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Enhancement of the formation of theC54 phase of TiSj through the introduction
of an interposed layer of tantalum

A. Mouroux;” S.-L. Zhang, and C. S. Petersson
Department of Electronics, Royal Institute of Technology-Electrum, Box E229, S-164 40 Kista, Sweden
(Received 16 December 1996

When annealing a Ti/Mo bilayer deposited on Si substrate, a lay@@fTi)Si, forms first and then acts as
a template for the growth of th€54 phase of TiSiat 650 °C that is about 100° lower than what is usually
needed for theC49-C54 phase transformation. We show in this paper that using Ta instead of Mo as the
interposing layer between Ti and Si also leads to the formation ot phase apparently without going
through the otherwise usual sequence for the formation of, Ti®i., theC49 phase forms as a result of the
Ti-Si interaction and th&€54 phase forms as the product of phase transformation. The choice of Ta here is
based on simple crystallographic considerations; the in-plane lattice mismatch between the basal planes of the
hexagonal TaSiphase and thé€010 planes of theC54 phase is within 0.3%, a factor of 10 times better than
that between the basal planes of the hexag@dal, Ti)Si, phase and th€010) planes of theC54 phase. No
ternary phase seems to form in the Ta-Ti-Si ternary system, and Si is the dominant diffusion species in both
binary systems Ta-Si and Ti-Si. Hence, the formation of the hexagonaj ph&se at the interface between Ti
and Si is expected to be straightforward without complications. The template growth@5thphase is found
unaffected by varying the conditions used for the metal deposition. The present results with Ta as well as with
Mo confirm that the template mechanism is responsible for the enhanced formationG84hghase of TiSi
[S0163-182607)00240-3

I. INTRODUCTION hanced formation of th&€€54 phase by the Mo or W ion
implantation is interpreted resulting from the increased num-
The formation of TiSj is of great importance not only for ber of active triple junctions in th€49 phase where theé54
practical applications in the microelectronics industry, butphase nucleatéd.The enhanced growth of tH@54 phase by
also for the fundamental understanding of the phase formahe interposition of a Mo layer is, however, attributed to the
tion of intermetallic compounds. Tiginay exist either as the formation of a layer of the Mo-Ti-Si ternary phase of hex-
base-centered orthorhomb@49 phasgwith a resistivity of  agonal structure, i.e(Mo,Ti)Si,, between the remaining Ti
60—-70 uQ) cm) or as the face-centered orthorhomi@&4  films and the Si substratés!? Once formed, théMo,Ti)Si,
phase(with a lower resistivity of 15-2QQ cm)."? Usually,  layer acts as a template for the growth of 84 phase. The
the C49 phase forms first as a result of Ti-Si interaction atin-plane lattice mismatch between the basiat., (001))
300-550 °C; and then, th€54 phase forms at around planes of the hexagonéMo,Ti)Si, phasé®!’ and the(010
700 °C as the product of tH@49—-C54 phase transformation. planes of theC54 phas# is within 3%.
As the low-resistivity stabl€54 phase is desired, one of the  If the template growth is the true mechanism responsible
main issues with the conventional self-aligned silicide pro-for the enhanced formation of the54 phase, a system dif-
cess, used for the formation of TiSor applications in very- ferent from Mo-Ti-Si can also be considered. According to
large-scale-integration technology, concerns specifically thsimple crystallographic consideratiotfseither Ta or Nb can
C49-C54 transformation. This is particularly the case for be used to replace Mo as the interposing layer between Ti
metallization of devices with dimensions below Qutn 3 It and Si, since both Tagi{Ref. 20 and NbSj (Ref. 21 have
is well established that the temperature required for then identical crystallographic hexagonal structure as
C49-C54 transformation increases with increasing dopantMo,Ti)Si, with an even better in-plane lattice match be-
concentration in St,decreasing thickness of the preformed tween their basal planes and tk@10 planes of theC54
C49 phasé,or decreasing linewidtf-8 In spite of numerous phase. An added advantage of using the Ti/Ta/Si or Ti/Nb/Si
intensive studies, the formation of T}Sis not completely  structures is that the formation of hexagonal phase JaSi
understood. Alternative methods of forming to®&4 phase NbSi, at the interface between Ti and Si is anticipated to be
have been actively searched for. straightforward without complications, since the ternary
It has been shown recently that the temperature needqehase, if it exists, in either a Ta-Ti-Si or Nb-Ti-Si ternary
for the formation of theC54 phase can be lowered by 100— system, does not form at the temperature of inteéfest.
150°, either by ion implantation of Mo or W to a dose asMoreover, Si is the dominant diffusion species in all the
small as 16 ions/cnt into Si substrates prior to Ti sputter relevant binary metal-Si systems in the two ternary systems
deposition® or by deposition of a thin Mo layer of about 1 being considered hef8.
nm thickness between Ti films and Si substrates® The In the present work, the effect of an interposed Ta layer
dependence of the transformation temperature on linewidtbn the formation of TiSi is first investigated. It will be
is also greatly reduced in the presence of ¥& The en-  shown that Ta indeed has the same effect as Mo in enhancing
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100

