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Electrical and Compositional Properties of Co-Silicided Shallow
p*-n Junction Using Si-Capped/Boron-Doped Si_,Ge,

Layer Deposited by UHVCME
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Co-silicided, strained boron-doped;SjGe, p*/n junction with different Ge mole fractions deposited by ultrahigh vacuum
chemical molecular epitaxfy HVCME), suitable for raised source/drain metal oxide semiconductor field effect transistor appli-
cations, is studied. The electrical and compositional characteristics are presented. By using a Co/Si-cap/gr&diBicture,

optimum forward and reverse diode characteristics with a near perfect forward ideality(facter1.01) can be obtained for the

p*-n junction. The low area leakage current extracted from Si-capped samples confirms that serious lattice misfit problems during
silicidation, typical of Co/pure $i,Ge, samples, is largely eliminated by Si capping. In addition, the specific contact resistance

is found to decrease as Ge mole fraction increases, and would be even lower if Si capping is used for silicidation. Finally, the
composition of Co/Si ,Ge, and Co/Si-cap/$i,Ge, interfacial reaction is studied by high-resolution X-ray spectra. Our results
show that even after a second anneal at 850°C, very little lattice distortion is discovered. Five harmonic peaks still remain even
after a second anneal at 850°C. Transmission electron micrograph also exhibits good uniformity and interface quality.
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The heterojunction bipolar transist@iBT) with Si, ,Ge, base The present paper examines the electrical and compositional
has been extensively studied due to its potential advantage of oveproperties of Co-silicided SEG Si,Gg /Si p"-n heterojunction di-
coming the conflicting requirements between base resistance anddes by using ultrahigh vacuum chemical molecular epitdxl-
transit time, a limitation which has plagued the conventional homo-VCME) deposited Si_ ,Gg, layer with different Ge mole fractions
junction bipolar transistors® The silicided SiGe layer has also been (i.e., =x). The diodes were fabricated on silicon wafers containing
proposed for fabricating a raised source/drain region of metal-oxide-oxide patterns. In addition to being a low temperature process, UH-
semiconductofMOS) field-effect transistor, as well as for optical VCME is also known to be advantageous in minimizing the impu-

device application&® By adding Ge to the strained Si,Ge, layer,
the cutoff wavelength can be extenosedoncurrently, with the re-
cent surge in research interest of sub-@rh complementary MOS
(CMOS) technologies, the formation of shallow" psource/drain
(S/D) junction with low contact resistivity has received particular

research attention. One of the most effective ways to form a shallow

p* S/D junction is to use selective epitaxy grow(BEG) for
Si;_,Ge, on the exposed S/D active aré¥ This results in a self-
aligned raised S/D structure which is beneficial in reducing the ef-
fective junction depth and contact resistivity.

Significant efforts have thus been made to understand the pha
formations and properties of metal{SjGe, reactions-*?3 Among
the potential metal silicides, CaoSis particularly attractive for its
low resistivity, cubic crystal structure, relatively small lattice mis-
match with Si, and its compatibility with self-aligned silicid®ALI-
CIDE) scheme. In the past few years, the reaction of the Col/
strained-Sj_,Ge, /Si system has been actively studiéd’20-2*The
compound formation after thermal treatment and the stability of the
strained Sj_,Ge, layer during silicide formation were investigated.
For high-speed device applications,,SiGe, layer is usually
heavily doped. The effects of the high dopant concentration on th
Co silicidation process with Si or Si,Ge , and the redistribution
of dopants during silicidation were studi&*?°A significant ac-
cumulation of Ge between the unreacted SiGe and the silicided re
gion was observed on the boron-dopeg §Sig, , samples, suggest-
ing that the redistributions of B and Ge occur.

