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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-containing-SiCN film with a dielectric constant of 4.9 and the nitrogen-fre&iC film with a
dielectric constant of 3.8. The time-dependent-dielectric-breakdd®B) lifetime of the Cu damascene metallization structure

is greatly improved by using an-SiCN/a-SiC bilayer dielectric stack as the barrier layer. This improvement is attributed to the
lower leakage current af-SiC, absence of nitridation on the Cu surface, and better adhesig#8& on Cu and organosilicate

glass intermetal dielectric. Although theSiC film has a very low deposition rate, theSiCN/«a-SiC bilayer dielectric is a
favorable combination for the barrier layer becaus8iCN can protectx-SiC from plasma attack, such as @lasma attack

during photoresist stripping and organosilicate plasma attack during organosilicate glass deposition.
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As the device dimensions continuously shrink, the operationduring the sputter deposition of TaN/Cu-electrodes and also pro-
speed of the integrated circuits is dominated by the resistancevides the driving force for Cu diffusion. Cu damascene structures
capacitancé€RC) time constant of the interconnect system. In order were constructed for the TDDB reliability study. Figure 1 shows the
to minimize signal propagation delay, it is inevitable to use low- comb 1/serpentine/comb 2 test structure and the cross-sectional
dielectric-constantlow-k) materials as the inter- and intralayer di- transmission electron microscopffEM) micrograph of the Cu
electrics (ILD). While many low-k (k < 3) materials have been damascene structure employed in this study. A PECVD Q&G
used as ILDs, silicon nitride with a high dielectric constant SiOC:H)film was first deposited to serve as the intermetal dielectric
(k> 7) is still the primary candidate for the barrier required in (IMD). After patterning of 0.20/0.2@um linewidth/space trenches in
copper damascene structures. Thus, it is desirable to replace silicofie OSG dielectric, the damascene Cu features were electrochemi-
nitride by other new materials with a lowksvalue to further reduce  cally deposited on a 30 nm thick TaN liner barrier. Following the Cu
the effective dielectric constant of the Cu interconnect system. Inchemical mechanical polish, either an SG8D nm) single-layer
recent years, increasing interest has been focused on the study @felectric or an SCN(45 nm)/SC(5 nm) bilayer dielectric stack
low stress and thermally stable Idwvamorphous silicon carbide- (with the thin SC layer deposited first on the Cu/OSG suiface
based(a-SiC:H) films deposited by plasma-enhanced chemical va-which is designated as SCB, was prepared as the barrier. The Cu
por deposition(PECVD) using organosilicate gasé®©SGs)* In damascene structure with an SC single-layer barrier was not used in
this work, we first investigate the thermal stability and physical andthis study because the SC dielectric has a very low deposition rate
barrier characteristics of two species ®@fSiC:H low-k dielectric
films (k < 5). This is followed by investigating the TDDB lifetime
of a Cu damascene metallization structure having a bilayer dielectric
barrier made up of these two species of films.

Experimental

Two species of PECVD amorphous silicon carbide vkithalues
less than 5 are investigated with respect to the thermal stability and
physical and barrier characteristics. The silicon carbide films of
«-SICN anda-SiC, designated as SCN and SC, respectively, were
deposited on p-typg;100)-oriented Si wafers to a thickness of 50
nm. In addition, an SCN/SC bilayer dielectric film, designated as
SCB, was also prepared Wwia 5 nm SC film deposited on the Si
substrate followed by a 45 nm SCN film deposited on top of it. A
metal electrod€Cu or Al) was deposited on the silicon carbide films
to construct the metal-insulator-semiconductdlS) capacitor
structgre. For the Cu-electrode M.IS capautorsz a Cu Iaygr Of.zooFigure 1. (a) Schematic diagram of comb 1/serpentine/comb 2 test structure
nm thickness was sputter depos'tefd_ on the silicon _Carb'de fIIms’and(b) cross-sectional TEM micrograph of the Cu damascene structure.
followed by a reactive sputter deposition of a 50 nm thick TaN layer
on the Cu surface for the purpose of preventing oxidation of the Cu
electrode during the subsequent thermal process. Al electrode
samples were also prepared by depositing 500 nm thick Al layers
directly on the silicon carbide dielectric surfaces. For better electri-  Tapje I. Some basic data ofx-SiC:H dielectrics.
cal measurements, a 500 nm thick Al layer was also deposited on the
back side of the Si substrate for all samples. The TaN/Cu-electrode Sample SCN sC
MIS capacitors were then annealed at 400°C for 30 min in gan N