the formation of theC54 phase via the template mechanism.
The impact of interfacial impurities on the formation of the
silicides will then be studied by varying the conditions for
the deposition of the Ti/Mo bilayers.

—e— 60nm Ti
—#— 60 nm Ti/ 0.5 nm Mo
—— 60 nm Ti/ 0.5 nm Ta

Il. EXPERIMENT AND ANALYSIS 10 ¢
The substrates used in this work were always Si wafers of
(100 orientation, 100 mm in diameter, lightly boron-doped
with a resistivity of about 1d) cm. Prior to metal deposi-
tion, the wafers were cleaned following the standard wafer- , ) . . |
cleaning procedure which ended with native oxide removal 550 600 650 700 750 800
by a short immersion in diluted HF (HF;®=1:10) and
then were water-rinsed and spin dried. Three different metal
depositions were carried out in a dual source electron-beam FIG. 1. Sheet resistance of the silicide layers formed with the

evaporator:' one with 60 nm Ti as control, On_e with _a bilayerdiﬁ‘erent metal systems deposited on #i®0 Si substrates as a
of 60 nm Ti on top of 0.5 nm Mo, and one with a bilayer of nction of anneal temperature. The sheet resistance was measured

60 nm Ti on top of 0.5 nm Ta. All thickness values are after selective removal of unreacted metals and surface TiN by wet
nominal ones. For the bilayer depositions, the metals werghemical etching.

deposited consecutively without breaking the vacuum. The

base pressure in the evaporator was 1’ Torr. The  on the control wafer with pure Ti reaches the same low value
vacuum chamber was always first purged withahd then a5 the two wafers with either Ti/Mo or Ti/Ta bilayer. Tie
pumped down to the base pressure before metal depositiogxis of the figure, i.e., sheet resistanceliper square, is in

In order to study how impurities could affect the silicide the Jogarithmic scale.

formation, no N purge was made for some depositions |n order to understand the variation of the sheet resistance
where the time spent for pumping down the chamber to basgepicted in Fig. 1, the wafers were analyzed with XRD; the
pressure was considerably longer. Annealing, from 600 tesults(partial spectra from 38 to 4%4are shown in Fig. 2.
750 °C for 30 s was performed in,\With an AG Associates They axis of the figure, i.e., intensity in counts per second
Heatpulse Rapid Thermal AnnealitBTA) system. Silicide (c/), is also in logarithmic scale to display weak diffraction
formation was monitoredx situby sheet resistance measure- peaks while still showing the full features of intense ones. At
ment using a four-point probe. To facilitate the resistanceso °C, only theC49 phase of TiSiis found on the control
measurement of the silicide layers, unreacted metals as wejljafer, evidenced by the49 (131) peak at #=41.2° shown

as any surface TiN formed during RTA were removed selecin Fig. 2(@). At the same temperature, the ternary hexagonal
tively by immersing the wafers sequentially in®:H,SO, (Mo, Ti)Si, phase forms in the presence of ¥&ee the broad
(1:4) at 90 °C for 10 min. and then in NJ®H:H,0,:H,0  peak at about 8=41.5° in Fig. 2b), which is assigned to
(1:1:5 at. 40 °C for 10 min, followed by a water rinse and (003 of (Mo,TiSi,], in agreement with our previous
spun drying. The layer configuration, thickness and comporesyits!* However, phase formation cannot be concluded by
sition were determined by Rutherford backscattering specxRrp for the wafer with a Ta interposing layer and annealed
trometry (RBS) with "He ions at an acceleration energy of gt 600 °C, cf. Fig. &). These results are in accordance with
2.4 MeV. A 6-26 (Bragg-Brentano geometri-ray diffrac-  the sheet resistance data shown in Fig. 1; for the Ti/Ta/Si
tometer(XRD) equipped with a Cu tube and a post-samplestrycture, the sheet resistance is the highest among those
monochromator was employed to identify phase formationnhree wafers annealed at 600 °C.

