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This work investigates the leakage and breakdown mechanisms in d@pperomb capacitors with carbon-doped ldvplasma-
enhanced chemical vapor deposited organosilicate gi&SG; k = 3) as the intermetal dielectric and amSiCN (k

= 5)/a-SiC (k = 4) bilayer-structured dielectric film as the Cu-cap barrier. The leakage mechanism between Cu lines is
dependent on the thickness ratio of tiCN/a-SiC bilayer barrier. Using an-SiCN/«-SiC bilayer barrier of 40 nm/10 nm or

30 nm/20 nm bilayer thickness, the increased leakage cuiffegnkel-Poole emissigribetween Cu lines is attributed to the large
number of interfacial defects, such as cracks, voids, traps or dangling bondseaStBéOSG interface, which are generated by

the larger tensile force of the thickerSiC film. The Cu comb capacitor with anSICN (50 nm)/a-SiC(2 nm) bilayer barrier
exhibits a much smaller leakage current. The breakdown field and time-dependent dielectric breakdown lifetime of the Cu comb
capacitor reveal little dependence on the thickness ratio oftB&CN/a-SiC bilayer barrier, and the observed breakdown of the

Cu comb capacitor is presumably due to dielectric breakdown of the bulk OSG layer.
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As the interconnect resistance-capacitafiR€) delay becomes a  serves to protect the-SiC film from plasma attack, such as, O
dominant factor in determining the performance of integrated cir- plasma attack during photoresist stripping and organosilicate plasma
cuits, the advantages of Cu metal and lbwielectrics become more  attack during OSG deposition. In this work, we investigate the leak-
remarkable. Cu metal reduces the electrical resistance of intercorage and breakdown mechanisms in the Cu comb capacitor with a
nection lines because of its low electrical resistivity; moreover, Cubilayer-structured-SiCN/a-SiC Cu-cap barrier.
line also exhibits a better electromigration resistance than the con-
ventional Al-based wires. The use of Idwdielectrics in the inter- ]
connect system reduces the wire capacitance, signal-propagation de- Experimental
lay, cross talk-noise between metal lines, and power dissipation of The leakage current of Cu comb capacitors was measured on a
integrated circuits. While many lok{k < 3) materials have been 0.12/0.12um (linewidth/spacgcomb capacitor as illustrated in Fig.
used as inter- and intralayer dielectri¢dD), high-dielectric- 1. A 40 nm PECVD amorphous silicon-oxycarbi¢e-SiCO) ESL
constant k > 7) silicon nitride is still the primary candidate for the was deposited on the PECVD oxide ILD. A single-level Cu dama-
Cu-cap barrier and etching stop lay@SL) required in the Cu  scene(Metal-1) process with a 250 nm PECVD methylsilane-based
damascene structure. It is desirable to replace silicon nitride withiow-k OSG (k = 3) as the IMD was employed to fabricate the
dielectric materials of lowek-value < 5) in order to further =~ comb capacitor. After patterning of 0.12/0.1n linewidth/space
reduce the effective dielectric constant of the Cu interconnect systrenches in the OSG/ESL/ILD dielectric stack, the damascene Cu
tem. In recent years, amorphous silicon carbi@deSiC) and amor- feature was electrochemically deposited on a 15 nm physical vapor
phous silicon-nitricarbidéa-SiCN) deposited by plasma-enhanced deposited(PVD) TaN liner barrier. Following the Cu CMP, a
chemical vapor depositiofPECVD) using organosilicate gases bilayer-structuredv-SiCN (k = 5)/a-SiC (k = 4) Cu-cap barrier
(OSG) are receiving extensive attention for applications as Cu-capwith a bilayer thickness of 50/2, 45/5, 40/10, and 30(Bfh/nm)
barriers and ESL in Cu interconnection schemes because of theiwas sequentially deposited in a PECVD system at 350°C and a total
lower k-value, better etching selectivity with OSG, robust chemical gas pressure of 1-5 Torr. The-SiC film was deposited using
mechanical polishingCMP) strength, good photoresist poisoning (CHz)3SiH with a flow rate of 100-500 sccm and a plasma power of
resistance, higher antireflective ability, and superior properties as 400-200 W, while the a-SiCN layer was deposited using
Cu barrier/passivation layer in terms of Cu restraint, electromigra-
tion resistance, and Cu-hillock denert?.There are a number of
studies on the electrical reliability of the-SiC anda-SICN films

with respect to their integration with Cu using planar metal- b
insulator-semiconductofMIS) capacitors® In practical applica- ( ) L ( )

