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ABSTRACT

Thin-Film properties and barrier effectiveness against copper (Cu) diffusion of a thin amorphous WSi, layer were
investigated. The amorphous WSi_ layer was deposited by the chemical vapor deposition (CVD) method using the SiH,/WF;
chemistry with the activation energy determined to be 3.0 kcal/mol. The CVD-WSi,_, film has a low film stress, low electri-
cal resistivity, and excellent step coverage. The resistivity of the amorphous CVD-WSi, layer increases with the deposition
temperature, but the residual stress of the layer decreases with the deposition temperature. The WSi, /Si structure is ther-
mally stable up to at least 600°C, while the cogper—contacted Cu/WSi_/Si structure with a 50 nm thick WSi_ barrier is sta-
ble only up to 550°C. Moreover, the Cu/WSi,/p*-n junction diodes can sustain a 30 min thermal annealing up to 500°C with-
out causing degradation in electrical characteristics. Barrier failure of the WSi, layer in the Cu/WSi,/Si structure at
temperatures above 550°C is attributed to Cu atoms diffusion via fast paths in the WSi, layer. These fast paths were pre-

sumably developed from grain growth of the WSi, layer and/or thermal-stress-induced weak points in the WSi_ layer.

Introduction

As the interconnect linewidth shrinks continuously to
deep-submicron dimensions, Al metallurgy becomes inade-
quate owing to its poor electromigration resistance; in ad-
dition, the resistivity of Al alloys is higher than desired for
fast integrated circuits (ICs). Therefore, other metals with
lower resistivity and superior electromigration resistance
have been extensively studied.'® Copper (Cu) has a lower
resistivity than aluminum (Al) and it has an excellent elec-
tromigration resistance. Moreover, Cu can be deposited by
chemical vapor deposition (CVD).** However, Cu diffuses
fast in Si substrate and forms Cu-Si compounds at low
temperatures (about 200°C),"® causing deep-level traps in
Si. 7 Moreover, Cu adheres poorly to dielectric layers and
drifts through oxide under field acceleration.®'® Therefore,
a diffusion barrier between Cu and its surrounding layers is
considered a prerequisite for Cu to be useful in silicon
based IC applications.

Although many studies have shown that the sputter-
deposited amorphous materials are very effective barriers
for Cu metallization due to the absence of grain bound-
aries,'? it is difficult to deposit metal barriers with accept-
able conformity in submicron contact holes using the sput-
ter deposition method. In contrast, CVD generally offers a
much better conformal deposition than the physical vapor
deposition (PVD) method; therefore, there is increasing in-
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terest in depositing amorphous barriers by CVD. Chemical-
ly vapor deposited silicon-rich (Si/W atomic ratio larger
than 2.0) WSi, layers used in polycide application has been
extensively investigated using either SiH,/WF;** or
SiH,Cl,/WF, chemistry®?* However, no study has been
made on metal-rich (Si/W atomic ratio less than 2.0) WS,
layers with respect to their barrier effectiveness against Cu
diffusion.

In this study, film properties and barrier effectiveness of
thin, amorphous, metal-rich WSi, layers were investigated
using electrical measurement as well as material analysis.
The amorphous WSi, layers were deposited by low-pres-
sure chemical vapor deposition (LPCVD) using SiH, re-
duction of WF;. We evaluated the barrier capability of the
amorphous WSi, layers for Cu metallization using a struc-
ture of Cu/WSi,/p*-n junction diodes. Stability of the un-
patterned samples of Cu/Si, WSi,/Si, and Cu/WSi,/Si
structures was also investigated. The electrical measure-
ment is believed to be a much more sensitive technique for
barrier-failure detection than the material analyses, while
the material analyses can provide microscopic information
of material change, which is helpful to the understanding
of failure mechanisms of the barrier layers. The results of
this study may be useful for the integration of the amor-
phous WSi_ in Cu metallization applications.

Experimental

The thermal stability of barrier layers was evaluated by
measuring leakage current of thermally annealed Cu/bar-
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rier/p*-n junction diodes. The starting materials for the
diodes fabrication were 4 in., (100)-oriented, n-type silicon
wafers with 4-7 ) cm nominal resistivity. After RCA stan-
dard cleaning, the wafers were thermally oxidized to grow
a 500 nm oxide layer. Diffusion areas with sizes of 500 X
500 and 1000 X 1000 pm were defined on the oxide-cov-
ered wafers using the conventional photolithographic
technique. The p*-n junctions with junction depth of
0.3 pm were formed by BF, implantation at 40 keV to a
dose of 3 X 10" ecm™2, followed by furnace annealing at
900°C for 30 min in N, ambient.

