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Abstract — Submicron contact hole filling with aluminum alloys has been achieved with a multi-
step metallization method, which utilizes a metal “flow” or self-diffusion process at elevated tempe-
ratures after the metal was sputter-deposited. A multi-chamber, modular sputtering system was
employed to deposit aluminum alloys and subsequently to anneal the deposited metal films under
vacuum at high temperatures. The films were deposited on 200 mm wafers with planar, dc magnet-
ron sputtering sources without any substrate bias. The basic process steps studied for the multi-
step metallization include an initial layer deposition at low temperatures, less than 100°C, and
an annealing step at elevated temperatures, between 450 and 550°C. The degree of planarization
or step coverage was dependent strongly upon the temperature and time of the flow step and
complete filling of the submicron contacts with aluminum alloys was achieved. Responsible mechani-
sms for the enhancement in step coverage and factors determining uniform and reproducible flow

of aluminum alloys during the high temperature step are discussed.
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1. Introduction

Multi-step sputtering processes, which utilize an
initial, cold deposited layer followed by a high tem-
perature step, have shown very promising results
on Al step coverage [1,2]. Park et al. [2] reported
that contact planarization in ULSI multi-level inter-
connections had been achieved by utilizing a high
temperature post-heating between aluminum alloy
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depositions. Submicron contacts with an aspect ratio
greater than 1 were completely filled by heating
above 500°C. A full CMOS device [2] farbricated
with this aluminum planarization method showed
no degradation of electrical characteristics such as
contact resistance and junction leakage due to the
use of such high temperatures. In addition, reliabi-
lity tests with line test patterns revealed better elct-
romigration resistance and stress migration tolera-
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nce than those using the conventional one-step de-
posited aluminum alloy lnes.

As integrated circuit technology advances to lo-
wer submicron limits, achieving adequate step cove-
rage in contact and via holes during the metalliza-
tion processes hecome increasingly more  challe-
nging. The conventional “one-step” sputtering pro-
cesses have been less than satisfactory in achieving
adequate step coverage for submicron contact holes
and vias. Since reliabihty 1ssues in advanced circuits
are primanly associated with metallization intercon-
nect structures, it is quite important to establish
a high performance, high reliability metallization
scheme. Sputter deposition has been the most sui-
table process for metallization for many reasons and
has been widely used for the current metal interco-
nnect technology. Sputtering, however, has the
inherent Linutation on wall step coverage due to
the directional flux of sputtered materials. As the
contact and via dimensions become smaller, this li-
mitation is even more critical because of “self-sha-
dowing”, which reduces the material flux at the bot-
tom of the structure as well as on the side walls.
In order to overcome such limitations and to fill
contacts and vias, many techniques have been tried
such as utilizing bias during sputtering [3-5], exci-
mer laser application after metal sputter deposition
[6,7], and employving an elevated temperature du-
ring sputtering [8].

In the present paper, the methodology and me-
chanisms involved in the multi-step metallization
process for filling the contact/via holes are discus-
sed. Issues in utilizing the multi-step, high tempera-
ture process and directions for future developments
are also discussed.

2. Experimental and Results

A multi-chamber, vacuum isolated sputtering sys-
tem (Varian M2000/8) was employed for the experi-
ments, as shown in Fig. 1. Each module of the sys-
tem has its own cryo or turbo pump and is separa-
ted by an isolation valve between modules, allowing
a true vacuum isolation during processing. Base
pressures of the process modules were normally
less than 3X 10 “torr during the experiments. Spu-
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Fig. 1. Schematic of a multi-chamber, vacuum isolated
sputtering system (Varian M2000/8) utilized for
the experimenis.

Al

ttering was performed with the Varian Quantum™
source, which is a dc magnetron tvpe with planar
target. Each process module is equipped with a hea-
ter table capable of operation at 550°C using a back-
side argon gas heating system.

Fig. 2 represents SEM images of approximately
350 A of Al/1%Si alloys deposited at 450°C on two
different substrates. The surface morphology shown
in Fig. 2(a) was obtained from deposition on a 5000
A layer of SiQ, on a Si wafer and Fig. 2(b) was
obtained from the alloy deposited on a 3000 A layer
of pre-deposited Al/Si.

The step coverage of a sputtered Al/1%5i/0.5%Cu
alloy was evaluated over contacts of 0.8 um diameter
opened in a 1.0 um thick thermal oxide on 200 mm
wafers. In most cases before the deposition of Al
alloys, lavers of 300 A of Ti and 1000 A of TiN were
deposited sequentially to provide a diffusion barrier,
and the films were annealed in nitrogen for 30 mi-
nutes at 450°C.

