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Microcavities formed by H1 and He1 implantation and subsequent annealing are effective gettering
sites for transition metal impurities in silicon. However, gettering in silicon-on-insulator~SOI!
materials is quite different from that in silicon. In this work, we investigate the gettering of Cu to
these microcavities in silicon, separation by implantation of oxygen~SIMOX! and bonded/ion-cut
SOI wafers. Our data indicate that He1 implantation in the high dose regime (0.2– 1
31017cm22) creates a wide band of microcavities near the projected range without causing
blistering on the sample surface. On the other hand, the implantation dose of H1 needed for stable
microcavity formation is relatively narrow (3 – 431016cm22), and this value is related to the
projected range. The different behavior of H and He in silicon is discussed and He implantation is
more desirable with regard to impurity gettering. Cu is implanted into the surface region of the Si
and SOI samples, followed by annealing at 700 and 1000 °C. Our results indicate that the
microcavities can effectively getter a high dose of Cu (2.531015cm22) at 700 °C in bulk Si wafer,
but higher temperature annealing is needed for the effective gettering in SIMOX. Gettering of Cu
by the intrinsic defects at or beneath the buried oxide interface of the SIMOX is observed at 700 °C,
but no trapped impurities are observed after 1000 °C annealing in the samples in the presence of
microcavities. Almost all of the 131014cm22 Cu implanted into the Si overlayer of the bonded/
ion-cut SOI diffuse through the thermally grown oxide layer and are captured by the cavities in the
substrate after annealing at 1000 °C. ©1999 American Institute of Physics.
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I. INTRODUCTION

Silicon-on-insulator~SOI! materials have a number o
inherent advantages over bulk silicon substrates for h
speed, low power complementary metal–oxide–se
conductor~CMOS! integrated circuits, such as immunity t
radiation hardness, high speed, and high tempera
tolerance.1,2 SOI thus appears to be the preferred subst
material for ultralarge scale integration~ULSI!. Two meth-
ods are commonly used to fabricate the SOI materi
namely, separation by implantation of oxygen~SIMOX! and
wafer bonding and etch back~BESOI!. Recently, the Smart
cut™ process was developed by SOITEC to synthesize h
quality SOI wafers.3 The SIMOX process is quite differen
from the BESOI and Smart-cut™ processes. The buried
ide ~BOX! layer in SIMOX is created by high dose oxyge
ion implantation and subsequent high temperature annea
while the BOX layer in BESOI, Smart-cut™~or more gen-
erally referred to as ion-cut! SOI is usually grown thermally
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The bond/cut process offers more flexibility as the BO
layer thickness is independent of the thickness of the ov
lying silicon layer where devices are built.

It is well known that transition metals are detrimental
devices and should be removed from the active region
gettering or other means.4 In SOI materials, the top Si laye
is very thin. This is particularly true for fully deplete
metal–oxide–semiconductor~MOS! technology which uti-
lizes the entire overlying silicon film to fabricate device
Consequently, gettering sites should not be introduced in
overlayer but in the substrate. The gettering processes in
wafers are expected to be different from the conventio
gettering schemes developed for bulk silicon materials
cause the impurities have to pass through the BOX la
before reaching the gettering sites.

The increasing use of Cu metallization in the IC indus
has spurred intensive research on reducing Cu contamina
and how to block Cu diffusion from the metallization to th
active IC regions. It has been demonstrated that Cu can
fuse through the BOX layer of SIMOX at elevate
temperature.5–7 However, the BOX layer in BESOI and
bonded/ion-cut SOI is much denser than that in SIMO
4 © 1999 American Institute of Physics
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Gettering of Cu in bonded/ion-cut SOI and BESOI may
more difficult than that in SIMOX. He1 or H1 implantation
and subsequent annealing can generate empty cavitie
silicon,8–11 and the dangling bonds on the cavity wall c
trap impurities by chemisorption thus producing effecti
gettering sites.10 Skorupaet al. have studied the proximity
gettering of Cu to the He implantation induced cavities
SIMOX and revealed that the microcavity band under
BOX in SIMOX traps all of the 131012 atoms/cm22 Cu
after 1000 °C annealing.13,14 In a separate piece of work, w
have demonstrated that a high dose of Cu~431015cm22)
can be removed from the Si overlayer and trapped in
cavities in SIMOX.15