Since undesirable SiGe precipitants and the resultant dislocation
occurred for direct reaction between Co ang e, Co silicida-
tion by using Si as sacrificial layer on top of;SjGe, film have
been studied to achieve better metal silicide/SGe, interface?®?’
However, a detailed study of Ge ratio on electrical and composi-
tional characteristics of Co/Si-cap/SiGe SEG/pdiode were not
available in the literature.
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rity contamination due to its low base pressure. This study thus
paves the way for future device applications of SGe, heterojunc-

tion bipolar transistor and advanced MOS transistors using a raised
silicided Sj _,Ge, source/drain.

Experimental

n-Type 6 in. silicon(100)wafers of 10-15) cm were used as the
starting substrates. The exposed active regions were first defined by
patterning and etching a 300 nm isolation oxide. Then, following a

s%tandard RCA clean and a 1:50 HE(dip, 100 nm boron-doped

Si;_,Geg, (x = 0, 0.09, 0.14, and 0.2layers, with or without a
Si-capping layer, were selectively deposited using an UHVCME
systent® Briefly, the growth chamber was pumped with a 1000 L/s
turbomolecular pump to a base pressure of 20 Torr. Next,
wafers were heated to the final deposition temperature of 550°C at a
ramp rate of ~150°C/min. For growing boron-doped ;SiGe,
layer, pure SiHg, GeH,, and BHg were introduced into the growth
chamber. For graded Si,Gg, (for instance, SigGe, 14 Structure, a
5nm Si_,Geg film with lower Ge mole fraction(i.e., x = 0.03,

£.06, 0.09, 0.11was grown before depositing the main, SiGe,

(x = 0.14) layer. After a 900°C, 30 s activation anneal, wafers were
loaded into a sputter deposition chamber for a 10 nm Co deposition.
Next, a 30 nm thick TiN capping layer was deposited on top of the
Co film to prevent metal oxidation and improve uniformtf*°The
Co/Si,_,Ge, reaction was performed in a rapid thermal annealing

TA) system equipped with high intensity halogen tungsten lamps.

he RTA treatment was carried out in nitrogen ambient for 30 s at
450°C. After selectively removing the unreacted species by wet
etching in 48S0,:1H,0, (30%) solution for 5 min, a second RTA
was executed at 800°C for 30 s.

At this stage, some samples from each split were removed for
structural, compositional, and planar sheet resistance measurements.
The planar sheet resistance was measured by a conventional four-
point probe system. While the structural and compositional proper-
ties of the reacted thin films were carefully examined by X-ray
diffractometry (XRD), high resolution X-ray diffraction with high
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Figure 1. Forward and reverse characteristics for silicide/SiGe/Snjunc-

tion with and without Si cap. The diode area is 10001L000pu.m. Position

Figure 2. The reverse leakage current densitlpdp) for Sijq,Ge) 9 and
Sip.eGey.14 SEG diodes at-5 V at different position on a wafer with differ-
energy X-ray beams, Auger electron spectrosc@iyS), and sec-  gnt structuregdiode area: 100X 1000.m).
ondary ion mass spectroscof8IMS). The high resolution asym-
metric 6-26 X-ray diffraction measurements consist of a Huber Cu

target source with a Si(11Xrystal monochromator and a Ragaku ; : o
scintillation Nal detector to detect the diffracted beams. The test 9 Horr fOr the pure Sjgd5e, 14 diode is indeed caused by large

sample was mounted in air at the center of the five-circle diffra(:to-mISfIt dislocations of Co/51.,G, . A graded struciure could further

meter axes. SIMS measurements were performed in a Camec lleviate the defect problem during epitaxial process, especially for

