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Carbon ion implantation was employed to annihilate the end-of-ra(E@R) defects in
Ge"-pre-amorphized Si. Experimental results showed that the efficiency of EOR defect removal
depends on the Gepre-amorphization conditions, the location of projected rarigg Of carbon
implant and subsequent annealing conditions. The best defect removal occurreRydfesarbon
implantation was brought close to the amorphous/crystallfaf&) interface generated by
Ge'-pre-amorphization. The higher the annealing temperature, the better the interstitial gettering
efficiency of carbon atoms was observed. However, transmission electron microscopy investigation
revealed the emergence of hairpin dislocations when dose and accelerating voltage of Ge
implantation were high. In specimens without carbon implantation, the hairpin dislocations could be
readily removed by a 900 °C, 30 min anneal. For carbon-implanted specimens, the density of hairpin
dislocations increased whdR, of carbon implantation was close to tk&/c) interface. The glide
motion of hairpin dislocations was affected by Ggre-amorphization conditions and was inhibited

by the SiC complexes formed in the vicinity of dislocations so that they became rather difficult to
anneal out of the specimens. €999 American Institute of Physids$0021-897@9)06306-9

I. INTRODUCTION Hong et al. to eliminate the implantation damages in their
low-energy ion implanted Silt was also proposed that the
The formation of shallowp™/n junctions is more diffi-  formation of certain types of silicides on Si surface may
cult than that ofp/n™ junctions in ultralarge-scale integra- serve as a source of point defekfhe vacancies generated
tion (ULSI) device fabrication. Among all techniques, ion may diffuse into the Si substrate to combine with the excess
implantation is a popular method to form shallpw/n junc-  jterstitials and annihilate the EOR defects. An application
tiqns with desiret_:l ju_nction depth in S| It i_s often_achievedof this method was presented by Wenal, who found that
with pr(.a-amorph|zat_|ohz of n-ty+pe. Si E’y implanting the e gensity of EOR dislocation loops near a/c interface was
nondoping ion SPecles such as Sir Ge' followed by the  o4,cad when titaniuniTi) silicide was grown onto the Si
implantation of p”-type impurity. The purpose of pre- g o\ rfacd Gettering is another favorite method for EOR
amorphization is to prevent the channeling of lightly We'ghtdefects removal. It has been shown that carbon atoms are

+_
P (Ij:%rr)atﬂteeslerceirr:inssugzba:c?gcri@). ion implantation Subse(?ffective gettering centers to capture metallic impurities in
P ) b : Sj 10 Nishikawa et al. adopted this concept and performed

guent annealing treatment is a must in order to activate thﬁ] S . S : .
I, . , e carbon ion implantation to eliminate the EOR dislocation
dopants and to annihilate the primary crystalline defects gen- 11 :
ops.~ As the annealing treatment proceeded, the excess

erated by ion bombardment. However, during the collapse o . . .. .
primary defects, the secondary defects, also called the engarbon atoms migrated to the Si interstitials and formed SiC

of-range(EOR) dislocation loops, emerge near the original agglomerates. They acted as a sink of excess Si interstitials,

amorphous/crystallinga/d) interface. The EOR defects are which resulted ip a reduction of EOR defects. Incorporation
known to deteriorate the electrical properties of shallow®f carbon and Si atoms was also found to be able to suppress

13 . .
p*/n junctions. Furthermore, the excess interstitials mayihe TED of boron dopantS:* However, Lieftinget al. re-
hanced diffusion(TED) during the thermal proce4s. The  hate the EOR dislocation loops when boron dose was beyond
removal of EOR defects hence becomes an important isstex 10“/cn?.** In such a dose condition, the displacement

for ion implantation applied to shallow*/n junction fabri- ~ profile of carbon implants did not completely overlap with
cation. that generated by boron implants. This decreased the com-

There are many articles reporting the elimination ofmunication between the carbon and the damage generated by
EOR defects in ion-implanted Si. Ajmeet al® found that  boron so that the inefficiency of EOR loop elimination was
the EOR defects in Si and Gé& -pre-amorphized Si could observed?
be removed by a 1050°C, 10 s rapid thermal annealing This work describes the removal of EOR defects by car-
(RTA) process. The same RTA treatment was utilized bybon implantation in Gé&-pre-amorphized Si. The gettering

0021-8979/99/85(6)/3114/6/$15.00 3114 © 1999 American Institute of Physics
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TABLE I. lon implantation conditions.
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Implantation conditions

