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A silicidation process was developed to produce high-quality £digectly on SiQ, which can be

used for metal gates of metal-oxide-semiconductor field-effect transi8@SFETS. Normally,

the formation of a CoSilayer on SiQ is very difficult because of the requirement for an exact
Co/Si thickness ratio. In our process, an additional Si layer was deposited after the first rapid
thermal processingRTP) at 500 °C and selective etching of the unreacted Co. The additional Si
layer provided a Si supply for the second RTP at a higher temperature. This method allows the Co
layer thickness to be varied over a fairly large range, and in addition, the microstructure of the
silicide layer and the Co$ISiO, interface were substantially improved. 2004 American
Institute of Physics.[DOI: 10.1063/1.1728299

As silicon metal—oxide-semiconductor field-effect tran- phous Si(a-Si) layer and a Co layer were deposited using a
sistor(MOSFET) devices are scaled below the 100 nm gate-molecular beam epitax¢MBE) system at room temperature
length node, the conventional polysilicon gate faces prob{RT). A5 nm Si layer was also deposited as a cap on the Co
lems such as high gate resistance, poly-depletion, or boroiilm to protect the Co layer from oxidation. The thickness of
penetration into the channel. All these limitations can bethe Co was strictly controlled to achieve a Si/Co ratio of
overcome by using a metal gate. Metal gates can be man3-64, which is the value required to consume all th&i
factured by utilizing the damascene/replacement techniqudayer (including the cap laygrto form CoSj. The thick-
which avoids problems related to high-temperature budgetesses of-Si and Co are 122 and 35 nm, respectively. After
contamination, and metal etching. However, this increases first RTP (RTP1) at 540°C for 45 s in forming gas
the complexity of the process. Recently, silicided gate{90%N,+10%H,) and a selective etching to remove the
manufactured by full silicidation of polysilicon have been unreacted Co, a second RTIRTP2 was performed at
applied to fabricate MOSFETs* The fully silicided gate 800°C for 45 s in M to form CoSj. The resulting CoSi
reduces the complexity of the process. Of the silicides, CoSilayer has a thickness ef147 nm. The sheet resistance is 1.8
is one of the important materials that has been used as tHe/square, corresponding to a resistivity of 28-cm, which
metal gate for MOSFETs on silicon-on-nothit§ON).%2 It is higher than the normal value for CSiL5—20 uQ-cm).®
has a low resistivity, high thermal stability, and allows scal-Figure 1 shows a cross-sectional transmission microscope
ing to less than 100 nm. (XTEM) image of the CoSilayer on SiQ of poor quality.

Nevertheless, it is very difficult to achieve high-quality Residual Si and voids are observed at the interface, and have
CoSi, on oxide by using the conventional full silicidation also been reported in a full silicidation process with a Ti
process. The Co/Si ratio is the most important parameter th&ap> The x-ray diffraction measurement shows that a small
could affect the CoSiSiO, quality. The Co thickness, amount of CoSi phase still exists in the silicide layer, which
which should be determined from the Co/Si ratio in the tar-results in a high resistivity of the silicide layer. The silicide
geted silicide phase, must be strictly controlled in proportioff@yer introduces very large nonuniform stress onto the sub-
to the silicon thickness. A larger amount of Co depositionStrate because of the poor, irregular interface. A high-
leads to the formation of a Co-rich silicide layer which has alémperature annedRTP2 at 1000 °C eliminated the CoSi
higher resistivity. On the other hand, the silicon layer cannoP@se, but generated an even worse g0, interface.
be fully silicided if a smaller amount of Co is deposited. The I order to improve the structure and the layer quality,
variations of both the silicon and Co thicknesses would cause
problems for the Co$iSiO, structure. T

In this letter we present a new full silicidation process to COBT
solve the above-mentioned problems, and to improve the ?
CoSi/SiO, interface quality as compared to the conven-
tional silicidation process.

In our first experiments, a standard silicidation process
on n-type Si100 wafers with two-step rapid thermal pro-
cessing(RTP) was used. After standard silicon cleaning, a 7
nm SiO, layer was grown by dry oxidation in O An amor-

FIG. 1. XTEM image of a CoSilayer on SiQ formed by a conventional
full silicidation of a Si layer on Si@using two-step RTP. The Co/Si thick-
dElectronic mail: g.zhao@fz-juelich.de ness ratio is maintained at 3.64.
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FIG. 2. Schematic drawing of a silicidation process for making Go®i
SiO,: (a) deposition of a Si and a Co layer on a $iSi(100) substrateb)
formation of CoSi by an RTP1 at a lower temperat(860 °Q and a fol-
lowing selective etch to remove the unreacted metildeposition of an
additional Si layer on top of the CoSi laye€d) formation of CoSj by an
RTP2 at a higher temperature and a following selective etch to remove the
residual Si.

we developed a process as shown in Fig. 2. After growing 10
nm thermal SiQ on a S{100) wafer, a 100 nma-Si layer
and a 40 or 65 nm Co layer were deposited af Rg. 2@)].
According to calculations, the Si/Co thickness ratio should

be 1.82 to consume all the-Si layer to form CoSi, and 3.64 Si SiO, ——
to form Co0Sj.%® In our cases, to form CoSi phase on $jO ; 100nm
Si is rich for the thinner Co laye(40 nm), while for the

thicker one(65 nm Co is rich. In both cases, the amount of (b)

