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This work investigates the barrier capability of W layers as well as WSiN/WStacked layers against Cu diffusion. The W lay-

ers were selectively chemical vapor deposited (CVD) in contact holes to a thickness of about 450 nm ustdg@ieh of W,

We found that the CVD-W layers functioned as effective barriers against Cu diffusion, and the Cu/W(450mjmmftion diodes

were able to sustain a 30 min furnace annealing up taC6&@hout causing degradation in electrical characteristics. The use of
WSIN/WSi/W stacked layers as diffusion layers further improved the thermal stability of Cu/WSiMV¢&80 nm)/p -n junc-

tion diodes to at least 700. The WSj layers were deposited by CVD to a thickness of 75 nm using\8#4 chemistry, and the
subsequent in situ \plasma treatment produced a very thin layer of WSIN on thg ¥U&ace. This thin WSIN layer was very
thermally stable and effective in suppressing Cu diffusion. Failure of barrier capability for the W films was presumably due to inter-
diffusion of Cu and Si along grain boundaries of the W films, and the interdiffusion was probably enhanced by the formation of
WSi,. The formation of WSiconsumed the W layer and Si substrate, resulting in a volume change in barrier layer, which, in turn,
developed local defects, such as microcracks and stress-induced weak points, and thus provided fast paths for Cu diffusion.

© 1999 The Electrochemical Society. S0013-4651(98)04-036-1. All rights reserved.

Manuscript received April 13, 1998.

As device dimensions in integrated circuits are continuously re-barrier between Al and Si substrate, little study has been made on the
duced, the requirements imposed on advanced metallization beconbarrier capability of selective CVD-W films against Cu diffusion. In
increasingly stringent. These include reducing electrical resistivityone other previous study, we also found that a very thin WSIN layer
improving electromigration resistance, and avoiding interdiffusioncan be formed on the surface of chemical vapor depositeq WSi
between metal and Si substrate. Copper (Cu) has a very low resigcVD-WSi,) layer using an in situ \olasma treatment, and the re-
tivity and excellent electromigration resistadceand can be de-  sultant WSIN/WS; bilayer was found to possess a much better barri-
posited conformably using electroplating as well as chemical vapoer capability against Cu diffusion than the \W@ier itself3! Thus,
deposition (CVD) method$:® Therefore, Cu has been regarded as athe use of WSIN layers as a Cu barrier is of great interest.
potential substitute to replace the widely used Al and Al-alloys for In this study, the barrier capability of selective CVD-W films as
advanced metallization. Unfortunately, Cu diffuses fast in Si andwell as WSIN/WSJ/W stacked layers used as a diffusion barrier be-
forms Cu-Si compounds at temperatures as low ££200n addi- tween the Cu and Si substrate was investigated. The CVD-W films
tion, Cu has poor adhesion to interlevel dielectrics and drifts throughvere selectively deposited to a thickness of about 450 nm using the
oxide under field acceleratidn® Therefore, the use of diffusion SiH,WFg reactant gases, while the WSIN/WSV stacked layers
barriers between Cu and its underlying layers becomes essential weere formed by depositing a thin layer of W8nh the CVD-W
the successful application of Cu in silicon integrated circuits. films by CVD, followed by an in situ Nplasma treatment to form

Sputter-deposited refractory metals (such as W, Ta, Mo, and Cra surface layer of WSiN. We found that the WSIiN/\i\8istacked
and their nitrides have become more and more attractive in microlayer possesses a barrier capability far superior to the single layer of
electronic applications as diffusion barrier materials because of thei€VD-W film.
high thermal stability, good electrical conductivity, and excellent

capability of suppressing reactions between Cu and Si substrate. The barrier properties of selective CVD-W films and WSiN/