In order to understand the gettering process and de
the optimal experimental protocols, it is very important
study the formation and evolution of the microcavities
well as the related phenomena in H- and He- implanted
Some research has been conducted on He18–10 and H1

implantation16–19 in Si. The behavior of He and H in silicon
is quite different. With the right dose and upon anneali
blisters and flakes readily form on the surface
H-implanted sample but they are much harder to form
He-implanted Si even at a higher implantation dose. T
blistering phenomenon is the base of the Smart-cut™3 and
the more general bonded/ion-cut SOI technology, but is
desirable for impurity gettering. However, few studies ha
been performed to compare the different behavior of H1-
and He1-implanted silicon. In this comprehensive investig
tion, channeling Rutherford backscattering spectrome
~RBS! and cross-sectional transmission electron microsc
~XTEM! are employed to compare the microcavity formati
and surface morphology during annealing in H1- and
He1-implanted Si. For the gettering studies, He1 is im-
planted into bulk Si, SIMOX and Smartcut™ SOI to com
pare the characteristics in the three different materials.

II. EXPERIMENT

p-type ~100! CZ Si wafers with a resistivity of 20–35
V cm were implanted by He1 (7 – 931016atoms/cm2) or
H1 ~3 – 731016atoms/cm2) at 140 kV at room temperature
The samples were annealed from 300 to 1000 °C for differ
time duration and examined by RBS, XTEM, and optic
microscopy. The channeling RBS measurements were
formed using 2 MeV He1 and the scattering angle was 165
XTEM was carried out at 200 kV using a Philips CM-20 a
JEM400EX.

The SIMOX wafers used in this study were fabricated
implanting 3.331017atoms/cm2 O1 into n-type ~100! silicon
wafers at 70 kV at 600 °C, followed by annealing at 1300
for 6 h in flowing N2. Afterwards, 531015atoms/cm2 of
Cu1 and 931016atoms/cm2 of He1 were implanted into the
SIMOX at room temperature at 70 and 60 kV, respective
The room temperature ensured no annealing during Cu
He implantation. As a control for comparison, ap-type ~100!
CZ Si wafer was implanted with Cu1 and He1 using condi-
tions similar to the SIMOX wafer. The SIMOX and bulk S
samples were annealed at 700 and 1000 °C for 90 minu
For the Smart-cut™ SOI provided by SOITEC France, the
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overlayer and BOX were 200 and 400 nm in thickness,
spectively. A dose of 931016atoms/cm2 of He1 was im-
planted beneath the BOX at 170 kV and 131014/cm2 Cu1

was implanted into the surface of the Si overlayer. The i
planted bonded/ion-cut sample was then annealed at 100
for 3 h. To determine the Cu in-depth distribution in the bu
silicon, SIMOX, and bonded/ion-cut SOI, secondary i
mass spectrometry~SIMS! analysis was performed using
CAMECA IMS-3F ion microanalyzer and a 15 kV O2

1 pri-
mary ion beam.

III. RESULTS AND DISCUSSION

We have two objectives, namely, identifying the optim
microcavity gettering process~i.e., either H1 or He1 implan-
tation! and investigating/comparing the gettering characte
tics in three materials, bulk silicon, SIMOX, and bonded/io
cut SOI.

Different doses of H1 in the range of 3 – 7
31016atoms/cm2 were implanted into silicon at 140 kV. Th
samples were then annealed at 300–1000 °C and studie
RBS, XTEM, and optical microscopy. The projected ran
of 140 kV H1 simulated by TRIM94 is 120 nm. Figure
exhibits the channeling RBS spectra of the
31016atoms/cm2 H1-implanted Si annealed at differen
temperatures for 30 min. From the channeling spectrum
the as-implanted sample, it can be seen that there is a d
aged layer at a depth corresponding to the projected rang
140 kV H1. The surface region is still composed of goo
crystalline silicon. No obvious changes can be observed
the samples annealed at temperature lower than 400 °C. A
annealing at above 400 °C, the dechanneling yield begin
diminish, indicating the recovery of the defects, and t
number of defects decreases with increasing annealing
perature. No changes are detected at the surface region
annealing temperature from 300 to 1000 °C. XTEM is p
formed to observe the microstructure of the 600 °C annea
sample~not shown here!, and a slightly damaged layer i
observed at the projected range verifying the RBS resu
but no bubbles or cavities are found.