After the junctions were formed, the wafers were divid-
ed into three groups for the preparation of the following
devices: Cu/p*-n, WSi,/p*-n, and Cu/WSi,/p*-n junction
diodes. The WSi, layer was deposited by CVD method to a
thickness of about 50 nm using SiH, reduction of WF.
Prior to the CVD-WSi, deposition, the wafers were dipped
in dilute HF (50:1) for 30 s, followed by a rinse in DI water
for 5 min and spin dry. The wafers were then loaded into a
load-locked coldwall W-CVD system (ULVAC ERA-1000S)
within 5 min and transferred to the deposition chamber
without exposure to the atmosphere. The ERA-1000S is a
fully automatic single-wafer CVD system equipped with a
cluster of multichambers, including a load/unload, buffer,
and two deposition chambers. The system employs a robot
unit in the buffer chamber for wafer transfer in vacuum.
The aluminum-alloy reactor was water-cooled and was
kept at a high vacuum base pressure of 1 X 107° Torr by a
turbopump. In this study, the CVD-WSi, was deposited
using the following conditions: substrate temperature
150-450°C, total gas pressure 12 mTorr, WF, flow rate
2 sccm, and SiH, flow rate 6 sccm. We designated these
deposition conditions with substrate temperature at 250°C
as the standard deposition condition hereafter.

After the WSi, deposition, Cu metallization was applied
for the fabrication of Cu/p*-n and Cu/WSi,/p*-n junction
diodes. Cu films 200 nm thick were sputter-deposited
using a pure Cu target (99.99%) in Ar ambient at a pres-
sure of 7.6 mTorr. The base pressure before sputtering was
below 2 X 107® Torr. Finally, the Cu layer was patterned
and then etched using 5 vol % HNO, dilute solution, and
the WSi, layer was etched using SF/N, plasma etching.
For comparison, WSi,/p*-n junction diodes without the
Cu overlayer were also fabricated. The completed struc-
tures for the Cu/p*™-n, WSi,/p*-n, and Cu/WSi,/p*-n junc-
tion diodes are illustrated in Fig. 1.

To investigate thermal stability of the diodes, samples
were thermally annealed in N, flowing furnace for 30 min
at various temperatures from 200 to 800°C. Reverse bias
leakage current measurement on the thermally annealed
Cu/WSi,/p*-n junction diodes was used to evaluate the
barrier capability of WSi,. An HP-4145B semiconductor
parameters analyzer was used for the measurement, and at
least 30 diodes were measured in each case. Unpatterned
samples with structures of Cu/Si, WSi (250 nm)/Si, and
Cu/WSi, (50 nm)/Si were also prepared for material analy-
sis. A four-point probe was used for sheet resistance meas-
urement. Film stress of the as-deposited WSi, layers was
measured using a commercially available Tencor FL.X-2320
system. Auger electron spectroscopy (AES) was used to
determine the composition of WSi, films. X-ray diffraction
(XRD) analysis using a 30 keV copper Ka radiation was
used for phase identification, and scanning electron
microscopy (SEM) was used to observe surface morphology.

Results and Discussion

Thin-film properties of CVD-WSi_.—To investigate the
effects of deposition temperature on the film properties of
the CVD-WSi,, the deposition of WSi, films was conduct-
ed at temperatures ranging from 150 to 450°C and with a
total gas pressure of 12 mTorr, WF, flow rate of 2 scem,
and SiH, flow rate of 6 sccm. Figure 2 shows the deposi-
tion rate of WSi, vs. deposition temperature. At tempera-
tures below 300°C, the surface reaction was the rate-limit-
ing process, and the activation energy of CVD-WSi, was
determined to be 3.0 kcal/mol. At temperatures above
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Fig. 1. Completed structures of (a) Cu/p*-n, (b) WSi,/p*-n, and
(c) Cu/WSi,/p*-n junction diodes.

