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This work investigates in the first place, the improvement in leakage current and breakdown field of the copper metal-insulator-
semiconductofCu-MIS) capacitor with a plasma-enhanced chemical vapor depo§E€VD) amorphous silicon oxycarbide
(«-SiCO,k = 3.7) dielectric barrier. This is followed by investigating the improvement in leakage current and breakdown field of
the Cu-comb capacitor with a carbon-doped lbVirECVD organosilicate glask (= 3) as the intermetal dielectric and an
a-SiCO dielectric film as the Cu cap barrier. The leakage current and breakdown field of Cu-MIS and Cu-comb capacitors are
dependent on the species of the dielectric barrier. The Cu-MIS and Cu-comb capacitors wii@@ dielectric barrier exhibit

a leakage current at least three orders of magnitude smaller than those with an amorphous silicon«Sitidé& = 4.4)
dielectric barrier at an applied electric field of 1.6 MV/cm between 25 and 250°C. Moreover, the breakdown field of the Cu-MIS
and Cu-comb capacitors with aaSiCO dielectric barrier, measured at 200°C, are 60 and 25%, respectively, higher than that of
the capacitors with an-SiC barrier. The decreased leakage current and increased breakdown field of the Cu-MIS and Cu-comb
capacitors with ana-SiCO dielectric barrier are attributed to the higher density, oxygen-improved film property, non-
semiconductor behavior, and lower fringe- or surface-electric field o&t8CO dielectric film.
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The interconnect resistance-capacitafR€) delay is a domi-  MIS) and Cu-comb capacitors with aeSiCO dielectric barrier
nant factor in determining the performance of integrated circuitsover those with arx-SiC dielectric barrier having a comparable
beyond 0.18.m node technology, in which the use of Cu metal and compressive film stress.
low-k dielectrics is indispensable in the back-end-of-liBBEOL)
process. Cu metal reduces the electrical resistance of interconnect Experimental

lines because of its low electrical resistivity; moreover, Cu line also  The leakage current and breakdown field of Cu-MIS and Cu-
exhibits a better electromlgratlon resistance than conventional A|-comb Capacitors were measured on the TaN/Cu_ga’[ed MIS structure
based wires. Lovk dielectrics in the interconnect system reduce the and 0.12/0.12um (linewidth/spacg Cu-OSG single damascene
wire capacitance, signal-propagation delay, cross talk noise betweestructure, respectively. For the fabrication of Cu-MIS capacitor, 50
metal lines, and power dissipation of integrated circuits. While manynm thick PECVD dielectric films were deposited on p-typE)0)-
low-k (k < 3) materials have been used as inter- and intralayeroriented Si wafers at 300-400°C, a gas pressure of 1-5 Torr, and a
dielectrics(ILD), high dielectric constantl > 7) silicon nitride is ~ plasma power of 100-300 W using a parallel-plate system operated
still the primary candidate for the Cu cap barrier and etching stopat 13.56 MHz. The flow rate ratio of 3MR CHjs)3SiH] precursor
layer (ESL) required in the Cu damascene structure. It is desirable towith He carrier gas was maintained at 2/5, while the flow rate of
replace silicon nitride with dielectric materials of lowlevalue k ~ CO, reaction gas was controlled separately at 0 and 1200 sccm,
< 5) to further reduce the effective dielectric constant of the CuWhich resulted in the 3MS-basedSiC anda-SiCO films, respec-
interconnect system. In recent years, amorphous silicon cathide  tVely, with different elemental compositions. A Cu layer, 200 nm
SiC), amorphous silicon nitricarbidéx-SiCN), and amorphous sili- ~ 1ick, was sputter-deposited on theSiC anda-SiCO dielectric

con oxycarbide(a-SiCO) deposited by plasma-enhanced chemical films using a dc magnetron sputtering system; this was followed by

vapor depositiofPECVD) using organosilicate gases have received reactive sputter deposition .Of a 50 nm t.h'Ck TaN Iayer on the Cu
; . D9 : . surface in the same sputtering system without breaking the vacuum.
extensive attention for applications as Cu cap-barrier and ESL in C

interconnection scheme because of their lower k value. better etc u_l'he TaN film served as a passivation layer to prevent the Cu elec-
: cction. -cau Ir low value, 1 rode from oxidation in the subsequent high-temperature processes
ing selectivity with organosilicate glag®SG), robust chemical me-