Figure 2 displays the XTEM image of the 3.
31016atoms/cm2 H1-implanted sample after 1000 °C an

FIG. 1. Channeling RBS spectra of the Si sample implanted with
31016 atoms/cm2, 140 kV H1 and annealed at different temperature f
30 min.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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nealing. Microcavities can be observed around the projec
range. RBS measurements of the 300–1000 °C samples s
similar characteristics as those shown in Fig. 1.

For H1 implantation doses above 431016/cm2, the RBS
results become quite different. Figure 3 shows the RBS sp
tra acquired from the 531016atoms/cm2 implanted Si. The
dechanneling yield in the channeled layer is obviously hig
than that in Fig. 1, suggesting that a more heavily dama
layer has formed. However, the surface layer is still of r
sonably good crystalline quality. Annealing at 400 °C do
not show obvious change at the surface layer, but
dechanneling yield in the channeled layer does incre
slightly. The small change may be due to hydrogen relea
from the defects. When the annealing temperature is o
450 °C, greater changes can be observed on the sample
face by optical spectroscopy or RBS. The spectra in Fig
reveal that the dechanneling yield in the channeled laye
the 450 °C annealed sample increases abruptly to 29%.
comparison, the dechanneling yield of the as-implan
sample is 4%, which is close to that of the perfectly cryst
line Si. This sudden increase in the dechanneling yield in
cates that the surface layer is substantially altered a
450 °C annealing. A big change is also observed for th
31016atoms/cm2 H1-implanted Si sample after 400 °C an
nealing. Under an optical spectroscope, blisters and flak
can be seen on the 531016/cm2 H1 implanted sample sur
face, implying local exfoliation has taken place. The deg
of blistering and flaking increases with temperature. T

FIG. 2. XTEM image of the 3.531016 atoms/cm2, 140 kV H1-implanted Si
followed by 1000 °C, 2 h annealing.

FIG. 3. Channeling RBS results of the Si specimens implanted wit
31016 atoms/cm2 H1 at 140 kV before and after annealing at 400 a
450 °C for 30 min.
Downloaded 05 Oct 2004 to 195.37.184.165. Redistribution subject to AI
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XTEM image of the sample annealed at 900 °C for 2 h de-
picted in Fig. 4 discloses that the microcavity population
higher than that in the sample shown in Fig. 2 which
implanted with a lower dose. The results indicate that
microcavity density created by H1 implantation increases
with the implantation dose, but a higher H dose will cau
serious changes of the surface during the thermal treatm
Figures 5~a! and 5~b! are the XTEM photos of the 4.5
31016atoms/cm2H1-implanted Si sample after 1000 °C an
nealing. A crack can be observed along the projected ra
@Fig. 5~a!#. Figure 5~b! displays the microcavities and a da
band along the projected range. This dark band conta
some $111% and $100% platelets interconnecting with eac
other. Our study demonstrates that the surface deformatio

5

FIG. 4. XTEM image of the 4.531016 atoms/cm2, 140 kV H1-implanted Si
after annealing at 900 °C for 2 h showing more microcavities than th
sample shown in Fig. 2.

FIG. 5. XTEM image of the 4.531016 atoms/cm2, 140 kV H1-implanted Si
after annealing at 1000 °C for 2 h, showing~a! crack at the projected range
~b! cavity with a string of interconnected platelets.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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related to the implantation energy. For a Si sample implan
with 531016atoms/cm2 H1 at 70 kV, blisters are observe
on the 400 °C annealed sample.

The formation of the layer with the nanovoids and t
annealing behavior of He1-implanted Si are different from
those of the H1-implanted Si. Figure 6 shows the XTEM
image of the 731016atoms/cm2 He-implanted silicon
sample after 700 °C annealing. Dense voids as well as str
are present in a 300 nm wide band about the projected ra
The channeling RBS spectra of this sample before and a
annealing together with a virgin Si wafer~control! are dis-
played in Fig. 7. The dechanneling yield at the buried da
aged layer of the as-implanted sample almost matches th
the random spectrum, indicating that this region is nea

FIG. 6. XTEM image of the 731016 atoms/cm2, 140 kV He1-implanted Si
after annealing at 700 °C for 30 min. Dense microcavities have formed
wide band.

