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Thin encapsulated silver films have been prepared on oxidized silicon by nitridation of
~200-nm-thick Ag—19 at. % Ti alloy films and A§20 nm)/Ti(22 nnm) at 300—700 °C in an
ammonia ambient. The encapsulation process has been studied in detail by Rutherford
backscattering, and scanning Auger and secondary-ion-mass spectrometry, which showed that
Ti-nitride and Ti-oxide-silicide formation take place at the surface and the Ag—Ti/Bi@rface,
respectively. Four-point-probe analysis of the alloy films suggests that the resistivity is controlled by
the residual Ti concentration. Resistivity values-ed u{) cm were measured in encapsulated Ag
alloy films with initial low Ti concentrations. The annealed bilayer structure had minimal Ti
accumulations in Ag and the resistivity values were comparable to that of the as-deposite@ Ag
pnQcm). © 1996 American Institute of Physid$S0003-695(96)03923-X]

The electrical connections in integrated circuitS) are  top surface, whereas, a Ti silicide—oxide bilayer is formed
provided by a metallization scheme, which in the case obetween the Cu and SjOThe presence of oxygen in Ti®)
very-large-scale integratiofVLSI) is based on Al-alloy line is due to residual oxygen in the NHmbient>’ This letter
structures. As IC technologies move toward ultralarge-scaleeports on such an “encapsulation” process for Ag, where
integration(ULSI), Cu- and Ag-based metallization schemesthe Ti is introduced by deposition of Ag—Ti alloys and bi-
are being considered for replacing the conventional Al-basethyers. This approach has demonstrated more promise in ob-
schemes. Elemental Cu and Ag have low resistivities and taining low-resistivity films than encapsulation of Cu.
better electromigration resistance than Al. Such improved The Ag-Ti depositions were prepared on Si wafers with
inherent properties have become required specifications fa#10-nm-thick thermally grown oxides. The alloy structures
metallization with feature sizes less than 0,2%. consisting of~200-nm-thick Agx% Ti (wherex=6, 10,

Metallization line structures are required to have struc-18, 19, and 26 at. ¥films were made by dual electron-beam
tural integrity and good electrical conductivity, and they deposition. The bilayer structure corresponded to 15 at. %
must maintain these properties throughout subsequent fabr[d, and were prepared by sputter deposition of a 22-nm-thick
cation and operation of the IC. One concern regarding strucli film followed by 120 nm Ag without breaking vacuum.
tural integrity is the poor adhesion of Cu and Ag to dielectric The encapsulation process took place at 300-700 °C in a
materials, such as SjO Another potential concern is Ag fused-quartz-tube furnace using a flowing Nembient of
agglomeration, which has been observed when annealing?-99% purity and a flow rate of 2 I/min at atmospheric
takes place in af.Tarnishing of Ag in sulfur environmenfs, Pressure. The_gncapsulated Ag films have _been characterized
and the oxidation of Cu will require passivation layers oDy depth profiling: Rutherford backscattering spectrometry

ensure structural integrifyReinforcing the structural integ- (RBS), Auger electron spectroscofpES), and secondary-

ity can be accomplished by interfacial chemical reactionsiON-mass —spectrometry(SIMS). - Glancing-angle = x-ray-

Such reactions should limit themselves to the formation offifffaction and four-point-probe resistance measurements
thin reaction layers that promote adhesion and prevent’€"® used to determine the films’ structural and electrical
atomic transport between the metal and its surroundings propzrer:tles. lati A ded i imil

provide thin diffusion barrieps In cases where adjoining ma- e encapsulation of Ag proceeded In a similar way to

terials do not display this behavior, a desired interfacialthat of Cu. After annealing in an Nrambient for 30 min,

structure can often be formed by adding appropriate eIemerfe sutrfaceTEhange(Ijt to ?;VGF?BQSO Idr? n cotlor_ |n(€|_|cat|ve OLT'N
tal films or alloying elements to the metal. This approach ha; ormation. fhe resufts ot the characterization are shown

. : . o . In Fig. 1 and 2. Only the Ti and Ag backscattered signals are
been taken in studies of Al, Mg, Ti, and Cr additions in displayed, and the Ti signal in Fig. 1 shows clearly that the

. . . . —7
connection with Cu metallizatior 500 °C anneal causes Ti to segregate at the sutfasepeak

Simultaneous preparation of both sides of a Cu film ha%abeled “Ti surface’). The RBS spectra in Fig. 2, where the
been accomplished by exposing the Cu—Ti bilayer or alloy, ' 7

surface to an N5 ambien” At reaction temperatures be- actual Ti signal has been enhanced by a factor of 3, show

o N : that Ti in the alloy segregates to the surface and interface
tween 350 and 600 °C, Ti nitride, T(B), is formed on the upon annealing. AES and SIMS profiling show evidence for

