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The effects of boron on Co and Si12xGex interfacial reaction were studied. Undoped andin situ
boron-doped strained Si0.91Ge0.09 and Si0.86Ge0.14 layers prepared at 550 °C by an ultrahigh vacuum
chemical vapor deposition system were subjected to Co silicidation at various rapid thermal
annealing~RTA! temperatures ranging from 500 to 1000 °C. The resulting films were characterized
by a sheet resistance measurement, Auger electron spectroscopy, x-ray diffractometry~XRD!, high
resolution x-ray diffractometry, secondary ion mass spectroscopy, scanning electron microscopy,
and transmission electron microscopy. Seen from XRD spectroscopy, a Co(Si12yGey) cubic
structure was formed with RTAs ranging from 500 to 700 °C. For boron-doped samples, the CoGe
fraction in Co(Si12yGey) was less than that in undoped samples, indicating that boron atoms
retarded the incorporation of Ge into the Co(Si12yGey) ternary phase. It also led to a large Ge
pileup at the interface between the Co-rich and silicidation regions. On the other hand, from the high
resolution x-ray spectra, the presence of boron led to less relaxation of the strained Si12xGex lattice.
It is the first time that small boron atoms inhibiting the relaxation of the Si12xGex layer during
silicidation was observed. Furthermore, from the sheet resistance measurement, the formation of
CoSi2 was found to be slightly retarded in boron-doped samples, due probably to the decrease of Co
or Si diffusivities as a result of boron accumulation at the Co/SiGe reaction interface. At
temperatures above 800 °C, CoSi2 formed and Ge segregated to the silicide boundaries and the
upper reaction region was discovered. These phenomena caused by B dopants are explained in
detail. © 2000 American Vacuum Society.@S0734-2101~00!04604-2#
s
nd

t

ttk

e
he
de
et

a-
y

-
e

em-

he
-
sys-

ling

f

-
s a

ra-

in
rce/

e-

tion
p-
I. INTRODUCTION

Silicided strained-Si12xGex junctions have attracted lot
of attention because of their potential applications to ba
gap engineering by varying the Ge fraction in the Si12xGex

layer. Recently advanced device structures based on
Si12xGex /Si heterojunction have been demonstrated.1–4 In
many device applications, it is necessary to make Scho
or ohmic contact with the epitaxial Si12xGex alloys. One
example is the use of silicided strained-p-Si12xGex junctions
in infrared detectors. With the addition of Ge in the strain
Si12xGex layer, it is feasible to modulate and extend t
cutoff wavelength.5 Significant efforts have thus been ma
to understand the phase formations and properties of m
Si12xGex reactions.6–16

Among the potential metal silicides, CoSi2 is particularly
attractive for its low resistivity, cubic crystal structure, rel
tively small lattice mismatch with Si, and its compatibilit
with the self-aligned silicide~salicide! scheme. At room tem-
perature, the resistivity of CoSi2 and its lattice constant mis
match with Si are 16mV cm and 1.2%, respectively. Thre
cobalt silicide phases, i.e., Co2Si, CoSi, and CoSi2, form in
sequence when a Co/Si bilayer structure is annealed.17,18The
formation temperatures of CoSi and CoSi2 are ;400 and
550 °C, respectively. In addition, Co5Ge7 and CoGe2 phases

a!Electronic mail: u8511522@cc.nctu.edu.tw
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are formed after annealing a Co/Ge bilayer structure at t
peratures of about 300 and 600 °C, respectively.12,19 In the
past few years, the reaction of the Co/strained-Si12xGex /Si
system has been studied extensively.11,12,15,16Compound for-
mation after thermal treatment and the stability of t
strained Si12xGex layer during silicide formation were inves
tigated. For the ternary phase diagram of the Co–Si–Ge
tem, a miscible ternary compound, Co(Si12yGey) (y
,0.67), was found after low temperature furnace annea
~in the range from 400 to 700 °C!, which is based on the
cubic CoSi structure.20 However, the crystal structures o
CoSi2 ~i.e., the cubic CaF2 structure! and CoGe2 ~i.e., the
orthorhombic structure! are different, and the reaction be
tween Co and Si is favored more than the Co–Ge one. A
result, only the CoSi2 phase is observed at higher tempe
tures~; 700 °C by furnace annealing!. Concurrently, surface
accumulation of Ge in the form of Ge-rich Si12zGez precipi-
tates is observed.14,21

