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By annealing at 460 °C for 120 s followed by 600 °C 120 s, nanocrystalline,Gloisi film with

an average grain size of 5 nm can be directly formed from a Ca/SiOnultilayer with the SiQ

as a mediated layer. It is found that annealing at 460 °C for enough time is crucial for generating
enough diffusion channels within the SiQayer. After these channels are created, subsequent
annealing at 600 °C keeps these channels open and is responsible for rapid grain growth. In other
words, by using two-step annealing, nucleation and growth processes can be effectively controlled
and, hence, the resulting microstructure. The homogeneous nanograin-size distribution is important
for ultralarge-scale integration technology below 90 nm to prevent resistance degradation induced
by CoSj agglomeration© 2004 American Vacuum SocieffpOl: 10.1116/1.1781660

I. INTRODUCTION 500-700 °C. However, the thickness of the epitaxial GoSi
layers produced by a single OME process is limited to
Cobalt silicide(CoSh) possesses low bulk electrical resis- ~11 nm. Thicker epitaxial CoSifilms demand repeated
tivity and a good lattice match with Si. Therefore, CpBas  deposition and annealing processes using the thin LCoSi
been widely applied in integrated-circyiC) technology as |ayer formed from the first deposition as a template. In addi-
the device feature size decreases. However, the normgbn, the cobalt deposition and annealing processes need to
polycrystalline-cobalt-silicide process still suffers from somepe performed in an ultrahigh-vacuum environm&nt,
serious issues, such as agglomeration, silicon consumptiowhich causes high production costs.
and leakage current. In particular, the agglomeration issue Alternatively, Xiaoet al'? and Sun, Liaw, and H<d re-
will become more critical for ultralarge-scale integration port that smaller grain size and more-uniform grain size dis-
(ULSI) technology below 90 nm because of the limitation of tribution have lower grain-boundary energy and larger inter-
linewidth and shallow source/drain junction. This agglom-facial energy. These are favorable for the thermal stability of
eration will induce large-grain CoSiformation and hence silicide, so in other words, CoSagglomeration can be re-
resistance degradatid. duced. Kamal, Obeidat, and Bulfrialso report that small
Epitaxial CoSj has been expected to resolve this problemgrain size and uniform size distribution can reduce the
due to its excellent thermal stability. The major methods forchance for CoSirecrystallization along its grain boundary.
the fabrication of epitaxial Cogiinclude molecular-beam Therefore, developing polycrystalline CgSivith smaller
epitaxy (MBE),‘Q"4 mesotaxyr’,'6 Ti-interlayer-mediated epi- grain size and better size uniformity is still a major goal for
taxy (TIME ),7 and oxide-mediated epita>(;0ME).8_10 Of  further improvement in the current IC technology. Especially
the above, the MBE and mesotaxy methods are incompatiblor ULSI technology below 90 nm, nanograin-size CoiSi
with conventional ULSI technology. The TIME method suf- needed to prevent large-grain Ce8iduced resistance
fers from the formation of large voids in the epitaxial CpSi degradatior}?‘15 In this article, we show that homogeneous
layers near the edges of field oxides and difficulty with epi-CoSi, with a nanograin-size of 5 nm can be achieved with
taxy on an arsenic-doped silicéi! The OME method in- the OME process by controlling the annealing temperature
volves first the deposition of a Co thin layér—3 nm onto  and time. Furthermore, the underlying mechanism is dis-
a Si surface covered with a thin Sjdayer grown in an cussed.
aqueous-peroxide solution, followed by annealing at

Il. EXPERIMENT
IAuthor to whom correspondence should be addressed; electronic mail: P-type (8—12€) cm) silicon substrates are chemically
cpliu@mail.ncku.edu.tw cleaned and dipped in a boiling HCI;8,:H,0=3:1:1 so-
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Fic. 3. Grain-size distribution between one-step anneali®@0 °C for
90 s) and two-step annealingnitially 460 C for 120 s and then 600 C for

