wafers at doses ranging from 1.6 × 1018 to 
2.3 × 10tSO+cm -2 at an energy of 200keV. A 
specially designed heating stage [8] maintains the 
temperature of the sample at 600 ° C, independently of 
the beam current. The as-implanted specimens were 
annealed at 1350 ° C in a nitrogen atmosphere for 6 h. 
All the specimens were covered by a 0.5/~m protective 
S i O  2 cupping layer. Specimens for XTEM observa- 
tions were prepared by the method described by 
Dupuy [9]. Also, specimens suitable for the plane view 
of the implanted silicon overlayer were prepared by 
peeling off this layer from the silicon substrate, dis- 
solving the SiO2 buried layer with HF. Thus, large 
implanted areas (5mm 2) were available for examin- 
ation. The two methods, TEM and XTEM, are com- 
plementary allowing us to have an overall view of the 
silicon overlayer. A JEM 120CX electron microscope 
was used for the observations. 

3. Results and discussion 
The main defects that appear in the as-implanted sili- 
con overlayer are small SiO2 precipitates, segments of 
dislocations, small dislocation loops, and large inter- 
stitial Frank dipoles sited on the {1 1 1} planes and 
localized near the Si-SiO2 buried layer interface. 
Fig. 1 illustrates the SIMOX structure of an as- 
implanted specimen. One may observe the silicon 
overlayer (denoted by AD), the SiO2 buried layer (DE) 
and the silicon substrate. In the silicon overlayer there 
are three distinct zones, the near-surface zone (AB) 
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Figure 1 Cross-section of an as-implanted specimen with a dose of 1.5 x 10~80 + cm -2 at 200keV. 

free of precipitates, the intermediate zone (BC) with 
small SiO2 precipitates arranged in a periodic manner 
along the [00 1] direction [10 12] and finally the zone 
(CD), near the Si-SiOx interface, where the precipi- 
tates are larger, exhibiting a non-uniform columnar or 
cellular structure. In the silicon substrate there is a 
zone (EF) near the SiO2 buried layer which exhibits 
extended defects such as segments of dislocations, 
dislocation loops and SiO2 precipitates; the latter do 
not form a rippled network as is observed in the BC 
z o n e .  

The above microstructure was studied in an implanted 
specimen with a dose of 2.3 x 10tSO+cm -2 at an 
energy of 200 keV by XTEM and TEM observations. 
Fig. 2a is a high magnification plane view, (00 1) 
section, of the silicon overlayer which was peeled off 
from the substrate. The SiO2 precipitates appear as 
small dots exhibiting a two-dimensional, almost 
periodic arrangement. This ordering along the (1 0 0) 
directions is clearly visible in some areas of the speci- 
men (e.g. A, B, C) in Fig. 2a. There is a misorientation 
of the precipitates in the areas D, E, F and there is a 
complete loss of ordering in areas G and H, where 
the precipitates are arranged randomly. The last 
applies to areas where the periodic arrangement is 
disrupted by dislocations [12] or due to the buckling of 
the film. A diffraction pattern from the same area, 
which gives integrated information concerning the 
periodicity of the precipitates, is presented in Fig. 2b. 
Satellite spots are observed near the main silicon 
reflections, due to the size effect. Four satellite spots 
oriented along the [1 0 0] and [0 1 0] directions appear 
around every main reflection including the origin. 
However, instead of being sharp their intensity is 
distributed into small arcs, due to the imperfections of 
the ordering. From this, we deduce that the misorien- 
tation is approximately _+ 15 ° from the ~ 1 0 0). 

To complete the study of the distribution of these 
precipitates, we performed observations by cross- 
sectioning the same sample at a (1 10) section 
(Fig. 2c). In the upper part of the silicon overlayer a 
rippled structure is evident, due to the ordering of the 
precipitates along the [0 0 1] direction. Along the [1 1 0] 
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direction, the distance between the precipitates is 
smaller so that they are not well resolved, since they 
are projected at 45 ° . Diffraction patterns from the 
(1 10) section also contain satellite spots along the 
[00 1] and [1 1 0] directions (Fig. 2d). 

The structure and the morphology of the precipi- 
tates has been examined by high resolution obser- 
vations (see inset in Fig. 2c). The precipitates are 
amorphous with the smallest having a radius of 
approximately 1 nm. The silicon matrix surrounding 
the precipitates is free of strain, as is deduced from the 
{1 1 1} lattice image. The {1 1 1} planes are seen to stop 
at or pass near the precipitates without any noticeable 
distortion. 