The strained SiGe layer is widely used as the base
heterojunction bipolar transistors and as the raised sou
drain in advanced metal–oxide–semiconductor~MOS! tran-
sistors. For such applications, the Si12xGex layer is usually
heavily doped. Dopants will redistribute in the reaction r
gion or may even affect the metal/Si12xGex reaction during
thermal processing. The effects of high dopant concentra
on the Co silicidation process and the redistribution of do
14480Õ18„4…Õ1448Õ7Õ$17.00 ©2000 American Vacuum Society
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 Redis
ants during silicidation were studied.22 Surface accumulation
of boron redistributed from the Si consumption layer w
observed. Furthermore, a comparison between B and Sb
ants in Co/Si0.8Ge0.2 during silicidation was reported
recently.23 While both dopants were found to accumulate
the surface, boron atoms were also found to be trapped a
interface between the Co-rich surface layer and the mon
licide region. In addition, a significant accumulation of G
between the unreacted SiGe and the silicided region was
served on boron-doped Si0.8Ge0.2 samples, suggesting that
and Ge redistributions occur. However, a detailed expla
tion of boron impact on Co/Si12xGex compound formation
and Ge redistribution due to lattice relaxation is, to the b
of our knowledge, still has not been given.

In this article, we study the interfacial reaction of Co wi
the strained Si12xGex layer, especially the effects of boro
dopants on compound formation and lattice relaxation dur
silicidation. The phase formation at various rapid therm
annealing~RTA! temperatures and the structural characte
tics were also examined. This study will be helpful for futu
device applications in Si12xGex heterojunction bipolar tran
sistors and advanced MOS transistors with a raised silici
Si12xGex source/drain.

II. EXPERIMENTS

Strained single-crystal Si12xGex thin films with x50.14
and 0.09 were grown by an ultrahigh vacuum chemical va
deposition~UHVCVD! system.24 The UHVCVD system in-
cluded a loading chamber, a water-cooled stainless-s
growth chamber, separate nozzles for process gases, a
computer-controlled gas switching box. The growth cham
was pumped with a 1000 l/s turbomolecular pump to a b
pressure of 2310210Torr. As the starting substrates 10–1
V cm, n-type ~100! silicon wafers were used. The wafe
were first subjected to a pre-clean process using a hydro
passivation technique. Afterwards, the wafers were loa
into the loading chamber and pumped down to 1026 Torr
with minimal delay. The wafers were then immediate
transferred into the growth chamber for epitaxial grow
During the transfer process, the heater temperature was
at 200 °C. A base pressure of 1029 Torr was routinely ob-
tained within 1 min of the wafer transfer process. Then,
wafers were heated to the final deposition temperature
550 °C at a ramp rate of;150 °C/min. For growing undoped
Si12xGex , pure Si2H6 and GeH4 were introduced into the
growth chamber. For growingin situ boron-doped Si12xGex ,
a 1% B2H6 gas diluted in H2 was added. The resultant boro
concentration in thein situ boron-doped SiGe samples wa
found to be 131019cm23, while the unintentionally doped
~i.e., undoped! samples have a low boron doping level
about 131015cm23. The chamber pressure was maintain
below 1023 Torr during epitaxial growth by the turbomo
lecular pump. The grown Si12xGex epitaxial layer thickness
was 100 nm for all samples used in this study.

The wafers with a grown Si12xGex layer were then
cleaned by a standard RCA clean and dipped in HF:H2O
~1:50! for 30 s to remove the native oxide. After a rinse a
JVST A - Vacuum, Surfaces, and Films
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a spin dry, the wafers were loaded into a sputter deposi
chamber to deposit a 17 nm thick Co thin film. The Co fil
was deposited by ion beam sputtering with a base pressu
531029 Torr and the sputtering rate of Co film was 2 nm
Next, a 30 nm thick TiN capping layer was deposited on t
of the Co film. The purpose of the TiN capping layer was
prevent oxidation of the metal film and also to improve t
uniformity of the silicide formation.25,26 The Co/Si12xGex

reaction was performed in a RTA system equipped w
high-intensity halogen tungsten lamps. The RTA treatm
was carried out in nitrogen ambient for 30 s at different RT
temperatures. After the silicidation process, the TiN capp
layer and the unreacted Co film were removed selectively
wet etching in a 4H2SO4:1H2O2 ~30%! solution for 5 min.
The sheet resistance was measured by a conventional
point probe measurement system while the structural
compositional properties of the reacted thin films were ca
fully examined by x-ray diffractometry~XRD!, high resolu-
tion x-ray diffraction with high energy x-ray beams, Aug
electron spectroscopy~AES!, and secondary ion mass spe
troscopy~SIMS!. The high resolution asymmetricu-2u x-ray
diffraction measurements consisted of a Huber Cu tar
source with a Si~111! crystal monochromator and a Ragak
scintillation NaI detector to detect the diffracted beams. T
sample was mounted in air at the center of the five-cir
diffractometer axes. SIMS measurements were performe
a Cameca IMS5f apparatus. To obtain better accuracy, b
ron and oxygen profiles were obtained using O2