Table 1 shows a list of various multi-step alumi-
num metallization processes. Among them, data
from two experiments are compared in the present
paper. Fig. 3 represents the SEM images obtained
from an experiment in which a low temperature
deposition was followed by & slow deposition at high
temperature (Expt. A; Cold Dep + High Temp Dep
in Table 1). The initial layer was a 0.35 um thick,
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Fig. 2. Nucleation of 350 A Al/19%Si deposited at 450°C
on a Si0O; layer (a) and on a 3000 A Al/1%Si
layer (b).

Al alloy deposited at 90°C. Following the initial la-
yer, 0.55 um of the Al alloy was deposited at 450°C.
During the deposition, the total sputtering pressure
was controlled at 2mT. Fig. 3(a) shows the step
coverage of a 0.8 um contact, which has been filled
with Al/19%Si/0.5%Cu to planarity. Bias was not ap-
plied during the process. The surface morphology
of the film is shown in Fig. 3(b).

Fig. 4(a) presents SEM cross-sectional images ob-
tained from an experiement using a low tempera-
ture deposition in the first module, a high tempera-
ture annealing without deposition in the second mo-
dule, and finally, an additional low temperature de-
position of the alloy in the third module (Expt. D:
Dep + Flow + Dep in Table 1). The second step
of annealing the deposited alloy at a high tempera-
ture involves a reflow of the deposited Al alloy wi-
thout a vacuum break. In this case, the initial, 0.4 p
thick layer of an aluminum alloy was deposited at
room temperature. The wafer was then immediately
transferred to the second vacuum module and hea-
ted at 540°C for 180 seconds. After the flow, an
additional 04 p of aluminum alloy was sputtered
at room temperature. Fig. 4(a) illustrates a 0.8 um
contact filled using this process. Fig. 4(b) shows the
surface morphology of the film deposited by the
dep-flow-dep process, which resulted in a smoother
and higher reflectivity surface of the aluminum alloy
compared to the two-step deposition of low and high
temperature depositions shown in Fig. 3(b).

3. Discussion

Using a conventional one-step sputtering method
at a low temperature, the achievable step coverage
is limited due to low angle flux of sputtered mate-
rials as the feature sizes evolves to smaller than

Table 1. Variations of the multi-step aluminum alloy metallization processes

First step Second step Third step Fourth step
Expt. A Cold Dep. + High Temp. Dep.
Expt. B Cold Dep. + High Temp. Dep. +  Cold Dep.
Expt. C Cold Dep. + High Temp. “Flow” (Without Dep.)
Expt. D Cold Dep. + High Temp. Flow + Cold Dep.
Expt. E Cold Dep. + High Temp. Flow +  Cooling + Cold Dep.
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Fig. 3. SEM cross-section image ofua planarized Al/1%S1/0.5%Cu film deposited an initial 3500 A deposited at
90°C and f{ollowed by 5500 A deposited at 450°C (a) and its surface morphology (b).
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Fig. 4. SEM cross-section image of a planarized Al alloy film using an inital 0.4 ym ambient temperature deposition
followed by a 180 sec, 540°C reflow, and additional 0.4 pm deposition at ambient temperature for a total
8000 film thickness (a), and its surface morphology (b).

1 um dimensions. The use of elevated temperatures
during sputtering does increase the step coverage,
but often results in voided films on the side wall
or at the bottom of the submicron holes, due to
the effects of surface tension. At elevated tempera-
tures, the diffusivity of atoms is large so that atoms
can travel long distances to find lower energy sites.
When the surface energy of the substrate is lower
than the vector sum of the energies of the Al alloy

surface and the metal/substrate interface, the nuclei
tend not to coalesce with each other to form a conti-
nuous layer. In such cases, the formation of a conti-
nuous film will require much thicker films (see Fig.
2(a)). Since materials deposited onto side walls and
at the bottom of vias or contact holes are less than
the other areas of the wafer surface during sputte-
ring, the formation of voids or discontinuities in
the film is more likely to occur on the side walls
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Fig. 5. Diffusion of aluminum alloys during the high
temperature flow process. The impurity adsor-
ption to the substrate surface and the substrate
temperature uniformity are the most important
factors in achieving the uniform flow.

layer

and the bottom of holes.

3.1. Initial Layer Deposition at a Low Tempera-
ture

In order to eliminate such a voiding problem, it
is necessary to have an initial layer deposited at
a lower temperature, below 100°C. With the low
mobility of atoms at a low temperature, a fine-grai-
ned, uniform film can be deposited on the substrate.
The thickness required to keep the initial, fine-grai-
ned layer continuous during the following high tem-
perature step is determined by the aspect ratio of
the holes and the deposition temperature.