Co is more than the amount required to form Gg3iase on

SiO, considering the thickness of Si. In the second step, aRIG. 4. XTEM images of Co$i/SiO,/Si(100) structure formed using the

RTP1 process was performed at 500 °C for 40 s in a formingrocess shown in Fig. 2 with an initial Co layer thicknes$af40 nm; and

gas ambient. After chemical selective etching of the unre!® 65 nm-

acted metal a CoSi/G8i layer was formed with a thin layer

of Si between the silicide and Sj@ayers[Fig. 2(b)]. Figure  Co (65 nm layer, a silicide layer mainly consisting of €3i

3 shows the Rutherford backscatterifRBS) spectra of the phase at the surface and CoSi phase on top of the B#3

CoSi/CaSi layers formed after RTP1 and selective etchingformed. A residual Si layer with a thickness ofL8 nm still

of the unreacted Co for two different Co thicknesses. In thexists between the silicide and Si@yers after RTP1. As is

case of the 40 nm Co, only CoSi phase with a thickness ofilready known, the phase transitions during Gd&imation

~70 nm was formed, and the original 100 nm Si layer wasare Co-Co,Si— CoSi—CoSk.° The phase Csi converts

not totally consumed with a residual Si thickness-@2 nm  to CoSi at lower temperatures, and the last transition from

between the CoSi layer and the Silayer. As for the thicker CoSi to CoSj occurs at a higher temperatufe-550 °Q).°
Therefore, no CoSiphase is formed after RTP1. For a

Energy (MeV) thicker (65 nm Co layer, CgSi was formed at a very early
L 04 o8 o8 10 stage and then converted to CoSi phase. The dominant dif-
 40rmCo fusion atoms are Si in the phase transition from,&loto

~ —65n0mCo CoSi. When the CoSi layer is thick, and Si atoms cannot pass
through the CoSi layer to the surface during RTP1, two
phases are formed.

In the third step, an additionalt-Si layer with a thick-
ness of~250 nm was deposited on top of the silicide layer at
RT [Fig. 2(c)]. This provides an additional Si supply for the
next reaction to form Cogi Finally, an RTP2 at 800 °C was
performed for 1 min to form Cogion SiO,. The residual
200 unreacted Si at the surface was selectively etched after RTP2

Channel [Flg Z(d)]
FIG. 3. RBS spectra of silicides formed after RTP1 at 500 °C for 40 s an Figure 4 shows XT_EM 'mages afte.r SIIICI(.ja.tI.On with an
selective etching with an initial Co layer thickness of 40 and 65 nm onRTP2 @t 800 °C for 1 min for samples with an initial Co layer

Si/SiO, /Si(100) structure. thickness of(a) 40 nm, and(b) 65 nm. With respect to the
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conventional silicidation process of Fig. 1, the layer structurenvards, and the nucleation of CgSiccurs at two interfaces.
was much improved, as is indicated by perfect GéSiO,  The Co diffusion flux to the Si®@is reduced compared to the
interfaces without any Si residues and voids in Fig. 4. Theconventional process, and thus the nucleation and agglom-
roughness of the Cogsurface is partly due to the etching of eration rates near the Sjayer decrease. The thin Si inter-
the unreacted silicon after RTP2. The Cp%ayer thick- layer between CoSi and SjGs consumed very soon before
nesses are 110 and 180 nm for the 40 and 65 nm Co layerde formation of large Cogigrains during RTP2. The excess
respectively. The sheet resistance was measured as 1.€d atoms in the middle CoSi layer diffuses towards upwards.
Q/square for the 110 nm CosSlayer and 0.85)/square for In summary, high-quality Cogilayers on Si@ were
the 180 nm CoSi layer, corresponding to a resistivity of formed by a modified silicidation process. After the first RTP
~15.6 uQ-cm, which is comparable to the value of the process and the selective etching, an additional Si layer was
single crystalline CoSigrown by molecular beam allotaXy. deposited on the surface, and then the second RTP process
This indicates a high quality of Cosilayers without any led to the formation of a Cogiayer on SiQ with a perfect
other phases. The grain size shown in Fig. 4 is as large &o0Sh/SiO, interface. The additional Si layer provided a
200 nm in the lateral direction. In the following we discuss supply of Si during the second RTP process for the phase
the various mechanisms. transition from CoSior other Co-rich phagdo CoSj. This
The transition from CoSi to Cogiis a nucleation con- technique avoids the critical Co/Si thickness ratio require-
trolled process.The main moving species in the phase tran-ment in the conventional full silicidation process, and im-
sition from CoSi to CoSiare Co atoms. In the conventional proves the layer and CoSiSiO, interface quality. It can be
silicidation process, Co atoms diffuse only towards the botused for the formation of full silicided gates for nanometer
tom. The high Co diffusion flux leads to the rapid nucleationMOSFETSs.
and growth of large Cogigrains near the SiQlayer. It is
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