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We demonstrate that the temperature at which the C49, pisase transforms to the C54 TjSi
phase can be lowered more than 100 °C by alloying Ti with small amounts of Mo, Ta, or Nb.
Titanium alloy blanket films, containing from 1 to 20 at. % Mo, Ta, or Nb were deposited onto
undoped polycrystalline Si substrates. The temperature at which the C49-C54 transformation
occurs during annealing at constant ramp rate was determinaddity sheet resistance and x-ray
diffraction measurements. Tantalum and niobium additions reduce the transformation temperature
without causing a large increase in resistivity of the resulting C54, TiBase, while Mo additions

lead to a large increase in resistivity. Titanium tantalum alloys were also used to form C54iSi
isolated regions of arsenic dopedXi0) and polycrystalline Si having linewidths ranging from 0.13

to 0.56 um. The C54 phase transformation temperature was lowered by over 100 °C for both the
blanket and fine line samples. As the concentration of Mo, Ta, or Nb in the Ti alloys increase, or as
the linewidth decreases, an additional diffraction peak appedrsditu x-ray diffraction which is
consistent with increasing amounts of the higher resistivity C40 silicide phasd.999 American
Institute of Physicg.S0003-695(97)02550-3

Titanium disilicide is the most widely used self-aligned an implant dose of 8 10'° ion/cn?. 31 nm Ti{5.5 at. % Ta
silicide because of its low resistivity, minimal contact resis-was deposited on &i00) lines ranging in width from 0.20 to
tance, and high thermal stability. On heating Ti deposited 0o .56 xm and 34 nm T5.2 at. % Ta was deposited on
Si, the first disilicide phase to form is the high-resistivity poly-Si lines ranging in width from 0.13 to 0.36m. The
C49 phase. Additional heating is needed to form the low-C49 silicide fine lines were formed using a self-aligned pro-
resistivity C54 phasé? This phase transition becomes in- cess, comprising a first anneal followed by a selective etch.
creasingly difficult in submicron features, because of the lowrhey were annealed at a ramp rate of 3 °C/s up to 1025 °C in
density of nucleation sitesHeating of C49 TiSj above N, in order to determine the C54 transformation tempera-
900°C leads to morphological instabilities such astyres usingn situ x-ray diffraction.
inversiorf® and agglomeratidhrather than phase transfor- | sjtu sheet resistance analysis ofTa) films reveals
mation. Recently, Mourowet al® and Cabralet al” have  that the C54 transformation temperature is lowered by
shown that a thin layef<3 nm) of Mo or W at the Ti/Si 125 °C compared to nonalloyed TiSiSheet resistance as a
interface reduces the C54 transformation temperature. In thig,yction of temperature is plotted in Fig. 1 for the reaction of

work, titanium alloys of Mo, Ta, or Nb are shown to be 1j 1j3.3 at. % Taand Ti5.9 at. % Tawith poly-Si. First
effective in lowering the C49-C54 transformation tempera-qnsider the reaction of Ti with poly-Si represented by the

ture by more than 100 °C both in blanket films and in pat-jig curve. In the temperature range between 400 °C and
terned submicron lines.

Silicide formation was studied for blanket(Ti-10 at. %
Mo, Ta, or Nb films, 29 to 35 nm in thickness, deposited on
150 nm of poly-Si. The samples were annealed inaia
ramp rate of 3 °C/s up to 900 °C while x-ray diffraction and
sheet resistance were simultaneously monitored, using the
IBM/MIT beamline X20C® The diffraction profiles were
measured with a position-sensitive detector composed of a
linear array of photodiodes. A second set of blanket films,
30-50 nm in thickness of composition(I+20 at. % Mo,
Ta, or Nh was annealed at a ramp rate of 0.25°C/s to
900 °C in He after which room temperature resistivity mea-
surements were made.