However, it is difficult to deposit barrier layers with excellent barrier : . ; :

properties in contact holes of submicron dimensions using the spu\{\ﬁl{/gg \?vtg\lfléesdclﬁ}/v?/rss”\gv m%%\;gftlg?ﬁigt%ﬂn(%o%ztsr'u-lgltgitg];tﬁng
tering technique because of potential step coverage problems. In thigaterial was (100)-oriented, n-type silicon wafers with H-gm
respect, selective CVD of tungsten (selective CVD-W) is one of thenominal resistivity. After RCA standard cleaning, the wafers were
most attractive techniques for filling deep submicron contact holes inhermally oxidized to grow a 500 nm thick oxide layer. Diffusion
ultralarge-scale integrated (ULSI) interconnect applicafi®?éThe  areas with sizes of 500 500 and 1000x 1000p.m were defined on
selective nature of the selective CVD-W produces a self-alignedhe oxide-covered wafers using conventional photolithography. The
structure and provides a more planar surface for the subsequent met--n junctions with junction depth of 0;8m were formed by BF
allization process. Thus, it offers a number of potential advantagedMplantation at 40 keV to a dose 05310 cmi~2 followed by fur-
including process simplification and possible cost sa%ing. riace annealing at 90D for 30 min in N ambient. After the forma-

. ) : tion of junctions, the wafers were divided into four groups for the
It was reported that a 73 nm thick selective CVD-W film acted aSpreparation of the following devices: Cifm, W(450 nm)/g-n,

an effective diffusion barrier between Al and Si substrate aCHs0 Cu/W(450 nm)/g-n, and Cu/WSIN/WS{75 nm)/W(450 nm)/p-n
30 min?® It was also reported that no discernible reaction took placgunction diodes. The schematic cross sections of these differently
at the Al/W interface at temperatures up to “8D@r W films de- metallized p-n junction diodes are illustrated in Fig. 1. For the lat-
posited by CVD; however, a reaction occurred at the Al/W interfaceter three structures of diodes, the contact holes were selectively filled
at 450C for sputtered W and a Wplcompound was formetin a with CVD-W to a thickness of about 450 nm; that is, the 500 nm deep
previous study, we found that a selective CVD-W film of 450 nm contact holes were nearly filled. This technique offers the advantage
thickness was able to retain its barrier capability between Al and ngnfq“é'éS;g;%'rgggr‘ga%%nggﬁﬁ gggt?saggﬁgrf](t)rmgtéﬂ?zgggnag)srggg'des
?ublstr_?]:e rat Sgst: f%rzé? E)mn,napnd t_rt1e barlrle%cai)rabltllrt%/ \é\/tasnelthe ¢ Prior to the selective CVD-W deposition, the wafers were dipped
ively improved to 623C by an in situ I plasma treatment on the ., gijyte HF (50:1) solution for 30 s followed by a rinse in deionized
surface of the selective CVD-W filf? Although these studies have \yater for 5 min. The wafers were then loaded into a load-locked
provided much valuable information of selective CVD-W films as a coldwall multichamber CVD system (ERA-1000S) within 5 min and
transferred by a robot arm to the deposition chamber without expo-
* Electrochemical Society Active Member. sure to the atmosphere. The ERA-1000S is a fully automatic single-