Depth of a/c interface

Sample Type of ion/energikeV)/dose(cm ?) (nm)
D Ge"/30/5x 10*; Ge'/400/1x 10 43.4
D-1 Ge'/30/5%x 10'% Ge'/400/1x 10*% C*/90/1x 10'° ~43.3
D-2 Ge'/30/5% 10 Ge'/400/1x 10** C*/200/1x 10 ~43.3
D-3 Ge"/30/5% 10*; Ge'/400/1x 10 C*/350/1x 10'° ~43.3
H Ge'/30/5% 101 Ge'/400/5x 10, 440
H-1 Ge'/30/5% 10'* Ge'/400/5x 10*% C*/90/1x 10'° ~440
H-2 Ge'/30/5% 10 Ge'/400/5x 10** C*/200/1x 10 ~440
H-3 Ge"/30/5x 10*; Ge'/400/5x 10 C*/350/1x 10'° ~440

efficiency of annealing treatments was investigated. It wag¢ll. RESULTS AND DISCUSSION
found that the efficiency of carbon gettering strongly de-A_ Ge*
pends on the relative distance between projected raRge (
of carbon implantation and the location of EOR defects. Fur- It is known that the microstructure in the vicinity of a/c
thermore, the tendency to form hairpin dislocations increasethterface plays an important role in the formation of hairpin
when G€ pre-amorphization failed to produce a sharp a/cdislocations when solid phase epitaxy of the pre-
interface in S In order to reduce the strain field of defects, amorphization layer proceed$The stresses around the tran-
SiC complexes would migrate toward the hairpin Sition region between amorphous and crystalline structure in
dislocations’® This would inhibit the glide motions of dislo- Si may induce some small misoriented crystallites embedded
cations and hence their removal during further annealing. in the amorphous layer near the a/c interface. During anneal-
ing, these misoriented crystallites act as the nucleation sites
of hairpin dislocations. At the end of solid phase epitaxy, the
“V-shaped” dislocations form by extending two character-
The 3-5Qcm, n-type, single crystalline Cz—Sil00)  istic branches to the specimen surface. During further an-
wafers(oxygen concentration less than'iém™3) were the  nealing treatment, the hairpin dislocation reduces its length
substrates used for this study. After a standard RCA cleaningy migrating toward the surface in order to decrease its line
process, ion implantations of Geand C™ were then carried energy. Sand®t al. showed that the activation energy of
out in accordance with the conditions listed in Table I. Specitairpin dislocation migration is in the range of 2—2.5&V.
mens were annealed in a nitrogen furnace at temperatures For the specimen H, the implantation energy and dose
ranging from 550 to 950 °C for various times. A titanium amount produced a continuous amorphous layer with thick-
getter apparatus heated to 800 °C was used to reduce thess approximately equal to 440 nm. However, its a/c inter-
oxygen content in nitrogen gas before it entered the furnacgace appears to be relatively rough, as shown in Fig).1
tube. The specimens subjected to various annealing treaifter a 900 °C, 10 s annealing, the hairpin dislocations were
ments were then thinned properly for subsequent microstrumbserved, as shown in Fig(t. As the time of annealing
ture observation. Both planview and cross-sectional transtreatment increased, the hairpin dislocation glided out on a
mission electron microscop TEM and XTEM specimens  cylindrical glide plane defined by its Burgers vector and the
were prepared and a Hitachi-600 electron microscope wagirection of dislocation liné® According to our TEM analy-
used to record their microstructure. The density of EOR dissis, the hairpin dislocations had a {120)-type Burgers vec-
location loops was calculated by randomly selecting a 3tor and the average line direction aloft31). No hairpin
X 3 cn area on the PTEM micrograph of 30 000 times mag-dislocation was observed in specimen H annealed over 30
nification imaged at the diffraction condition gi=[220]. min as illustrated in Fig. ().
The image was then transferred to a personal computer For the specimen D, the dose amount in the high-energy
equipped with image analyzing softwafélltimage from  part of Ge implantation was less than that for specimen H.
Graftek to count the number and to calculate the area enThis produced a 43.4 nm thick amorphous layer in conjunc-
closed by dislocation loops. For each sample, at least ongon with a damaged layer of 300 nm thickness, as shown in
TEM micrograph was taken for the purpose of defect densityrig. 2(a). After being heat treated at 800 °C for 30 min, EOR
calculation. The atoms bounded by EOR dislocation loopsiefects buried at the depth of 3880 nm from the specimen
were counted by multiplying the EOR dislocation density surface were observed, as shown in Fith)2The EOR de-
with the mean loop area and the area density of atoms ifects diminished significantly and their range of distribution
{111} plane which is about equal to @0"/cn?. Full-  shrunk to about 90 nm after a 900 °C, 30 min annealing, as
cascade Monte Carlo simulations of carbon ion implanted aghown in Fig. Zc). In all subsequent anneals no hairpin dis-
90, 200, and 350 keV were performed with Trim 9114 |ocation was observed in specimen D.
using a value of 12 e¥ for displacement energy and 2 eV
for the binding energy. At least 10 000 ions were brought in
to simulate the value oR, for each condition of carbon
implantation.