013290_RD/TFD_#20-3X

. . . . . Structure a-SiCN «-SiC
ambient. This annealing step eliminates the plasma-induced damage Deposition gas SIH(CHy)3 /NH, SIH(CHy),
Deposition temperatur€C) 350 350
Deposition ratgnm/min) 176 2.6
* Electrochemical Society Active Member. Refractive indexat 633 nm) 1.90 1.85
Z E-mail: ccchiang.ee88g@nctu.edu.tw Dielectric constant at 1 MHz 4.9 3.8
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Figure 3. FTIR spectra for three samples of PECWESIC:H dielectrica)
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Figure 4. Current densityvs. electric field, measured at various tempera-
tures, for(a) AI/SCN/Si, (b) Al/SC/Si, and(c) AI/SCB/Si MIS capacitors.

and is susceptible to plasma damage. Finally, the Cu damascene
structure was passivated with an undoped silicate glass capping
layer of 400 nm thickness.

An HP4145B semiconductor parameter analyzer was used to
measure the dielectric leakage current and provide bias for the bias-
temperature-stred8TS) test. The dielectric film thickness and re-
fractive index were measured using an N&K analyzer at 633 nm
wavelength. Fourier transform infrared spectroscdp¥IR) was
used to analyze the chemical bonding of the dielectrics. The adhe-
sion of films was measured using a four-point bending techrfique.
X-ray photoelectron spectroscogXPS) was used to analyze the
elemental composition of the Cu surface. Thealue of the dielec-
trics was determined by the maximum capacitance of the Al-gated
MIS capacitors measured at 1 MHz using a Keithley Package 82
system.

Results and Discussion

Table | shows the deposition gas, deposition temperature, depo-
sition rate, and the refractive index and dielectric constant for the
two species of PECVD amorphous silicon carbide investigated in
this work. Notably, the deposition rate of SC, which contains no
nitrogen at all, is much slower than that of SCN. Figure 2 shows the
film thickness shrinkage as well as dielectric constant as a function
of annealing temperatuéor 30 min in an N ambient)for the SCN,

SC, and SCB films. The SC film has a dielectric constant of about
3.8, while the nitrogen-containing SCN film has a higher dielectric
constant of about 4.9, presumably due to the polarization contribu-
tion from nitrogen. Moreover, higher carbon content would lead to a
decrease in electronic and ionic polarizations, resulting in a lower
k-value of films”® The effective dielectric constant of the SCB film,
which is a bilayer SCN45 nm)/SC(5 nm) film, should be very
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Figure 5. (a) Current transient during BTE&L MV/cm at 200°G and (b) Figure 6. Leakage currenvs. electric field, measured at various tempera-

instantaneous current densitg. electric field before and after the BTS for tsu(r:el\f, foé Eusgaémascene metallization structure with a barrier layéa)of
the TaN/Cu/SCN/Si, TaN/Cu/SC/Si, and TaN/Cu/SCB/Si MIS capacitors. and(b) :

close to that of the SCN film. The substantial increase in thickness>CN/CU interface but not at the SC/Cu interfdoet shown). The
shrinkage and dielectric constant at temperatures above 500°C i@nized Cu atoms of Cufhcompound have a lower activation energy
attributed to the outgassing of the methyl group, resulting in a de-for diffusion” leading to the degradation of the TDDB reliability of
crease and eventual disappearance of Si:OB+H, and Si-H peak Cu damqscene structure with an SCN_ _smgle-layer bar_rler. Because
heights, as shown in the FTIR spectra illustrated in Fig. 3. the SC dle_lectrlc has avery low deposition rate, we believe that _the
The leakage current density of the A/SCN/Si, Al/SC/Si, and Al/ SCN/SC bilayer dielectric is a favorable combination for the barrier
SCB/Si MIS capacitors measured at various temperatures is illus-
trated in Fig. 4. The TDDB was measured on the TaN/Cu-electrode