; A i L or measurements. The metal electrodes with a circular area of 0.84
chanical polishing{CMP) strength, good photoresist poisoning re- 0 diameter were defined by a lift-off process to prevent unex-

sistance, higher antireflective ability, and superior properties as a Cipected deterioration of the dielectric films by chemical wet etching.
barrier/passivation layer in terms of Cu restraint, electromigrationTg ensure good contact in electrical measurements, a 500 nm thick
resistance, and Cu hillock densit. The fine-tunedx-SiC is better Al Jayer was thermally evaporated on the back surface of the Si
thana-SiCN anda-SiCO in the aspects dfvalue, etching selectiv-  substrate for all samples. The completed Cu-MIS capacitors were
ity, photoresist poisoning, antireflective coating lithography behav-thermally annealed at 400°C for 30 min in an, Wmbient. This
ior, adhesion strength to Cu and OSG IMD, electrical property, andannealing step eliminates the plasma-induced damage during the
reliability performancé:*’ However, the film stress af-SiC is ten-  sputter deposition of the TaN/Cu electrodes. Figure 1 shows the
sile or less compressive as compared with thataeBiCN and  schematic top and cross-sectional view of the Cu-comb capacitor
a-SiCO, which results in a poor stack stability of Cu-OSG intercon- test structure. A 40 nm PECVD 3MS-base5iCO (k = 4.5) ESL
nect system and a degraded interface quality- &iC/OSG>*®In was deposited on the PECVD oxide ILD. A single level Cu dama-
this work, we investigated the improvement in leakage current andscene(metal 1)process with a 250 nm PECVD methylsilane-based
breakdown field of the copper metal-insulator-semicondu@or- carbon-doped lovkOSG as the IMD was employed to fabricate the
Cu-comb capacitor. After patterning of 0.12/0.12n linewidth/
space trenches in the OSG/ESL/ILD dielectric stack, the damascene
* Electrochemical Society Active Member. Cu feature was electrochemically deposited on a 15 nm physical
2 E-mail: ccchiang.ee88g@nctu.edu.tw vapor depositedPVD) TaN liner barrier. Following the Cu CMP,

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 (9) G606-G611(2004) G607

(a) (b) f g 10° -
7 E [¥) . .
< g < .41 () TaN/Cu/SiC/Si )
:|C0mb M2 $ 10 '( )I 25°C
2 10°F —— 100°C
7]
E 106 150°C
M1|. = 107
]
B o108
=
ILD| < > > 3 107
< > 2 w
Combj 240nm 120 nm S o0
=
Figure 1. Schematic(a) top view and(b) cross-sectional view of the Cu- g 10-1 el
comb capacitor test structure. =l 0.1 0.5 1
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the 3MS-basedx-SiC or «-SiCO cap barrier was deposited in a < A .
PECVD system. Another layer of PECVD OSG was deposited for 2 104 p (b) TaN/Cuw/SiCO/Si 1
the next Cu damascerimetal 2)process. : _5 —e— 25°C
An HP4145B semiconductor parameter analyzer was used to & 10 o
measure the leakage current and breakdown field of the Cu-MIS and = 10 °— 100°C
Cu-comb capacitors. During the measurement, arpdtging was —— 150°C

used to prevent possible oxidation of the Cu metal and moisture
uptake in the dielectric films. Raphael modelipgovided by Avant!
business unityvas used to obtain the distribution of electric field in
the Cu-MIS and Cu-comb capacitors. Auger electron spectroscopy

107y  —— 200°C
10 —=— 250°C

eakage Current De

- ""'f"‘;'.ﬁ‘ "-,uj
(AES)was used to obtain the chemical composition of the dielectric 10” a@;zf—;:s;ﬁ«:-zmn‘-‘
barrier films. The film thickness and refractive index were measured 10-1
using an n&k analyzer at 633 nm wavelength, andkkalue of the
dielectrics was determined by the maximum capacitance of the Al- 101 ol
gated MIS capacitors measured at 1 MHz using a Keithley package = 0.1 0.5 1
82 C-V measurement system. The film density was calculated di-
rectly by the ratio of mass to volume of the film, whereas the film Electric Field (MV/cm)

mass was measured by an electronic microbalance and the film vol-

ume was calculated by the film thickness and the area of the SUl:)l':igure 2. Leakage current densitys. electric field in a log-log plot, mea-

st_rate_ wafer. The film stress was measured using a well-calibrated,;raq at various temperatures, for Cu-MIS capacitors @th-SiC and(b)
thin-film stress analyzer. a-SiCO dielectric films.