. : . ‘Samples with large Ge ratio.
IMS5f apparatus. Finally, the morphologies of interfaces were ana For forward bias condition, as also shown in Fig. 1, the Si cap/

lyzed using cross-sectional transmission electron microsco . - . .
();(TEM) 9 ongraded Si.sGey 14 diode depicts the highest forward current among
The }est of the wafers continued to receive a back-end passiv. all splits, especially at a high current level. This is consistent with a
tion oxide. After contact opening, a TiN/A-4%Cu/TiN/Ti four-layer Bower contact res[stance as a result of smaller dlsflocat.lon density
metal was sputtered and patterned to form the metal interconnecflU® to reduced $i,Ge lattice stress. The forward ideality factor
The electrical characteristics were measured by a HP4145B semivS-Ge composition for Co-silicided §idG&, 14 diodes with different
conductor parameter analyzer. The sheet resistance was also eflructures is plotted in Fig. 4. As Ge composition increases, the
tracted using both the transfer length meth@dM) and cross-  ideality factor in general increases due to worsened junction quality
bridge resistor structure. While the contact resistance was measurezused by larger misfit dislocations associated with increased

by both TLM and Kelvin cross structures. amount of Ge atoms. With the addition of a Si-capped layer for Co
. . silicidation (i.e., 35 nm Si layer for 10 nm Co film), the underlying
Results and Discussion SiGe layer could remain intact. So the ideality factor is determined

Electrical characteristics—Figure 1 shows the forward and re- mainly by the quality of SiGe epitaxy. Furthermore, with the graded

verse current-voltage (I-V) characteristics of Co-silicided

Sip G &y 14 diodes with different structureg.e., with or without Si 80
cap, conventional or graded QiGe&, 14 Structure). The JigGe 14 |
layer thickness is 100 nm for all samples. It can be seen that the
reverse leakage curreritd-p) decreases significantly with the use of

a 35 nm Si-cap structure. Moreovéie could be reduced even
further with Si cap/graded SiGe structure. This is confirmed again
on the leakage current measured-&b V as a function of diode
position on a wafer, as shown in Fig. 2. The depth of all the junc-
tions were all deeper than 45 nm based on SIMS analyses, as the
depth was defined when B equalsx210'”cm 3.3132 A large | o

for the pure §jgG&) 14 diode is believed to be due to the large misfit
dislocations caused by CofSiGeg, ternary phase reaction. This is . 4
further confirmed by extracting the area component of the leakage : : ]
current,J,, by calculating diodes with different areas and periph- [ . G_rade,d SiGe
eries. The resultanit, as a function of Ge mole fraction for various s . with Si Cap-
diode structures is shown in Fig. 3. It can be seen that diodes with- - Q — y— — v 1
out Si-cap layer exhibit the highest area leakage current, and the 0

area leakage current increases dramatically with Ge mole fraction. 0.09 0.14 0.2

In contrast, the graded structure with Si-cap depicts the lowest area

leakage current. Moreover, the area leakage current dependence on Ge Molefraction

the Ge mole fraction is significantly reduced. Because the area leak-

age current represents the degree of defects and dislocations ekigure 3. The extracted area leakage componknvs. Ge composition for
tended to the junction interface, the above results confirm that theSEG diodes with different structures.
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o
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resistor(CBKR) method for samples with different Ge mole fractions and
Figure 4. Forward ideality factovs. Ge composition for different SEG di-  epitaxial structures.
ode structures.

Measurement of specific contact resistanig)(was performed
. L . . using cross-bridge Kelvin resistors. The results are summarized in
Si; _,Geg, structure, the mean and deviation of ideality factor could _ ; . .
1-x26 ! y Fig. 6. Theoretically, the barrier heightpgps) formed at a metal/

be further improved, because of better lattice quality. An ideality . . . . : .
factor of less than 1.005 can be achieved under such a condition. _semlconductor mter_fag:(? is known to be a crltlcgl fac_tor in determin-
The mean and deviation of sheet resistangg) (measured by ing the contact resistivityg(c). The work function difference be-

cross-bridge resistors of each sample as a function of Ge mole fracWVeen PSi,«Ge and p'Si, due to their energy bandgap
tion are plotted in Fig. 5. It can be seen that for diodes without a Sidlfferen+c¢a_, results in a lower Schottky barrier heig8BH) for

