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We demonstrat that the temperatue at which the C49 TiSi, pha® transforns to the C54 TiSi,
pha® can be lowerad more than 100 °C by alloying Ti with smal amouns of Mo, Ta, or Nb.
Titanium alloy blanke films, containirg from 1 to 20 at % Mo, Ta, or Nb were deposité onto
undopel polycrystallire S substratesThe temperatue at which the C49-C54 transformation
occuss during annealilg at constan ranmp rate was determineé by in situ shee resistane ard x-ray
diffraction measurementsantalun ard niobium additiors redue the transformatio temperature
without causimg alarge increag in resistiviy of the resultirg C%4 TiSi, phasewhile Mo additions
lead to alarge increag in resistivity. Titanium tantalum alloys were also used to form C54 TiSi, on
isolated regiors of arsent doped Si(100) ard polycrystallire Si having linewidths rangirg from 0.13
to 0.56 um. The C54 phase transformation temperature was lowered by over 100 °C for both the
blanke ard fine line samplesAs the concentratia of Mo, Ta, or Nb in the Ti alloys increaseor as
the linewidth decreasesan additiona diffraction pe& appeas in in situ x-ray diffraction which is
consistenwith increasiig amouns of the higher resistivity C40 silicide phase © 1997 American

Institute of Physics [S0003-695(97)02550-3

Titanium disilicide is the mog widely useal self-aligned
silicide becaus of its low resistivity, minimd contad resis-
tance and high therma stability. On heatirg Ti depositel on
Si, the first disilicide pha® to form is the high-resistivity
C49 phase Additiond heatirg is needd to form the low-
resistiviy C54 phaset? This phae transition becoms in-
creasingy difficult in submicra featuresbecaus of the low
densiy of nucleatimn sites® Heatirg of C49 TiSi, above
900°C leacs to morphologich instabilities sud as
inversiorf® ard agglomeration rathe than pha transfor-
mation Recently Mouroux et al.® ard Cabra et al.” have
shown that a thin layer (<3 nm) of Mo or W at the Ti/Si
interface reduce the C54 transformatio temperatureln this
work, titanium alloys of Mo, Ta, or Nb are shown to be
effective in lowering the C49—-C54 transformatio tempera-
ture by more than 100 °C both in blanke films ard in pat-
terned submicran lines.

Silicide formation was studied for blanke Ti(1-10 at %
Mo, Ta, or Nb) films, 29 to 35 nm in thickness deposité on
150 nm of poly-Si. The samples were anneald in N, at a
ramp rate of 3 °C/s up to 900 °C while x-ray diffraction and
shee resistane were simultaneougl monitored using the
IBM/MI T beamlire X20C8 The diffraction profiles were
measurd with a position-sensitie detecto composd of a
linear array of photodiodesA seconl se of blanke films,
30-50 nm in thicknes of composition Ti(1-20 at % Mo,
Ta, or Nb) was anneald at a ranp rate of 0.25°C/s to
900 °C in He after which room temperatue resistivity mea-
suremerg were made.

Submicran lines were formed using x-ray lithography
togethe with standad S processig techniques Both
Si(100 ard poly-S isolatal lines were doped with As using
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an implart doe of 3x 10" ion/cn?. 31 nm Ti(55 at % Ta)
was depositél on Si(100) lines rangirg in width from 0.20 to
0.56 um and 34 nm TH.2 at. % Ta was deposited on
poly-S lines rangirg in width from 0.13 to 0.35 um. The
C49 silicide fine lines were formed using a self-alignel pro-
cess comprisirg a first anneé followed by a selectie etch.
They were anneald at aramp rate of 3°C/sup to 105 °C in
N, in orde to determire the C54 transformatio tempera-
tures using in situ x-ray diffraction.

In situ she¢ resistane analyss of Ti(Ta) films reveals
tha the C5 transformatio temperatue is lowered by
125 °C compare to nonalloye TiSi,. She¢ resistane as a
function of temperatue is plotted in Fig. 1 for the reaction of
Ti, Ti(3.3 at % Ta) and Ti(5.9 at % Ta) with poly-Si. First
conside the reactiom of Ti with poly-S representa by the
solid curve In the temperatue range betwea 400 °C and
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FIG. 1. In situ shee resistane as afunction of temperatue comparirg the
formation of blanke TiSi, startirg from 29 nm Ti, 32 nm Ti(3.3 at % Ta),
and 35 nm Ti(5.9 at % Ta) on polycrystallire silicon. The films were an-
neal@ at a ranp rate of 3°C/s up to 900 °C in N,.
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FIG. 2. In situ x-ray diffraction analyss as afunction of temperatue com-
paring the formation of blanke TiSi, startirg from (&) 29 nm Ti, (b) 32 nm
Ti(3.3 at % Ta), ard (c) 35 nm Ti(5.9 at % Ta) on polycrystallire silicon.
The films were anneald at a ranmp rate of 3 °C/s up to 900 °C in N, while a
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FIG. 3. Resistiviy as afunction of atomtc percem Mo, Ta, and Nb additive
for blanke TiSi, films, after a 0.25 °C/s from room temperatue to 900 °C
anned treatmen in He. The resistiviy range for the C49 TiSi, phase
(6070 u) cm) and the C54 TiSipha® (14-20 pf) cm) are depicted by
the horizonta dashe lines.

