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Integration issues of metal line delamination from fluorinated silica JiBS$§) in deep submicron
intermetal dielectric applications were investigated in this study. A metal line peeled off after a
nonoptimizedin situ deposition of undoped-silicon-glagdSG; SiQ) capping layer followed the
post-FSG-chemical mechanical polishing Meatment. It was found that higher bias power and
longer process time of Nreatment led to more active fluorine species diffusing from the FSG films
to the USG surface, which might react with subsequent Ti/TiN/W metal layer and result in metal
delamination. Using plasma-enhanced fkeatment andex situ USG capping with lower initial
deposition temperature by extra cooling step, the stability of the FSG films was improved and
resulted in a robust structure without metal peeling. 2@04 American Vacuum Society.

[DOI: 10.1116/1.1767107

I. INTRODUCTION terized and the mechanism of metal delamination was estab-

lished as well.
As feature size shrinks continuously to deep submicron

regime, lowk dielectric materials are adopted into dama-
scene structures to reduce interconnection delay and increage ex pERIMENT
device speed?

Fluorinated silica glas$FSG films deposited by high- FSG films were deposited ongatype 8 in. wafer by an
density plasma chemical vapor depositieiDP-CVD) have  Ultima HDP-CVD Applied Materials Centura 5200 system
been implemented in advanced intermetal dieledtii¢D)  using SiH,, SiF,;, O,, and Ar as precursors. The subsequent
application and mass fabrication. The FSG film has the adN. treatment and USG capping layer deposition were carried
vantages of low permittivity K=3.5—3.8), high gap-filling out in the same chamber without vacuum breaking. These
capability, and especially simplicity of IMD integratidd. ~ two processes were performed on FSG films prior to under-
However, high fluorine concentration of the FSG films, ex-90ing the FSG chemical mechanical polishit@MP) pro-
ceeding 5 at. %, induces water absorption and degrades fil§ess. The bl treatment was biased by radio-frequericf)
properties:~’ Moreover, fluorine outgassing results in metal Power. The precursors for the deposition of USG layer were
delamination due to the degradation of adhesion alifity. SiHs and G. The fluorine concentration of FSG films was
Severa' methods have been proposed to prevent the mef‘d])ntrolled at4.5 at. % by the Si—F/Si—O0 ratio based on Fou-
delamination®=24 N, treatment and capping of undoped- Tier transform infrared spectroscofiy TIR) and by the cali-
silicon-glass(USG; SiQ) film on FSG layers have been bration with Rutherford backscattering. FTIR spectra were
demonstrated to eliminate the adhesion problem betweewsed to measure the peak intensity of the-i bonding.
FSG and TiTIN/AICU/TIN metal stack®° However, the FTIR analysis was performed at a resolution of 4 ¢rand
effect of process conditions of,Nreatment and capping lay- averaged 16 scans. Absorption spectra were collected in re-
ers on the metal delamination is not fully examined in pre-flectance mode using a FTIR spectroscope Bio-Rad Win-IR
vious studies. PRO. The Si—F peak height was measured before and after

In this Work, the Optimum conditions sz[\treatment and annealing test. This annealing process was carried out in a

SiO, capping layers on the metal delamination were characfurnace at 425°C o2 h in a N, ambient.
The fluorine concentration of the USG capping layer sur-

aAuthor to whom correspondence should be addressed; electronic maiface (<20 A) was analyzed by dynamig secondary ion mass
ylwang@tsmc.com.tw spectrometeftime of flight-secondary ion mass spectrom-
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Fic. 1. Repeating process flow for Al/Cu metallization. Fi. 2. (2) OM and (b) SEM images of metal delamination.

etry (TOF-SIMS)] with a gallium liquid metal ion gun as the o _ N
primary ion source. TOF-SIMS was operated in an ion mi-The initial and process temperatures _of the ZSdép(_)smon
croprobe mode, in which the bunched pulsed primary iovere ~380°C and ~350°C, respectively. Adopting the
beam was raster scanned across the sample surface. Surf&k9ve process condition, metal delamination commonly oc-
morphologies and cross-sectional images were examined ugHrred after W-plug deposition. The optical and scanning
ing an optical microscopéOM) and a field emission scan- electron microscopySEM) cross-sectional images in Fig. 2

ning electron microscope. indicate that peeling appeared at the interface between the
TiN barrier and FSG/SiQ
Ill. RESULTS AND DISCUSSION A. Effect of N , treatment on metal delamination

Figure 1 shows the repeating process flow of AI/Cu met- In order to understand the effect of, Nreatment on the
allization in sub-0.18m scale device technologies, in which fluorine concentration at the surface of the USG capping
the Ti/TiN metals and HDP-FSG films were used as diffusionlayer, a process comparison was implemented-28 kA
barrier and dielectric layers, respectively. After FSG-CMP,HDP-FSG layer was directly deposited on a silicon substrate
the subsequent Nireatment and USG capping layer deposi-and followed by CMP until the thickness of the FSG films
tion were carried out in the same chamber without vacuumieached~6 kA. Then various M plasma treatment condi-
breaking. The bias power, process time, andflsw rate of  tions were performed and capped witt2 kA USG film. The
N, treatment were 400 W, 60 s, and 300 sccm, respectivelfluorine concentration at the USG surface was found to be

TaBLE I. Normalized fluorine concentration by TOF-SIMS analysis and metal delamination incidence for vasitreafshent conditions.