cap, sheet resistance increases sharply with increasing Ge mole frag2etal/p' S, -,Ge, junction, compared to that of metal/Bi

tion, due to incomplete transformation to Ce8uring the second ~ junction™ For pseudomorphic p-giGe 14 layer, the SBH is ex-
RTA anneal at 800°C. This is contrary to previous reports that low-Ppected to be lower than that of metali by 0.07 eV, thus effec-
resistivity CoSj is formed at 800°C for a plane CofQiGey 14 tively reduci_ng the specific contact resistivityd). From Fig. 6_, the
reaction?? It could be that the reaction of Si,Ge, silicidation at contact resistance indeed decreases as Ge relative ratio changes
small or narrow arege.g., 10X 500um in this study)is blocked by ~ from 0.09 to 0.2, as predicted. A minimum. value of 3.38

the Si-Ge-Co ternary phase. In order to complete the transformatior 10~% .2 env’ is observed for the §iGe, , sample. Furthermore, -

to CoSj, the second RTA temperature has to be increased to 900°®Y €mploying graded structure, the distribution of both sheet resis-
for non-Si-capped $iGey 14 diodes. On the contrary, successful tance and contact resistance would become more uniform with
CoSj, transformation is evidently achieved for Si-capped samplesSmaller deviation.

wit_h 800°C anneal, irrespective_ of the Ge mole fraction._ This is  comparison between ColSiGe. and Co/Si-cap/Si.G
evidenced by the low sheet resistance value of @/ obtained. reactionF.)—Figure 7 shows thei (;(ep?éndence of plana?r@shxee? resis-
From these results, it is essential that Ge atoms be prevented from e “measured by four-point probe, on the RTA temperature for
incorporating into the silicide reaction, as Ge would cause precipi-

tation and retard the reaction.

450 : - e e
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Figure 7. Planar sheet resistange. RTA temperature for C¢80 A) film on
Figure 5. Sheet resistances. Ge mole fraction measured by cross-bridge various SiGe samples with and without Si-capping. The annealing time is
resistors with or without Si sacrificial layer. 30s.
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Figure 8. XRD spectra of 80 A Co deposited on 30 nm Si-cap/50 nm : . . ; . . . . . .
Siy.01G& o9 layer after first anneal at 450°C for 30 s, and after another anneal [ TiN(30nm)/Co(10nm)/Si(30nm)/Si, ., Ge, oo(50nm)]
at 700 or 850°C for 30 s. 0917009
™ | 1st Anneal with RTA 450°C, 2nd Anneal 850°C
N >
samples with C@.0nm)/Sj_,Geg(100nm), and Co(10nm)/ a I ]
Si-cap(30 nm)/Si_ ,Gg, (50 nm) structures. The conventional Co/ & [ i
pure-Si samples were also measured for comparison. TH#&0Co Tn/
nm)/Si-cap(30 nm)/SiGe(50 nm)samples behave similarly to pure - Ge
Co/Si samples. Specifically, at lower RTA temperatiiue, 500°C), 3
while Co/Si_,Ge, samples exhibit a lower value due to CoGe 8
phase formation with lower resistivity, both A® nm)/Si-cap(30
nm)/SiGe (50 nm) and pure Co/Si samples exhibit a much higher : @)
sheet resistance. However, at intermediate temperatuees 600 “ - RO LN et
and 700°C), CoSiphase has already been formed for Co/pure-Si 0 500 1000
and Co/Si-cap(30 njrSi; ,Ge, samples, as is confirmed from the Time (sec)
X-ray diffraction spectra, so the sheet resistance value reduces (b)

sharply to a very low value. With a Si-cap layer, the Co/Si-cap/

SllixeeK sample is Immune to the problem caused by SiGe Segre'Figure 9. AES depth profiles of Co (80 A)/Si-cap{SiGe, oo Sample after
gation to the Co/Si,Ge reaction interface that blocks C@Si  (a)450°C, 30 s for 1st step, aritl) 850°C, 30 s for 2nd step annealing.
silicidation?? Finally, the sheet resistance of all samples is reduced

to less than 15)/0] after annealing at 800 and 900°C, indicating
that CoSi has been converted to the GgS3iase eventually for all
samples.

