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Reliability of Multistacked Chemical Vapor Deposited Ti/TiN Structure
as the Diffusion Barrier in Ultralarge Scale Integrated Metallization
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The reliability of multistacked titanium/titanium nitride (Ti/TiN) films as a diffusion barrier has been investigated by electrical
characteristic measurements and material analyses. Both the chlorine content and the resistivity of the multistacked Ti/TiN films
are significantly decreased when compared with a single layer of chemical vapor deposited-TiN film with the same thickness. The
endurance of the diffusion barrier to thermal stress is enhanced by increasing the number of stacked layers of Ti/TiN films. Sec-
ondary ion mass spectroscopy depth profiles of the multistacked Ti/TiN samples showed that Ti atom distribution is fairly uniform
in filling the grain boundary of the TiN film. The result is consistent with the observation of X-ray transmission microscopy. There-
fore, the leakage current resulting from junction spiking is further reduced by the grain boundary effects when employing multi-
stacked Ti/TiN as the diffusion barrier layer instead of a single layer of TiN film.
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Titanium nitride (TiN) has been widely used as a diffusion barrierganic CVD precursors require an expensive liquid delivery and flash
and glue layer at the via/contact level to the diffusion barrier and als@aporization system. In addition, Tids used as a precursor for tita-
as an antireflection coating in aluminum metallization for severalnium deposition. In the TiGINH; based CVD-TiN process, howev-
decades because of its high thermal stability, low electrical resistivityer, the incorporation of a significant amount of chlorine (Cl) in the
good resistance to corrosion, and good diffusion barrier characterifiim is of major concern for long-term reliability of finished
tics1-3 These properties allow TiN to withstand the repeated thermabevicest3140On the other hand, the TiN grains were columnar struc-
cycles used in multilevel metallization of integrated circuit (IC) tures!®1”When TiN was used as a barrier layer, Al and Si would
devices and make its continued use in deep submicrometer devidgsterdiffuse through the grain boundaries of the TiN film after being
technologies highly desirable. TiN film is traditionally deposited by subjected to thermal stress at elevated temperatures. The interdiffu-
physical deposition methods such as reactive ion sputtering or nitrision of Al and Si through the barrier caused junction spiking, which
dation of sputter deposited it in nitrogen-containing gases at high tenexhibited a large leakage current or even electrical shorting. There-
perature$:®> However, the sputtering technique is inherently noncon-fore, it is necessary to improve the film properties of CVD-TiN.
formal, resulting in significant thinning at via and trench edges and In this work, a reliable CVD multistacked Ti/TiN structure with
walls. It therefore gives poor step coverage and could not meet thia situ NH; plasma post-treatment is proposed to enhance the barri-
demands of ultralarge scale integrated (ULSI) technologies below ther property of TiN films and reduce both the resistivity and chlorine
subquarter micron level. Chemical vapor deposition (CVD), on thecontent of TiN films simultaneously. Material analyses and leakage
other hand, offers conformal metal growth and the ability to coat largeurrent measurements were used to investigate the characteristics of
area substrates with excellent uniformity at industrially viable growththe multistacked Ti/TiN structure.
rates and potentially meet performance demands well into the
0.18um device technology and beyohd. Experimental

The commonly used precursors for CVD TiN processes are tita- The AITIN/TiSi,/n*-p and All(stacked TifTiN)/TiSin*-p junc-

nium tetrachloride (TiG) associated with ammoffidand metallor- .. ¢ . : T . _
ganic titanci)um compounds such as tetrakis(dimethylamino)titaniumf,:1 ?}g %1'0r(rjfjlsti\gtzrc:ek(fe%btll'ic/?rtiild tf)grrrtigﬁ Ln;p?;k?%?;lo?h%f 2tzlrrt]i?1§ %\z;tDe-rsz;\sl
TDMAT)10 and tetrakis(diethylamino)titanium (TDEA¥}.Both ; . It .

'(I'DMAT )and TDEAT hav(e bee)?l succgssfully us(ed to d§eposit Tinere_G in., (100)-oriented p-type silicon _w_afers. After RCA standard
films with good step coverage at temperatures belowQi0Bow- cleaning, the wafers were thermally oxidized at 205 a steam

ever, the as-deposited films are porous and absorb moisture and O)égtmosphere to grow & 550 nm oxide layer. The contact holes were

gen when they are exposed to air, resulting in the degradation ?tf,irgego?’{h%hﬁto'-'Lhn%%r;f’ht'ﬁeanﬂ re:gﬂ\{)it'&rgeeitr%h'g%tgiﬁ \:\?;g'
film’s electrical properties. These films also contain organic carbon ques. P ' p-typ P