SCN (50 nm), SC (50 nm), and SC&5 nm SCN/5 nm SCMIS 100 v v v v
samples at 200°C under a bias stress of 1 MV/cm. Figure 5 illus- SCN (a) 1
trates the leakage current transient during the BTS and the instanta- < 8 mbasuired @) 200°C 1
neous leakage current density. applied electric fieldin accumu- é @
lation mode)before and after the BTS. All the samples remained >, 60}
stable under the BTS up to at least 15 h. This implies that both SCN 2
and SC dielectric bulk films were capable of preventing Cu perme- 2 a0
ation. =

Figure 6 and 7 illustrate the results of leakage current measure- E 20
ments and breakdown field statistics, respectively, for the Cu dama-
scene metallization structures with a barrier layer of S60inm)as 0 i [ 1
well as SCB(45 nm SCN/5 nm SC). The breakdown field is defined 0 1 2 3 4 5
as the field strength such that the leakage current between comb Breakdown Field (MV/cm)

1/comb 2(grounded)and serpentinépositive biasedgxceeds 1 mA,
and the histogram of the breakdown field was constructed from the Y Y Y
data obtained by measuring 29 samples. The Cu damascene struc- SCB (b)

—
(=3
=]

ture with an SCB hilayer barrier exhibits a much lower leakage ~ 80} o

current and higher breakdown field than that with an SCN single- § mpasured @ 200°C

layer barrier. Figure 8 shows the TDDB measurement at 200°C un- >, 60

der a bias stress of 2 MV/cm for the Cu damascene structure with 2

different barrier of SCN and SCB layer, and Fig. 9 shows the mea- 2 1

sured time-to-breakdowvs. BTS stress field. The damascene struc- g }

ture with an SCB bilayer barrier has a higher value of TDDB life- E 20}t

time than the structure using an SCN single-layer barrier of the same

thickness. All these observations are attributed to the lower leakage 0 .

current of SC dielectric film(Fig. 4), because both dielectric films 0 1 2 3 4 5
were capable of preventing Cu permeati@ig. 5). In addition, the Breakdown Field (N[V/cm)

adhesion strength of SC/Cu and SC/OSG interfaces is superior to
that of SCN/Cu and SCN/OSG interfaces, as shown in Table Il. XPSrigure 7. Histogram of breakdown field for the Cu damascene metallization
analysis shows that there is a nitridation layer of CuM the structure with a barrier layer d&) SCN and(b) SCB.
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Figure 8. Current transient during BT&® MV/cm at 200°Q for Cu dama-
scene structure with a barrier layer of SCN and SCB.

because the nitrogen-containing SCN film with the Sddmpound
can protect the SC film from plasma attack, such agspasma
attack during photoresist strippifyand organosilicate plasma at-
tack during OSG deposition.

Conclusion

The TDDB lifetime of Cu damascene metallization structure is

greatly improved by using ar-SiCN/«-SiC bilayer dielectric stack
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Figure 9. Time-to-breakdowrvs. BTS stress fields at 200°C for Cu dama-
scene structure with a barrier layer of SCN and SCB.
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Table II. Adhesion strength of «-SiC:H dielectric/Cu and
«-SiC:H dielectric/OSG interfaces.

Film scheme Adhesion G@/n?)
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/SiIN/PE-OX/Si 9.34

as the barrier layer. This improvement is attributed to the lower
leakage current ok-SiC, absence of nitridation on Cu surface, and
better adhesion af-SiC on Cu and OSG IMD. Although the-SiC

film has a very low deposition rate, theSiCN/a-SiC bilayer di-
electric is a favorable combination for the barrier layer because
a-SICN can protectx-SiC from plasma attack, such as Plasma
attack during photoresist stripping and organosilicate plasma attack
during OSG deposition.
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