-implanted specimens

Il. EXPERIMENT

B. Ge™ and C* implanted specimens

Comparing Figs. &—3(c) with Fig. 2(c), it is evident
that much more EOR defects appear in D-series specimens
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FIG. 1. Cross-sectional view of specimen (d} as implanted(b) annealed
at 900 °C for 10 s(c) annealed at 900 °C for 30 min.

implanted with carbon after a 900 °C, 30 min annealing. Fig-
ures 3a)—3(c) also show that the distribution of EOR defects
in D-series specimens with carbon implantation is much
wider than that in the specimen without carbon implantation.
Apparently none of the carbon implantation processes ap-
plied to D-series specimens were able to suppress the forma-
tion of EOR defects. Cacciagt al.reported the combination

of excess carbon atoms with Si interstitials to form SiC com-
plexes in Si matriX® In D-series specimens, most of the
implanted carbon atoms were probably captured by the
widely spread Si interstitials in a damaged layer to form SiC
complexes which, in turn, prohibit the elimination of EOR
defects from the specimen.

The XTEM and PTEM micrographs of H-series speci-
mens, subjected to 900 °C, 30 min annealing, were shown in
Figs. 4a)—4(c) and Figs. $a)—5(d), respectively. It is clear
that the H-2 specimen contains the smallest amount of EOR
defects after annealing. Our computer simulation results in-
dicated the projected ranges of H-1, H-2, and H-3 were
246.4, 498.3, and 760.3 nm, respectively. Among these, the
projected range of H-2 specimen would be the closest to the
EOR defects located at the depth of about 400 nm from the
specimen surface. Since it was the site where most of the
excess Si interstitials locate, the H-2 specimen would have
the highest amount of SiC complexes and hence the best
annihilation efficiency of EOR loops. Our calculation

Chen, Hsieh, and Chu

FIG. 2. Cross-sectional view of specimen (@ as implanted(b) annealed
at 800 °C for 30 min,(c) annealed at 900 °C for 30 mir{S: specimen
surface.

showed that the concentration of interstitial atoms boundegg 3. cross-sectional view of specimé D-1, (b) D-2, (c) D-3 annealed

by EOR loops would be 2.6410'%cn?, 1.08<10cn?,  at 900 °C for 30 min.
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) ) _ FIG. 5. Planview TEM micrograph of speciméa H, (b) H-1, (c) H-2, (d)
FIG. 4. Cross-sectional view of specim@ H-1, (b) H-2, (c) H-3 annealed  H.3 annealed at 900 °C for 30 min.
at 900 °C for 30 min.

degree of glide out motion was obsenjege Fig. 6b)]. For

3 3

2.23X 101,/0"‘2’ and 2.2 10" /C”f for H, H-1, H-2, and g1 4.2 specimen annealed at 900°C for 6 h, the hairpin
H-3 specimens annealed at 900 °C for 30 min. For the H-Zjigocation persisted, as shown in Figc Since the retar-
specimen, nearly 91% of interstitials were eliminated duringyation of dislocation motion would be less in H-3 specimens
the annealing treatment. a 900 °C, 6 h annealing hence was able to remove the hairpin