The phase formation sequence during Co reaction wit
Si-cap/Sj_,Ge, and the crystallographic orientation of silicide were k ) : .
monitored by symmetric X-ray diffraction in the-20 geometry. ~ Co/pure Si_Geg reaction at 700 and 900 E.Certaln Ge accumu-
Figure 8 shows the undoped Co/Si-caplgBe, ,oXRD spectrawith  lation is expected to be the Ge-rich,Si,Ge, precipitants £
the first anneal at 450°C and the second anneal at either 700 of X) agglomerating around silicide grain boundariés.
850°C. We can see that with 450°C RTA, the predominant phase is SIMS depth profiles for Co/Si-cap/boron-doped, 636€).14
CoSi(110)and (111), because GBi phase is removed during the Samples after first anneal at 450°C and second anneal at 850°C are
selective wet etching of TiN/Co film. After the second annealing at Shown in Fig. 10a and b, respectively. For the sample with 450°C-
700°C, disilicide phases can be identified already. At 850°C, the@nly RTA annealingFig. 10a), a surface accumulation of boron is
intensity of each CoSiphase becomes even stronger. In addition, found. Additionally, a peak of about  10'®cm™ boron atoms is
the (400) orientation of the disilicide phase is very pronounced at accumulated at the upper Co/SjGe, reaction region for sample
850°C, compared to other diffraction peaks in XRD spectra. Thiswhich received a second anneal at 850°C, as shown in Fig. 10b. The
indicates that the main crystal orientation of C£6800)is the same ~ reason for boron pileup may be the low solubility of boron in crys-

Figure 9a and b shows the AES depth profiles for pushed outfrom the'Colﬁijex or Co_/Si silicide region and nucle-
ColSi-cap/SjseGey 00 layers after annealing at 450°C and another ate at the upper grain boundary region.
annealing at 850°C for 30 s, respectively. Figure 9a exhibits a uni- Figure 11 demonstrates the high-resolution XfRD0)asymmet-
form layer of Co, Si and Ge on top of Si,Ge, layer for samples ¢ 6-20 spectra of Co/Si-cap/iGe, , layer after first annealing at
which have undergone RTA at 450°C for 30 s, indicating a CoSi450°C, and after a second annealing at 700 and 850°C, respectively.
phase formation. After the second anneal at 850°C for 30 s, thelhe reaction of Co with $i,Ge layer would cause some changes
Col/Si-cap/Si_,Ge, sample was fully converted to the CePhase, in Si; _,Ge, structure quality such as lattice mismatch. The resultant
as shown in Fig. 9b. The amount of Co atoms in the silicided regionlattice relaxation of the underlying Si,Geg, layer would cause
decreases, as compared with the sample annealed at 450°C only. fome shift of the Si_,Ge,(400) peak in the XRD spectra toward the
addition, Co atoms distributed over the Si cap region uniformly. No Si(400)peak, and at the same time, would broaden the bandwidth of

accumulation phenomenon was observed for Si or Ge atoms in Co
psilicide or Sj_,Ge, layer. On the other hand, Ge accumulation was
observed in the middle of the reacted Co/SGe, layer for the
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Figure 10. SIMS depth profiles of CGLO nm)/Si-cap/SQigGe, 14 (50 nm)
sample after(a) 1st step at 450°C antb) 2nd step at 850°C annealing for

30 s.