300°C, the deposition rate was independent of temperature
and the process was mass-transfer-limited. The as-
deposited WSi, layer was amorphous and remained in
amorphous phase at temperatures up to 600°C (to be dis-
cussed later). Figure 3 shows the resistivity and film stress
of the amorphous WSi, layer vs. temperature of film depo-
sition. The film resistivity increased with increasing tem-
perature of film deposition. Since the decomposition of
SiH, is a thermally activated process, the amount of Si
incorporated into the WSi, film increases with increasing
deposition temperature. It was reported that the resistivi-
ty of the chemically vapor deposited amorphous WSi, in-
creased with increasing Si content in the as-deposited
film."** The reported observation is consistent with the
results of this work that the increase of deposition tem-
perature resulted in increase of resistivity for the as-
deposited WSi, film. The film stress of the WSi, layer de-
creased with increasing deposition temperature. A similar
result was reported for silicon-rich WSi, films. The stress
of WSi, decreased with the deposition temperature.?” Fig-
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Fig. 2. Deposition rate of WSi, vs. deposition temperature.
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Fig. 3. Film resistivity and stress of WSi, vs. deposition temperature.

ure 4 shows the WSi, films deposited on submicron trench-
es with aspect ratios of 2 and 5 using the “standard depo-
sition condition.” A highly conformal deposition of CVD-
WSi, was obtained.

Electrical measurement.—The Cu/p*-n, Cu/WSi,/p'-n,
and WSi,/p*-n junction diodes were thermally annealed in
an N, flowing furnace for 30 min at various temperatures.
Figure 5 shows the statistical distributions of reverse bias
leakage current density measured at —5 V for the Cu/p*-n,

sited on submicron

Fig. 4. Step coverage of WSi, films de
trenches with aspect ratio of (a) 2.0 and (b) 5.0. The WSi, films
were deposited at a total gas pressure of 12 mTorr, WF, flow rate
of 2 scem, SiH, flow rate of 6 scem, and substrate temperature of
250°C.
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Cu/WSi,/p*-n, and WSi,/p*-n junction diodes in which the
WS, barrier layers were deposited using our standard dep-
osition conditions. The Cu/p‘-n diodes without any barrier
layer between Cu and Si substrate failed after annealing at
200°C (Fig. 5a). With a barrier layer of 50 nm CVD-WSi,
between Cu and Si substrate, the Cu/WSi,/p*-n junction
diodes were able to retain the devices integrity up to 500°C.
After annealing at 550°C, however, the diodes completely
failed (Fig. 5b). For comparison, WSi_/p“-n junction diodes
without a Cu overlayer were also investigated. The
WSi,/p*-n junction diodes retained their integrity up to
700°C and revealed only slight degradation after annealing
at 750°C (Fig. 5c), presumably due to WSi, formation
(which consumed the substrate Si) and its grain growth as
well as increase of film stress for the thermally annealed
WSi, layer. Clearly, the WSi, layer itself did not degrade
the electrical characteristics of the WSi,/p"-n junction
diodes up to 700°C, and the complete failure of the
Cu/WSi,/p*-n junction diodes at 550°C (Fig. 5b) is attrib-
uted to the presence of Cu overlayer on the WSi, surface.

Material analyses.—XRD analysis.—Figure 6 shows
XRD spectra for the Cu/Si and WSi (250 nm)/Si samples
after annealing at various temperatures. For the sample of
Cu/Si annealed at 150°C, the XRD spectrum remained
unchanged as compared with the as-deposited sample (not
shown). However, a strong Cu;Si peak appeared for the
sample annealed at 200°C, indicating formation of copper
silicide. After annealing at 250°C, the (200) peak of Cu dis-
appeared, indicating that the Cu overlayer might have
translated into Cu;Si completely (Fig. 6a). For the sample
of WSi, (250 nm)/Si, the amorphous state of the as-deposit-
ed WSi, remained unchanged even after annealing at
600°C. With annealing temperature raised to 650°C, a num-
ber of peaks belonging to WSi, phase appeared, indicating
silicidation of the WSi, layer (Fig. 6b).

The XRD spectra for the Cu/WSi, (50 nm)/Si multilayer
structure are illustrated in Fig. 7. Presumably because the
WSi, layer was too thin and was covered with a 200 nm
thick Cu film, the amorphous band belonging to the WSi,
layer was too weak to be observed. The crystallization
temperature of the WSi, layer in the Cu/WSi,/Si structure

Frequency (%)

Cu/p*-n

@)
As-deposited

%
7
%

Cw/WSi,(50nm)/p*-n

®)
As-deposited

WSi,(50nm)/p*-n

(c)
As-deposited

100
L
“°
L ]
2

L]

100
»
“°
«
»

(]

100
0
L]
@
22

L]

100
0
“®
-«
20

L]

10"10° lo"w‘lo‘m‘x

(c)