Conditions

TOF-SIMS Delamination

N, treatment Capping layer Annealing P results
400 W/60 s In situ HDP-USG dep. No 191.0 Peeling
400 W/45 s In situ HDP-USG dep. No 156.2 Peeling
400 W/30 s In situ HDP-USG dep. No 129.9 Peeling
400 W/10 s In situ HDP-USG dep. No 100.5 Slight peeling
350 W/60 s In situ HDP-USG dep. No 102 Peeling
300 W/60 s In situ HDP-USG dep. No 64.6 Slight peeling
250 W/65 s In situ HDP-USG dep. No 38.5 No peeling
400 W/60 s In situ HDP-USG dep. Yes 138.0 Peeling

PE-N, In situ HDP-USG dep. No 33.6 No peeling

(300 W/60 $

Note: dep= deposition.

JVST B - Microelectronics and  Nanometer Structures
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TasLE Il. FTIR results and metal delamination incidence for various USG capping conditions.
Conditions Initial USG
FTIR dep.
N, Capping layer Annealing A Si—F peak temperature Delamination
treatment height (°C) results
400 W/60 s In situ HDP-USG dep. No 0.105 ~380 Peeling
400 W/60 s In situ HDP-USG dep. Yes 0.204 ~380 Peeling
400 W/60 s Pump 205 Yes 0.058 ~360 Slight peeling
In situ HDP-USG dep.
400 W/60 s Cooling 105 Yes —0.082 ~340 No peeling
In situ HDP-USG dep.
400 W/60 s Cooling 308 Yes —0.088 ~320 No peeling
In situ HDP-USG dep.
400 W/60 s Ex situHDP-USG Yes —0.116 ~310 No peeling
dep.
300 W/60 s In situ HDP-USG dep. Yes —0.095 ~320 No peeling
PE-N, Ex situHDP-USG Yes -0.121 ~310 No peeling
(300 W/60 3 dep.

Note: dep= deposition.

strongly dependent on the conditions of Meatment, as feasible treatment needs to substitute for rf bias power to
shown in Table I, in which the normalized fluorine concen-improve the stability of FSG films. As shown in Table I, the
tration means the 100-fold ratio of the fluorine concentratioredoption of plasma-enhanced KPE-N;) treatment signifi-
to the 28Si concentration. Higher bias power or longer pro-cantly decreased the surface fluorine concentration of USG
cess time of N treatment caused more fluorine content at the'esulting in the elimination of the metal delamination.
USG surface. It was also found that the bias power of N
treatment dominated the treatment time in affecting the sur- _ . _—
face fluorine concentration of USG. At the same feat- B. Effect of capping conditions on metal delamination
ment time of 60 s, the higher bias power of 400 W led the The FTIR Si—F peak intensity of the FSG films was found
surface fluorine concentration of USG to be 195% highetto be dependent on the initial deposition temperature of USG
than that for the lower bias power of 300 W, while the biascapping layers as shown in Table Il. Figure 3 shows the
power was controlled at 400 W, the longer treatment time okvolution of initial deposition temperature in different cap-
60 s induced the surface fluorine concentration of USG onlying conditions, in which the cooling or pumping step in-
47% higher than that for the shorter treatment time of 30 sserted between the ;Nireatment and USG deposition was
Table | also summarizes the relationship between the variused to decrease the initial capping temperature. The Si—F
ous conditions of B treatment and the incidence of the metal peak intensity of the FSG surface was measured before and
delamination. It was found that higher bias power and longeafter the annealing processes. The Si—F peak intensity in-
process time of M treatment generated higher fluorine con- creased after annealing when the initial deposition tempera-
centration at the USG surface resulting in a higher probabilture of USG was estimated about 370—-380°C. A slightly
ity of metal peeling. The results indicated that the higher biasncrease of the Si—F peak height after annealing was found
power and longer process time of, Nreatment produced when the initial capping temperature was about 360 °C. In
more actively fragmented fluorine species from the FSGcontrast, when the initial capping temperature was 310—
films,' and the unstable fluorine species diffused to the USG20 °C, the Si—F peak height decreased after annealing. In-
surface and then reacted with a metal-stacked layer in a sulerestingly, the occurrence of metal delamination showed a
sequent thermal process. Furthermore, the surface fluorine
concentration of USG decreased after annealing, however,
the improvement of metal delamination was limited and
peeling was still observed. The plausible reason was that the
annealing process accelerated the unstable fluorine species to 4101C
react with the TiN/Ti/Al layers leading to another type of
peeling. Temperature