and to study crystallographic orientation. Cross-sectional Raising the annealing temperature to 650 °C does not
transmission electron microscoyEM) was used to study change the phase formed on the control wafer, except that
local morphology of the silicide layers as well as to providethe intensity of theC49 (131) diffraction peak is now in-
lattice images of the silicides formed. Depth profiling of the creased by a factor of about[Big. 2@)]. The formation of
elements involved in the metal-Si systems was carried ouhe C54 phase of TiSiis evident on the wafer with a Mo

SHEET RESISTANCE (£/sqr)

ANNEAL TEMPERATURE (°C)

using secondary-ion mass spectromggyMS). layer, as two diffraction peaks of this phase are detected
unambiguously, i.e.(040) at about 2=42.4° and(022) at
Ill. RESULTS AND DISCUSSION about 2=43.4°, together with théMo,Ti)Si, (003 peak
_ [Fig. 2(b)]. On the wafer with a Ta layer, a diffraction peak
A. Influence of Ta on the formation of the C54 phase at about 2=40.3° is detected and assigned(1d.1) of the

Figure 1 shows the variations of sheet resistance of thBexagonal TaSiphase. However, the54 phase is not found
silicide layers versus the annealing temperature used for theccording to XRD[Fig. 2(c)], which appears inconsistent
formation of the silicide. Theequivalen} thickness of the with the resistance measurement results which indicate the
Ta layer is 1.33 nm and that of the Ti layer 87 nm, calculatedormation of this phaséFig. 1). The discrepancy between
from the RBS spectra with the bulk density of the respectivedhe XRD results and the sheet resistance data will be dis-
metals. It is seen clearly in the figure that Ta has the sameussed later.
effect as Mo on the reduction of the sheet resistance of the Increasing the annealing temperature further to 700 °C
silicide layers formed at 650 °C and above. Only after an-does not change the basic features of the silicide formation
nealing at 750 °C, the sheet resistance of the silicide formedith only one exception: th€54 phase now becomes de-
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FIG. 3. RBS spectra showing the growth of Ti%in top of
- TaSh, as can be concluded by the energy position of the Ta peak
) for the wafer annealed at 750 °C. For the annealed wafer, unreacted
- metals and surface TiN were selectively removed.
=
= 10 Mo or Ta. For the case with Mo, thg54 (220) peak begins
5 to become comparabl@ intensity with the (040) peak, Fig.
E 2(b). For the case with Ta, th@11) peak of theC54 phase
= continues to increase in intensity, but the Ta8ill) peak
seems to disappear altogether from the spectrum in Fay. 2
! As the hexagonal Tagis the stable phase in the temperature
range studied in the presence of excess Si, the disappearance
of the TaSj (111) peak in the XRD spectrum can only be
100 a_lttributed to a _slight chan_ge in the crystallographic orienta-
Fe) = tion of the TaSj crystals with reference to the wafer normal.
C 5 o S The (Mo, Ti)Si, and TaSj layers formed are both found to be
z - - § strongly textured but with different preferential orientations.
< A O ) - The former has a clea01) texture and the latter tends to
E % O have a(111) orientation. Thus, alignment of the crystallo-
= 10 graphic orientations of the crystals in these layers in relation
E ' » to the wafer normal is important for the XRD analysis. This
e [ o 600°C is considered to be the reason also for the undetec@ble
= | iggggg (311) peak for the wafer annealed at 650 °C. How the pref-
—s—750°C erential orientation of Tagwill influence the texture of the
Pl b b b s C54 phase subsequently grown on its top will be made clear
38 39 40 41 r) 43 44 below.
20 (degrees) What is significant with the results above is the apparent

