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This study investigated copper diffusion into processed fluorosilicate (F&53). It is observed that the surface process enhances

the flatband voltage shift of the Cu/FSG/Si capacitor structure under bias-temperature stress. Secondary-ion mass spectroscopy
analysis confirmed that the flatband voltage shift was due to Cu diffusion into the FSG film. Thermal desorption spectrometer
analysis indicated that the surface damage layer took up more moisture. A surface-damage-layer-enhanced Cu ionization model
was then proposed to explain the observation. The investigation concludes that the diffusion of Cu into FSG is strongly dependent
on the surface condition of the FSG film. The proposed model also provides explanation for the inconsistent results reported in
previous literature.
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With the progress of microelectronics technology, the featureFSG film that affects the integration scheme and contamination con-
size of the integrated circuit has scaled down rapidly. The smallertrol. Therefore, it is important to examine the effects of surface
cross section of metal lines and the narrower space between thprocessing on the Cu/FSG interface reaction and the diffusion of Cu
metal lines results in significant signal delay along multilevel into FSG film, which is the focus of this study.
interconnectiond.lt is well accepted that coppé€u) and low di-
electric constanflow-k) materials are inevitable at the sub-0.13 mi- Experimental
crometer technology nodésBecause Cu is a serious contamina-  Simple metal-insulator-silicoriMIS) capacitor structures were
tion source in silicon and most of the dielectrics, Cu lines must beysed. The starting material is(200)-oriented p-type silicon wafer.
sealed with suitable diffusion barriers, and Cu contamination duringa 10 nm thick oxide was thermally grown before the FSG deposi-
processing must be monitored and controffédTherefore, under- tion to minimize the dielectric/silicon interface state density. FSG
standing of the mechanism of Cu diffusion into the dielectric is fiim of about 750 nm thickness was deposited in a high-density
twofold. First, if the dielectric shows a good barrier property, diffu- plasma chemical vapor deposition system. An inductively coupled
sion barrier |ayer5 can be eliminated. The process can be S|mp||f|e%|asma(|cp) source was used to generate p|asma_ The frequency
and the performance can be further improved. Second, if Cu carand power of the radio-frequencsf) generator for the top electrode
diffuse into the dielectric, the diffusion behavior must be understoodwere 200 MHz and 350 W, respectively. The rf power of the bottom
such that contamination during processing can be monitored an@lectrode was turned off such that no ion bombardment occurred. It
controlled. should be noted that substrate bias is not necessary for the dama-

Many low-kmaterials have been proposed in the past ten years tGcene process because IMD is deposited on a CMP-planarized flat
reduce interconnect Capacitance. Among them, ﬂuorosilicate glasgurface_ The gases and Corresponding flow rates Were GJH
(FSG) is the most desirable because of its good thermal andscem), Sig (96 scem), @ (190 scecm), and A125 sccm). The
chemical Stab”lty and its S|m||ar|ty to silicon dioxide (%-p chamber pressure was 15 mTorr during deposition_

Hence, it can be readily integrated into the fabrication pro&éss. Wafers were then divided into three categories: without surface
Recently, Cu and FSG had been successfully integrated todétfer. processindthe as-deposited sampl@rgon ion sputtering in an ICP
However, only a few articles in the literature examined the diffusion chamber for 1 min(the ICP sample), and CMP partial poligtine
behavior of Cu into FSG filmM®1° Furthermore, quite different re- CMP sample). The ICP chamber is the pretreatment chamber of a
sults were reported in those articles. It was even reported that Celustered metal deposition system. Both the top and bottom powers
does not diffuse into FSG film under bias-temperature st8$s) were set at 300 W. This is the typical surface sputtering condition
at 200°C and 3.5 MV/cm for 30 mitf before metal deposition. The sputter rate of FSG film is about 200

The major drawback of the previous studies is that they all usednm/min. The CMP partial polish is to simulate the damage that
as-deposited FSG film to examine the behavior of Cu diffusion inarises during the overpolish period of the Cu CMP process. Clean
FSG film. This is not appropriate for the following reasons. In the
damascene process, FSG film would experience several processes,
such as dielectric etching, ion-sputtering clean before metal deposi- o -
tion, and chemical mechanical poli$EMP)2° Figure 1 describes [ o siv. [l Bamer Cu
the major steps of the Cu dual-damascene process. After the first
Cu-interconnect layer is finished, intermetal dielectfi®iD) Cu @ ®