. . 5 a2
and hydroge2and have much higher resistivity than those deposit-cirirlfghg%Egﬁ%::r;m?;?]?;t?énssvg:\é;?ﬂgéjgif l;))];,i}mf 1|?,11 ntccr::1 .
ed by sputtering. Another disadvantage of the metallorganic precun)t’-v e subsjtrate at 40 FI)<eV to a dose of 3.0% cm-2 Thege sam Fl)es
sors is that they could not be used to deposit metallic titanium films\.}\:gre followed by furnace annealing at 80Gor 20 .min in N amkgi-
Low-temperature plasma assisted deposition of TiN film usingent and rapid th)(/armal annealin (%_A) at T@eor 20 S
the reaction between the inorganic precursor ,THId Nk has After thg junctions were forr%ed the wafers were .re ared for Ti
been be applied as a diffusion barrier for Al interconnects and an d TiN ] i ked Ti/TiN b, ier | d prep n thi
adhesion layer for W-plugs in the past decade.,TiiCh colorless atnd Ib fhr E:n\l/g's_;fic ed C\I/DI T.Nafr{ler ayer dep05|'tt|o(rj1. n this
P tudy, bo -Ti an -TiN films were deposited using a
ltﬁrue'dlf Egsht?]se ?o://ve:apsct)rn? erﬁ;snsgufoﬁ;%ggg; ;ﬁ dT?hr; itiér?g;? \tgr;cf)rer luster tool which has two vacuum cassette elevators, a soft sputter
pressure among titanium halides. The high vapor pressure of TiCIemh module, a CVD Ti and a CVD TiN module, and a cool down

allows it to be delivered to the reaction chamber through a convens-tat'on' The titanium films were deposited by plasma-enhanced

tional mass flow controller, while the low-vapor pressure metallor-Ch.emlcal vapor deposmon (PECVD) at a temperature ofG90
using a mixture of TiGl H,, and Ar. The process chamber pressure

* Electrochemical Society Student Member. was 5 Torr and the rf power was 350 W. Metallic Ti and jlins
** Electrochemical Society Active Member. were formed in contact holes. Sequentially, samples were transferred
Z E-mail: tcchang@ndl.gov.tw to another chamber without exposure to atmosphere-depositing TiN
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films by LPCVD using TiG] and NH; associated with a \dilution
gas. The base vacuum level of the CVD chamber was maintained Si
be better than I Torr. Total pressure was fixed at 20 Torr when 100+
LPCVD TiN film was deposited. The substrate temperature during

TiN film growth was maintained at 630°C. The in situ N\tasma @ 80
post-treatment with 500 W was applied to as-deposited TiN films fo/2>

300 s. The TiN/TiSin*-p junction diodes were thereby formed,

which were also labeled as the standard sample (STD). On the oth & 60
hand, the multistacked Ti/TiN films were formed by alternately
depositing PECVD Ti and LPCVD TiN film on the TiN/Ti@i"-p Q2 40
substrate with a deposited period of 60 and 20 s, respectively. Col &
sequentially, TIN/Ti/TiN/TiSp/n™-p, TiN/Ti/TiN/Ti/TiIN/TiSi ,/n*-p, S 20HO
and TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSi ,/n"-p samples associated with <

NH; plasma post-treatment for 300 s were manufactured and labele
as sample I, sample Il, and sample lll, respectively. The total thick
ness of these multistacked Ti/TiN films was 35 nm, the same as tr . .
sample STD, which was confirmed by X-ray transmission electror Sputtering Time (sec)

microscoly (XTEM). After the barrier layer deposition, aluminum Figure 2. AES depth profile of a TIN/TigBi sample with NH plasma treat-
alloy (Al-0.5 atom % Cu) was sputter deposited on the TiN andment for 300 s.

multistacked Ti/TN barrier metal, respectively.

To investigate thermal stability of Al-Cu/TiN/Tign"-p and Al- ] ) o
Cul(stacked Ti/TiN)/TiSin*-p junction diodes, the diodes were Post-treatment effectively contribute to reduce the resistivity of
subjected to thermal annealing at various temperatures ranging frofVD-TiN films.

400 to 600C for 30 min in N ambient. Leakage currents of 4p Furthermorethe chlorine content in these samples was detected
diodes were measured by a staircase voltage ramp using d¥ the analysis of AES depth profile. Figure 2 shows the AES depth
HP4145B semiconductor parameter analyzer at reverse bias voltagigofile of sample STD. The chlorine concentration in the sample
of 5V for the barrier study of this contact system. At least 30 diode$>TD was found to be about 2.9 atom %. As a result, the sample STD
were measured in each case. For material analysis, unpatterned safgd a higher value of resistivity (~1p@)-cm). In contrast, the AES
ples of barrier/Si structes were also prepared. Shestistance of ~ depth profile of sample Ill is revealed in Fig. 3. The chlorine con-
the multilayer structures was measured using a four-point probegentration in the sample Il was detected to be about 1.6 atom %,
with 51 points measured. Chlorine concentration in barrier films wagvhich was lower than that of sample STD. A previous study showed
measued by Auger electron spectroscopy (AES) measurementsthat chlorine content in excess of 5 atom % would degrade metal
XRD analysis using a 30 keV coppes Kadiation was employed for ~ reliability and increase resistivity of TiN filThe chlorine content
phase identification. in the multistacked Ti/TiN film was close to 1.6 atom %. This will
eliminae the corrosion in subsequeiit film. In addition, it was