Experimental
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wafer CVD system equipped with a cluster of multichambers, in-WSi, layer (shown later in Fig. 6). Figure 2 shows the process flow
cluding a load/unload, buffer, and two deposition chambers. The sydor the Cu/WSiNAN?’(?S nm)/W(450 nm)/p-n junction diodes.
tem employs a robot unit in the buffer chamber for wafer transfer in  Finally, Cu metallization was applied to all samples except that
vacuum. The reactor, made of aluminum alloy, was water-cooled anthe group of W(450 nm)/pn junction diodes were left as they were
was kept at a high vacuum base pressure of Torr by a turbo-  without a Cu overlayer for comparison. A 300 nm thick Cu film was
pump. In this work, the CVD-W films were selectively deposited sputter deposited in Ar ambient at a pressure of 7.6 mTorr using a dc
using SiH, reduction of W chemistry at a condition illustrated as ma%netron sputtering system with a base pressure of X—2
follows: substrate temperature 300 total gas pressure 100 mTorr, 10~° Torr and with no intentional substrate heating and bias. After
WFg flow rate 40 sccm, Sififlow rate 10 sccm, and ftarrier gas  the deposition of Cu films, patterns were defined and Cu was etched
flow rate 1000 sccm; the deposition rate was about 5 nm/s. using dilute (5 vol %) HNQ while the WSIN/WS;j layer was
For the preparation of Cu/WSIiN/WBN(450 nm)/g -n junction etched using SN, plasma. To investigate thermal stability of the
diodes, the samples deposited with selective CVD-W were transdiodes, samples were thermally annealed in aflawing furnace
ferred to the second deposition chamber, without breaking the vacder 30 min at a temperature ranging from 200 to°80®Reverse bias
um, for further deposition of blanket WSayers to a thickness of leakage current measurement on the thermally annealed diodes was
about 75 nm. The Wgiwas deposited at the following condition: used to evaluate the barrier capability of various barrier layers. An
substrate temperature 280 total gas pressure 12 mTorr, Wow HP-4145B semiconductor parameter analyzer was used for the
rate 2 sccm, and SjHlow rate 6 sccm; the deposition rate was about measurement, and at least 30 diodes were measured in each case.
2.5 nm/s. After the CVD-WSideposition, an in situ Nplasma Unpatterned samples of Cu(300 nm)/Si, W(450 nm)/Si, Cu/
treatment was performed on the \WSirface for 300 s. TheJylas- W(450 nm)/Si, and Cu/WSIN/Wgi75 nm)/W(450 nm)/Si multilay-
ma treatment was performed at 200 W plasma power wittolv er structures were also prepared for material analyses. Sheet resist-
rate of 80 sccm and a gas pressure of 25 mTorr. According to thiance of the multilayer structures was measured using a four-point
scheme, a very thin WSIN layer was formed on the surface of th@robe. Auger electron spectroscopy (AES) was used to determine the
composition of WSjfilms. X-ray diffraction (XRD) analysis was
used for phase identification, and scanning electron microscopy
(SEM) was employed to observe the surface morphology as well as
= Cu(300nm) the change of microstructure.
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Figure 1. Schematic cross sections of (a) Cum (b) W(450 nm)/p-n, (c) Figure 2. Process flow of Cu/WSIN/Wg75 nm)/W(450 nm)/p-n junction
Cu/W(450 nm)/p-n, and (d) Cu/WSIN/WSIW(450 nm)/g-n junction diodes: (a) selective CVD-W (450 nm) deposition, (b) blanket,(¥Sinm)
diodes. deposition and in situ )\plasma treatment, and (c) Cu deposition patterning.
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Results and Discussion e T
Deposition of Selective CVD-W films and blanket CVDgWSi . S T
films.—Figure 3 shows the half-filled and overfilled contact holes of == ="~ =~ = —_
0.5 wm size using the selective CVD-W technique. Excellent selec -7 p=m s~~~ 7“5
tivity and uniformity of W film deposition was obtained using the =~z Tre— - —" 7
SiH/WFg chemistry with SibJ/WFg flow rates of 10/40 sccm.
Increasing the SiWFg flow rates to 20/40 sccm increased the
deposition rate of W but degraded selectivity. Thus, the,/8iHg
flow rates of 10/40 sccm were used to deposit CVD-W films for the
barrier study in this work. Reducing the @WFg flow rates to
6/2 sccm, we obtained blanket CVD-WSilm deposition with
complete loss of selectivity. Figure 4 shows the V¥iBns deposit-

ed on submicron trenches with an asyect ratio of 4, revealing a higl
ly conformal deposition of CVD-WSi?

N, plasma treatment.—Figure 5 shows the results of AES dept!
profiles analysis for the Wgfilms with and without N plasma
treatment. Without the ]\plasma treatment, only a minimal amount L S B SLE S
of nitrogen was detected near the Wsirface (Fig. 5a), presumably
due to adsorption of nitrogen gas on the y¥8iface prior to load-
ing the test sample into the AES chamber. After an in sjtpl&ma
treatment at 200 W for 300 s, a very thin (about 8 nm
was definitely formed (Fig. 5b).