tions, however, considerable attention must be focused on the elec Serpentine|[ | 0SG (k=3)
trical reliability issues of comb capacitors, such as leakage anc j M2

a-SiCN (k=5)/a-SiC (k=4)
A4 |

Y

breakdown mechanisms and potential leakage paths in the bulk o ___
the low-kfilm, the Cu-cap barrier/lovi-film interface, and the sur-  |[}]|
rounding dielectrics. It was found in our previous work that the |
bilayer-structuredr-SiCN/a-SiC dielectric film is a favorable com-
bination to serve as a Cu-cap barrier to improve time-dependen | i
dielectric breakdowrfTDDB) reliability of the Cu comb capacitér. HHHURHUNE |

The improvement in TDDB is due to the SiC film’s lower leakage HH | | _LL | A TaN_’_
current, better adhesion to Cu and OSG IMD, and absence of nitri- | ——1=—1= ESL
dation on the Cu surface. TheSiCN film on top of thex-SiC film CombiE ILD
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* Electrochemical Society Active Member. Figure 1. Schematic(a) top-view and(b) cross-sectional view of the Cu
2 E-mail: cchiang.ee88g@nctu.edu.tw comb capacitor test structure employed in this study.
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He/(CH;) 3SiH/NH;, with a flow ratio of 8/3/6 and a plasma power fields of 0.5-0.8 MV/cm, and Frenkel-Poo(E-P) emission appears
of 100-500 W. Another layer of PECVD OSG was deposited for the after the kink at 0.8 MV/cm, in particular, at temperatures above
next Cu damascen@letal-2) process. 200°C. The F-P conduction shows li&) linearly correlated with

An HP4145B semiconductor parameter analyzer was used tdEY? (Fig. 3d), and the current can be expressed by EqA8for the
measure the leakage current between Cu lines and provide the biaomb capacitors with an-SiCN/a-SiC bilayer barrier of 40 nm/10
for the bias-temperature-stred8TS) test. An N, purging was used  nhm or 30 nm/20 nm thickness, F-P conduction prevails at electric
to prevent possible oxidation of the Cu metal and moisture uptake irfields above 0.5 MV/cm
the dielectric films during the measurement. Raphael modeliag .
used to obtain the distribution of electric field in the Cu comb ca- ohmic | ~ Eexp(—c/T) [1]

pacitors. SE | ~ T?ex(aEY2T — qdg/kT) [2]

Results and Discussion F-P | ~ Eexp2aEY3T — qdg/kT) [3]
Figure 2 shows the leakage current of Cu comb capacitors with

an a-SiCN/a-SiC bilayer barrier of different thickness ratios mea- yherec is a constanta representsq/4med)*? ¢ is the dielectrics

sured at various temperatures. The dominant current conductiogynamic permittivity,d is the dielectrics thickness, anblg is the

mechanisms in the Cu comb capacitors were identified by fittingz rier height of electrons into the conduction band. Table | summa-

slopes for various conduction m_echanlsms, as s_hown in Fig. 3. EVigizes the leakage mechanisms at various electric fields for the Cu

dently, the fitting slopes vary with the electric field. All comb ca- .,mp capacitors measured at temperatures of 200-250°C. The leak-

pacitors exhibit ionic conduction at electric fields below 0.5 MV/cm age mechanism between the Cu lines is dependent on the thickness
for all measurement temperatures. The ionic current shows a hysteliiq of thea-SiCN/a-SiC bilayer barrier. In contrast to theSiCN

esis effect(Fig. 3a), as confirmed by repeatedly sweeping the elec-(so nm)/a-Si ; .
o g SE «-SiC (2 nm) sample, there is a transition of SE to F-P
tric field from —1.25 to+1.25 MV/cm and back dowA” The ionic  ¢onguction at 0.8 Mv/em electric field in the-SICN (45 nm)/a-

conduction of Cu cono1b capacitors becomes more apparent at lovgic (5 nm) sample, while thex-SiCN (40 nm)/a-SiC(10 nm)and
temperaturege.g., 25°C), whereas a conduction mecrlanlsm like ,_SiCN (30 nm)/a-SiC(20 nm) samples exhibit the same leakage
ohmic conduction prevails at temperatures above 200°C. Notablymechanisms at all electric fields employed in this study. Figure 4
the comb capacitors with aa-SiCN/a-SiC bilayer barrier of 40 ¢ 5ws the leakage current of various Cu comb capacitsreiea-

nm/10 nm or 30 nm/20 nm thickness exhibit ohmic conduction atg,-ement temperature. Notably, the leakage current behavior at the
electric fields between 0.25 and 0.5 MV/cm and at temperatures OFOW electric field of 0.65 MV/cm can be divided into two groups
200-250°C; in this region, the leakage curréntis linearly corre- '

lated with the electric fieldE) (Fig. 3b), and the current can be with a-SiCN (50 nm)/a-SiC(2 nm) and a-SiCN (45 nm)/a-SiC(5
s ; ) . nm) samples in one groug-ig. 4a); at the high electric field of 1.25
expressed by Eq. 1The comb capacitor with an-SiCN/a-SiC ) ples | groufiig. 4a) 9 e

