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Synopsis :

Direct-contact via plug of a submicron diameter with a novel via plug structure has
been realized by selective aluminum chemical vapor deposition (Al-CVD). Lower and
upper Al interconnects are directly connected with the plug of aluminum. Essential
point of this technique is to carry out sequentially the following three processes without
exposing wafers to the ambient: surface cleaning by reactive ion etching (RIE), plug
formation by selective AI-CVD and sputter deposition of upper level Al film. The via
structure has no heteromaterial interfaces across the current path. Electrical
characteristics of the Al plug were evaluated and compared with those of the
conventional W plug. The resistance of a via chain in 0.5-pm diameter was 0.24Q/via,
which was 1/3 that of the W-filled plug, and interface resistance was estimated to be
extremely low. Electromigration (EM) tolerance of the new plug was better than that of
the W plug. The direct-contact Al-CVD plug is, thus, very suitable for realizing

high-performance LSI with lower process cost.

(c)JFE Steel Corporation, 2003

The body can be viewed from the next page.




KAWASAK! STEEL TECHNICAL REPORT No. 30 August 1994

Al/Al Direct-Contact Via Plug Formation
Using Selective Al-CVD™

R4
Tomohiro Ohta
Dr. Sci., Senmior

Researcher, LSI
Research Cenler,

Hiroshi Yamamoto
Dr. Eng.. Staff
Assistant Manager,

LSI Research Center,
High-Technology Res.
Labs. Intelfectuat Property
Dept. High-Technology Res.

Labs.

1 Introduction

Recently, the device of very large-scale integrated cir-
cuits (VLSIs) has been scaled down, while operating
speeds have increased. As the device is scaling down,
the fabrication techniques for creating multilevel inter-
connects, planarizing interconnects and dielectric layers
between the interconnects, and metallizing the intercon-
nects become very important. Especially in metalliza-
tion, an improved fabrication technique is required for
the via plug connecting to both the lower and upper
interconnects. In contrast to sputtering using a physical
vapor deposition (PVD) method which can produce
films with a smooth surface, the via filling technique
using chemical vapor deposition (CVD) has been widely
investigated, because its high step coverage makes it
suitable for submicron via filling.

The blanket tungsten-CVDY/etchback process s now
widely used as a metallization technique in production
lines. However, this process requires adhesion layer/
nucieation layer deposition!” and an etchback to remove
W from areas except holes, which raises the process
cost and involves more maintenance time for chamber
cleaning to remove particles in order to maintain a
product yield high. In addition, the W via structure has
heieromaterial interfaces of Al-alloy/W and W/TIN/Tv/
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Direct-contact via plug of a submicron diameter with
a novel via plug structure has been realized by selective
aluminum chemical vapor deposition (41-CVD). Lower
and upper Al interconnects are directly connected with the
plug of aluminum. Essential point of this technique is to
carry out sequentially the following three processes without
exposing wafers to the ambient: surface cleaning by reac-
tive ion eiching (RIE), plug formation by selective AI-CVD
and sputter deposition of upper level Al film. The via
structure has no heteromaterial interfaces across the cur-
rent path. Flectrical characteristics of the Al plug were
evaluated and compared with those of the conventional W
plug. The resistance of a via chain in (.5-um diameter
was .23 Q/via, which was 1/3 that of the W-filled plug,
and interface resistance was estimated to be extremely low.
Electromigration (EM) tolerance of the new plug was bet-
ter than that of the W plug. The direct-contact AI-CVD
plug is, thus, very suitable for realizing high-performance
LS8! with lower process cost.

Al-alloy at the upper and lower sides of the W plug,
requiring a TiN/Ti adhesion layer, as shown in Fig. 1
(a). Such interfaces have the potential to cause a num-
ber of problems, e, high contact resistance,” degrada-
tion of electromigration (EM) by the inhibition of
atomic migration,” and corrosion by local galvanic
cells.¥ From these reasons, it is necessary to form the
via structure without heteromaterial interfaces, as
shown in Fig. 1 (b), at a lower cost. Aluminum-CVD
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is a promising technique for satisfying these de-
mands.