N

AA
10°10%10”10410%10410°

Leakage Current Density (A/cmz)

Fig. 5. Histograms showing distributions of reverse bias leakage
current density for (a) Cu/p*-n, (b) Cu/WSi,/p*-n, and ?c)
WSi./p*-n junction diodes annealed at various temperatures.
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was found to be around 600°C. By comparing XRD spectra
of the Cu/WSi,/Si sample with that of the WSi,/Si sample
shown in Fig. 6b, we found that the crystallization tem-
perature of WSi, layer in the Cu/WSi,/Si structure is
about 50°C lower than that in the WSi /Si sample. This
discrepancy is presumably due to the presence of Cu over-
layer for the Cu/WSi_/Si sample. It was reported that the
crystallization temperature of amorphous Ta,Si, N, de-
posited on sapphire dropped from 1100 to 900°C when the
Ta,eSi,,N;, film was in contact with a polycrystalline cop-
per layer.? In this study we found that the WSi,/Si struc-
ture remained stable up to 600°C with no silicide phase
formation (Fig. 6b); however, silicide phase appeared for
the Cu/WSi,/Si sample annealed at 600°C due to the pres-
ence of Cu layer in contact with WSi, (Fig. 7).

The fact that the presence of Cu overlayer in the
Cu/WS81i,/Si sample reduced the crystallization tempera-
ture of WSi, may presumably be explained as follows.
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Fig. 6. XRD spectra for {a) Cu/Si and (b) WSi,/Si samples
annealed at various temperatures.

4209
L] L L SR | T L] L) T
~ = )
[a] o — "
S =3 S =
- ‘.".1 ’g _‘:: E’E -
s @
£

rMMM-

Cu3Si

=]
=1
o
S
o=
]

W;sSi3

o= —
= B
1 e
9 S

550 C

s ]

mewmwwwwd

1 'l (1 i Il 1 1 1 1

20 25 30 35 40 45 50 55 60
2 0 (DEGREE)
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Intensity (arb. unit)

First, a small amount of Cu atom penetrated the WSi,
layer to form Cu,;Si phase at the WSi,/Si interface during
thermal annealing at 600°C. This penetration probably
occurred via localized defects, such as vacancy-accumu-
lated voids, thermal-stress-induced microcracks of the
WSi, layer, and/or grain boundaries which developed from
grain growth of the WSi, layer. Second, the Cu,Si forma-
tion at the WSi,/Si interface generated point defects, e.g.,
Si self-interstitial or vacancy in the Si lattice,***® promot-
ing silicidation of WSi, at the WSi,/Si interface. Another
possible mechanism for the accelerated silicidation of the
WSi, can be the introduction of nucleation sites by the
penetrated Cu atoms. The formation of copper silicide and
tungsten silicide at the WSi,/Si interface resulted in a net
volume change and produced more fast paths for Cu diffu-
sion, thus further degrading the WSi, barrier capability.
Table I summarizes the formation of silicides on thermal-
ly annealed Cu and/or WSi, contacted structures.

Sheet resistance measurement.—The sheet resistance
change of annealed samples, normalized to the as-deposit-
ed sheet resistance value, is denoted as ARs/Rs % and
defined as follows

ARs , _ Rs
Rs Rs

~ RS, gevosi
as-deposited X 100%

as-deposited

after anneal

Figure 8 shows the percentage change of sheet resistance
vs. annealing temperature for the Cu/Si and WSi,/Si sam-~
ples. The sheet resistance of Cu/Si remained constant fol-
lowing anneal at temperatures up to 175°C but increased
drastically after annealing at 200°C. The drastic increase
in sheet resistance is attributed to the formation of high-

Table I. Silicide formation on various Cu and WSi,
contacted structures.

Contact structure

Annealing temperature

¢o) Cu/Si  WSi/Si Cu/WSL,/Si
200 Cu,Si X x

500 Cu,Si X X

600 X W,Si,, WSi,, Cu,Si
650 WSi, WSi,, Cu,Si

Note: “X” indicates no observation of silicide phase.
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Fig. 8. Percentage change of sheet resistance vs. annealing tem-
perature for the samples of Cu/Si and WSi,/Si.

resistivity m"-Cu,;Si precipitate, as confirmed by XRD
analysis shown in Fig. 6a. For the WSi,/Si sample, the
sheet resistance remained stable up to 600°C. With the
sample annealed at temperatures above 650°C, the sheet
resistance decreased slightly with increasing annealing
temperature. This is attributed to the formation of low-
resistivity WSi, phase at temperatures above 650°C, as
shown in Fig. 6b.