pe&k exiss decreaseard the C49—-C4 transformatio tem-
peratue decreasesAlso note tha a pe& has developd at a
260 value of 48.5° and can be seen as a shoulder off the
C54(040 pe& in Fig. 2(c). This shoulde pe& matches
closely with the (111 orientatim of the C40 (Ti,Ta)Si,
silicide®

A comparisa of C54 TiSi, formed from Ti alloys re-
veak tha the lowed resistivities and transformatio tempera-
tures are obtainel for films with less than 10 at % Ta or Nb.
Figure 3 shows room temperatug resistivities for Ti(Mo),
Ti(Ta), and Ti(Nb) silicides in the compositian range from 1

20 x-ray diffraction range from 42.0° to 50.5° was monitored. Higher inten- t0 20 at % deposité on poly-S and anneald at a ranmp rate

sity is representa by lighter shading.

500 °C an increag in shee resistane indicates Si diffusion
into Ti. At approximatef 500 °C the she¢ resistane drops
until a plateai region is reache at abou 650 °C, indicating
the region over which the C49 pha® is stable At about
840 °C the final drop in sheé resistane signifies the C49—
C54 transformationComparirg the solid curve with the two
dashd curvesit is evidert that for increasiny percentaggof
Tather is a large decreas in the C49-C54 transformation
temperature.

Thes sane films tha were simultaneousl analyzed
with in situ x-ray diffraction are shown in Fig. 2. All three
plots show x-ray diffraction intensit over a diffraction angle

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

from 400 °C to 900 °C. Figure 2 shows the formation of
TiSi, on poly-S from pure Ti [Fig. 2(a)], Ti 3.3 at % Ta
[Fig. 2(b)] and Ti 5.9 at % Ta[Fig. 2(c)]. The 20 range was
chose sud tha it encompassk the following peaks:
Ti(002(44.79, Ti(10)(46.59, TiSi, C49131)(47.89,
TiSi, C54(311)(45.89 ard TiSi, C54(040)(49.59. First con-
side the cae of Ti on poly-S in Fig. 2(a). The Ti(002) peak
is presehup to atemperatue of 625 °C, after which the C49
pha® forms indicated by the presene of the C49131) peak
betwea 625 °C and 840 °C. At 840 °C the C49—-C54 trans-
formation takes place Comparirg the pure Ti ca®[Fig. 2(a)]
with that of Ti 3.3 at % Ta[Fig. 2(b)] and 5.9 at % Ta[Fig.
2(c)] it is observe tha as the concentratia of Ta is in-
creasd the range of temperatue over which the C49131)
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of 0.25 °C/sto 900 °C in He. When more than 2 at % Mo is
addel to Ti the resistivity of the anneald sampla increases
abowe 30 w) cm. However, the annealed resistivity values
reman below 30 uQ) cm for Ta and Nb additions up to 10
at %. The C54 transformatio temperatue determine by in
situ x-ray analysis as a function of atomi percen Ta or Nb
addal to Ti, is presentd in Fig. 4. Asthe concentratia of Ta
or Nbinthe Ti isincreasedup to 10 at % the temperatue at
which the C49-C54 transformatio takes place drops from
835 °C to 685 °C. The monotont decreas in the transfor-
mation temperatue is accompanie by an increasig amount
of the C40 pha® mixed with the C54 phase.
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FIG. 4. C54 TiSi, pha® transformatio temperatue as afunction of atomic

percem Ta and Nb additive for blanke TiSi, films. The films were annealed
at aranp rate of 3°C/s up to 900 °C in N, while in situ x-ray diffraction

was performed.
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FIG. 5. C54 TiSi, pha® transformatio temperatue as afunction of line-
width for submicra (a) Si(100) isolatad features metallized with 31 nm of
Ti or Ti(55 at % Ta), ard (b) polycrystallire Si isolated features metallized
with 31 nm Ti or 34 nm Ti(5.2 at % Ta). The lines were anneald at aramp
rate of 3°C/s up to 1025 °C in N, while in situ x-ray diffraction was per-
formed.