Barrier capability of selective CVD-W films and WSiN/\W8i
stacked layers—Electrical measurements-Barrier capabilities
of selective CVD-W(450 nm) films and WSIiN/W&5 nm)/ Cu/WSIN/ WS|(75 nm)/W(450 nm)/p-n junction diodes using
W(450 nm) stacked layers against Cu diffusion were investigated bglectrical measurements. Figure 6 illustrates the distributions of
evaluating the thermal stability of Cu/W(450 nni)/p and reverse bias leakage current density measured5alV for the
Cu/p"-n, Cu/W(450 nm)/p-n, CU/WSIN/WS|(75 nm)/W(450 nm)/
p*-n and W(450 nm)/p-n junction diodes annealed at various tem-
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WSIN IayerFigure 4. SEM micrographs showing the step coverage of VilBis de-
posited on submicron trenches with an aspect ratio of 4.
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Figure 3. SEM micrographs showing (a) half-filled and (b) overfilled contact Figure 5.AES depth profiles of as-deposited WSi samples (&) without N
holes of 0.5 m size using the selective CVD-W technique. plasma treatment and (b) with, Hlasma treatment at 200 W for 300 s.
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Figure 6. Statistical distributions of reverse bias leakage current density for (aj-@u(p) Cu/W(450 nm)/p-n, (c) Cu/WSIN/WSJW(450 nm)/p -n, and
(d) W(450 nm)/g -n junction diodes annealed at various temperatures.

peratures. For the diodes without any barrier layer between Cu angbsited WSIN layers can be preserved even after annealing at
Si substrate, the Cufpn junction diodes failed about ZWanneal- 850 .32 It was also reported that a very thin (4 nm) WSIN layer can
ing (Fig. 6a). With a self-aligned selective CVD-W layer of 450 nm be formed on the Wgburface by ECR Nplasma nitridation and
thickness between Cu and Si substrate, the Cufi/gunction that it functioned as an excellent barrier to dopant diffu¥tén this
diodes were able to retain device integrity up to°65(ig. 6b). work, the very thin and thermally very stable WSIN layers gave a
Nevertheless, about a half number of diodes degraded after anneakeat help to suppress the Cu diffusion. Thus, the barrier capability
ing at 700C, and all diodes were degraded upon annealing €750 of CVD-W layers was improved.

For the junction diodes with a WSIN/WBN stacked layer be- For comparison, the thermal stability of W(450 nrif}fp junc-
tween Cu and Si substrate, the Cu/WSIN/\W8ip*-n diodes re- tion diodes without a Cu overlayer were also measured. The
mained stable after annealing at 700 Even after annealing at W(450 nm)/g -n junction diodes retained the integrity of electrical
7507C, about 80% of the annealed diodes retained their leakage cucharacteristics up to 700 and revealed only slight degradation after
rent density less than 100 nA/&nThis suggests that the barrier annealing at 75€; however, severe degradation in electrical char-
capability of the CVD-W layer can be significantly improved by acteristics was found after annealing at"8)(Fig. 6d). The degra-
adding an N-plasma-treated WSiN/Wgbilayer on its surface. It = dation of W(450 nm)/p-n junction diodes at 75G and above was
was reported that the amorphous structure of reactive-sputter-d@resumably due to a large amount of YW8rmation, as confirmed
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by XRD analysis (to be shown later in Fig. 7). Since each angstroning at 750°C (Fig. 8b). This indicated that the WSiN/\iSi

of tungsten consumed about 2.53 A silicon for the formation ofstacked layer effectively suppressed Cu diffusion up to at least
2.58 A'thick WS}, 3° the large amount of Wgformation resulted ~ 750C, regardless of the reaction at the W/Si interface. Thus, we may
in a volume change of the W(450 nm) layer, consumption of Si subeonclude that the barrier capability of the WSIN/\¥\8/ stacked
strate, and probably, a large residual stress. Because the W(450 nnigjer against CU diffusion is superior to that of a single W layer.
p*-n diodes remained stable up to 7OQthe degradation of Weak diffraction peaks of the y8i; phase were observed after
Cu/W(450 nm)/g-n diodes at 70C was attributed to the presence annealing at 650 and 7@ (Fig. 8b), but they all disappeared after
of the Cu overlayer. annealing at 75C.