suppression of the formation of tl@&49 phase of TiSiwith
the presence of an interposed layer of either Mo or Ta. As in
the case of Md! the TaSj is found to remain at the interface
between theC54 phase and the Si substrate during the
growth of TiSh, according to the RBS results shown in Fig.
3. How TaSj enhances the formation of the54 phase of
TiSi, is discussed as follows.
tectable together with the TgSil11) peak on the wafer with The in-plane lattice mismatch between the basal planes of
Ta[see theC54 (311) peak at about =39.3° in Fig. Zc)].  the hexagonal TaSphase and th€010 planes of theC54
However, the intensity of this peak seems to be too weak tphase is within 0.3%, 10 times better than that between the
account for the amount of the TiSiormed as can be con- basal planes of the hexagonal (M93i, phase and théd10)
ceived from the corresponding resistance value in Fig. 1. planes of theC54 phasél!? Therefore, it is reasonable to
When annealed at 750 °C, ti@49 phase is converted to suggest that the hexagonal Taphase, like the hexagonal
the C54 phase for the entire Tiglayer on the control wafer (Mo, Ti)Si, phase, also acts as a template for the formation of
[Fig. 2(@)]. TheC49-C54 phase transformation completes in the C54 phase of TiSialready at 650 °C. According to Fig.
a very narrow temperature window-60°), typical of such 4, the angle between th@11) and(001) planes of the hex-
processes controlled kinetically by nucleatfdrOn the other agonal TaSiis 70° (left sketch, and that between th@11)
hand, no fundamental changes can be observed for the silind (010 planes of theC54-TiSh, is 74.4° (right sketch.
cides formed on the wafers with an interposed layer of eitheThus, matching th€010 planes of the TiSiwith the (001

FIG. 2. Diffraction patterns of the silicid® formed at various
temperaturega) on the control wafers with pure Tib) on the
wafers with the Ti/Mo bilayerg¢deposited with the Npurge, and
(c) on the wafers with the Ti/Ta bilayers.
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FIG. 4. Schematic presentation of the angular relationship be- ; 600°C
tween the(111) and(001) crystallographic planes of the hexagonal - | —0—650°C
TaSi, phase(left sketch and th((_)lO) and(311) crystallographic § ;(5)808
planes of theC54 phase of TiSi(right sketch. 1 o b b b b b
38 39 40 41 42 43 44
p[anes of the Ta§i gqui_valerjt to epitaxial growth of the 26 (degrees)
TiSi, on the TaSj, will give rise to a small angle of 4.4°
between thg311 planes of the former phase and tid 1) FIG. 5. Diffraction results depicting the formation of tiz54

planes of the latter one. The simultaneous observation of thehase of TiSi with the Ti/Mo bilayers deposited without the,N
(111) peak of TaSi and the(311) peak of theC54 phase in  purge(denoted as samples).B
Fig. 2(c) is then considered as a consequence of the epitaxial

alignment of the(010 planes of theC54 phase towards the (denoted as samples A hereaftéFig. 2(b)]. Further, the
(00D planes of the hexagonal TaSihase. o _ternary(Mo, Ti)Si, phase is not found in Fig. 5.

The epitaxial growth of transition-metal silicides on Si 1pe preferred(311) orientation of theC54 phase on
substrates has been systematically stuffiedn a clean Si samples B is confirmed by the cross-sectional TEM analysis
sgrface, hexagonql Mogtan grow epitaxially o100 Si of these wafers. As seen in Figa, the TiSj layer formed
\(N'\;ltg :[rr;)es?orrnn;al ;rsgs t;gjvalepli?:xe';up acr)anl:ll.%logoémeqihzrusé at 750 °C is characterized with a very smooth surface and flat

119k hay 9 ptaxially 59 | €l Vi interface with the Si substrate. On Figbg the lattice image
MoSi, or directly, as (Mo,TiSi, and MoS;™ differ very of the C54 phase is shown and the distance between two

little in their lattice parameters. Hence, it is the epitaxial _ . :
planes that are observed in Figb®for the Ti/Mo/Si struc- adjacent columns of atoms is found to be about 0.365 nm.