Submicron lines were formed using x-ray lithography
together with standard Si processing techniques. Both

Si(100 and poly-Si isolated lines were doped with As usingFIG. 1. In situ sheet resistance as a function of temperature comparing the
formation of blanket TiSi starting from 29 nm Ti, 32 nm T8.3 at. % Ta,

and 35 nm T(i5.9 at. % Ta on polycrystalline silicon. The films were an-
3E|ectronic mail: cabral@watson.ibm.com nealed at a ramp rate of 3 °C/s up to 900 °C in N
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FIG. 3. Resistivity as a function of atomic percent Mo, Ta, and Nb additive
for blanket TiS; films, after a 0.25 °C/s from room temperature to 900 °C
anneal treatment in He. The resistivity ranges for the C49,Tibiase
(60—70 uQ) cm) and the C54 TiSiphase(14—20 uf) cm) are depicted by
the horizontal dashed lines.
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oo 44T peak exists decreases and the C49—-C54 transformation tem-
L leseern) perature decreases. Also note that a peak has developed at a
o) 46§ 20 value of 48.5° and can be seen as a shoulder off the

s - — C54(040 peak in Fig. Zc). This shoulder peak matches

5 = 054(040) closely with the (111 orientation of the CA4QTi,Ta)Si,

L s ] e 9
400 500 600 700 800 900 silicide. _ - _
Temperature (C) A comparison of C54 TiSiformed from Ti alloys re-

veals that the lowest resistivities and transformation tempera-
FIG. 2. In situ x-ray diffraction analysis as a function of temperature com- tyres are obtained for films with less than 10 at. % Ta or Nb.
paring the formation of blanket Tigstarting from(a) 29 nm Ti, (b) 32 nm : i .
Ti(3.3 at. % T4, and(c) 35 nm Ti5.9 at. % Ta on polycrystalline silicon. F!gure 3 ShO.WS ro.o.m temperature reSIS.t.IVItIeS fofvia),
The films were annealed at a ramp rate of 3 °C/s up to 900 °G wtile a Ti(Ta), and T(NDb) silicides in the composition range from 1
20 x-ray diffraction range from 42.0° to 50.5° was monitored. Higher inten- t0 20 at. % deposited on poly-Si and annealed at a ramp rate
sity is represented by lighter shading. of 0.25 °C/s to 900 °C in He. When more than 2 at. % Mo is

added to Ti the resistivity of the annealed samples increases

500 °C an increase in sheet resistance indicates Si diffusio?"nbove 30u€) cm. However, the annealed resistivity values

into Ti. At approximately 500 °C the sheet resistance dropgetn;/aun_rgel(év;_/) 43?“Q <;m fort_Ta tand thadd|go?s up t('r)xhto
until a plateau region is reached at about 650 °C, indicating’,” " € ranstormation temperature determinemby

the region over which the C49 phase is stable. At abou itu x-ray analysis, as a function of atomic percent Ta or Nb

840 °C the final drop in sheet resistance signifies the c49.2dded to Ti, is presented in Fig. 4. As the concentration of Ta

) o N
C54 transformation. Comparing the solid curve with the twoorh'i\é?] I?hteheczlglf én5clet?§§gfo$r2\;c;igg ?attlkéos thfagzmgrirastufrri;t
dashed curves it is evident that for increasing percentages P P

Ta there is a large decrease in the C49-C54 transformation35. C 10 685°C. T.h € monotomp decreas.e n thg transfor-
mation temperature is accompanied by an increasing amount

temperature. . .

) . f the C40 phase mixed with the C54 phase.
These same films that were simultaneously analyzeg

with in situ x-ray diffraction are shown in Fig. 2. All three

plots show x-ray diffraction intensity over a diffraction angle 850

(26) covering approximately 8° as a function of temperature

from 400 °C to 900 °C. Figure 2 shows the formation of

TiSi, on poly-Si from pure TiFig. 2@)], Ti 3.3 at. % Ta

[Fig. 2b)] and Ti 5.9 at. % T4Fig. 2c)]. The 29 range was

chosen such that it encompassed the following peaks:

Ti(002(44.79, Ti(101)(46.59, TiSi, C49131(47.89,

TiSi, C54(311)(45.89 and TiSp C54(040)(49.59. First con-

sider the case of Ti on poly-Si in Fig(a@. The Ti002) peak

is present up to a temperature of 625 °C, after which the C49

phase forms indicated by the presence of the(C29 peak 650 ; > 4 P 8 0

between 625 °C and 840 °C. At 840 °C the C49-C54 trans- Atomic % (Ta or Nb)

formation takes place. Comparing the pure Ti ddsg. 2(@)] - _ _ _

with that of Ti 3.3 at. % Te{Fig. Z(b)] and 5.9 at. % T@Fig. FIG. 4. C54 TiS} phase_ t_ransformatlon te_mperature as a function of atomic

e . 2" . percent Ta and Nb additive for blanket Tj$iims. The films were annealed
Z(C)] it is observed that as the concentration of Ta is N-at a ramp rate of 3 °C/s up to 900 °C in, Mhile in situ x-ray diffraction
creased the range of temperature over which the(T31®  was performed.
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fraction analysis indicates the C54 grains that form from the
Pure Ti alloy C49 phase are smaller than those formed from pure Ti
\(- suggesting greater nucleation. Milet al? also demon-
strated that smaller C54 grains resultd when implanted Mo
‘\\ near the Ti/Si interface is used to enhance C54 formation.