From all these observations we may conclude that 
the SiO2 precipitates in the zone CD of Fig. 1 form a 
three-dimensional network, along the ( 1 0 0 )  direc- 
tions. This arrangement is distorted by the presence of 
dislocations which, for an as-implanted specimen, 
have a density of the order of 10J°cm 2. The aver- 
age spacing of the precipitates in this ordered arrange- 
ment is 4.4nm. The ordered arrangement of the 
precipitates appears only in the silicon overlayer and 
not in the substrate, although in the latter the density 
of the oxide precipitates is as high. This difference in 
the arrangement is probably related to the mechanism 
of the silicon self-interstitial migration to the surface 
[12]. 

After the annealing at 1350° C for 6h in a nitrogen 
atmosphere, all the S i O  2 precipitates were dissolved 
and most of the oxygen was transferred into the S i O  2 

buried layer, extending it by approximately 12% 
(Fig. 3); the mechanism of the oxygen migration 
towards the S i O  2 buried layer has been discussed else- 
where [7, 13, 14]. 

For the as-annealed specimens, the dislocation den- 
sity was reduced by more than one order of magni- 
tude; however, some stacking faults appeared. Their 
density was 4 x l0 s mm -3, and their mean length was 
0.7#m with the maximum being approximately 
1.5/Jm. The SFs lie in all the { 1 1 1} planes (Fig. 4) and 
they intersect both sides of the silicon overlayer, which 
in this case has a thickness of 200 nm. This means that 



Figure 2 As-implanted specimen. (a) Plane view of the silicon overlayer. The periodic structure of the SiO 2 precipitates along the (I 00) 
directions is evident. (b) Selected-area diffraction from the same area including the origin. The periodicity is about 4.4 +_ 0.5 nm. (c) 
Cross-sectional micrograph from the same specimen section (I 10). High resolution TEM observations reveals that these SiOz precipitates 
are free of strain (see inset). (d) Selected-area diffraction from the cross-section. Satellite spots are evident. 

they have their ends at the surface and at the Si-SiO2 
buried interface. 

Stacking faults in bulk silicon are always found to 
be extrinsic in nature [15-18].  However ,  in this case 
we had certain difficulties in determining their nature, 
due to the complementa ry  contrast  o f  the outer  fringes 
in the bright and dark  field (BF, DF)  images, for 
deviation parameter  s = 0. The discrepancy f rom the 
dynamical  theory o f  contras t  can be explained f rom 
the very low value o f  the anomalous  absorpt ion coef- 

ficients o f  silicon and the relatively thin silicon over- 
layer, even though  the thickness is about  three times 
the extinction distance ~g for the 1 1 1 reflection at 
100 kV. In order to characterize the observed contrasts, 
addit ional observations with s # 0 diffraction con- 
ditions have been made.  Fig. 5a is the BF image taken 
with the 1 1 1 reflection and s > 0, while Fig. 5b is the 
corresponding D F  image taken with the 1 1 1 reflec- 
t ion and s < 0. 

a-fringe profiles have been calculated for the exact 
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Figure 3 Cross-sect ion of  the same specimen as in Fig. 2 af ter  

annea l ing  at  1350° C for 6 h. All  the SiO 2 precipi ta tes  in the sil icon 

over layer  are dissolved wi th  the th read ing  d is loca t ions  remaining.  

experimental conditions which are given below and 
correspond to an accelerating voltage of 100 kV: 

~11 = 61.8nm (~/~')111 = 0.013 

w1~1 = 0.2 wT~f = - 0 .2  

where 3' is the absorption parameter and w the exci- 
tation error. The thickness of the specimen is z 0 = 
3 . 2 5 ~ .  The s-fringe systems of  Fig. 6 have the 
following characteristics: 

(i) In the BF and DF images there exists a pseudo- 
periodicity for the fringe systems of ~g/2. 

(ii) In BF, for z0 = (3 + 1/4)~x in a bright back- 
ground (BG), the doubled bright fringes have an 
alternating brighter and less bright intensity, respec- 
tively, while the doubled dark fringes are of equal 
intensity. 

(iii) In DF, for z0 = (3 + 1/4)~g in a bright BG, the 
doubled dark fringes have an alternating darker and 
less dark intensity while the doubled bright fringes 
are of equal intensity. 

(iv) BF and DF  are complementary even if s # 0. 

Figure 5 (a) BF image  of  an  SF in a sil icon thin film observed in the 

1 1 1 reflection, w = 0.2. (b) D F  image  of  the same SF observed in 

i i i ,  w = -0.2. 

On the basis of the observed c~-fringe contrast of 
Fig. 5, it was possible to characterize the nature of  
the SFs by comparing the observed profiles with the 
calculated ones. Among the computed e-fringe 
profiles, for different e-values, the best correlation 
with the observed contrast was obtained with c( = 2zc/ 
3 (Fig. 6). Since the operating reflection g = 1 1 1 and 
the inclination of the SF have the orientation of 
Fig. 7, the value of c( = 27c/3 reveals a displacement 
vector R = 1/311 1 1]. Therefore, the SF is extrinsic in 
character. 