Initial cap temperature
/in-situ cap
/extra cooling step added

-

Although the reduction of bias power and process time of 1~ ex-situ USG cap
N, treatment effectively reduced the surface fluorine concen-
tration of USG, the metal line delamination randomly oc- — | — I
curred in the processes. During the Keatment with rf N2 treatment USG deposition
power, a hegative voltage was exerted on the back side of the Process time

processing wafer; then the,Nplasma haq a higher driving g, 3. Thermal evolution of substrates for different USG capping condi-
force to break the Si-F bonds of FSG films. Therefore, a tions.

J. Vac. Sci. Technol. B, Vol. 22, No. 4, Jul /Aug 2004
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A. Higher Temperature Process:

F- is active since the

E- E- wafer temperature is
high. F- will diffuse out
following USG deposit.

FSG

B. Lower Temperature Process:

—

Fic. 4. Proposed mechanism of fluorine diffusion under different initial
deposition temperature of USG capping layées:higher-temperature pro-
cess andb) lower-temperature process.

F- does not have enough
energy for diffusion and
F atoms become bound
in the deposited USG
cap film.

strong correlation with the initial deposition temperature of
USG. When the temperature was above 360 °C, serious pee|
ing occurred on metal pads.

It was suggested that the active fluorine species in thg
FSG films resulted from high bias power and long process
time of N, treatment, or high initial deposition temperature
of USG capping layers not only formed the Si—F bonds
within the film, but also diffused to the USG surface, as
shown in Fig. 4. Therefore, when the initial capping tempera-
ture of USG was highe(>380 °Q, the trapped fluorine at
the USG surface further induced the metal delamination after
the subsequent metallization process. A secondary ion mass
spectrometry(SIMS) profile of a FSG/USG stacked film

with a higher initial USG deposition temperature proves thqnterface and diffuse into the USG layer during higher USG
deposition temperature. This higher fluorine content within

hypothetical mechanisitFig. 4) shown in Fig. 5. As can be
seen, the SIMS profile shows that a sharp fluorine peak Gy
curred at the FSG/USG interface and a high fluorine concen;

Ti/TiN deposition
AICWTi/TIN deposition (~250°C)

PE-N, treatment 60 s

Metal plasma etching |

PR wet strip I

PR wet strip

HDP-FSG deposition Vacuum bake (300°C)

420°C; 4.5 at%

| CVD-TiN deposition

I W deposition (425°C)

W CMP

Next metal layer

Fic. 6. Optimized process flow for Al/Cu metallization.

he USG layer has the potential risk of resulting in metal

tration was present within the USG capping layer. The resul
indicates that fluorine would accumulate in the FSG/USG
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Fic. 5. SIMS depth profile of the FSG film witim situ HDP-N, treatment

and HDP-USG capping layer.
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gelamination after the subsequent metallization process.

On the other hand, when the initial deposition temperature
of USG was as low as 320°C, the driving force was not
enough for unbonded fluorine to diffuse out. However, free
fluorine atoms bonded with Si to form the-SF bond by the
thermal energy at the beginning of USG deposition. The
fluorine source was exhausted in the USG/FSG surface re-
sulting in no extra FTIR Si—F peak at the USG/FSG inter-
face. As a result, the Si—F peak height decreased due to no
additional fluorine to form Si-F bonds in the following an-
nealing process.

Moreover, it was found that usingx situUSG deposition
significantly decreased the Si—F peak after anneals®eg
Table Il) when the initial deposition temperature of USG was
reduced to 300 °C. As expected, this separated USG deposi-
tion method resulted in no metal line delamination.

To prevent the metal delamination, a modified process
flow was proposed as shown in Fig. 6. PE-fkeatment and
a separate USG capping process with an initial deposition
temperature below 350 °C were used to broaden the process
window. Based on this metallization process, a robust struc-
ture without metal peeling was obtained. Furthermore, the
SIMS profile of Fig. 7 shows that lower fluorine concentra-
tion was present in the USG film as compared with the result
of Fig. 5.
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* PE-N2 treat.

;
o

Sput Time: [o]

Fic. 7. SIMS depth profile of the FSG film with PE;Nreatment anéx situ
HDP-USG capping layer.

[V. CONCLUSIONS

Fluorine stability is extremely important in HDP-FSG
IMD application. In this study, the SIMS and FTIR results
showed that high rf-bias power and long process time of N

» treatment and USG cap

1796

resulting in metal delamination. PE;Nreatment and a sepa-
rate USG capping with the initial deposition temperature be-
low 350 °C by an extra cooling step were found to be useful
to prevent metal delamination.
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