FIG. 7. Channeling RBS spectra of the 731016 atoms/cm2, 140 kV
He1-implanted Si after annealing at different temperature for 30 min.
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sults also show that the surface layer above the microca
band is not deformed during thermal treatments between
and 1000 °C. After annealing at 600 °C, the seriously da
aged region starts to recover and the number of defects
creases with the increasing temperature. No blisters can
found on the sample surface even after 1000 °C annealin

We attribute the difference of the annealing behav
between the H1- and He1-implanted sample to the differen
chemical activities of H and He in Si. After implantation, th
amount of H present near the projected range far exceed
solubility limit and may be trapped by the implantatio
induced defects. Upon annealing, H is released out from
H-defect complexes. Since H is of high reactivity, it ca
break the Si–Si bond at the low energy planes of~111!,
~110!, and~100!, forming ~111!, ~110!, and~100! platelets. It
has been reported that Si–H on~111! plane is very stable.20

However, only~111! and~100! platelets are observed in thi
study and the reason is not clear. In the meantime, som
may agglomerate to the vacancy clusters and form sm
bubbles. If the H implantation dose is high enough, the sm
platelets may connect with each other. The gas pressur
the interconnected platelets makes the sample cleave a
the projected range parallel to the sample surface. The t
cal dimension of a local blister is about 20mm and about
three orders of magnitude larger that of the platelet. If
density of the platelets and bubbles is not high enough
connect each other and cause cleavage at elevated tem
tures, the H will diffuse out rapidly.17 The observed micro-
cavities observed in Figs. 2, 4, and 5 probably originate fr
the coalescence of empty platelets and voids to reduce
surface energy. On the other hand, He is an inert gas
cannot bond to the silicon. The implanted He in the a
implanted Si agglomerates to the vacancy clusters and fo
small bubbles.21 Upon annealing above 700 °C, the He gas
released leaving behind the microcavities.22,23 These small
cavities will, however, coalesce at elevated temperature.
size of the cavities increases with temperature higher t
700 °C. Based on the observation that blisters do not app
on the Si surface containing dense He bubbles but on
H1-implanted sample containing interconnected plate
and few bubbles, it is reasonable to conclude that the for
tion of platelets in the H1-implanted Si is the key factor fo
surface deformation and exfoliation.

From the viewpoint of microcavity gettering, He implan
tation is apparently more favorable because dense cav
can be formed in a large dose range without sample dela
nation. For our gettering studies, 531015atoms/cm2 Cu1

and 931016atoms/cm2 He1 are implanted into a bulk S
wafer at 70 and 60 kV, respectively. The projected ran
calculated by TRIM94 for Cu1 and He1 are 50 nm and 500
nm, respectively. After annealing at 700 °C for 2 h, a ve
large amount of Cu (2.531015/cm2) is trapped in the micro-
cavity band@Fig. 8~a!#. This result demonstrates that the ge
tering efficiency of the microcavities is very high.

In order to compare the gettering effects of Cu to t
voids in Si with those in SOI, a SIMOX wafer is implante
with Cu1 and He1 using the same conditions. In the a
implanted SIMOX specimen, the Cu impurities are intr

a

P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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4218 J. Appl. Phys., Vol. 86, No. 8, 15 October 1999 Zhang et al.
duced into the top Si layer whereas the cavity band is cre
beneath the BOX layer. Thus, the impurity source and g
tering sites are separated by the oxide layer. The Cu di
butions after annealing at 700 and 1000 °C are illustrate
Fig. 8~b!. After 700 °C annealing, Cu diffuses from the su
face and redistributes in three regions: about
31015atoms/cm2 remaining in the top Si layer, 2
31015atoms/cm2 precipitating at the two BOX interfaces
and 1.631015atoms/cm2 being gettered by the microcavit
band. For the 1000 °C annealed sample, the amount of
trapped by the voids increases to 431015atoms/cm2. A
small amount of Cu is found in the BOX layer, but no Cu
detected at the BOX interfaces. This probably indicates
gettering by the intrinsic defects in the BOX is not stable a
impurities are released at elevated temperature. The ‘‘
face’’ or areal density of trapped sites on the cavity wa
after 1000 °C annealing is calculated to be 3
31015atoms/cm2 with an uncertainty of 20%.15 This value is
close to the amount of trapped Cu. No silicide phase is
served in the cavities by XTEM in this study and atom
copper on the cavity walls cannot be directly measured
XTEM. However, our previous work has demonstrated t
Cu precipitate indeed form in the cavities when the amo
of trapped Cu exceeds the number of trapping sites.24 Com-
paring the bulk Si with SIMOX after 700 °C annealing, th