1 and Cs1,
respectively, as the primary ion beams. Finally, the m
phologies of the surfaces and interfaces were analyzed u
scanning electron microscopy~SEM! and cross-sectiona
transmission electron microscopy~XTEM!.

III. RESULTS AND DISCUSSION

Figures 1 and 2 are the AES depth profiles with differe
rapid thermal annealing temperatures for undoped
boron-doped Co/Si12xGex /Si layers, respectively. For th
samples that have undergone RTA at 500 °C for 30 s, b
the undoped and the B-doped samples exhibit a unifo
layer of Co, Si, and Ge on top of the Si12xGex /Si layer.
From x-ray diffractometry, reaction of Co/Si12xGex at
500 °C results in the CoSi phase or the Co(Si12yGey) ternary
phase, both of which will be discussed in more detail later
should be noted that a Co2Si phase could not be observed
our study because this compound can also be etched by
same etching recipe used to selectively remove the unrea
Co and TiN capping layers. From Figs. 1~a! and 2~a!, it can
be seen that, for B-doped samples, Ge is released from
monosilicide region and accumulates near the surface du
preferential reaction of Si with Co. In addition, the relativ
atomic ratio of Ge to Si for the B-doped sample in t
middle of the reacted layer was less than that of the undo
sample in the same reaction. This means that the Ge com
sition of the Co(Si12yGey) ternary phase in B-doped samp
is smaller than that in the undoped sample.

After annealing at 700 °C for 30 s, the Co/Si sample w
fully converted into the CoSi2 phase, while mostly the CoS
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:48:06
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 Redis
phase and a little CoSi2 phase were discovered for all th
Si12xGex base samples. For the B-doped sample, Ge a
mulation was observed in the middle of the reac
Co/Si12xGex layer, while a Si pileup was observed near t
surface.

With the 900 °C RTA, both the undoped and the B-dop
samples showed an obvious Ge pileup at the upper regio
the Co/Si12xGex reaction layer. This pileup was even mo
pronounced in the B-doped sample. In addition, the num
of Co atoms near the surface decreased compared to sam
with 700 °C RTA. Figures 1~c! and 2~c! also reveal that Co is
well distributed over the entire Si12xGex layer at higher tem-
perature. From AES data, it can be seen that the greate
loss in the unreacted B-doped Si12xGex layer, which had

FIG. 1. AES depth profiles of the undoped Co~17 nm!/Si0.86Ge0.14~100 nm!
sample after~a! 500, ~b! 700, and~c! 900 °C, 30 s annealing.
J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul ÕAug 2000
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been reported recently,23 was not observed in our exper
ments. In contrast, the Ge losses,Dx, from the underlying
undoped Si12xGex sample is higher than that in the B-dope
Si12xGex sample. As shown in Fig. 1,Dx for the undoped
sample annealed 500 to 700 °C is 0.019 whereasDx for the
B-doped sample annealed 500 to 700 °C is 0.011.

Figure 3 demonstrates the dependence of sheet resis
on the RTA temperatures for undoped and B-dop
Co/Si12xGex ~100 nm! layers. Conventional Co/Si sample
were also measured for a comparison. At 500 °C, the sh
resistance of the Co/Si sample is much higher than that of
Co/Si12xGex sample. This is probably because of the relat
low resistivity of the CoGe phase formation. On the oth