The type of the partial dislocations at which the SF 
terminates was also determined. The lines of these 
dislocations are almost normal to the trace of the 
fault. In Fig. 8a, the trace of the fault is along the 
[1 1 0] direction and the partials are along the [1 1 2]. 
These partials are out of contrast only when both the 
invisibility criteria, g -  b = 0 and g -  b x u = 0, are 
satisfied. This is evident in Fig. 8b, in which the 2 2 4 
reflection operates. The extinction of  the dislocations 
for this reflection implies that the only possible Burgers 
vector is (a/3)[1 1 1]. 

A frequently invoked mechanism for the formation 
of such extrinsic SFs is the consequence of  SiO2 pre- 
cipitates that are formed during the annealing of the 
oxygen-rich crystals [19-21]. In the SIMOX struc- 

I(BF) 

I(DF) 

Figure 4 Plane  view of  the annea led  specimen. S tack ing  faul ts  are 

evident.  
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Figure 6 Calcu la ted  c~-fringe profiles for c~ = + 120°; z 0 = 3.25 
~-iii, ¢ / ~ ' =  0.013. (a) BF in the 1 11 reflection ~ = + 1 2 0  ° , 

w = 0.2. (b) D F  in the 1 1 1 reflection, ~ = - 120 ° , w = - 0 . 2 .  
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Figure 7 Stacking fault orientation (section 1 1 0). 

tures the oxygen concentration is so high that not 
only a n  S i O  2 buried layer is formed, but a periodic 
structure of SiO2 precipitates in the silicon overlayer is 
also evident (Fig. 1). This implies the generation of  a 
great number of  silicon interstitials. However, in this 
stage no SFs are formed. In contrast, during the high 
temperature annealing, where the SiO2 precipitates are 
dissolved and the oxygen migrates to the S i O  2 buried 
layer [22], the SFs appear. This process has to be 
considered as an SiO2 redistribution where the gener- 
ation of  silicon interstitials is insignificant. 

Due to the fact that the SFs are bounded by two 
Frank partial dislocations we propose the following 
mechanism of  the dissociation of a perfect dislocation 
into two partials, according to the reaction [23] 

a ( l l 0  ) a a --, ~ (11 ~) + ~ (11 ]) (1) 

During the annealing, threading dislocations are 
formed in the silicon overlayer (Fig. 3). These disloca- 
tions, according to Hirth and Lothe [24], may belong 
to the glide or to the "shuffle" set. Most of the gliss- 
able dislocations can escape, reducing drastically the 
dislocation density. Those dislocations which belong 
to the shuffle set can absorb silicon interstitiaE and 
can be dissociated, according to Equation 1, forming 
the extrinsic SFs. The Shockley partials escape by 
gliding to the surface, leaving behind the non-glissable 
Frank type. A schematic representation of the mech- 
anism is illustrated in Fig. 9. 

The density of the SFs is heavily dependent upon 
the implanted dose. For  a dose of 2.3 x 1018 O + cm -2 

Figure 8 (a) BF micrograph in the 1 1 1 reflection. (b) The same SF 
after tilting the specimen along the [2 20] direction for about  55 ° so 
that the 2 2 4  reflection operates. The SF as well as the partial 
dislocations are out of  contrast. The black spheres denoted by A 
and B on the film surface confirm that  the observation area is the 
same. 

Ila)~ 111o ) 
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Figure 9 A schematic representation of the mechanism of the dis- 
sociation of  perfect dislocations into two partials and the formation 
of the SFs. This formation is possible only if the two perfect dislo- 
cations belong to the same plane. 

the SF density was 4 x 105mm-3; for a dose of 
1.8 x 10180+cm -2 the SF density was reduced by 
more than one order of magnitude. Finally, for doses 
below 1.6 x 10180+cm -2 no SFs were observed, 
even though areas of 6mm 2 of the silicon overlayer 
were scanned in the electron microscope. 

4. C o n c l u s i o n s  
1. The SF density in the silicon overlayer is very 

low, even for high doses of  implanted oxygen. This is 
the reason they have not been observed until now. 

2. For the characterization of  the SFs, the low value 
of the anomalous absorption coefficient of silicon and 
the small thickness of the specimen necessitate experi- 
ments with s > 0 observation conditions, followed by 
computer calculation of the e-fringe profiles. 

3. The SFs are extrinsic in character, bounded by 
Frank partial dislocations. 

4. The mechanism of the SF formation is not clear. 
It is most probable that this is related to the dissoci- 
ation of perfect dislocations. 

Further study of the evolution of  SFs in SIMOX 
will help to improve its quality and will lead to a better 
understanding of  the behaviour of the SFs in silicon. 
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