Results and Discussion . ; . . )
) i o . obsened that the concentration of Ti M was fairly uniformly in
In situ NH5 plasma post-treatment is effective in reducing the sample 11l according to AES measurements.

resistvity of TiN films. Specific details were given in our earlier To investigate Ti atom distribution behavior in multistacked
papert4 For the investigation of multistacked Ti/TiN films, the resis- TiTIN films, the 47Ti + N and®!Ti depth profiles were measured

tivity of all samples with a thickness of 35 nm was first measuredby secondary ion mass spectrometry (SIMS) for an as-deposited
Figure 1 shows the resistivity of these samples as a function of thg)tistacled sample Ill, as shown in Fig. 4. It was found that the
layer number of stacked Ti/TiN films. The resistivity of these sam-qistrihution of Ti atoms is fairly uniformly in multistacked Ti/TiN
ples with the same thickness was decreased with the increase in tgﬁmple. The result is also in agreement with the observation of
layer number of stacked Ti/_TiN fiIr_ns. This sh_ows tha_lt the increasingyTeMm image. Figure 5a and b show the cross-sectional XTEM
layer number of stacked Ti/TiN films associated withNHasma image of sample STD and sample IIl, respectively. The interfaces
between TN and TiSj in sample STD are rather smooth. In addi-
tion, it is clearly observed that the CVD-TiN grains are columnar

180 structures, which is consistent with previous docum&ht8 The
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’g 160 4 Multi-stacked Ti/TiN
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Figure 1.The resistivity of various samples with situ NH5 plasma post- 0 100200 300 400 500 600 700 800
treatment for 300 s. Samples are labeled as followed: CVD-TiN/BISi Sputtering Time (sec)
(sample STD), CVD-TiN/Ti/TiN/TiSj/Si (sample I), CVD-TiN/Ti/TiN/TiN/ ) ) e
TilTiSi,/Si (sample 1), and CVD-TiN/Ti/TiN/Ti/TiIN/Ti/TIN/TiSy/Si (sam-  Figure 3. AES depth profile of TiN/Ti/TiN/T/TIN/T/TIN/TiS/Si sample
ple 11). The thickness of all samples is 35 nm. after being treated with Nf-plasma for 300 s.
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Figure 4. SIMS depth profiles of TiN/Ti/TiN/Ti/TiN/Ti/TiN/TiSISi sample Temperature (°C)

after being treated with Ngplasma for 300 s. Figure 6.Resistivity of various multistacked Ti/TiN samples as a function of

RTA temperature for 60 s.

average grain size of CVD-TiN film was also measured to be abou
20 nm by a plan-view observation of micrograph image. For multi-5so consistent with SIMS data that Ti atoms are distributed fairly
stacked Ti/IN films in sample IIl, the cross-sectional XTEM image njformly by fast diffusion in TiN films of multistacked structure.
also shows the rather smooth interfaces between TiN ang. TiSi |, aqgition, a previous study has shown that the PECVD Ti deposi-
However, the TN grain boundaries and interfaces between Ti andijon rate varied with different substrdfeExcept for amorphous
TiN film in multistacke.d Ti/TiN ;tructure does not seem to be gng crystal Si, the deposition rate of PECVD Ti is rather low on
apparent in the XTEM image, which means that subsequent depQsther substrates. As a result, the thickness of PECVD Ti deposited
sition of Ti may stuff into the CVD-TIiN grain boundaries. This is op TiN film for 20 s to form multistacked Ti/TiNilfns is relatively

thin. On the basis of the above statements, it is reasonably believed

that the very thin layer of PECVD Ti layer can effectively fill the
(a) grain boundary of TiN films to reduce film resistivity. Additionally,

the resistively of multistacked TilY film can be decreased further
by a rapid thermal annealing (RTA) treatment. Figure 6 shows the
resistvity of these multi-stacked Ti/TiN samples after a RTA treat-
ment at various temperatures for 60 s. It is found that the resistivi-
ty of sample Ill can be reduced to 75 p{)-cm. However, the resis-
tivity of sample STD was only reduced to about f8Bcm. A pre-
vious study® showed that the RTA-induced grain sintering leads to
a tighter grain boundary structure and thus enhances the CVD-TiN
barrier properties, which is of great importance for the deep submi-
cronmeter technology with Al plug or Cu metallization. In our
study, R treatment certainly improves the film quality of multi-
stacked Ti/IN film. Figure 7 shows the plan-view grain structure of
multistacled sample Il after RTA treatment at 9Q0for 60 s. The
average grain size was measured to be about 30 nm, which was larg-