The metallization technique using AI-CVD has been
investigated, using triisobutylaluminum (TIBA)?*™ or
dimethylaluminumhydride (DMAH)'"!' as a source gas,
and, recently, selective Al-CVD has been realized "
However, a via structure with CVD-Al plugs connected
directly to the Al iaterconnect has not been reported.
Because the native oxide on the Al surface prevents the
growth of CVD-Al one of the key issues for deposition
of Al on Al is how to obtain a clean Al surface and to
maintain it before AI-CVD. Thus, in-site precleaning
which can remove the native oxide is essential for
depositing Al on Al In the previous work on via filling
using selective ACVD, it was only reported that selec-
tive AI-CVD with TIBA can be achieved on a Ti under-
layer capped on the lower Al interconnects by the
formation of an amorphous silicon mask laver and in-
situ RF cleaning.” However, this process is considered
complicated, and the via structure has heteromaterial
interfaces.

This paper reports that an Al/Al direct-contact via
structure can be formed by a simple process using in-
situ reaclive ion etching (RIE) precleaning and selective
Al-CVD with DMAH in a high-vacuum cluster tool. In
addition, the electrical characteristics of the new struc-
ture are compared with those of the conventional W via
structure.

2 Experimental

In order to realize an Al/Al direct-contact via struc-
ture, it is necessary to prepare a clean Al surface,
removing the native oxide just before CVD. Figare 2
shows a high-vacuum cluster tool and the process steps
used in this work to achieve AI-CVD on the cleaned Al
surface. In this apparatus, the lower Al surface was
cleaned by RIE precleaning, and the via hole was filled
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Fig. 2 Schematic diagram of the cluster tool used in
this study, and the process steps to fabricate
direct-contact via plug
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by selective AI-CVD, and the upper Al layer was then
sputtered on it. These processes were performed contin-
uously in the same vacuum with a base pressure of less
than 1 x 1077 Torr (1.33 x 1077 hPa). First, RIE was
performed using BCl; and Ar as process gases at a pres-
sure of 0.05-0.15 Torr (0.0665-0.1995 hPa), and the
substrate was placed on a carbon suscepter heated with
4 resislance heater in a cold-wall CVD reactor. DMAH
as a metalorganic precursor was evaporated at room
temperature and was supplied to the reactor with carrier
H, gas, 500 scem (0.844 Pa-m’/s), at a deposition tem-
perature of 210-260°C, and total pressure of 2.0 Torr.
Next, an upper Al layer (0.5 gm) was formed by sput-
tering and patterned to examine the characteristics of
the Al plug. The substrates were prepared by etching a
I gm-thick PECVD Si0, film and 0.05-0.1 gm-thick
TiN antireflection layer on the lower Al alloy intercon-
nect by conventional RIE to make via holes 0.3~0.8 um
in diameter.

The selective deposition and via filling of Al were
observed by scanning electron microscopy (SEM)} and
transmission  electron microscopy (TEM). Electrical
characterization, via resistance and interface resistance,
and electromigration (EM) tests were carried out after
the formation of the upper Al inlerconnect and anneal-
ing at 400°C for 60 min. Samples with conventional W
plugs wers also made for comparison.

3 Results and Discussion

3.1 Plug Formation

In order to investigate the effect of RIE precleaning
on Al-CVD applied to an Al substrate, blanket AI-CVD
was performed on a sputtered Al film under the CVD
conditions (CVD) temperature, 260°C and total pressure,
2.0 Torr}. Al was not deposited on thermal silicon oxide,
but rather was deposited on Si. As shown in Phote !, a
continuocus Al-CVD film could not be deposited
without the precleaning step, while a smooth continu-
ous flm was deposited following in-situ RIE preclean-
ing. This result suggests that the oxidized layer on the
sputtered Al film, which was formed during air expo-
sure, suppresses the deposition of the CVD-Al film
under these CVD conditions but is successfully re-
moved by the RIE precleaning,

After in-situ RIE precleaning, AI-CVD was performed
on the substrate with via holes at 210°C, Photo 2 shows
cross-sectional SEM micrographs of Al plugs in 0.6 ym
via holes at three different deposition times. It was
found that the Al grew only from the bottom Al surface
in the via holes, and the Al plugs were formed selec-
tively on the Al surface. Selectivity was maintained even
after the point in time when the holes were overfilled
{15 min). On the other hand, it was found that only
slight deposition occurred in the via holes from the bot-
tom Al surface, and deposition occurred preferentially
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Photo 1 SEM micrographs showing blanket A-CVD on the Al film substrates;
(a) without and (b) with /n-sity RIE precleaning
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Photo 2 Cross-sectional SEM micrographs of the Al plugs in 0.6 yum via holes

at 3 different deposition times

on the Si0, film after excessive exposure to the CVD
ambient without the RIE precleaning. These results
demonstrated that the in-siru RIE precleaning is essen-
tial to realize selective Al deposition in the via hole.