FIG. 2. AES depth profiles of the boron-dope
Co ~17 nm!/Si0.86Ge0.14~100 nm! sample after~a! 500, ~b! 700, and ~c!
900 °C, 30 s annealing.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:48:06
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 Redis
hand, the sheet resistance of the reacted Co/Si12xGex films
after 600 and 700 °C annealing is much higher than tha
the Co/Si samples. This is believed to be due to the form
tion of a Ge-rich surface layer by Ge segregation and hig
resistive CoSi growth. From the x-ray diffraction spectra
is seen that the CoSi2 phase has already formed for the Co/
reaction at these intermediate temperatures~i.e., 600 and
700 °C!. It is further seen from sheet resistance measu
ments that the sheet resistance begins to decrease fo
doped samples with 700 °C annealing, but the sheet re
tance for B-doped samples remains high. This indicates
the formation of CoSi2 is retarded in boron-doped sample
This may be due to the decrease in Co or Si diffusion a
result of B and Ge accumulation at the Co/Si12xGex reaction
interface. Moreover, the sheet resistance of all the sampl
reduced to less than 10V/h after 800 and 900 °C annealing
indicating the conversion of CoSi phase to CoSi2 phase.
However, the sheet resistance of the Si0.86Ge0.14 sample in-
creases dramatically again at 1000 °C, implying that the
glomeration phenomenon is more serious for
Co/Si12xGex sample with a higher Ge mole fraction.

The SIMS depth profiles for B-doped Co/Si0.86Ge0.14

samples are shown in Fig. 4 for samples with various ann
ing temperatures. For the sample with 500 °C RTA@Fig.
4~a!#, surface accumulation of boron is found. Additionall
about 431019cm23 of boron atoms has accumulated in t
upper Co/Si12xGex reaction region for both samples wit
700 @Fig. 4~b!# and 900 °C@Fig. 4~c!# RTA. This phenom-
enon is believed to be associated with Ge and Si out di
sion during the silicidation process.

The phase formation sequence during Co reaction w
Si0.86Ge0.14 and the crystallographic orientation of silicid
were monitored by symmetric x-ray diffraction inu-2u ge-
ometry. Figure 5 shows undoped Co/Si0.86Ge0.14 XRD spec-
tra at various RTA temperatures. We can see that at 50
RTA, the predominant phase is Co(Si12yGey) in all samples,
since the Co2Si phase may have been removed during se
tive wet etching of the TiN/Co film. At 800 °C, disilicide
phases can be identified. In addition, the~200! and ~400!

FIG. 3. Sheet resistance as a function of RTA temperature
Co ~17 nm!/Si12xGex (100 nm) and Co~17 nm!/Si control samples.
JVST A - Vacuum, Surfaces, and Films
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orientations of the disilicide phases are very pronoun
compared to other diffraction peaks in the XRD spectra. T
indicates that the main crystal orientation of CoSi2 (n00) is
the same as that of the Si12xGex epitaxy. Finally, after an-
nealing at 900 and 1000 °C, the orientation behavior
comes more obvious than that of the 800 °C sample. T
~111! and~220! orientations of the CoSi2 peaks could not be
observed for all samples at these temperatures.
Co(Si12xGex)2 is found after high temperature Co/Si12xGex

reaction.
A ternary compound is not likely to form if the precurso

Si–metal compound and Ge–metal compound are diffe
in structure. Previous studies indicate that in the Co–Si–
system, there are two solid-solution regions.20 In the CoSi
phase, up to two thirds of the Si atoms may be replaced
the Ge atoms. Both CoSi and CoGe form cubic crystall
structures with similar lattice constants~i.e., 4.43 Å for CoSi
and 4.637 Å for CoGe!. This leads to the formation o

r

FIG. 4. SIMS depth profiles of the boron-dope
Co ~17 nm!/Si0.86Ge0.14~100 nm! sample after~a! 500, ~b! 700, and ~c!
900 °C, 30 s annealing. The boron doping concentration is 131019 cm23.
sconditions. Download to IP:  140.113.38.11 On: Thu, 01 May 2014 07:48:06
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Co(Si12yGey) ternary compounds, which can be calculat
from the shifts of the CoSi peak position in the XRD spec
due to expansion of the CoSi lattice, shown in Fig. 6~a!. The
interplanar distanced of Co(Si12yGey), which is calculated
by the relative amounts of CoSi and CoGe in the reac
film, can be expressed as follows:11

FIG. 5. XRD spectra of 17 nm Co deposited on the undoped 100
Si0.86Ge0.14 layer after annealing at different temperatures for 30 s.

FIG. 6. ~a! XRD spectra of the Co(Si12yGey)(310) phase for 17 nm Co
deposited on the 100 nm undoped Si0.86Ge0.14 sample after different RTA
conditions, and~b! the diffraction angle of the Co(Si12yGey) phase and the
relative CoGe ratioy after rapid thermal anneals at different temperatu
for different samples.
J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul ÕAug 2000

tribution subject to AVS license or copyright; see http://scitation.aip.org/term
d

dCo~Si12yGey!5dCoSi~12y!1dCoGey. ~1!