On isolated submicra Si(100) ard poly-S Ti(Ta) alloy
structurs the temperatue at which the C49-C%4 phase
transformatio takes place is reduce below 900 °C. Figure 5
shows two plots of CH4 transformatio temperatue as a
function of linewidth for Si(100 structure [Fig. 5(a)] and
poly-S structure [Fig. 5(b)]. For the Ti metallized lines the
transformatio temperatue increase substantialf as line-
width decrease demonstratig the so called “linewidth
effect.” 3 Using Ti(5.5 at % Ta) the transformatio tempera-
ture on Si(100 also increass as the linewidth decreasesut
remairs lower than values for pure Ti. This improvement
allows for C54 formation below the onse of therma degra-
dation abowe 900 °C. Similar effects are observe on poly-Si
isolated structure [Fig. 5(b)]. It is also observe from the
x-ray diffraction analyss (not shown tha increasing
amouns of C40 phag occu as the linewidth is decreased.

The addition of lessthan 10 at % Ta or Nb to Ti causes
predominanyf C54 TiSi, formation with resistivities below
30 uQlcm and transformation temperatures as low
685 °C. Linde’s rule'® can be usal to explan the low resis-
tivity silicide formation for Taand Nb additiors compare to
the high resistivity formation for Mo additions The low tem-
peratue C54 formation is possiby causeé by an increag in
the numbe of C49 triple junctiors leadirg to increased
nucleation densiy or causé by crystallographt templates
provided by the C40 silicide phase.

The lower transformatio temperature (<900°C) in
submicra lines indicaie enhancd C54 nucleation It is gen-
erally true tha alloying elemens decreas grain size here
the smalleg C49 grains may resut from pinning of the grain
boundarie by the additive or by a silicide of the additive.
Nucleation of the C54 pha® is reportel by Ma et al.! to
take place at 10%—15% of the C49 grain bounday triple
junctions Since the grairs of the Ti alloy C49 phag may be
smalle and grain growth reduced this materida may contain
a highe densiy of triple junctiors thus promptirg lower
transformatio temperature ard improved conversio in
submicra lines Figure 2(c) reveas tha the C49—-C54 trans-
formation occuss at 715 °C but substantibgrain growth of
the CH4 pha® does not occu until 760 °C, as shown by an
increag in the C54(040 pe& intensity. Therefore x-ray dif-
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fraction analyss indicates the C54 grains that form from the
alloy C49 pha® are smalle than those formed from pure Ti

suggestig greate nucleation Miles et al.}?> also demon-
stratel tha smalle C54 grairs resuld when implanted Mo

nea the Ti/Si interface is usal to enhane C54 formation.

Anothea possibé mechanim leadirg to greate C54
nucleatia is the presene of crystallographs template pro-
vided by the additive binaly disilicides MoSi, (low tempera-
ture), TaSh, and NbSi, all hawe the C40 “CrSi,"’ prototype
structue in which the hexagonhplanes stak in an ABC-
ABC order, closel related to the C54 structue in which
identicd hexagonhplanes stadk in an ABCD-ABCD order.
The differences in interatom¢ spacing betwea C54 TiSi,
ard C40 TaSh are smal therefoe solid solutiors of
TiSi,—TaSi, have neary identicd spacing'® Mourow et al.®
hawe reportal that when using aMo layer betweea Ti ard Si
to enhane the C54 formation x-ray diffraction reveas a
pe&k from (TigM0g ) Si, or (TiggM0og 5)Si,, both of which
hawe the C40 structure In our work, Fig. 2(c) shows a shoul-
der pe&k tha has developé at abou 715 °C at an angke of
48.5° This pe& is a close match for the (Ti,Ta)Si(111)
pe recordel by Dahan et al.® The (Ti,Ta)Si, pha® is iso-
morphos with C40 TaSh. This suggest tha the
C40(Ti,Ta)Si, phag may provide acrystallograpts template
for the nucleatio of the C4 TiSi,.

In conclusion the formation temperatue of the
C54 TiSi, pha is reduca by more than 100 °C with the
addition of smal quantities of Mo, Ta, or Nb to Ti, both in
blanke films and in patterné structures The enhancd for-
mation in fine structure indicates tha the alloy addition may
provide increasd nucleatiom and/o a crystallograptd tem-
plate for the pha® transformation.
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