tures, i.e., théMo, Ti)Si, (003 peak as well as the54 (040) This value coincides precisely with the interplanar distance
peak. As the epitaxial growth of hexagonal Ta@i(100 Si  for the(111) planes of theC54 phase, i.e., 0.373 nffi.The
occurs under different conditions from MgSF it can be ~ @ndle between the horizontal lire.g., along the TigiSi
understood that different diffraction peaks are observed Ogﬂerfa(;:e)g Oalnd ;[]hehse atomic ((:jolutmnti IS m?asgjrg(\lll to ?he
the TiSi,/TaSh, silicide bilayers[Fig. 2(c)]. The observation &roun , Which corresponds 1o he angie between the
of the C54 (311) peak relies on the epitaxial alignment of (111) and (311 planes of theC54 phase. Thus, th¢811)
another crystallographic orientatidhe., (010) towards the ~Planes are parallel to the sample surface and are detectable
(001 orientation of the underlying TagiThe angle of 4.4° by XRD (in the present diffraction geomelryThe angular

between the(111) planes of TaSiand the(311) planes of relationship illustrated for Tagin Fig. 4 is also quite valid
TiSi, (Fig. 4) is thus concluded to be responsible for thefor (Mo, Ti)Si;. That the(111) peak of (Mo,Ti)Si, is not

failure (a) to detect the TiSi(311) peak on the wafer an- found in Fig._5 is interpreted as resylting from the very small
nealed at 650 °C antb) to detect the TaSi(111) peak on amount of this hexagonal phase with the very low scattering
the other wafer annealed at 750 °C, i.e., Fift)2That the efficiencies of the Mo and Ti atoms as compared with that of

: - ; the Ta atoms. In addition, th€l11) orientation of the
TaS), layers tend to be preferentially oriented towatii$1) N ’ :
instead of the report@8(110), (124), or (122) may depend (Mo, Ti)Si, crystals may also be slightly off from the wafer

on the conditions used for the deposition of the Ti/Ta b"ay_normal. .
ers. The sheet resistance measurement results from samples B

are depicted in Fig. 7. For the sake of comparison, the resis-
_ - . ) tance results from samples A as well as those from the sili-
B. Influence of interfacial impurities on the formation cide layers formed on the control wafers are also included in
of the C54 phase the figure. The resistivity, with the thickness information ob-
The preparation of the metal layers has an important beatained from the RBS measurement, of the Ji8yers is 16.3
ing on the growth of the silicide layers. Figure 5 shows theu() cm for the silicides formed on samples B. This value is
XRD results of the silicide formation from the Ti/Mo bilay- slightly higher than those of the silicide layers formed on
ers deposited without purging the vacuum chamber with N samples A(15.2 Q) cm) and formed with the Ti/Ta bilayers
They will be denoted as samples B hereafter, in opposition t¢14.5 u{) cm), but quite comparable with that of the silicide
the previously analyzed samples A. The Giliyers grown layers formed on the control wafers without either Mo or Ta
are again only composed of th@54 phase according to (16.6u() cm). Nevertheless, these low-resistivity values pro-
XRD and sheet resistance measuremgmeiow). But they vide immediate evidence of the formation of 884 phase
are characterized with €11) preferential orientation, simi- of TiSi, at 650 °C with an interposed layer of Mo or Ta,
lar to the TiS} layers formed from the Ti/Ta bilayef$ig.  despite the difference in the preparation proced(séth and
2(c)] but different from those formed from the “clean” without chamber purging with N prior to the deposition of
Ti/Mo bilayers deposited after purging the chamber with N the Ti/Mo bilayers.
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FIG. 7. Sheet resistance of the silicide layers formed with the
Ti/Mo bilayers deposited on th€00 Si substrates witlisamples
A) and without(samples Bthe N, purge. The resistance results of
the silicide layers formed on the control wafers are also shown for
comparison. As in Fig. 1, the sheet resistance was measured after
selective removal of unreacted metals and surface TiN by wet
chemical etching.

SIMS depth profiling of these two particular samples also
shows clearly this thickness difference, Fig(véith the sur-
face TiN layers being kept unetchedhe displacement of
the Mo peak towards longer sputtering time for samples A
indicates a thicker TiSilayer formed on top of it, as com-
pared with the TiSilayer on samples B. However, whether
purging with N, has any influence on the growth rate of the
C54 phase cannot be concluded here, since the thickness of
the initial Ti layers is different for these wafers, 83 nm for
samples A and 58 nm for samples B.