MV/cm, however, the leakage current behavior of h&ICN (45
bilayer barrier of 50 nm/2 nm thickness exhibits Schottky emiSSiO”nm)/a-SiC (5 nm) sample sr?ows that it deviates from that(of the

(SE)at electric fields above 0.5 MV/cm, particularly at temperatures _gicp (50 Nnm)/a-SiC(2 nm) sample(Fig. 4b). This is due to the
above 200°C. The SE conduction shows/Ii) linearly correlated  ransition of SE to F-P conduction in theSiCN (45 nm)/a-SiC(5

with EY? (Fig. 3c), and the current can be expressed by Ef. 2. nm) sample at 0.8 MV/cm electric field at elevated temperatures.
Nevertheless, the comb capacitor with@S$iCN/o-SiC bilayer bar- ~ The leakage current density of the bulk OSG is at least 20 times
rier of 45 nm/5 nm thickness exhibits SE conduction only at electric |arger than that of the bulk-SiCN, a-SiC, a-SiCO (ESL), and

PECVD oxide(ILD) films studied using MIS capacitors; thus, the
¢ Raphael modeling is provided by Avant! business unit. effective leakage current component through the bulk Q880
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nm) is expected to be at least two orders of magnitude larger tharof leakage current with respect to the bilayer thickness ratio of the
that through thex-SiCN (<50 nm),a-SiC (<20 nm), ESL(40 nm), Cu comb capacitors, we presume that the increase leakage current
and ILD (<10 nm below ESL)dielectric films in the Cu comb between Cu lines for thex-SiCN (40 nm)/a-SiC (10 nm) and
capacitors. However, it has been reported that the localized surface-SiCN (30 nm)/a-SiC(20 nm)samples is attributed to the physical
defects at thex-SiC/OSG interfacd CMP surface)can degrade the  stress. Because the OSG film exhibits a tensile stress of 40-60 MPa,
leakage current and TDDB reliabili§*® Because there is no CMP-  a compressive stress should be preferred foratt&C film depos-
induced damage at the OSG/ESL and ESL/ILD interfaces, we didited on top of the OSG layérHowever, thex-SiC film has a tensile

not observe the pseudo-breakdown phenomenon, which supposedstress of 10-20 MPa, and a thickesSiC film would be subjected to
arises from the defects at the OSG/ESL and ESL/ILD interfites. a larger tensile forc& which may generate a large number of inter-
This is further discussed later and illustrated in Fig. 8. Therefore, thefacial defects, such as cracks, voids, traps or dangling bonds at the
dominant leakage path in the Cu comb capacitor could be the eleca-SiC/OSG interface, as illustrated in Fig. 6. For the Cu comb ca-
tronic current through the bulk of OSG and/or theSiC/OSG in- pacitors witha-SiCN (40 nm)/a-SiC(10 nm)anda-SiCN (30 nm)/
terface. Possible determining factors for the dominant leakage patla-SiC (20 nm) bilayer thicknesses, which exhibit a larger leakage
in the Cu comb capacitor may include the electric field and/or physi-current at temperatures above 200°C, the ohmic conduction domi-
cal stress at the-SiC/OSG interface and/or in the bulk of OSG. nates at an electric field between 0.25 and 0.5 MV/cm and the cur-
Figure 5 shows the electric field at theSiC/OSG interface and in  rent is carried by thermally excited electrons hopping from one iso-
the bulk of OSG obtained from Raphael simulation for various Cu lated trap to the nextas shown in Table I. At an electric field above
comb capacitors biased with an electric voltage of 24 V. The higher0.5 MV/cm, the current is dominated by the F-P emission which is
electric field at then-SiC/OSG interface than that in the bulk of due to field-enhanced thermal excitation of trapped electrons into
OSG may be due to a number of factors, such as shorter distance #te conduction banfiBoth the ohmic conduction and the F-P emis-
the top of Cu lines, angular shape at the corner of Cu lines, andsion mechanisms result from a large number of interfacial defects at
higher dielectric constant of the-SiC layer® Because the behavior the «-SiC/OSG interface.

of the simulation-obtained electric field is contrary to the magnitude  Figure 7 shows the breakdown field measured at 200°C for vari-
ous comb capacitors with the data obtained from ten randomly cho-
sen samples in each case. All samples exhibit a comparable break-
down field and the breakdown is presumably due to dielectric

Table I. Leakage mechanisms at various electric fields measured

at 200-250°C for Cu comb capacitors with a bilayer-structured
Cu-cap barrier of various a-SiCN/a-SiC bilayer thicknesses.