TiN(O) formation at the surface and Ti-oxide-silicide bilayer
dpPermanent address: Materials Science and Engineering Department, Cformation at the interface. Based on the RBS, the surface
nell University, Ithaca, NY 14853. layers on the alloy correspond to 1450 °C annealand 23
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FIG. 3. Dealloying kinetics obtained with Ag—19% Ti alloy films. The

FIG. 1. Ag encapsulation on SiQprepared from AGL20 nm)/Ti(22 nm residual Ti concentration is shown as a function of annealing time for three
bilayers. RBS spectra show the depth distributions of Ag and Ti before an&jlffder(;ntdtemperaturebs. _Thz an_neallng tot\)/lip?lace in an ammonia ambient
after annealing at 500 °C in an ammonia ambient for 30 min. The spectrg‘n the data were obtained using 2.0 MeV'HeRBS.

were obtained using a 2.0 MeV Hé beam and a scattering angle of 170 °.

of bilayers, less than 1 at. % Ti has accumulated in the Ag
(600 °C anneal nm-thick TiN films (Fig. 2), respectively, film after encapsulation.
whereas the surface layer on the bilayer corresponds to 10 1he Ti depth distribution in Fig. 2 shows separation be-
nm TiN (Fig. 1. The interfacial bilayer is expected to consist Ween reacted and alloyed Ti resulting in three regions:

of TiO,, (W~1.1) and TiSis, the reaction products from the 1IN(O) surface layer, residual Ti in the Ag alloy, and an

Lo L7 interfacial Ti-oxide-silicide bilayer. It is observed that the
Ti—SiO, reaction. . . . S
o - . segregation of Ti and the corresponding dealloying increases
The Ti signal in Fig. 2 shows that, as the reactions con-"" : .
.with temperature. The time dependence of the encapsulation

sume Ti, the Ag film becomes gradually dealloyed. The Ti | died b S Vsi . 3 sh
lubility in Ag is 2.0 at. % at 600 °€,and the dealloying process was also studied y.RB anaysis. Flgurg SNOWS
S0 ' ) ’ the residual Ti concentration in the Ag—19 at. % Ti alloy as

process appears o tgke P'ac_e by Tl_out-dlffus{presum-_ a function of annealing time for three annealing tempera-
ably grain-boundary diffusion in Ag with a diffusion coeffi- tures. The results obtained are characterized by rapid
cient, which is estimated to be larger than 19 szls?'_ dealloying/segregation followed by a plateau in the dealloy-
The diffusion is primarily driven by chemical forces arising ing rate. A similar kinetic behavior was obtained with a
from the enthalpy difference between reactedcbmpounds  Ag—26% Ti film. Compared with the data in Fig. 3, the deal-
formed with N, O, and Siand alloyed Ti. Residual Ti con- |oying of the high-Ti concentration alloy gave more flat
centration levels of 8.0% and 1.5% were measured in theurves and the residual Ti concentrations were higher.
alloy by RBS after 450 and 600 °C, respectively. In the case  The resistivity of the Ag films was measured by four-
point-probe measurements, and the result of this study is
presented in Tables | and II. Table | lists the measured resis-

Energy tivities of the alloys after annealing, and they are seen to be
1.2 1.7 controlled by the residual Ti concentration. A strong tem-
' ' ' ' ' ' perature dependence is apparent but is primarily caused by
»or T . 1 the residual Ti concentration. Resistivity values ef5
S0 g | M SO HI surface uL) cm are strong evidence that the pure elemental phase and

1 not an intermetallic phas@iAg or Ti,Ag)® is the dominant
film component. Phase identification was done by glancing-

TigSis,/TiO, ) }

o N i
2
e TABLE |. Room-temperature resistivity of encapsulated Ag films prepared
B ] from 210-nm-thick Ag—18% Ti. The resistivity was obtained from four-
point-probe and RBS thickness measurements. Also shown are the corre-
| 1 sponding Ag alloy compositions and annealing temperatures.
Annealing temperature Ti concentration Resistivity
0 (°C) (at. %9 (uQ) cm)
Channel As deposited 17.6 140.
350 17.0 69.6
FIG. 2. Ag encapsulation on Si@repared from 210-nm-thick Ag—18 at. % 450 8.0 15.0
Ti alloy films. RBS spectra show the depth distributions of Ag and Ti before 500 5.0 9.2
(----) and after annealing at 450 -) and 600 °C(—) in an ammonia 600 1.5 4.8
ambient for 30 min. The Ti signal has been multiplied by a factor of 3.
3252 Appl. Phys. Lett., Vol. 68, No. 23, 3 June 1996 Alford et al.
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TABLE Il. Room-temperature resistivity of encapsulated Ag films preparedstructureS inan N§|ambient Ti segregation was observed at

from Ag(120 nm)/Ti(22 nm) bilayers. The resistivity was obtained from . . .
four-point-probe and RBS thickness measurements. The Ti concentr.sttioH']e surface and interface. Evidence was presented fd@IN

were in all cases below the RBS detection limit, ifec1 at. % T). formation at the surface and Ti oxide silicide at the interface.
The resistivity of the Ag film appears to be controlled by the
Annealing temperature Resistivity Ti concentration. Resistivity values ef4 u{) cm were mea-
(°C) (u2 cm) sured in encapsulated Ag alloy films which were alloyed
As deposited 3.1 with low initial Ti concentrations. Nitridation of the bilayer
450 35 resulted in minimal Ti accumulation in Ag, and the resistiv-
288 2‘2‘ ity was comparable to that of the as-deposited &g3