XRD analyses—Figure 7 shows XRD spectra for the W(450 nm)/Si
samples annealed at various temperatures. Onby-\&hdiffraction
peak was detected for the as-deposited sample, as well as those

nealed at and below 65 After annealing at 65Q, weak peaks ' ' ' ) DN '
belonging to the W$iphase were detected, indicating reaction be- N g 3a (a)
tween W and Si substrate. However, the small amount of it&ia- L < - 32T Z=a J
tion at the W/Si interface did not degrade the electrical characteristic™ > @ 3 g 2 9Fcz
of W/p*-n junction diodes (Fig. 6d). The peak intensity of the JVSi = E = s © 3§

w

2

phase increased with increasing annealing temperature and tl L
increase in WSipeaks was also correlated with degradation of elec- -
trical characteristics for the W(450 nni)4p junction diodes (Fig. 6d). 750 C
After annealing at 80C, the WS} peaks were further strengthened, L d
while thea-W peak disappeared, indicating that the W(450 nm) layel ,.Q.
might have converted into the W$hase completely. —

Figure 8 shows XRD spectra for the samples of Cu/W(450 nm) <t

Si and Cu/WSIN/WSIW(450 nm)/Si structures annealed at various )
temperatures. For the Cu/W(450 nm)/Si samples, no peak relating ~ 700 T
the WS} phase was observed after annealing at@®&0Dihdicating - 9
integrity of the samples’ structure (Fig. 8a). After annealing at
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Cu3Si(320)
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WSiz(110)
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w

ity

7007, diffraction peaks of the Wgphase appeared along with a @2 = =

weak peak of the G8i phase. This indicates that Cu atoms pene- & = s .
trated through the W(450 nm) layers and reacted with the substra Q@ s © g

Si, leading to formation of G&i compound and severe degradation - 3

in electrical characteristics of Cu/W(450 nmi)/p junction diodes E i 600 ‘CJ

(Fig. 6b). In addition, the formation of &i compound was proba-
bly correlated to the large amount of W®rmation at the W/Si
interface. Upon annealing at 78) the peaks of Cu(111) and
Cu(200) disappeared while the peak of;€luphase was further
strengthened (Fig. 8a). This suggested t?lat the Cu overlayer mig 20 25 30 35 40 45 50 55
have converted into the g8i phase completely.

For the samples of Cu/WSIiN/W@BN(450 nm)/Si structure,
though many diffraction peaks relating to the Y$iase appeared, 29 (DEGREE)
no peak relating to the G&i phase was detected, even after anneal-
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Sheet resistance measurementEhe sheet resistance change in an- peratures. The Cu/W/Si structure remained stable after annealing at
nealed samples, normalized to the sheet resistance value of as-d&0T as compared with the as-deposited samples (Fig. 10a and b).

posited samples, is denoted&Rs/Rs% and defined as follows This is consistent with the results of leakage current and sheet resist-
R — Rs ) ance measurements (Fig. 6b and Fig. 9). Even after annealing at
ARs,_ RSfter anneal as-deposited, 4 1o, 700, the surface of annealed samples retained a reddish-yellow Cu

Rs RS:s-deposited color. After annealing at 758G, cross-sectional SEM observations

Figure 9 shows the percentage change in sheet resistance vs.
nealing temperature for the samples of Cu(300 nm)/Si, W(450 nm)
Si, Cu/W(450 nm)/Si, and Cu/WSIN/WETS nm)/W(450 nm)/Si
structures. The sheet resistance of Cu/Si remained constant followir §
anneal at temperatures up to I'But increased drastically after an-
nealing at 20TC. The drastic increase in sheet resistance was attrik
uted to the formation of high-resistivity-CusSi precipitate and cor-
related to the degradation in electrical characteristics (Fig. 6a). Fc
the W/Si structure, the increase in sheet resistance after annealing
700°C reflects the consumption of conductive W films due to the for-
mation of WS}, as confirmed by XRD analysis (Fig. 7). For the Cu/
WI/Si and Cu/WSIN/WSIW/Si samples, the sheet resistance slightly
decreased with annealing temperature up t6G0fresumably due
to out-diffusion of impurities atoms, grain growth of Cu films, and
the heating up of sputter-induced damage in Cu films. Thermal stz
bility of the Cu/W/Si multilayer structure reached 700and a dras-
tic increase in sheet resistance was found after annealing °&, 750
implying failure of the Cu/W/Si structure. the drastic increase in shee
resistance was attributed to the consumption of conductive Cu layer
It was possible that Si and Cu atoms interacted with each other by di
fusing through the grain boundaries or defects in the thermally
annealed W films. The XRD spectra for the T@nnealed Cu/W/Si ~ GERB R
samples clearly revealed strong peaks of J8ase (Fig. 8a). The
large amount of Wgiformation not only resulted in a net volume
change of the W layers, but also developed local defects (sean ==
microcracks, and stress-induced weak points) in the W layers. The: |
defects in turn offered fast paths for Cu diffusion; thus, the Cu layer
were consumed and the £ compound was formed. Since the fail-
ure of Cu/W/g -n junction diodes occurred at 70 while the dras-
tic increase in sheet resistance for the Cu/W/Si structure was found
75CC, it is clear that the technique of electrical measurements is
very sensitive method for the detection of barrier failure. For the Cu
WSIN/WSi/W/Si samples, sheet resistance remained stable up t
750°C and only a moderate degradation was observed after annealil
at 800C. The results of sheet resistance measurements further co
firmed that the thermal stability of the Cu/W/Si structure can be im-
proved by inserting a WSiN/Wghilayer between Cu and W films.