Results and Discussion

Physical property otx-SiC anda-SiCO.—Table | shows the ba-
sic film properties of 3MS-based SiC anda-SiCO dielectrics stud-
ied in this work. Although the chemical composition indicates that
the oxygen content in SiCO is much higher than that in SiC, both
dielectrics have nearly the same deposition rate and compressive Electrical property of Cu-MIS capaciterFigure 2 shows the
film stress. The compressive stress of abe@00 MPa in the SiC  leakage current of Cu-MIS capacitors with SiC and SiCO dielectrics
and SiCO dielectric films is high enough to achieve a robust stackmeasured at various temperatures. Generally, the leakage current of
stability>® However, it is conceivable that the SiC may exhibit in- the SiCO sample is three orders of magnitude smaller than that of
ferior thermal stability and electrical and barrier properties becausahe SiC sample at an electric field of 1.6 MV/cm and at temperatures
of its lower density(i.e., higher degree of porosjty'° Nonetheless,  ranging from 25 to 250°C, presumably due to the higher density of
the refractive index of the SiCO is lower than that of the SiC; this the SiCO film (Table 1). The higher densiti.e., lower degree of
results in lower electronic-dielectric constant, and thus lower dielec-porosity) of film prohibited the diffusion/drift of Cu owing to the
miniature free volumé®?1®Higher oxygen content in the-SiCO
dielectric film would also effectively reduce the film leakage
current!’ Because single-crystal SiC is a semiconductor with a

tric constanfat 1 MH2) of SiCO film because of the replacement of

Si-C with Si-O bond and the higher electronegativity of oxygen
atom*!

Table I. Basic film properties for 3MS-baseda-SiC and a-SiCO bandgap of 2.3-3.0 eV, the polycrystal or amorphous SiC possibly
dielectric barriers 50 nm thick used in this study. also has a semiconductor nature of high conductivity. Therefore, it is
natural to reduce the leakage current of SiC by doping with oxygen
Sample ID SiC SiCO and making SiCO. From the log-log plot of the leakage curkesnt
- - electric field data, two different electric-field-dependent conduction
Structure a-SiC a-SiCO

mechanisms are observed in the Cu-MIS capacitors. First, all Cu-

ggggﬁ%;ggﬁiﬁ% S'Cfgf)?g-o“ S'C"iggg‘gﬁe MIS capacitors exhibit ohmic conduction at low electric fiele®.3

Film stress(MPa) ~200 210 and <1 MV/cm for SiC and SiCO, respectivglpecause tk}g leak-
Film density (g/cn®) 1.24 1.80 age currentl) is linearly correlated with the electric fiel@&),”® and
Refractive index at 633 nm 2.04 1.72 the current can be expressed by Ed® The ohmic conduction is
Dielectric constant at 1 MHz 4.41 3.73 carried by thermally excited electrons hopping from one isolated
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sured at 200°C.

Figure 3. Conduction mechanism @¢&) Frenkel-Poole emission in TaN/Cu/

«-SiC/Si and(b) Schottky emission in TaN/CufSiCO/Si samples. . o
where AE,. is the activation energy of electrorg represents