3.2. Surface Self-Diffusion at High Tempera-
ture

The next step in the multi-step process employs
a high temperature in order to induce the “flow”
of aluminum alloys, mainly by surface self-diffusion.
This high temperature step can be done during alu-
minum alloy sputtering with a low deposition rate
(Fig. 3) or by flowing the deposited alloy without
any deposition (Fig. 4). It is, however, important
to point out that the time between the initial cold
deposition and the high temperature step should
be minimized in order to reduce impurity adsorp-
tion to the surface of the initial layer. One of the
underlying mechanisms involved in this process is
the need to sputter aluminum atoms during the
high temperature step onto the clean surface of the
initial aluminum layer, so that aluminum can conti-
nue to grow without agglomeration during the high
temperature step. Any vacuum breaks or high level
of impurities, due to outgassing from the wafer or

23332, A2 A A4 F, 1993

the process chamber, readily contaminates the sur-
face of aluminum. This impurity contamination or
reaction at the surface poisons the surface self-dif-
fusion process of atoms and prevents the flow of
aluminum for the planarization. One may not obse-
rve aluminum planarization by annealing the alumi-
num layer in a furnace once the wafer was exposed
to air, because of an oxide layer formed at the sur-
face. All processes during multi-step metallization
for enhanced step coverage should be carried out
under vacuum without vacuum breaks between
steps, which is one of the main advantages in using
the multi-chamber, vacuum isolated sputtering sys-
tem. Since the diffusivity is exponentially dependent
upon temperature, the uniformity of the “flow” over
the substrate surface is likely to be determined by
temperature uniformity. The precise control of wa-
fer temperature and its uniformity, therefore, would
be one of the key factors in achieving repeatable
process results. During the sputtering process, ho-
wever, the temperature uniformity of the substrate
results from the combined effects of heat of conden-
sation, ion bombardment, radiation and direct subs-
trate heating. Thus, the wafer temperature unifor-
mity is expected to be better during the high tem-
perature annealing of the deposited alloy without
deposition (Expt. D in Table 1) than it would be
during a high temperature deposition (Expts. A and
B in Table 1).

3.3. Additional Aluminum Alloy Deposition After
the Flow Step

During the dep-flow-dep process, the additional
deposition of aluminum alloy after the high tempe-
rature step provides additional flux for the alumi-
num flow until the wafer cools down and an ability
to control the final film reflectivity. This step is per-
formed at a low temperature and can be used to
control the amount of silicon precipitates in the film
when Si-containing Al alloys are used.

One of the main issues in the multi-step deposi-
tion process arises from the use of a high tempera-
ture step, which results in large grain size, low ref-
lectivity, and deep grain boundary grooving on alu-
minum alloy films. The large grain size would be

beneficial for better electromigration resistance.
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However, alignment processes over the metal film
are difficult because of the film roughness and the
grain boundary grooves. For Al/Si alloys, silicon se-
gregates to gram boundaries and layer interfaces
during cooling from the high temperature step. La-
rge Si precipitates are found along the grain boun-
daries and cause a residue problem during the me-
tal etching process. Reducing the time for the high
temperature step or lowering the temperature
would help minimize this problem. At the same time
a cold metal can be redeposited after the high tem-
perature process. Aluminum alloys without silicon
content could also be used over a diffusion barrier
layer to prevent the silicon precipitates.

Another concern in the multi-step process is
achieving repeatable step coverage as well as thin
film qualities across a wafer and from one wafer
to another. Fig. 5 illustrates the two most important
factors, impurity adsorption to the surface of the
substrate and the substrate wafer temperature,
which influence the reproducibility of the thin film
properties produced during the high temperature
flow step. Since, as discussed previously, the alumi-
num flow process relies on the surface diffusion
of atoms, the temperature uniformity, the cleanli-
ness of the wafer surface, and impurity levels in
a process chamber are key factors determining the
repeatability of the process. Localized reactions of
the aluminum alloy at the surface, with impurities
from either gas phase or dielectric layers, will resuit
in an uneven aluminum flow process on the subst-
rate and the poor reproducibility of process results.

4. Conclusion

Multi-step metallization processes, which comp-
rise at least a cold deposition step and a high tem-
perature annealing or deposition step, have shown
promising results for filling the contact/via holes
in submicron geometries. Especially, the dep-flow-
dep process, which consists of a low temperature
deposition in the first module, high temperature
flow without deposition in the second module, and

finally an additional deposition of the alloy at a low
temperature in the third module, showed a good
control of the reflectivity and smoothness of the
surface as well as the planarization of the deposited
alloy in submicron contacts and vias. In addition,
the application of this aluminum planarization pro-
cess to a full CMOS device (Park ¢f al. [2]) showed
no degradation of electrical properties and enhan-
ced stress and electromigration resistance compared
to the conventional one-step aluminum alloy sputter
metallization.

The analysis of the mechanisms involved in mu-
Iti-step process for the contact hole filling concludes
that the uniformity of the wafer temperature, the
surface cleanliness of the metal film, the impurity
levels of a process chamber during the high tempe-
rature process are key factors determining the at-
tainment of repeatable process results. Further pro-
cess optimization and hardware developments for
better control of temperature and cleanliness of the
wafer surface will surely be a solution for the highly
reliable metallization schemes required for lower
submicron technology in ULSL
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