J. Electrochem. Soc., Vol. 145, No. 12, December 1998 © The Electrochemical Society, Inc.

Figure 9 shows the percentage change of sheet resistance
vs. annealing temperature for the Cu/WSi,/Si samples in
which the WSi, layers were deposited at different temper-
atures. It can be seen that the change of sheet resistance is
not sensitive to the deposition temperature of the WSi,
layer. The sheet resistance of the Cu/WSi,/Si samples de-
creased slightly after annealing at 400°C, presumably due
to out-diffusion of impurities, grain growth of the Cu
layer, and the annealing out of sputter-induced damage in
the Cu film. Thermal stability of the Cu/WSi,/Si multilay-
er structure reached 550°C. After annealing at 600°C, dras-
tic increase in sheet resistance was found for all samples,
implying failure of the Cu/WSi,/Si structure. This is con-
sistent with the results of XRD analysis shown in Fig. 7.

P40204 20.080kV X280.8K

9808nm

2000 —— — r—
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~ 15000 e as0c , g
L 1000 | —EB—300°C h 4
2 ~@--350°C
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0 200 400 600 800
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Fig. 9. Percentage change of sheet resistance vs. annealing tem-
perature for the Cu/WSi,/Si samples with the WSi, films deposited
at different substrate temperatures.

Fig. 10. Oblique view SEM micrographs for the WSi,/Si samples
(::’) as-deposited and thermally annealed at (b) 600, (c) 650, and
(d) 800°C.

Fig. 11. SEM micrographs for the Cu/WSi,/p*-n junction diodes
(a) as-deposited an:ﬁmermally annealed at (b) 500 and (c) 550°C.
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Table li. Comparative results of barrier effectiveness for WSi, determined by different techniques of measurement and/or analysis.

Measurement/analysis methods

Leakage current measurement

Materials analysis

Thermal stability Sheet resistance
temperature Layered measurement XRD SEM
Diode structure (°C) structure (°C) (°C) °C)
Cu/p*-n 150 Cu/Si 175 150 175
Cu/WSi/p*-n 500 Cu/WSi,/Si 550 550 500
WSi,/p*-n 700 WSi,/Si 650 600 600

SEM observation.—Figure 10 shows the SEM micrographs
for the WSi (250 nm)/Si samples before and after thermal
annealing. No grain-like structure was observed for both
the as-deposited as well as the 600°C-annealed samples
(Fig. 10a and b). Grain-like structure was observed for the
WSi, film annealed at 650°C, and it became more obvious
at 800°C (Fig. 10c and d). This is consistent with the results
of XRD analysis (Fig. 6b) and sheet resistance measure-
ment (Fig. 8). Figure 11 shows the SEM micrographs for
the Cu/WSi {50 nm)/p*-n junction diodes before and after
thermal anneal. The integrity of the Cu/barrier/Si struc-
ture basically remained unchanged after annealing at
500°C (Fig. 11b); however, large Cu,Si precipitates were
found after annealing at 550°C. With cross-sectional SEM
analysis, it has been determined that a fully developed
Cu;Si precipitate is inverted pyramid-shaped and bound-
ed by Si{l111} planes (Fig. 11c).*® Comparative results of
barrier effectiveness for the WSi, layers determined by
different techniques of measurement and/or analysis are
summarized in Table II.

Conclusions

Thin-film properties of amorphous WSi, layers and ther-
mal stability of Cu/WSi,/p™-n junction diodes were investi-
gated. The amorphous WSi, layer was deposited by (CVD)
method using the SiH,/WF, chemistry with the activation
energy determined to be 3.0 kcal/mol. The WSL, film has a
low film stress, low electrical resistivity, and excellent step
coverage. The WSi,/Si structure is thermally stable up to at
least 600°C, while the copper-contacted Cu/WSi,/Si struc-
ture with a 50 nm thick WSi, barrier is stable only up to
550°C. Moreover, the Cu/WSi_/p*-n junction diodes are able
to sustain a 30 min thermal annealing at temperatures up to
500°C without causing degradation to the devices electrical
characteristics. Barrier failure of the WSi, layer at temper-
atures above 550°C is attributed to Cu diffusion via fast
paths, which are presumably developed from grain growth
of the WSi, layer and/or thermal stress-induced weak
points in the WSi, layer.
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