' Another possible mechanism leading to greater C54
"

950 Pure Ti 950

900 |

850 - 850

nucleation is the presence of crystallographic templates pro-
vided by the additive binary disilicides. MaSlow tempera-
ture), TaSh, and NbS;j all have the C40 “CrSji’ prototype
structure in which the hexagonal planes stack in an ABC-
0 01 02 03 04 Banket ABC order, closely related to the C54 structure in which
Linewldth (micrometers) identical hexagonal planes stack in an ABCD-ABCD order.
FIG. 5. C54 TiSj phase transformation temperature as a function of line- 1 N€ dlfferences_ In interatomic spacings b_etween .C542T|S|
width for submicron(a) Si(100) isolated features metallized with 31 nm of and C40 TaSi are small therefore solid solutions of
Ti or Ti(5.5 at. % Ta, and(b) polycrystalline Si isolated features metallized TiSiz_TaS'k have nearly identical spaciﬁéMouroux et al,6
with 31 nm Tior 34 nm T(5.2 at. % Ta The lines were annealed ataramp haye reported that when using a Mo layer between Ti and Si
rate of 3 °C/s up to 1025 °C in Nwhile in situ x-ray diffraction was per- . . .
formed. to enhance the C54 formation, x-ray diffraction reveals a
peak from(TigM0g g Si, or (TiggM0og 5)Si,, both of which
have the C40 structure. In our work, Figcshows a shoul-
On isolated submicron &i00) and poly-Si T(Ta) alloy  der peak that has developed at about 715 °C at an angle of
structures the temperature at which the C49-C54 phasgg8.5°. This peak is a close match for tki€i,Ta)Si,(111)
transformation takes place is reduced below 900 °C. Figure peak recorded by Dahaet al® The (Ti,Ta)Si, phase is iso-
shows two plots of C54 transformation temperature as anorphous with C40 Ta&i This suggests that the
function of linewidth for S{100 structuresFig. 5@] and  C4Q(Ti, Ta)Si, phase may provide a crystallographic template
poly-Si structuregFig. 5b)]. For the Ti metallized lines the for the nucleation of the C54 TiSi
transformation temperature increases substantially as line- In conclusion, the formation temperature of the
width decreases demonstrating the so called “linewidthC54 TiSi, phase is reduced by more than 100 °C with the
effect.” 3 Using Ti(5.5 at. % Tathe transformation tempera- addition of small quantities of Mo, Ta, or Nb to Ti, both in
ture on S{100 also increases as the linewidth decreases, butlanket films and in patterned structures. The enhanced for-
remains lower than values for pure Ti. This improvementmation in fine structures indicates that the alloy addition may
allows for C54 formation below the onset of thermal degra-provide increased nucleation and/or a crystallographic tem-
dation above 900 °C. Similar effects are observed on poly-Splate for the phase transformation.
isolated structuregFig. 5(b)]. It is also observed from the The authors wish to thank the staff of the IBM Advanced
x-ray diffraction analysis (not shown that increasing Lithography Facility, Silicon Innovation Facility, and SGL
amounts of C40 phase occur as the linewidth is decreasedCMOS manufacturing line for test site processing, also R.
The addition of less than 10 at. % Ta or Nb to Ti causesCarruthers for thin film deposition, and J. Jordan-Sweet, G.
predominantly C54 TiSiformation with resistivities below Coleman, and V. Svilan for help with analysis.
30 uQdecm and transformation temperatures as low as
685 °C. Linde’s rulé’ can be used to explain the low resis-
tivity silicide formation for Ta and Nb additions compared to
the high resistivity formation for Mo additions. The low tem-
perature C54 formation is possibly caused by an increase ifR. Beyers and R. Sinclair, J. Appl. Phy, 5240(1985.
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