(q%/4me)*?, ande is the dielectric dynamic permittivityk is the
19 ) o Boltzmann constanty is an electron charge, anblp is the barrier
state to the nexlﬁg' However, at high electric fields>0.3 and>1 height of trap potential well, an® ¢ is the barrier height of metal/
MV/em for SiC and SiCO, respectivelythe Cu-MIS capacitors  gizjectric interfacé® The F-P emission and higher leakage current
with SiC and SiCO dielectrics exhibit different slopes in thielf of the SiC sample are presumably due to the presence of defects
plot, particularly e_lbove 200°C. Th_is implies th_at the SiC_and SiCQ and/or trap%s'zo possibly resulting from the film lower density.
samples have different conduction mechanisms at high electricoiearly, temperature enhances the F-P emission and SE conduction
fields. From some replots of the known conduction mechanisms in, ihe 'sic and SiCO samples, respectivéijg. 3). Figure 4 shows
dielectrics'®°we found that the SiC sample exhibits Frenkel-Poole the leakage current and breal’<down field for the SiC and SiCO Cu-
(F-P) emission, while the SICO sample reveals Schottky emissiongated MIS capacitors measured at 200°C. The measurements were
(SE), as shown in Fig. 3. The F-P emission showsILE) linearly  performed with the MIS capacitors biased in the accumulation re-
correlated withE™? (Fig. 3a), and the current can be expressed by gion. The breakdown field is defined as the field strength such that
Eq. 2! The SE conduction shows LH(T?) linearly correlated  the leakage current of the MIS capacitor reaches the current limit of
with E¥2 (Fig. 3b), and the current can be expressed by EdThe the HP4145B semiconductor parameter analyzer. Notably, the
F-P emission is due to field-enhanced thermal excitation of trappedreakdown field of the SiCO sample is about 60% higher than that
electrons in the dielectrics into the conduction band, while theof the SiC sample. This increase in breakdown field is presumably
SE conduction is derived from the thermionic emission acrossdue to the enhanced Si-O bond that has a high thermochemical
the metal-dielectric interface or the dielectric-semiconductor energy?* Moreover, the oxygen atoms and the higher density of the
interfacé®20 SiCO dielectric film would also effectively increase the breakdown
field.1%18 In addition, the lowerk value of the SiCO film would
Ohmic | ~ Eexp(—AE,/kT) (1] induce lower fringe-electric field around the metal-gate corner, as
illustrated in the model shown in Fig. 5, which is derived from the
high-k gate dielectrics used in the front-end-of-ling-EOL)

1/2
FP | ~ Eexp2BETKT — q®g/kT) (2] technology?? It is conceivable that the lower fringe-electric field in
the SiCO film would result in lower leakage current and higher
SE | ~ T2exp BEYYKT — qdg/kT) [3] breakdown field for the SICO sample.
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Figure 6 shows the fringe-electric field obtained from Raphael simu- &= 10"
lation for the Cu-gated MIS capacitors of SiC as well as SiCO = 1wl — 200°C
dielectric biased with an electric voltage of 10 V, which would pro- @) ol ——
duce an electric field of 2 MV/cm in the dielectric layer of the @ 10
Cu-MIS capacitor. Notably, the SiC sample exhibits about 10% in- %ﬂ 101t
crease of fringe-electric field near the Cu electrode as compared $# 1012
with the SiCO sample. <
. N Q 108
Electrical property of Cu-comb capaciterFigure 7 shows the ] 1014 N

leakage current, measured at various temperatures, for the Cu-comt
capacitors with SiC as well as SiCO dielectric cap barriers. Notably, 0.1 0.5 1

the dependence of leakage current on the cap barrier dielectric ma- . .
g X - Electric Field (MV/cm)

terial implies that the dominant leakage paths are not in the bulk
OSG but in the bulk cap barrier and along the cap barrier/fOSG

interface(CMP surfacef.&ﬂ« That the leakage current of the SiCO Fig_ure 7. Leakage currenvs. electric field_ ina ng—log plot, measu_red at
sample at a field of 1.6 MV/cm between 25 and 250°C is at leastarious temperatures, for Cu-comb capacitors \atho-SiC and(b) a-SiCO
three orders of magnitude smaller than that of the SiC sample, may2P Pariers.

be attributed to the semiconductor nature of SiC and the better elec-

trical property of the SiCO film, as studied in the previous paragraph

using the MIS capacitors. Moreover, the CMP surface leak-path maycap barrier and the OSG layer are similar materials of Si-C-O com-
be efficiently eliminated in the SiCO sample because both the SiCQpounds, while the SiC cap barrier is an oxygen-absent Si-C com-
pound. Similar presumption was reported for the CMP surface at the
a-SiCN (cap barrier)/a-SiCNhard maskjnterface of the same ma-
terial in the Cu damascene interconneciwo different electric-
field-dependent conduction mechanisms were also observed in the
4 Cu-comb capacitors. First, all Cu-comb capacitors exhibit ohmic
conduction at low electric field6<0.3 and<0.4 MV/cm for SiC

and SiCO cap barriers, respectivebecause the leakage curréht

is linearly correlated with the electric field).*®*° Nevertheless, at
high electric field¥>0.3 and>0.4 MV/cm for SiC and SiCO cap
barriers, respectively the Cu-comb capacitors with SiC and SiCO
cap barriers exhibit quite different nonlinekE relation, particu-