«-SiCN/a-SiC bilayer thicknesehm/nm)

Electric field

(MV/cm) 50/2 45/5 40/10 30/20
0-0.25 lonic lonic lonic lonic
0.25-0.5 lonic lonic Ohmic Ohmic
0.5-0.8 SE SE F-P F-P
0.8-1.25 SE F-P F-P F-P

breakdown in the bulk of OSG rather than that at eh&iC/OSG
interface; the large variation of the breakdown field possibly results
from the discordant force of manual probing and/or unfavorable
samples at the wafer edge. Figure 8 shows the TDDB lifetime of
various comb capacitors under different BTS conditions with the
data obtained from six randomly chosen samples. It is found that all
the comb capacitors reveal a comparable TDDB lifetime under a
given BTS condition. The fact that the breakdown figfig. 7) and

the TDDB lifetime (Fig. 8) of the Cu comb capacitors show little
dependence on the thickness ratio of th&iCN/a-SiC bilayer bar-
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kage Cur

rier implies that the breakdown is very likely due to dielectric break-
down in the bulk of the OSG. Figure 9 illustrates the proposed
leakage paths of the Cu comb capacitor studied in this work. We g
may conclude that the leakage and breakdown mechanisms in thju
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Figure 6. Schematic diagram showing the interfacial defects generated by
the tensile force of the-SiC film.

Cu comb capacitor with an-SiCN/«-SiC bilayer barrier is closely
correlated with the quality of the-SiC/OSG interface and the OSG

Conclusion

It is found that the leakage mechanism between Cu lines is de-
: pendent on the thickness ratio of theSiCN/a-SiC bilayer barrier
3 in the Cu comb capacitor. Using @aRSICN (40 nm)/a-SiC(10 nm)
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obtained from Raphael simulation for various Cu comb capacitors biasedrigure 7. (a) Leakage currents. electric field andb) breakdown field for

various Cu comb capacitors.

Downloaded on 2014-04-27 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 Socigtys1 (2) G93-G97(2004)

~ —rrTr—
< 502 (a)
~ 45/5
5 4010
= 30/20
=
)
[«7]
Y
&
1& 10-10
= ”
S 1o | BTS: 2.5 MV/em @ 200°C |
e
100 100 10° 10° 10° 105 105 107 108
Stress Time (s)
_1e® v : v .
< 107 —&— 2MV/cm (b)
; ] —v— 2.5MV/cm
z 10 —=— 3 MV/em
T 108
S 1o — ¢ ] &
S 10
R
=
é 102
1
= 10 BTS @ 200°C
100 o Y P Y

G97

F-P emission| (via a—SiC/OS(I} interface)

OSG breakdown

Figure 9. Proposed leakage paths of the Cu comb capacitor studied in this
work.

Magnification 0120k

Acknowledgment

The authors express their gratitude to Professor Bing-Yue Tsui of
National Chiao-Tung University for his valuable discussion.

National Chiao-Tung University assisted in meeting the publication costs

50/2  45/5  40/10  30/20
SiCN/SiC Bilayer Thickness (nm/nm)

Figure 8. (a) TDDB under a BTS(2.5 MV/cm at 200°C and (b) time-to-
breakdown under different BTS conditions for various Cu comb capacitors.

5.
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leakage(F-P emissionpetween Cu lines is attributed to the large
number of interfacial defects, such as cracks, voids, traps, or dan-

gling bonds at the-SiC/OSG interface, which are generated by the 8
larger tensile force of the thicker-SiC film. The Cu comb capacitor ¢

with an «-SiCN (50 nm)/«-SiC (2 nm) bilayer barrier exhibits a
much smaller leakage current. The breakdown field and TDDB life-

ness ratio of thex-SICN/a-SiC bilayer barrier, and the observed

breakdown of the Cu comb capacitor is presumably due to dielectric,,

breakdown of the bulk OSG layer.
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