It is now established that purging of the chamber with N
not only affects the resistivity of the Tiglayers grown but
also has a noticeable impact on the preferential orientation of
the (Mo, Ti)Si, andC54 phases formed. The thickness of the

10° ¢
F—e—N —a—Ti
[—mw— O —»—Mo
s 10F
3 o
- 10°
=
(b) % 10° RETRY
FIG. 6. Cross-sectional TEM pictures of the Ti%rmation at ;
750 °C with the Ti/Mo bilayers deposited without the, lHurge s
(samples B. The surface TiN is kept unetched. Besides, a Pt layer
was deposited on top of the sample surface in order to protect the 10! u ] 2 (7 .
silicide layers during the sample preparation for TEN.The TiSh 0 500 1000 1500 2000 2500
has a smooth surface and a flat interface to the Si substiate. SPUTTERING TIME (s)
Lattice image of the section indicated by the arrowanshows the
atomic columns of th¢111) planes of theC54 phase of TiSi The FIG. 8. SIMS depth profiling showing the distribution of the
ternary(Mo, Ti)Si, phase between Tigand Si substrate is however elements involved in the systems after the silicide formation at
too thin to reveal. 750 °C, with the Ti/Mo bilayers deposited wiflsamples A, filled

. . ) _ symbolg and without(samples B, open symbglghe N, purge. The
The sheet resistance of samples B is consistently highefi;rface TiN is kept unetched. The displacement of the Mo peak

than that of samples AFig. 7). This difference in sheet towards longer sputtering time indicates more Ji&rmed on
resistance results mainly, according to RBS, from the differsamples A than on samples B, under the same conditions for the
ence in the thickness of the TiSIC54 phasglayers formed.  silicidation anneal. It is worthwhile to point out that the oxygen
For instance, the Tiglayer is 95 nm thick on samples A but level at the interface between the silicide and the Si is below the
only 63 nm on samples B after annealing at 750 °C. Theletection limit of SIMS for both samples.
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Mo layers deposited is 0.76 nm for samples A and 0.52 nnorientation of theC54 phase formed can depend on the
for samples B, according to RBS. However, the variation ofpreparation procedure used for the deposition of the metal
the Mo thickness from 0.5 to 2.0 nm does not influence thdayers, the template mechanism resulting in early growth of
growth of the(001)-oriented hexagondMo,Ti)Si, and then the C54 phase seems to be unaffected.
the(010-orientedC54 phase of TiSi'! Moreover the initial As the in-plane lattice match between t6&4 phase of
Ti thickness cannot make such a difference in the silicideTiSi, and the templatécrystalline phase is of prime impor-
formation in terms of the resistivity and preferential orienta-tance for template growth, a number of other phases such as
tion of the TiSj layers®? Thus, it is suggested that other NbSi, and (W,Ti)Si, (Ref. 31 can also be utilized for the
factors, possibly interfacial oxygen including the oxygen inpurpose of enhancing the growth of tkb4 phase. How-
native oxide and the oxygen incorporated in the depositeéver, caution should be exercised in choosing a new metal
Mo layers, are responsible for the difference in the silicidesystem and at least two properties need to be examined:
formation on samples A and samples B. compound formation within the new metal system in contact
As Mo cannot reduce Si° the presence of interfacial with Si and the mobility of the metals involved in compari-
oxygen can hinder the diffusion of Si towards the metal lay-son with Si.
ers to form (Mo, Ti)Si, and TiSp. Interfacial oxygen can, The template mechanism may also be operative in the
however, be removed from the interface once it is in contacexperiments with ion implantation of Mo or W into Si prior
with Ti at the annealing temperatures us@dhis may ex- to Ti depositiont®'* A continuous layer of(Mo,Ti)Si, or
plain why the oxygen level at the interface between the sili{W,Ti)Si, does not have to be a prerequisite for the enhanced
cides and Si substrates is below the detection limit of SIMSormation of theC54 phase. Small particles of these ternary
for both samplesFig. 8). Therefore, the interfacial oxygen, phases spread over the interface between the Ti layer and the
if ever introduced because of the variations of the preparaSi substrate can act as seeds for the nucleation oCtw

tion procedure for the Ti/Mo bilayer deposition, does notphase. Whether this hypothetical mechanism is true remains
seem to stop the formation @#o,Ti)Si,. The direct growth to be investigated.
of the C54 phase of TiSiis then guaranteed.
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