#€ cm). Kinetic studies showed that the encapsulation reac-
tion takes place within the first 10 min. This happened for all
annealing temperatures; the amount of dealloying increased
angle x-ray diffractior{results not shownonly the Ad111),  with temperature. Lower residual Ti levels were observed
Ag(200, and Ad222) signals were observed in both the an- with lower initial Ti concentration. Alloys prepared with
nealed and unannealed samples. lower Ti concentrations are therefore expected to result in
ULSI applications will require that the encapsulated Aglow-resistivity encapsulated Ag films.
films have a low resistivities, comparable to the elemental We are grateful to J. W. Mayer, Director of Center of
resistivity of Al(2.74 w2 cm) and approaching those of Cu Solid State Scienc€ASU), for his support of this project,
(1.70 w2 cm) and Ag (1.61 uQ cm).® The resistivity’s de-  K.-N. Tu (UCLA) for useful discussions, and F. Deng, R.
pendence on the Ti concentration as seen in Table | isorton, and S. S. LayUCSD) for preparing the alloys in
weaker than expected from dilute substitutional-alloytheir electron-beam evaporation facility. We also acknowl-
theory?® Nevertheless, substantial dealloying of Ti from Ag edge the financial support provided by the National Science
to levels below 1 at.% is necessary to obtain resistivitieFoundation(L. Hess, DMR-9412550 and DMR-9307662;
below 3 u{) cm. The resistivity contribution from the Tiim- L. Salmon, ECS-9410399
purities is primarily a problem of the alloys, since the bilay-
ers did not show Ti accumulations exceeding the detection
limit of ~1 at. %. The 3uf{) cm resistivity level in the case *H. Miyazaki, K. Hinode, Y. Homma, and K. Mukai, Jpn. J. Appl. Phys.
of bilayers(see Table Il is instead controlled by the limita- 4Tf]g 3239(|‘1d9|8:?|); T. '--CA'f'\‘;I“ir ﬂ; Lit,_S. ‘S? W?";gl' "’Eg 23-1"5‘)’{;'\"33/9“ editors,
tion (?f the deposition process. Howe\{er’ SpUtter'depOSitEQT. IIri}img\,I H. IOr?lso N.uNinirii;/zaaT I\c(’.nUs’:;?il((::i1 T?SHatargaka?A. Nishiyama,
Ag films have been prepared, which have near-bulk and H. Iwai, in Extended Abstracts of the Conference on Solid State
resistivity Devices and Materials, Makuhari, 1993, p. 183.

. e . . . 3
This resistivity study suggests that highly conductive Ag ,T- E- Graedel, J. Electrochem. Sd9, 1963(1992.
films can be prepared from alloys by optimizing the process J. Li and J. W. Mayer, Mater. Chem. Phy?, 1 (1992.
! prep ys Dy Op g p SW. A. Lanford, P. J. Ding, W. Wang, S. Hymes, and S. P. Muraka, Thin

variables associated with the film deposition and the encap- solid Films262, 234 (1995.

sulation process. Results in the literature suggest that théS. W. Russell, S. A. Rafalski, R. L. Spreitzer, J. Li, M. Moinour, F.
; e _ Moghadam, and T. L. Alford, Thin Solid Film862, 154 (1995.

proposed enc%[;sulatlon process prevgnts qlﬁumq prr%c "D. Adams, T. L. Alford, N. D. Theodore, S. W. Russell, R. L. Spreitzer,

motes adheS|_ as well as eIectrom|grat|on resistartce.  ang 3. w. Mayer, Thin Solid Film262, 199 (1995.

These properties will be addressed in future studies as weltBinary Alloy Phase Diagramsedited by Thaddeus B. Maisalsimeri-

as the evolution of microstructure responsible for the deal- can Society for Metals, Metals Park, OH, 1986

oning kinetics 9C. Kittel, Introduction to Solid State PhysicSth ed.(Wiley, New York,
: . _ 1976, p. 171.

In conclusion, thin encapsulated Ag films were preparedocrc Handbook of Electrical Resistivities of Binary Metallic Alloggited

on oxidized silicon. The encapsulation was formed by Ti by Klaus Schider (CRC, Boca Raton, FL, 1983p. 25.
reactions using both Ag_T| a"oy f||ms and Ag_T| b"ayer llN. Marecal, E. Quesnel, and Y. Pauleau, Thin Solid Fil24s, 34(1994).
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