) ) : : : SISEININENN
interconnect is deposited as the next lagfeig. 1a). The sequential P20
photolithography process and dielectric etch processes are per FRFIISIIINY
formed twice to form the via holes and trenches in the INfg. ]

B e e i e e I - 7 7|

1b). After premetal deposition cleaning, barrier metal and Cu are

then deposited in the via holes and trenches followed by a CMP| JRad]
process to finish the second layer Cu interconr&ag. 1c). Al-
though the CMP process is employed to remove the Cu and barrier

metal, the surface of FSG film is also polished during the overpol- * ]S]\":)“:P"Siﬁf’“ * via patteming * barrier metal deposition
ishing period. It is the behavior of the Cu diffusion into processed eposition * trench patterning * Cu deposition
« CMP

Figure 1. The major process steps of the dual-damascene proegsster
Z E-mail: bytsui@cc.nctu.edu.tw IMD deposition,(b) after dual-damascence patterning, &ojcafter Cu CMP.
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Table I. Process conditions of samples used in this work. 10000

Sample ID FSG surface processing Gate material

-- Cu-1 before BTS
Al-1 As-deposited Al

Al-2 CMP Al -&- Cu-3 before BTS
Al-3 ICP Al

Cu-1 As-deposited Cu
Cu-2 CMP Cu
Cu-3 ICP Cu

1000

T

unts/second

pad and fresh slurry of model ECC-1403-1 were used to avoid Cu
contamination from pad or slurry. The pad pressure was set at 2 psi O 100
and the polishing time is 50 s. The thickness of the FSG film was ©
reduced by 200 nm after the ICP process and by 50 nm after the
CMP process. Copper film of 500 nm thickness was then deposited
in an ionized metal plasma chamber without substrate bias. A gate
electrode was then patterned by the wet process. Samples with Al
gate were also prepared as reference. The Al film was deposited in &
typical high-vacuum dc sputter system. 10 1 1 1 |
After the metal gate patterning, a 30 nm thick SiN film was
deposited to passivate the MIS structure. This layer is used to avoid 0 20 40 60 80 100
moisture absorption in the MIS structure and to prevent the Cu gate
from oxidation during high-temperature measurement. A 30 min an- Depth (nm)
neal in N, ambient at 300°C, to reduce the process-induced charges ] ) ]
in the dielectrics, finalized the sample processing. The temperatur&igure 2. The SIMS depth profiles of Cu in FSG film of Cu-1 and Cu-3
of this step is generally at 400°C, but in our experiment it is reducedSamPles just after sample preparation. The capping SiN and Cu gate have
to 300°C to avoid Cu diffusion into the FSG during annealing. Table been removed.
| summarizes the process condition of the six samples.
The total dielectric thickness of each sample was measured by
optical interference methodology. The high-frequency capacitance- ) . . o
voltage(HFCV) characteristics of all the samples were measured at An obvious Veg shift toward the negative voltage axis is ob-
100 kHz. The dielectric constant of each sample was calculated fron$erved for the Cu-gate devices. One obvious hypothesis to explain
the measured capacitance at the accumulation mode and the totH]is is Cu contamination during the Cu deposition or thermal pro-
dielectric thickness was again determined by optical methodologycesses. Figure 2 shows the SIMS depth profiles of Cu in the FSG
The flatband voltageM(zs) was also extracted from the HFCV char- film of the Cu-1 and Cu-3 samples. Depth profiles of the Cu-1

acteristic. sample and the Cu-3 sample are almost identical, and only a small
ABTS at+1 MV/cm and 200°C was performed to drive Cu into @mount of Cu atoms were detected at the surface. These results
the FSG film. Secondary ion mass spectroscpMS) was em- indicated that the trace amount of Cu atoms comes from the residual

ployed to determine the distribution of Cu in the FSG film. To avoid €U at the FSG surface after the stripping of the Cu gate. The con-
surface roughness and knock-on effect during SIMS analysis, th&entration of typical mobile ions, such as Nand K+, were below
capping SiN was removed by GBlasma, and the metal gate was the d(.etectlon limit of SIMS gnaly5|s. Ther_efore, the ne.gaWQ is
selectively removed by warm HNGbefore SIMS analysis. Trans- explained by the residual fixed charges in the FSG film generated

