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TDDB Reliability Improvement of Cu Damascene
with a Bilayer-Structured a-SiC:H Dielectric Barrier
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This work investigates the thermal stability and physical and barrier characteristics of two species of amorphous silicon carbide
dielectric films: the nitrogen-containinga-SiCN film with a dielectric constant of 4.9 and the nitrogen-freea-SiC film with a
dielectric constant of 3.8. The time-dependent-dielectric-breakdown~TDDB! lifetime of the Cu damascene metallization structure
is greatly improved by using ana-SiCN/a-SiC bilayer dielectric stack as the barrier layer. This improvement is attributed to the
lower leakage current ofa-SiC, absence of nitridation on the Cu surface, and better adhesion ofa-SiC on Cu and organosilicate
glass intermetal dielectric. Although thea-SiC film has a very low deposition rate, thea-SiCN/a-SiC bilayer dielectric is a
favorable combination for the barrier layer becausea-SiCN can protecta-SiC from plasma attack, such as O2 plasma attack
during photoresist stripping and organosilicate plasma attack during organosilicate glass deposition.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1637358# All rights reserved.
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As the device dimensions continuously shrink, the opera
speed of the integrated circuits is dominated by the resist
capacitance~RC! time constant of the interconnect system. In o
to minimize signal propagation delay, it is inevitable to use l
dielectric-constant~low-k! materials as the inter- and intralayer
electrics ~ILD!. While many low-k (k , 3) materials have bee
used as ILDs, silicon nitride with a high dielectric const
(k . 7) is still the primary candidate for the barrier required
copper damascene structures. Thus, it is desirable to replace
nitride by other new materials with a lowerk-value to further reduc
the effective dielectric constant of the Cu interconnect system
recent years, increasing interest has been focused on the st
low stress and thermally stable low-k amorphous silicon carbid
based~a-SiC:H! films deposited by plasma-enhanced chemica
por deposition~PECVD! using organosilicate gases~OSGs!.1-5 In
this work, we first investigate the thermal stability and physical
barrier characteristics of two species ofa-SiC:H low-k dielectric
films (k , 5). This is followed by investigating the TDDB lifetim
of a Cu damascene metallization structure having a bilayer diel
barrier made up of these two species of films.

Experimental

Two species of PECVD amorphous silicon carbide withk-values
less than 5 are investigated with respect to the thermal stabilit
physical and barrier characteristics. The silicon carbide film
a-SiCN anda-SiC, designated as SCN and SC, respectively,
deposited on p-type,~100!-oriented Si wafers to a thickness of
nm. In addition, an SCN/SC bilayer dielectric film, designate
SCB, was also prepared with a 5 nm SC film deposited on the
substrate followed by a 45 nm SCN film deposited on top of
metal electrode~Cu or Al! was deposited on the silicon carbide fil
to construct the metal-insulator-semiconductor~MIS! capacito
structure. For the Cu-electrode MIS capacitors, a Cu layer of
nm thickness was sputter deposited on the silicon carbide
followed by a reactive sputter deposition of a 50 nm thick TaN l
on the Cu surface for the purpose of preventing oxidation of th
electrode during the subsequent thermal process. Al elec
samples were also prepared by depositing 500 nm thick Al la
directly on the silicon carbide dielectric surfaces. For better ele
cal measurements, a 500 nm thick Al layer was also deposited o
back side of the Si substrate for all samples. The TaN/Cu-elec
MIS capacitors were then annealed at 400°C for 30 min in a2
ambient. This annealing step eliminates the plasma-induced da
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during the sputter deposition of TaN/Cu-electrodes and also
vides the driving force for Cu diffusion. Cu damascene struc
were constructed for the TDDB reliability study. Figure 1 shows
comb 1/serpentine/comb 2 test structure and the cross-sec
transmission electron microscopy~TEM! micrograph of the C
damascene structure employed in this study. A PECVD OSG~a-
SiOC:H!film was first deposited to serve as the intermetal diele
~IMD!. After patterning of 0.20/0.20mm linewidth/space trenches
the OSG dielectric, the damascene Cu features were electroc
cally deposited on a 30 nm thick TaN liner barrier. Following the
chemical mechanical polish, either an SCN~50 nm! single-laye
dielectric or an SCN~45 nm!/SC~5 nm! bilayer dielectric stac
~with the thin SC layer deposited first on the Cu/OSG surfa!,
which is designated as SCB, was prepared as the barrier. T
damascene structure with an SC single-layer barrier was not u
this study because the SC dielectric has a very low deposition

Figure 1. ~a! Schematic diagram of comb 1/serpentine/comb 2 test stru
and ~b! cross-sectional TEM micrograph of the Cu damascene structu

Table I. Some basic data ofa-SiC:H dielectrics.