The interplanar distance~d! is 1.981 and 2.074 Å for CoS
~210! and CoGe~210!, respectively. After careful calculation
of the Co(Si12yGey) ~210! diffraction peaks, the ratio of
CoGe to CoSi and CoGe~i.e., y! can be estimated, as show
in Fig. 6~b! for all samples. For B-doped samples wi
500 °C annealing, the relative ratios of CoGe
Co(Si12yGey) compoundy are 0.064 and 0.054 for th
Co/Si0.86Ge0.14 and Co/Si0.91Ge0.09 samples, respectively
Moreover, thesey values are nearly half they values for
undoped samples~i.e., y;0.12 in the Co/Si0.86Ge0.14 sample
andy;0.11 in the Co/Si0.91Ge0.09 sample!. These results im-
ply that boron atoms may restrict the reaction between
and Ge or enhance Ge segregation from the Co/SiGe rea
region. These results are also consistent with the AES de
profiles. As the RTA temperature increases, they values for
all samples decrease, meaning more severe Ge segregat
the Co/SiGe reaction region. It has been reported that
heat of formation of the equiatomic compound of CoSi~27
kcal/g atom! is much lower than that for CoGe~24 kcal/
g atom!. Thus, in the Co/SiGe reactions at 600 and 700
Ge may be rejected in favor of the Co–Si reaction. Fina
only the CoSi2 phase, not the CoGe2, is formed at higher
temperatures due to the low consumption of energy
small lattice mismatch.

Figures 7~a! and 7~b! demonstrate high-resolution XRD
~400! asymmetricu–2u spectra of the undoped and B-dope
Co/Si0.86Ge0.14 layers after annealing at different temper
tures. The reaction of Co with Si12xGex layer could cause
some changes in the quality of the Si12xGex structure. The
underlying Si12xGex layer would be consumed gradually a
the RTA temperature increases and then Si12xGex lattice re-
laxation would occur due to lattice mismatch with the upp
Co silicide layer. Lattice relaxation of the underlyin
Si12xGex layer would cause a shift of the Si12xGex(400)
peak in the XRD spectra towards the Si~400! peak. Based on
this shift, we can observe the degree of relaxation in
underlying SiGe region. After annealing at 700 °C, the sh
angle for the undoped sample is 0.07°~i.e., from 68.21° to
68.28°!, but the shift angle for the B-doped sample is on
0.04° ~i.e., from 68.22° to 68.26°!. A similar result was also
obtained for the Si0.91Ge0.09 samples. Thus, we can conclud
that for B-doped samples, lattice relaxation is inhibited. T
also means that a small amount of boron (;131019cm23)
will decrease the mobility of misfit dislocations in th
Si12xGex lattice, similar to that observed for C in th
Si12xGex layer.27 After a 900 °C anneal, the AES profile
indicate that the Si12xGex layer is totally consumed in al
samples, so the Si12xGex peaks in the XRD spectra disap
pear. Moreover, from the sheet resistance data shown in
3, phase agglomeration in the Si0.86Ge0.14 sample occurred
with a 1000 °C rapid thermal anneal. This is expected
worsen the surface roughness. The surface morphology
in SEM micrographs for undoped Co/Si0.86Ge0.14samples an-
nealed at 900 and 1000 °C is shown in Figs. 8~a! and 8~b!,
respectively. It can be seen that the surface becomes m

s
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rougher by increasing the RTA temperature from 900
1000 °C.

Figure 9 is a TEM micrograph of the B-doped Si0.86Ge0.14

sample after 900 °C RTA. Based on XRD analysis, only
CoSi2 phase is found at this temperature, and it is represe
by the large grain in the TEM micrograph. The underlyi
Si0.86Ge0.14 layer is almost consumed and silicidation has e
tended into the Si region. Furthermore, we can see v
clearly that there are some small decorations around
CoSi2 grain boundaries. It has been reported that the dec
tions are Ge-rich Si12zGez(z.x) alloys.23,28 Si12zGez pre-
cipitates segregate from the Co silicide region and beco
distributed mostly in the upper and bottom parts of t
Co/Si12xGex reacted region. These results confirm the tren
of the AES and SIMS profiles.