. e l . . .
mitted Fourier transform infrare@~TIR) spectroscopy and thermal during Cu depositiofi! These charges are |mmob|_le and will not
desorption spectroscogf DS) were also used to analyze the prop- change at temperatures lower than the final annealing temperature of

; i - 300°C.
erties of the surface-processed FSG film. To drive Cu into FSG film, BTS tests were performed-at

MV/cm and 200°C for various periods. To exclude the possible in-
stability of the FSG film itself and contamination during the surface

The fluorine concentration of the deposited FSG film determinedprocessing, Al-gate MIS capacitors were also measured. The flat-
by FTIR is about 4.6%. Table Il lists the dielectric thiCkness, effec- band V0|tage ShlﬂAVFB) of the Al gate and the Cu gate samp|es
tive dielectric constant, and flatband voltage of the six samples.after BTS were extracted and denot®¥ g 5 andAVeg o, respec-

Although ICP and CMP treatments reduced the film thickness, th&;yely The AV, relevant to Cu was then corrected by subtracting
dielectric constant is unchanged. These results imply that the tWOAfVFB « from AVeg o,. Figure 3 shows the correctekNgg of the
» ,Cu-

surface processes did not change the composition and structure o . .
) . : ree Cu-gate samples after various BTS periods.AY of the
the bulk of the FSG film. The magnitudes 8fs of Al-gate devices 5 1 AI-2,g and AI-IE’) samples are also shgwn in Fig.ﬁBé/.MA slightly

are small. The slight difference between the samples may be due tonitive shift of V5 was observed on all three Al-gate samples, but

ﬁggﬁfgé’ﬁﬁss'mduced damages or the fixed charges in the dep the magnitudes oA Vg 4 Of the three samples were similar. This

phenomenon is attributed to the slight instability of the FSG film

Results and Discussion

itself.*® A net negativeAVgz was observed on all three Cu-gate

samples. Since the flatband voltage shift due to the instability of the
Table II. Dielectric thickness, effective dielectric constant, and FSG film and contamination other than Cu after the surface treat-
flatband voltage of all six samples. ment had been subtractell)/ gz should be relative to Cu only. It is

obvious that the ICP samplgu-3) had the largest\Vg and the
Al A2 A3 Cul  Cu2  Cu3 as-deposited sampl€u-1) had the least\ V5. Furthermore, the
Thickness(nm) 788 523 589 761 519 575 rates of theVgg shift of the three Cu gate samples are Cu-3, Cu-2,
Dielectric constant 362 365 369 354 363 355 and Cu-1inthe sequence from high to low. These phenomena imply
Flatband voltagdV) —1.41 +0.57 —2.38 —18.95 —14.18 —27.59 that Cu is more easily driven into surface-processed FSG films than
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Figure 3. The corrected flatband voltage shifts of Cu-1, Cu-2, and Cu-3 16

samples after BTS treatment atl MV/cm and 200°C for various time
periods. The flatband voltage shifts of Al-1, Al-2, and Al-3 samples were also

shown.

12 F sputtered FSG
driven into unprocessed FSG film. Since the ICP-sputtered sample&‘ after 3 days
(Cu-3)shows the most severe Cu diffusion, the following discussion = |
and analysis focuses on the Cu-3 sample, with the Cu-1 sample as =~ \
reference. c