Sample SCN SC

Structure a-SiCN a-SiC
Deposition gas SiH(CH3)3 /NH3 SiH(CH3)3
Deposition temperature~°C! 350 350
Deposition rate~nm/min! 176 2.6
Refractive index~at 633 nm! 1.90 1.85
Dielectric constant at 1 MHz 4.9 3.8
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and is susceptible to plasma damage. Finally, the Cu dama
structure was passivated with an undoped silicate glass ca
layer of 400 nm thickness.

An HP4145B semiconductor parameter analyzer was us
measure the dielectric leakage current and provide bias for the
temperature-stress~BTS! test. The dielectric film thickness and
fractive index were measured using an N&K analyzer at 633
wavelength. Fourier transform infrared spectroscopy~FTIR! was
used to analyze the chemical bonding of the dielectrics. The
sion of films was measured using a four-point bending techni6

X-ray photoelectron spectroscopy~XPS! was used to analyze t
elemental composition of the Cu surface. Thek-value of the dielec
trics was determined by the maximum capacitance of the Al-g
MIS capacitors measured at 1 MHz using a Keithley Packag
system.

Results and Discussion

Table I shows the deposition gas, deposition temperature,
sition rate, and the refractive index and dielectric constant fo
two species of PECVD amorphous silicon carbide investigate
this work. Notably, the deposition rate of SC, which contains
nitrogen at all, is much slower than that of SCN. Figure 2 show
film thickness shrinkage as well as dielectric constant as a fun
of annealing temperature~for 30 min in an N2 ambient!for the SCN
SC, and SCB films. The SC film has a dielectric constant of a
3.8, while the nitrogen-containing SCN film has a higher diele
constant of about 4.9, presumably due to the polarization con
tion from nitrogen. Moreover, higher carbon content would lead
decrease in electronic and ionic polarizations, resulting in a l
k-value of films.7,8 The effective dielectric constant of the SCB fi
which is a bilayer SCN~45 nm!/SC~5 nm! film, should be ver

Figure 4. Current densityvs. electric field, measured at various tempe
tures, for~a! Al/SCN/Si, ~b! Al/SC/Si, and~c! Al/SCB/Si MIS capacitors.
Figure 2. ~a! Thickness shrinkage and~b! dielectric constantvs. annealing
Figure 3. FTIR spectra for three samples of PECVDa-SiC:H dielectrics~a!
SCN, ~b! SC, and~c! SCB.
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close to that of the SCN film. The substantial increase in thick
shrinkage and dielectric constant at temperatures above 500
attributed to the outgassing of the methyl group, resulting in a
crease and eventual disappearance of Si-CH3 , C-H, and Si-H pea
heights, as shown in the FTIR spectra illustrated in Fig. 3.

The leakage current density of the Al/SCN/Si, Al/SC/Si, and
SCB/Si MIS capacitors measured at various temperatures is
trated in Fig. 4. The TDDB was measured on the TaN/Cu-elec
SCN ~50 nm!, SC ~50 nm!, and SCB~45 nm SCN/5 nm SC! MIS
samples at 200°C under a bias stress of 1 MV/cm. Figure 5
trates the leakage current transient during the BTS and the ins
neous leakage current densityvs. applied electric field~in accumu
lation mode!before and after the BTS. All the samples remai
stable under the BTS up to at least 15 h. This implies that both
and SC dielectric bulk films were capable of preventing Cu pe
ation.

Figure 6 and 7 illustrate the results of leakage current mea
ments and breakdown field statistics, respectively, for the Cu d
scene metallization structures with a barrier layer of SCN~50 nm!as
well as SCB~45 nm SCN/5 nm SC!. The breakdown field is defi
as the field strength such that the leakage current between
1/comb 2~grounded!and serpentine~positive biased!exceeds 1 mA
and the histogram of the breakdown field was constructed from
data obtained by measuring 29 samples. The Cu damascene
ture with an SCB bilayer barrier exhibits a much lower leak
current and higher breakdown field than that with an SCN sin
layer barrier. Figure 8 shows the TDDB measurement at 200°C
der a bias stress of 2 MV/cm for the Cu damascene structure
different barrier of SCN and SCB layer, and Fig. 9 shows the m
sured time-to-breakdownvs.BTS stress field. The damascene st
ture with an SCB bilayer barrier has a higher value of TDDB
time than the structure using an SCN single-layer barrier of the
thickness. All these observations are attributed to the lower lea
current of SC dielectric film~Fig. 4!, because both dielectric film
were capable of preventing Cu permeation~Fig. 5!. In addition, the
adhesion strength of SC/Cu and SC/OSG interfaces is super
that of SCN/Cu and SCN/OSG interfaces, as shown in Table II.
analysis shows that there is a nitridation layer of CuNat the