the SiGe(400peak. Besides, the harmonic peaks may vanish at th
same time. However, as could be seen in Fig. 11, no specific mov
ment for SiGe(400was discovered, irrespective of the annealing
temperature. Five harmonic peaks still remain even after a secon
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Figure 11. High-resolution XRD spectra of Co film deposited on §&e, ,
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SiGe Layer

Si Substrate

Figure 12. XTEM micrograph of Cd10 nm)/Si-cap(30 nm)/§iGey 14
(50 nm)sample after a first anneal at 450°C for 30 s and a second anneal at
800°C for 30 s.

anneal at 850°C. However, remarkable differences in harmonic
peaks could be found after samples were annealed at various tem-
perature stages. The reason should be the total consumption of the Si
cap layer, which could be proved by TEM micrographs. The reac-
tion front of the silicidation process touches the strained SiGe layer,
and defect problems will occur. The longer the reaction with the
strained SiGe layers the higher the relaxation level, due to genera-
tion of dislocations. Similar results are also obtained for
Co/Si-cap/Sj 91G&y g9 and Co/Si-cap/QigeGey 14 Samples(data not
shown).

The cross-sectional view of Co/Si-cap/gbe, , interface which
received a first anneal at 450°C and a second anneal at 800°C is
shown in Fig. 12. A smooth Cosgiurface layer with an almost
intact Sp géGey 14 Underlayer could be found. The size of CoSi grains
is nearly identical to that shown in Fig. 12. No dislocation line or
any nucleation could be found around silicide grain boundaries.
Nevertheless, in order to achieve low specific contact resistivity, the
Si-cap layer must be totally consumed to make good Co silicide/
Sip.eG&y.14 CONtact directly. By carefully examining Fig. 12, Si sac-
rificial layer does not seem to be completely reacted in some region,
and this would cause some fluctuations in the measReed

Figure 13 is the TEM photograph of the Cq{giGe, 14 Sample
after 700°C RTA annealing. From XRD analysis, both CoSi and
CoSj, phases can be found at this temperature, represented by the

Q_arge grains in the upper region with a rough crystal distribution.
®The underlying SigGe, 14 layer is not totally consumed and is dis-

layed as a line region in the TEM picture. Severe dislocations can
e found to extend into the Si substrate, as is clearly shown in Fig.
13. Furthermore, some small decorations around the silicide grain
boundaries are also found. It has been reported that these decora-
tions are Ge-rich $i,Ge, (z > x) alloys?>**The Sj_,Ge, layer
had been damaged and silicidation would also destroy the Si sub-
strate quality.

[110]—>

layers with a Si sacrificial layer after annealing at different temperatures forFigure 13. XTEM micrograph of Co/SjgdGe, 14 Sample after 700°C RTA

30 s.

annealing for 30 s.
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Conclusions 8.

The electrical characteristics of Co-silicided Co/Si-cap/selective o
epitaxial growth of boron-doped Si,Ge, shallow p'/n diodes fab-

ricated by UHVCME were reported. High forward current and low 10.

reverse leakage with a near perfect ideality facta., <1.01) are
obtained on diodes employing Co/Si-cap/SiGe, graded structure.
The strain problem, due to mismatch between gbe, and silicon
substrate, is essentially eliminated by employing graded,Sig,

structure, even for samples with high Ge mole fraction. The specificl4:

contact resistance is found to improve with silicide using Si-cap as
sacrificial layer. Furthermore, a detailed comparison on the Co re-
action with strained $i,Ge, were studied on samples with and 17
without Si-cap. With Si-capping, excellent interface quality could be

detected by high resolution XRD, AES, and TEM photography. In 18.

addition, undesirable SiGe precipitation and dislocations could be
eliminated completely. Finally, a low CoSfiormation temperature,
similar to that in a Co/pure-Si reaction, is necessary for the,q
Co/Si-cap/Sj_,Ge, structure. These results should be useful for fu-

ture applications to heterojunction devices and advanced MOS tran21.

sistors with a raised source/drain. -
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