Though all the H-series specimens exhibited, a certaipjisiocations in H-3 specimens, as shown in Fig)6
degree of carbon gettering effect for defect annihilation, hair-

pin dislocations also emerged in these specimens, as e
denced in Figs. @)—4(c) and Figs. %a)—5(d). Transmission
electron microscopy revealed that they were the dislocations It was reported by Kang and Schroder that annealing
with 1/110-type Burgers vectors, which is the same astemperature affects the gettering efficiency of impurities in
those reported by Seidet al® Our calculation revealed that Si?° Their study showed that, for instance, in Ar ion im-
the density of hairpin dislocations in the H-2 specimenplanted Si the optimum gettering of go{éu) impurity oc-
(~7%x10°%/cn?) was higher than that in the H-1 specimen curs at the temperature around 900 °C. Figur@s and 1b)
(~1x10%cn?) and in the H-3 specimen~<2x10%/cn?).  are the PTEM images of H-2 specimens annealed at 700 and
We also observed that in the specimens without carbon im800 °C for 30 min. Comparing the density of EOR defects in
plantation, the hairpin dislocations were able to glide swiftlythese specimens with that in 900 °C-annealed spec|sem
and eventually moved out of the specimens by a 900 °C, 3@ig. 5(c)], it is obvious that the best EOR defect annihilation
min annealing. As to the specimens implanted with carboroccurs in the specimen subjected to 900 °C annealing. Our
subjected to the same thermal process, migration of hairpifiEM results also showed that the change of annealing tem-
dislocations was rather obscure. This may be attributed to theerature did not help very much to eliminate the hairpin
solute drag effect of SiC complexes, which severely limitsdislocations in H-2 specimen. We raised the annealing tem-
the mobility of dislocations. perature to 950 °C for 30 min and, as shown in Fig. 8, the
The distribution of hairpin dislocations in H-series speci- hairpin dislocations were still observed in the H-2 specimen.
mens annealed at 900 °C for long times was also investi- Figures 9a) and 9b) show the XTEM and PTEM mi-
gated. Though some dislocations changed their line arrangerographs of the H-3 specimen annealed at 550 °C for 30
ment into an irregular shape, the hairpin dislocation densitynin. It can be readily seen that the density of hairpin dislo-
in H-2 specimens were virtually the same afée2 htreat- cations in this specimen is higher than that in the specimen
ment [see Fig. 6a)]. For H-3 specimens subjected to the annealed at 900°C for 30 mifsee Fig. &d)]. Since the
same thermal treatment, some dislocations changed thedolute drag effect occurred to a lesser extent in the H-3 speci-
sharp V-shaped tip into a smooth concave curve and a certainen and the mobility of dislocations would be higher when

V-
JZ. The effects of temperature
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FIG. 8. Cross-sectional view of specimen H-2 annealed at 950 °C for 30
min.

Ge"-implanted SE! The purpose of this process was to
shorten the transition region between amorphous and crystal-
line structure in Si so as to suppress the generation of hairpin
dislocations. In our work the H-2 specimen was treated by a
two-step thermal process consisting of a 4002@ anneal-

ing followed by a 900°C, 30 min annealing. However, no
significant reduction of hairpin dislocations was observed, as
revealed by TEM investigation shown in Figs.(40and
10(b). We believe this resulted from the pinning effect of
SiC complexes and that the thermal agitation provided by
our annealing treatment is insufficient to activate the migra-
tion of SiC-decorated dislocations.

V. CONCLUSIONS

FIG. 6. Cross-sectional view of specimé) H-2 annealed at 900 °C for 2 Our study demonstrates that carbon implantation is an
h, (b) H-3 annealed at 900 °C for 2 h, and planview TEM micrograph of effective method to remove the EOR defects in ion im-
specimer(c) H-2 annealed at 900 °C for 6 kd) H-3 annealed at 900 °C for planted Si. The small carbon atoms were able to combine
6 h. X P o . X
with excess Si interstitials to form a SiC complex gettering
center. The closer the projected range of carbon implantation

annealing temperature was raised, some of the hairpin dislc§9 the location of EOR defects, the better the gettering effi-

cations were able to glide out of the specimen annealed gency for defect rem°""?"- However, the effect_ of defect an-
900 °C for 30 min. nihilation was only obvious when sharp a/c interface was

Myers et al. carried out a very low temperature anneal formed by Gé -pre-amorphization. Otherwise, the implanted
(VLTA) process to sharpen the al/c interface in

20O [

FIG. 7. Planview TEM micrograph of specimen H-2 anneale@af00 °C, FIG. 9. (a) Cross-sectional view of specimen H-3 annealed at 550 °C for 6
(b) 800 °C for 30 min. h and(b) corresponding planview micrograph ().
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subjected to 900 °C annealing. The two-step annealing did
not improve the hairpin dislocation removal in the specimen
with carbon implantation. This is due to the insufficient ther-

mal energy to activate the migration of dislocations pinned
by SiC complexes.
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