Figure 5. ~a! Current transient during BTS~1 MV/cm at 200°C! and ~b!
instantaneous current densityvs. electric field before and after the BTS
the TaN/Cu/SCN/Si, TaN/Cu/SC/Si, and TaN/Cu/SCB/Si MIS capacito
x
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SCN/Cu interface but not at the SC/Cu interface~not shown!. Th
ionized Cu atoms of CuNx compound have a lower activation ene
for diffusion,9 leading to the degradation of the TDDB reliability
Cu damascene structure with an SCN single-layer barrier. Be
the SC dielectric has a very low deposition rate, we believe tha
SCN/SC bilayer dielectric is a favorable combination for the ba

Figure 6. Leakage currentvs. electric field, measured at various tempe
tures, for Cu damascene metallization structure with a barrier layer~a!
SCN and~b! SCB.

Figure 7. Histogram of breakdown field for the Cu damascene metalliz
structure with a barrier layer of~a! SCN and~b! SCB.
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because the nitrogen-containing SCN film with the SiNx compound
can protect the SC film from plasma attack, such as O2 plasma
attack during photoresist stripping10 and organosilicate plasma
tack during OSG deposition.

Conclusion

The TDDB lifetime of Cu damascene metallization structur
greatly improved by using ana-SiCN/a-SiC bilayer dielectric stac

Figure 8. Current transient during BTS~2 MV/cm at 200°C! for Cu dama
scene structure with a barrier layer of SCN and SCB.

Figure 9. Time-to-breakdownvs. BTS stress fields at 200°C for Cu dam

scene structure with a barrier layer of SCN and SCB.
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as the barrier layer. This improvement is attributed to the lo
leakage current ofa-SiC, absence of nitridation on Cu surface,
better adhesion ofa-SiC on Cu and OSG IMD. Although thea-SiC
film has a very low deposition rate, thea-SiCN/a-SiC bilayer di
electric is a favorable combination for the barrier layer bec
a-SiCN can protecta-SiC from plasma attack, such as O2 plasma
attack during photoresist stripping and organosilicate plasma a
during OSG deposition.

Acknowledgment

The authors give their gratitude to C. H. Yao and B. T. Che
TSMC, and S. Y. Chang of NTHU for their valuable technical s
port.

The National Chiao-Tung University assisted in meeting the public
costs of this article.

References

1. M. J. Loboda, J. A. Seifferly, and F. C. Dall,J. Vac. Sci. Technol. A,12, 90 ~1994!
2. M. J. Loboda, J. A. Seifferly, C. M. Grove, and R. F. Schneider,Mater. Res. So

Symp. Proc.,447, 145~1997!.
3. P. Xu, K. Huang, A. Patel, S. Rathi, B. Tang, J. Ferguson, J. Huang, C. Nga

M. Loboda, inProceedings of IEEE 1999 IITC, p. 109 ~1999!.
4. M. J. Loboda,Microelectron. Eng.,50, 15 ~2000!.
5. S. G. Lee, Y. J. Kim, S. P. Lee, H. S. Oh, S. J. Lee, M. Kim, I. G. Kim, J. H. K

H. J. Shin, J. G. Hong, H. D. Lee, and H. K. Kang,Jpn. J. Appl. Phys., Part 1,40,
2663 ~2001!.

6. T. Scherban, B. Sun, J. Blaine, C. Block, B. Jin, and E. Andideh, inProceedings o
IEEE 2001 IITC, p. 257 ~2001!.

7. B. K. Hwang, M. J. Loboda, G. A. Cerry, R. F. Schneider, J. A. Seifferly, an
Washer, inProceedings of IEEE 2000 IITC, p. 52 ~2000!.

8. J. Y. Kim, M. S. Hwang, Y. H. Kim, H. J. Kim, and Y. Lee,J. Appl. Phys.,90, 2469
~2001!.

9. J. D. McBrayer, R. M. Swanson, and T. W. Sigmon,J. Electrochem. Soc.,133,
1242 ~1986!.

10. P. T. Liu, T. C. Chang, H. Su, Y. S. Mor, Y. L. Yang, H. Chung, J. Hou, and S

Table II. Adhesion strength of a-SiC:H dielectricÕCu and
a-SiC:H dielectricÕOSG interfaces.

Film scheme Adhesion Gc~J/m2!

SCN/Cu/TaN/PE-OX/Si 2.76
SC/Cu/TaN/PE-OX/Si 8.44
SCN/OSG/SiN/PE-OX/Si 4.44
SC/OSG/SiN/PE-OX/Si 9.34
Sze,J. Electrochem. Soc.,148, F30~2001!.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use of use (see 

http://ecsdl.org/site/terms_use