SEM observatior—To clarify the failure mechanism of barriers sub-
jected to thermal annealing, SEM was used to observe the surfa 8
morphology and cross-sectional structure of thermally annealed Ci &
barrier/p"-n junction diodes. Figure 10 shows the top view and
cross-sectional view SEM micrographs for the Cu/W(450 nimi/p

junction diodes before and after thermal annealing at various ten
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5 1200
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Figure 9. Percentage change in sheet resistance vs. annealing temperattFigure 10.Cross-sectional view SEM micrographs for the Cu/{Mfpjunc-
for the samples of Cu(300 nm)Si, W(450 nm)/Si, and Cu/WSINJNSi tion diodes: (a) as-deposited sample, (b) sample annealed°&t, @5l (c)
W(450 nm)/Si structures. sample annealed at 780
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acteristics up to at least 7@ Various evidences show that the thin
WSIN layers formed by Nplasma treatment on the surfaces of WSi
layers efficiently suppressed Cu diffusion and thus resulted in im-
provement of barrier capability. Failure of barrier capability for the
W films was presumably due to interdiffusion of Cu and Si along
grain boundaries of the W films, and the interdiffusion was probably

Cu enhanced by the formation of WSi
5-222 WSIN/WSi, Acknowledgments
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1.

== WSiN/WSi,

WSi,
" Si-Substrate

Figure 11. Cross-sectional view SEM micrographs for the Cu/WSIiN/WSi
W/p*-n junction diodes annealed at (a) 700 and (by@50

16.
17.

revealed large precipitates bounded by Si{111} planes and with aA8:

Fig. 8a, we believe that the precipitates wergStphasée?2°More-
over, a complete color change from coppery yellow to silver gray on
the samples’ surface was observed with the naked eye.
Figure 11 shows cross-sectional SEM micrographs for the ther-
mally annealed Cu/WSiN/W@W(450 nm)/g -n junction diodes.
For the 700C-annealed samples, a W&iyer was formed between

inverted pyramid shape (Fig. 10c). From the XRD spectra shown iqg
2

the original W layer and the Si substrate (Fig. 11a), while the obser23.
. R. G. Schad, F. Cardone, and L. SthltAppl. Phys 73, 301 (1993).

5. M. S. Angyal, Y. S. Diamand, J. S. Reid, and M-A. Nicolpl. Phys. Lett.67,

vation with the naked eye on the Cu surface revealed no obviou
change in coppery color. From the XRD spectra shown in Fig. 8b;
we believe that the Wglayer was WS phase. After annealing at
750%C, the WS]'t_Iayer become thicker, but G&i precipitates were
not observed (Fig. 11b).

Conclusion

The barrier capability of selective CVD-W(450 nm) films as well 28
as WSIN/WSj(75 nm)/W(450 nm) stacked layers used as a diffu- 29,
sion barrier between Cu and Si substrates against Cu diffusion wass.

investigated. We found that the CVD-W layers functioned as arg;-

effective barrier against Cu diffusion, and the Cu/W(450 nmjip
junction diodes were able to sustain a 30 min furnace annealing up.
to 650C without causing degradation in electrical characteristics. 3
Thermal stability of the Cu/W/pn diodes can be significantly im-
proved by inserting an Molasma-treated WSIiN/WgShbilayer be-
tween the W and Cu overlayers, and the Cu/WSINjMBp*-n
junction diodes were able to retain their integrity in electrical char-
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