Raphael Simulation for Cu-MIS Capacitors
Cu -~ 7 Cu R
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Figure 6. Fringe-electric field obtained from Raphael simulation for the Cu-
gated MIS capacitors af-SiC as well ax-SiCO dielectric biased with an

—o— SiC
—— SiCO

- | N TR N

Fringe-Electric Field (MV/cm)

electric voltage of 10 equivalent to an electric field of 2 MV/cm

larly at temperatures above 200°C. This implies that the SiC and
SiCO samples have different conduction mechanisms at high elec-
tric fields. From the best fitting of the known conduction mecha-
nisms in dielectricd®*°we found that the SiC sample exhibits F-P
emission, while the SiCO sample reveals SE conduction, as shown
in Fig. 8. The Cu-comb capacitors and the Cu-MIS capacitors ex-
hibit the same electric-field-dependent conduction mechanisms. This
further confirms that the dominant leakage paths are not only along
the cap barrier/OSG interfa¢EMP surfaceput also in the bulk cap
barrier. Furthermore, in our previous work the more leaked CMP
surface of Cu-comb capacitor also enhanced the leakage current and
F-P emissiolf. Thus, the semiconductor nature of the conductive
bulk SiC and the more leaked CMP surface at the SiC/OSG interface
resulted in the increased leakage current and F-P emission for the
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Figure 8. Conduction mechanism ¢&) Frenkel-Poole emission in Cu-comb

capacitor witha-SiC cap barrier andb) Schottky emission in Cu-comb
capacitor witha-SiCO cap barrier.

Cu-comb capacitor with a SiC cap barrier. Figure 9 shows the leak-
age current and breakdown field for the Cu-comb capacitors with
SiC and SiCO dielectric cap barriers measured at 200°C. Notably,
the breakdown field of the SiCO sample is about 25% higher than
that of the SiC sample. This increase in breakdown field is presum-
ably due to the better electrical property of bulk SiCO and the dimi-

nution of CMP-surface leak-path. In addition, the lovkevalue of

the SIiCO film also reduces the surface-electric field at the cap

barrier/OSG interfacéCMP surface), as illustrated in Fig. #62°

The lower surface-electric field at the CMP surface results in a lower
leakage current and higher breakdown field for the SiCO sample.
Figure 11 shows the surface-electric field obtained from Raphael
simulation for the Cu-comb capacitors biased with an electric volt-
age of 24 V, which produces an electric field of 2 MV/cm in the

dielectric layer of the Cu-comb capacitor. Notably, the surface-
electric field near the Cu line of the SICO sample is about 6% lower

than that of the SiC sample.

Conclusion

The leakage current and breakdown field of the Cu-MIS and

Cu-comb capacitors are dependent on the dielectieSiC and
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200°C.

«-SiCO) used as insulator and dielectric cap barrier, respectively.
The Cu-MIS and Cu-comb capacitors with arSiCO (k = 3.7)
dielectric barrier exhibit a leakage current at least three orders of

0SG

SiC or SiCO

Figure 10. Proposed surface-electric field in the Cu-comb capacitor.
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Raphael Simulation for Cu-Comb Capacitors
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Figure 11. Surface-electric field obtained from Raphael simulation for the
Cu-comb capacitors with-SiC anda-SiCO cap barrier biased with an elec- 12
tric voltage of 24 V(equivalent to an electric field of 2 MV/cm
13.
14.
15.

magnitude smaller than those with arSiC (k = 4.4) dielectric

barrier at an applied electric field of 1.6 MV/cm between 25 and 16.

250°C. Moreover, the breakdown field of the Cu-MIS and Cu-comb

capacitors with am-SiCO dielectric barrier, measured at 200°C, are 7.

60 and 25%, respectively, higher than that of the capacitors with an

«-SiC barrier. The decreased leakage current and increased breakg: ! ) ) )
19. S. M. SzePhysics of Semiconductor Devic@ad ed., p. 403, John Wiley & Sons,

down field of the Cu-MIS and Cu-comb capacitors withc$iCO

dielectric barrier are attributed to the higher density, oxygen-q.

improved film property, non-semiconductor behavior, and lower
fringe- or surface-electric field of the-SiCO dielectric film.
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