(b)

Figure 5. Cross-sectional XTEM micrographs for different samples of the Figure 7. Plan-view image of multistacked TiN/Ti/TiN/Ti/TiN/Ti/TiN/
same thickness (35 nm); (a) CVD-TiN/Tj&i (sample STD) and (b) CVD-  TiSj,/Si sample treated witim situ NH; plasma followed by RTA treatment
TiN/TI/TIN/TI/TIN/TI/TIN/TISi ,/Si (sample 11I). at 900°C for 60 s.

Downloaded on 2014-04-28 to IP 140.113.38.11 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

Journal of The Electrochemical Society7 (1) 368-372 (2000) 371
S0013-4651(99)10-006-5 CCC: $7.00 © The Electrochemical Society, Inc.

1200 100
100 F —a&— Sample STD
=3 _ —4— Sample |
_ S & 102 | —v— Sample II
~ 800 | = Zz o
n \nt = < 3
a .Z- ‘g 103 |
< &= RTA treated 7 “
- Sample (I11) g 104
[=]
400 ‘ = 105 |
A as-dep. Sample (III) o
5 10 [
A as-dep. Sample (I) O
0 ) 1 1 1 1 3 107 |
25 35 45 s 2
20 T
Figure 8. XRD spectra of RTA treated sample Ill, as-deposited sample IlI 10° |
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er than that of as-deposited multistacked Ti/TiN film (20 nm). As afigure 9. Leakage current density of-p junction diodes with various types
result, lav resistivity (<100p2-cm) of CVD-TIiN film can be  of barrier layer.
achieed by the RTA treatment. In addition, XRD analysis was
applied to investigate the crystal orientation of CVD-TiN films, as .
shavn in Fig. 8. The textural variations observed might have sig- Conclusion
nificant implications for the barrier characteristics. XRD spectrum  In this work, a multistacked Ti/TiN structure has been proposed
of multi-stacked Ti/TiN film reveals significant textures of (002) to enhance the barrier properties against the interdiffusion of alu-
and (111) orientation. Compared with the XRD speutfor sam- minum and Si resulting in junction spiking. By increasing the num-
ple STD, a stronger (111) orientated TiN was found in sample lll.ber of layers of Ti/TiN films associated with Nilasma post-treat-
In addition, it was observed that the intensity of (002) and (111) ori4nent,both the resistivity and chlorine content (<2 atom %) in TiN
entation vas increased with the RTA treatment due to TiN grainfilms were effectively reduced. Extremely low chlorine concentra-
growth. Fiordaliceet al2C reported that the texture of the TiN film tion would minimize corrosion in subsequent aluminum film. In
can significantly affect that of the overlaying aluminum film. A addition, lav resistivity less than 10Q.Q2-cm can be achieved by
(111)-orientated iN film produces an identical aluminum orienta- RTA treatment. SIMS depth profiles of the multistacked Ti/TiN sam-
tion. This effect is important since predominantly (111)-orientatedple show that theiTatom distribution is fairly uniform in filling the
alumirum exhibits enhanced electromigration resistance. Accord-grain boundary of TiN films, which is agreement with the observa-
ingly, in our study stronger (111) peak implies that the barrier proption of XTEM. This would effectively reduce the paths for Al/Si
erty of multistacked Ti/TiN film is superior to that of single layer of interdiffusion. XRD spectrum also showed stronger (111)-orientated
CVD-TiN film (sample STD). TiN appear in the multistacked Ti/TiN structure than that of a single

Barrier capability of the multistacked Ti/TiN structure was in- layer of CVD-TiN film. This (111) orientation would enhance the
vestigated by evaluating the thermal stability 6fmjunction diodes  electromigration resistance of aluminum wires. In addition, electri-
using electrical measurements. Figure 9 illustrates the leakage cugal measurements indicated the barrier property of multistacked
rent density measured at a reverse bias voltageVofdb different Ti/TiN film is superior to that of a single layer of CVD-TiN film. For
multistacked Ti/IN structures annealed at 400~600°C for 30 min. the n-p junction diodes with a multistacked Ti/TiN barrier, the de-
TheAl-Cu/Sample STD/h-p diodes remained stable after annealing vices remained stable after annealing at temperatures up %G 600
at temperatures up to 550°C but suffered moderate degradation ®fhile severe degradation occurred in that of a single layer of CVD-
electical characteristics at 575°C; annealing at 600°C resulted infiN barrier of the same thickness.
severe degradation. This indicates that thermal stability of the Al-
Cu/sample STD/fi-p junction diodes is severely degraded by the . Acknowledgment. i
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