FIG. 8. SIMS results of Cu gettering to the He1-implantation and annealing
induced cavities:~a! in the bulk Si wafer after annealing at 700 °C for 9
min, ~b! in the SIMOX wafer after annealing at 700 and 1000 °C for 90 m
Downloaded 05 Oct 2004 to 195.37.184.165. Redistribution subject to AI
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amount of Cu trapped in the microcavity band in SIMOX
much less than that in bulk Si. This is due to the gettering
the intrinsic defects at the BOX interfaces in SIMOX. Durin
annealing, Cu has to diffuse through the BOX layer and
portion of that is captured at the BOX interfaces. At a high
temperature, Cu gettered by the BOX defects is released
diffuses to the more stable gettering sites underneath
BOX and trapped by the cavity walls.

Kononchuk,et al. have compared the diffusion of F
implanted into the BOX layer of SIMOX and BESOI an
found that Fe diffusion in the BOX of SIMOX is much faste
than that in BESOI.25 Furthermore, they have observed th
after annealing, the Fe impurities originally implanted in
the BOX are trapped by the intrinsic defects below the BO
of SIMOX, while no Fe is segregated at or below the BOX
BESOI. The BOX layer of bonded/ion-cut SOI is also grow
by thermal oxidation, and so there are no intrinsic impur
gettering sites beneath the BOX as well. External getter
sites should be introduced to remove the impurities
bonded/ion-cut SOI. In this study, 931016atoms/cm2 He1 is
implanted into the substrate at 170 kV to generate extrin
gettering sites. A dose of 131014atoms/cm2 Cu1 is im-
planted into the surface of the Si overlayer. After anneal
at 1000 °C for 3 h, the Cu in-depth distribution in th
bonded/ion-cut SOI is measured by SIMS. As shown in F
9, almost all of the originally implanted Cu 96% is found
the microcavity band, demonstrating that Cu can readily d
fuse through the buried thermal oxide layer at elevated te
perature and be gettered by the cavities. No Cu pileup
observed at the interfaces of the BOX.

IV. CONCLUSION

The annealing behavior of H1- and He1-implanted Si is
investigated. It is found that high dose He1 implantation can
generate a wide microcavity band at the projected ra
without splitting the Si after annealing, while the H1 implan-
tation dose range required to form microcavities without s
face exfoliation is narrower. In our experiments, microca
ties are not observed when the H dose is lower than
31016atoms/cm22, but on the other hand, the Si surface w
be deformed during annealing if the H dose is higher th

.

FIG. 9. SIMS profile showing Cu gettering to the microcavities in t
bonded/ion-cut SOI wafer after annealing at 1000 °C for 3 h.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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431015atoms/cm2. The XTEM observation demonstrat
that the cracking of the H1-implanted silicon is caused b
the interaction of H with Si dangling bonds and breakage
the Si–Si bond forming~111! and~110! platelets. The use o
He1 implantation to form gettering microcavities is therefo
preferred. Comparing the Cu gettering process in bulk Si
SIMOX, the latter one is more complex, and a higher anne
ing temperature is needed for Cu to diffuse through
BOX. The intrinsic defects at the BOX interfaces of SIMO
also act as gettering sites for Cu, but at higher temperat
Cu is released and finally, gettered by the more effective
stable gettering sites formed by the microcavities. Our res
demonstrate that microcavity gettering is also effective
bonded/ion-cut SOI such as Smart-cut™ wafers containin
dense buried thermal oxide layer. Almost all of the im
planted Cu in the top silicon layer diffuses through the BO
layer and is captured by the microcavity band after annea
at 1000 °C for 3 h~Fig. 9!. Thus, microcavity gettering by
means of He1-implantation is suitable for bonded/ion-cu
SOI and SIMOX in addition to bulk silicon.
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