To elucidate the effects of the boron on silicide react
and the lattice distortion at the underlying Si12xGex layer,
we summarize below the important experimental results.
500 °C, B accumulation is very near the surface. At 700 a
900 °C, boron atoms pile up at the upper Co/Si12xGex reac-
tion layer, which is between the cobalt silicide and thin C
rich surface layer. The same phenomenon can be obse
from the interaction of Co with the B-doped Si sample
temperatures below 500 °C.22 The reason for the B pileup
may be the low solubility of boron in crystalline Co silicide

FIG. 7. High-resolution XRD spectra of Co~17 nm! deposited on~a! un-
doped and~b! B-doped Si0.86Ge0.14 layers after annealing at different tem
peratures for 30 s.
JVST A - Vacuum, Surfaces, and Films
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e
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e
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t
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(;531019cm23). The boron atoms are pushed out of t
Co/Si12xGex or Co/Si silicide region. For the case of con
ventional Co/Si, the boron atoms accumulate at the interf
between CoSi and Co-rich layers after a low temperat
anneal ~500 °C!. After higher temperature annealin
~.500 °C!, the Co-rich layer is consumed, so the boron
oms move to the surface region. For the Co/Si12xGex case,
we assume that boron atoms segregate out of the mono
cide layer and are injected along the silicide grain bounda
or defects into the Ge-rich Si12zGez precipitates, where the
solubility of boron is higher than it is in the silicide region
This assumption could explain the phenomenon that a
pileup still occurs at the upper silicide region in th
Co/Si12xGex sample even after high temperature anneal

FIG. 8. SEM micrographs of the surface morphology of the undop
Co/Si0.86Ge0.14 sample annealed for 30 s at~a! 900 and~b! 1000 °C. After
1000 °C annealing, the surface is severely roughened, indicating the o
rence of agglomeration.
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~700 and 900 °C!. In addition, the reason why the boro
pileup region is very close to the Ge accumulation region
also be explained. According to the diffraction angle of t
Co~Si12yGey) ~210! phase, the CoGe fraction of the sum
CoSi and CoGe,y, in the B-doped sample is indeed small
than that in the undoped sample. This phenomenon ma
explained by the fact that boron atoms tend to accumu
with Ge atoms. In other words, B atoms may grab Ge ato
to form B-doped Si12zGez clusters as the Si and Ge atom
diffuse toward the Co film. This is consistent with the resu
of the AES profiles that more Ge atoms tend to accumulat
the upper Co/Si12xGex reaction region in B-doped sample

The other interesting effect is the reduced mobility
misfit dislocation for lattice distortion in the underlyin
B-doped Si12xGex layer by B atoms. Relaxation is accom
panied by the formation and extension of dislocations alo
which the Ge and Si atoms could outdiffuse. Recently it w
reported that a small-sized atom such as C could decreas
occurrence of misfit dislocation in the Si12xGex layer, and
therefore inhibit lattice relaxation.27 From our high resolu-
tion XRD spectra, the lattice relaxation is indeed retarded
B atoms, similar to the effect of C atoms in the Si12xGex

layer.

IV. CONCLUSION

In this article, a detailed comparison of the Co react
with undoped andin situ boron-doped strained Si0.86Ge0.14

and Si0.91Ge0.09 layers was made. Due to the low solubility o
boron in the silicide film, boron atoms were found to seg
gate out of the silicide layer and were injected into the G
rich Si12zGez precipitates at the upper silicide region.
addition, more Ge atoms accumulated in the same reg
than the undoped sample. This means that boron pileup
cause the Ge-rich Si12zGez precipitates to accumulate in th
upper silicide region. In addition, Ge segregation to the
per silicide region and to the monosilicide~and disilicide!
boundaries was also observed from AES and TEM analy
Furthermore, with more Ge segregation from monosilicide
smaller fraction, y, of CoGe was incorporated into th

FIG. 9. Cross-sectional TEM micrograph of the B-doped Si0.86Ge0.14 sample
after reaction with Co~17 nm! with a RTA at 900 °C for 30 s.
J. Vac. Sci. Technol. A, Vol. 18, No. 4, Jul ÕAug 2000
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Co~Si12yGey) ternary phase, as seen by the XRD spectra
the Co~Si12yGey)(210) phase. Finally, we discovered for th
first time that the presence of boron atoms, similar to tha
carbon ones, inhibited lattice relaxation of the underlyi
Si12xGex layer. This inhibition of lattice relaxation wa
probably because small atoms decrease the misfit disloca
mobility of the underlying Si12xGex layer.
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