Fic. 1. Bright-field cross-section TEM image of the as-deposited sample. 120 9

lution for 3 min to form a SiQ layer (Shiraki oxidg prior to ) o

Co deposition by dc magnetron sputtering. The Co targeiac_e- The thicknesses of the Shiraki oxide .and Co layer are
(99.95% purity is pre-sputtered for 10 min after the base Calibrated to be about 2 and 4 nm, respectively.
pressure of X 10° Torr is reached using argoi©9.995%  Figures 2a) and 2b) are the TEM bright-field plain-view
purity) as the sputtering gas. The thicknesses of the Co an(inages and _dlffractlon patterns of the reactive silicide upon
the SiQ layers are measured to be about 4 and 2 nm, respe@nnealing with all the other layers removed, where the an-
tively, from a transmission-electron microscog@EM)  healing conditions area) 600 °C for 90 s andb) 460 °C
cross-sectional image. Subsequently, about 10 nm of TiN i£r 120 s followed by 600 °C for 120 s. Both diffraction
deposited as the cap layer before exposing the sample to ai@tterns show that the silicide is CoShithough Co is de-

Ex situ annealing is carried out in a vacuum chamber atPosited by sputtering, the resulting phase agrees with that of

10 . . . N
10°° Torr. Upon annealing, all layers except the reactivelUng and Ohrﬁ‘r bypassing CoSi, GSi. SiG, acts as a
products are stripped off by chemical etching in order todiffusion barrier, the Co diffusion rate toward the Si substrate

examine the silicide layer in plain view. The TiN can be IS reduced. According to Vantomrifeand Pretorius; if the
stripped off by a NHOH:H,0,:H,0=1:1:4 solution at Co0 effective concentration at the cobalt-silicide growth in-

50 °C. The unreacted Co is stripped off by an aluminum-terface is low enough, this will lead to the biggest negative
etching  solution (HsPO, 71 wit%, HNO, 2.5 wt%, ~change in the free energy for the Co&rmation. Further-
CH,COOH 12.5 wt%, others yD) at 75 °C and the Sipis ~ More, the direct Cogiformation can effectively reduce the
stripped off by a hydrofluoric acid solution. The phase andlormation temperature because the reaction path is Co
grain size of the samples are then examined by TEM. The2 Si—CoSi rather than CoSi+Si->CoSh. In other
chemical characteristics of the SiCayer are analyzed by words, the CoSiformation needs not to break the CoSi

.18
Fourier-transform infrared spectromet&TIR). bonding.” - _
Comparing Figs. @) and 2b), the most striking feature is

the average grain size and the grain size distribution as
lll. RESULTS AND DISCUSSION shown in Fig. 3, which are 24+7.0 and 5+1.8 nm, which
Figure 1 shows the bright-field TEM cross-sectional im-corresponds to one-step and two-step annealing, respectively.
age of the as-deposited sample imaged with tlie08) edge  Both diffraction patterns in Fig. 2 show a strong 111-
on condition. From the image, apparently, both the Shirakpreferred orientation, while the diffraction rings in Fighp
oxide and Co layer are generally uniform, with a sharp interappear to be much more diffuse than in Figa)2This con-
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Fic. 2. TEM bright-field plain-view images and diffraction patterns of the samples upon annealing with the TiN-capped layer, unreacted cobalt, and SiO
removed, where the annealing conditions @e600 °C for 90 s(b) initially 460 °C for 120 s, and then 600 °C for 120 s.
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900 950 1000 1050 1100 1150 1200 Fic. 5. (a) TEM bright-field plain-view image with diffraction pattern and
1 (b) the grain-size distribution of the sample upon annealing with the TiN-
Wave number, cm capped layer, unreacted cobalt, and Si€noved where the annealing con-

ditions are initially 460 for 60 s and then 600 °C for 60 s.
Fic. 4. FTIR spectra of the SiQayer after 460 and 600 °C annealing for
5 min.