The direct-contact Al plugs formed in 0.45um via
holes using in-situ RIE precleaning and selective Al-
CVD are shown in Phete 3. The deposition time was
5min. [t was found that the deposition rate can be
increased while maintaining superior selectivity if the
deposition conditions are optimized based on an under-
standing of the characteristics of A-CVD.'” Smaller via
holes with a diameter of 0.3 gm can also be filled with
Al plugs by selective AI-CVD. Unlike the results of
deposition with TIBA as a source gas,'® the deposition
rate was found to be independent of via size in the
range of 0.3-0.8 um in diameter. This characteristic is
advantageous in the application of the ARCVD plug to
actual LSIs with various via hole sizes.

The cross-sectional TEM observation, as shown in
Photo 4. indicated that the via holes are fully fuled with

No. 30 August 1994

Via size=0.45 um

lpgm
Photo 3 SEM photograph of the CVD-Al plugs
formed in 0.45 ym via holes on 5 min depo-
sitton
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Photo 4 Cross-sectional TEM photograph of the direct-contact

via structure fabricated in this study

Al plugs having no voids and that the plugs contact
both the lower and upper interconnects without any
intermediate layers.

3.2 Electrical Characterization

Figure 3 shows via chain resistance as a function of
via hole size for the Al/Al direct-contacl via structure
fabricated in this work and a conventional W via struc-
ture, as shown in Fig. 1 (a). The resistance with the
former was lower than that with the latter, and the dif-
ference became larger as the via hole size decreased.
The 0.5 gm via chain resistance of the new structure
was (.25 Q/via, which was about 1/3 that of the W via
structure. The via resistance of the new structure was
also measured by the Kelvin method. The 0.5 um
Kelvin resistance was about 0.2 2 and was about 1/2
that (about 0.4 ) of the Al plug with heteromateriai
interfaces of AUVTI/ALY 1t is considered that the via re-
sistance of the AIAl direct-contact via structure was
extremely low, partly because the plug material was Al,
which has low resistivily, but mainly because this struc-
ture had no heteromaterial interfaces.

The measured via resistance R, consists of the upper
and lower line resistances, R, and R;, the plug resist-
ance R, and the interface resistance R, as shown in
Fig. 4. We calculated R, R, and R, using the values of
3 and 10 x£2-cm as Al and W resistivities, respectively.
The interface resistance was estimated using Eq. (1).

Ri=R.— (R, + R +R) - - (1

The estimated interface resistances for the direct-con-
tact Al plug and the W plug were compared as a func-
tion of reciprocal via hole area, 2, as shown in Fig. 5.
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Fig. 4 The cross section of a via structure (The via
resistance consists of the upper and lower line
resistances, the plug resistance and the inter-
face resistance.)
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Error bars in this figure represent the 10% error in the
evaluation of R, R, and R,. This figure shows that the
interface resistance of the W plug increases rapidly with
decreasing via size. On the other hand, the interface
resistance of the direct-contact Al plug is about 0.04 Q2
and 15 considered to be extremely low,
Eleciromigration tolerance was evaluated using an
unpassivated 0.8 gm Kelvin pallern. Figure 6 shows the
electrical resistance change during an EM test conduct-
ed at an ambient temperature of 200°C and 4 stress cur-
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rent density of 7 x 10° A7em® The resistance change of
the direct-contact Al plug was smaller than that of the
W plug. This result suggests that the EM tolerance of
the direct-contact Al plug is superior to that of the W
plug. It is considered that this higher reliability of the
Al plug was achieved because there were no hetero-
material interfaces. In addition, perfect filling without
voids, shown by the TEM photograph, 15 considered to
be a reason for this higher reliability. Furthermore, the
characteristics may be improved by applying AlCu alloy
cvD.!

4 Conclusions

An Al/Al direct-contact via structure by a simple
process has been developed by carrying out in-situ RIE
precleaning and selective AI-CVD sequentially under a
high vacuum. The in-sirw RIE precleaming was found to
be essential to realize selective Al deposition in the via
hole. The new structure had lower via resistance and
interface resistance, and superior EM tolerance to that
of @ W plug, presumably because it had no heteromate-
rial interfaces, In the future, direct-contact Al-CVD
plugs are expected to be applied in place of W-CVD
plugs to realize high-performance LSIs and low-cost
processes.
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