Figure 4 shows the SIMS depth profiles of Cu in the FSG film of g 8 as-dep. FSG
the Cu-1 and Cu-3 samples before and after BTS for 30 min. Ap- 3 )
parent Cu diffusion into the FSG film to a depth of about 40 nm was after 4 days

observed from the Cu-3 sample after BTS. According to the SIMS €

o
4 }
100000
-eo—Cu-1 after BTS
-= Cu-3 after BTS 0 1 . i
- 10000 -a— Cu-3 before BTS 0 100 200 300 400 500
C o
S Temperature ("C)
] (b)
o 1000
- Figure 5. The (a) top H,0O and(b) bottom HF desorption spectra measured
g by TDS analysis on as-deposited FSG film, FSG film 4 days after deposition,
e) and FSG film 3 days after surface sputtering.
®)
100
analysis, it is definitely confirmed that tiaeV/ g observed after BTS
is due to Cu diffusion into the FSG. The amount of Cu in the FSG
film of the Cu-1 sample after BTS is much lower than that of the
10 1 1 ] 1 Cu-3 sample after BTS. This is consistent with the trendvp§

shown in Fig. 3. Because the diffusion behavior of Cu in all FSG
0 20 40 60 80 100 films should be the same deep inside the FSG films, the only differ-
ence among the FSG films is the surface characteristic for Cu dif-
Depth (nm) fusion through the Cu/FSG interface. It is thus suspected that the
surface processing either increases the Cu ionization rate or reduces
Figure 4. The SIMS depth profiles of Cu-1 and Cu-3 samples before andthe diffusion barrier height and then enhances the Cu diffusion into
after BTS treatment at1 MV/cm and 200°C for 30 min. the FSG film.
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FTIR analysis was performed to clarify the FSG property after been processed before Cu deposition. Furthermore, it is strongly
the surface processing. The transmitted absorption spectrum wazcommended that the surface-processed film, instead of as-
detected and the spectra of as-deposited and surface-processed F8€posited film, be used to evaluate the behavior of Cu diffusion into

films are identical. This confirms the previous postulation based ondielectric films.

the dielectric constant and the SIMS profile of Cu that surface pro-
cesses modify the properties of only the surface layer of FSG film.
Figure 5a and b shows the,@ and HF desorption spectra analyzed
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absorption of the FSG surface layer. It is also observed from Fig. 5b
that HF desorption of the ICP-sputtered FSG film is more serious
than that of the as-deposited FSG film. The controversial result thaf
FTIR does not detect differences between as-deposited FSG film and
ICP-sputtered FSG film may be attributed to the weak sensitivity of
transmitted FTIR on the surface layer property change. In our expe-l'
rience, moisture uptake of as-deposited FSG film cannot be detected.
by FTIR until 2 weeks after deposition. 3.
It has been reported that FSG film with a higher fluorine concen-
tration has a lower dielectric constant but becomes more easinA'
hygroscopi??3 The FSG film after moisture absorption induces a s,
hydrolysis reaction, which is represented by the following chemical
formula??2* g-
-Si-F + H,0 — -Si-OH + HF o
The results obtained indicate that all FSG films have a probabil-l(g)'_
ity of hydrolysis reaction occurrence for the Si-F bonds. The in-
crease in the amount of Si-OH bonds slightly increases the dielectrid?!-
constant for their low polarity. Moreover, the HF generated from %
Si-F bonds would damage other contacted films. Referring to the
TDS result, it is postulated that the surface processing produces a
surface-damaged layer. The enhanced moisture absorption at tHé:
surface-damaged layer causes increased hydrolysis reactions. There
can be more Si-OH bonds and HF generation to enhance the copper
ionization and erosion rate, and thus more copper ions are generated.
This effect, combined with the structural damage due to the CMP
and ion sputtering, caused the barrier height for Cu penetration into
FSG to roll off and more Cu ions to be driven into FSG under the
same BTS condition. Since the FSG film is very thick, it is possible 14.
that the increase of the dielectric constant at the surface-damaged
layer does not affect the effective dielectric constant of the whole®
film.
Conclusions 16
Our investigation discovered that surface processing enhancey”
Cu ion diffusion into FSG film. A surface-damage-layer-enhancedqg
Cu ionization model was proposed. According to the model, the
moisture uptake ability of the FSG film greatly affects the Cu diffu- 19
sion behavior. This may explain the inconsistent reports in the pub-20
lished literature. Furthermore, even if the as-deposited FSG film
shows good barrier properties against Cu diffusion, the damascengt.
process produces a surface-damaged layer to enhance the Cu diffu-
sion. Thus, in the Cu/FSG integration process, the processed FS%'
surface must be isolated from any Cu contamination. Therefore, a
suitable barrier layer is still necessary because the FSG film haga.
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