firms the much smaller grain size in Fig(b2 Apparently, lower temperaturg460 °0), the channels impede oxygen

two-step annealing produces smaller and more-homogeneog_ usion and cause the S;inc_rostruct_ure to remain con-
grain-size distribution than one-step annealing, although thEnuously open for cobalt diffusion at higher temperatures.
sample for the two-step annealing also experiences higher- 10 further justify the assertion made for the mechanism
temperature annealin@00 °O for an even longer time of respons.lble.for the homogeneous nanograin-size d|str|but|on
120 s. The difference in grain size and its distribution musformed in Fig. Zb), another two-step annealing experiment
be due to the number of nucleation sites, which is closelyvas performed. In this experiment, the annealing time is half
related to the temperature. Due to its kinetic limitation, thethat used in Fig. @) to study nucleation and growth in the
nucleation site should be determined largely by the diffusiorgarlier stage. Figure(8) is the TEM bright-field plain-view
process through the SjQayer. Therefore, we speculate that image of this sample, where the annealing condition is
the number of nucleation sites is closely related to the mi460 °C for 60 s followed by 600 °C for 60 s. The image
crostructure of the SiQ which could be a function of the shows that the sample is still in the process of grain growth
annealing temperature. In the study of Fitehal,'® they  and exhibits bimodal size distribution, with the peaks cen-
show that the SiQ@becomes denser toward more stoichio-tered at the grain size of 6 and 15 nm, as shown in Rig). 5
metric SiG, upon annealing and eventually turns into $80  Based on the above discussion, we presume that the large-
900 °C for 30 s. Baten and Fedorovifi* have found that  sized grains have undergone nucleation at 460 °C and grew
cobalt diffuses through SiOwithout any chemical interac- fyrther at 600 °C, while the small-sized grains only undergo
tion with the Siq_networks, but only_ occupies intersticgs of nucleation at 460 °C and experience no further growth at
th_e very open .S@ structure a_nd mlgrate§ along the inter- gog °c. The annealing time of 60 s at 460 °C apparently is
stices as diffusion channels without affecting the regular |at‘|nadequate to let enough Co diffuse through the Jiger

tices. The SiQ microstructure has more interstices than jq o enough Co-stuffed channels. Therefore, the subse-

SiO,, .thus more interstitial channels exist in the §|G)here— __quent 600 °C annealing closes up some uncompleted Co dif-
fore, it is supposed that because of more stoichiometrig SiO

: : usion channels by forming a more-stoichiometric Sitt-
network, higher annealing temperatures, such as 600 °é y g >

) - . work, which results in the bimodal size distribution.
will reduce the number of interstitial channels and hence th iR e o .
. - . . edorovicli- measured the diffusion coefficient of Co diffu-
CoSj, nucleation sites. Figure 4 shows two FTIR spectra

L, a7 B
from the SiQ layers of two samples upon annealing atSon in SIQ, film as D=10" ex(-1.7£0.05/kTlen?/s.

460 °C for 5 min and at 600 °C for 5 min, respectively, with Based on th|s equation, for Co tcl dn‘fuse t.hrough a
all the other layers on top of the SjCayers removed. From 2 "M-thick SiQ layer at 460 and 600 °C, it requires 3000
Fig. 4, the frequency spectrum from the 460 °C annealing"d 40 min respectively. However, because the, Sizro-
sample exhibits a peak at about 1050 &nthe spectrum structure is Iposer_, the_ activation energy should be smaller
from the 600 °C annealing sample reveals another peak &d the required time is expected to be much less.

about 1075 crit. According to Chaet al,? the absorbance In addition, Detavernieet al“° found that at the even-
frequency of SiQ is from 1025 to 1060 cnt and that of higher annealing temperature of 850 °C, a highly resistive
stoichiometric Si@ is 1075 cm®. Therefore, the FTIR re- C0Si phase forms by a lateral-growth phenomena where Si
sults support our supposition because, upon 600 °C annedrom the substrate diffuses through the Godid reacts with
ing, the SiQ layer gradually turns to Si©Q However, given the remaining Co. Following Cosinucleation directly un-
that two-step annealing also includes 600 °C annealing aderneath the weak regions of Sithis process forms CoSi.
the second step, why are the nucleation sites not reduced’herefore, the higher-temperature annealing tends to cause
The reason is that once the diffusion channels have bedpigger grain size, and also CoSi, which can be eliminated by
formed and completely stuffed with cobalt atoms at thetwo-step annealing.
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