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Abstract

In this study, a novel process to fill the gap between the metal lines on a wafer with air is developed. Reduction of the parasitic
wire capacitance in ULSI has become an important issue for future high-speed and low-power applications. Use of low dielectric

Ž .constant material as inter-level dielectric ILD can overcome this problem. Many new low dielectric constant materials are under
study and lower dielectric constant and feasibility are the two goals of these researches. The gas-dielectric process has the lowest
dielectric constant, 1.0, and its conceptual feasibility is demonstrated. Basic process characterization data, thermodynamic
mechanism and requirements for air gap formation are also discussed. We calculated the relationship among the surface tension,
the vaporization rate and atmospheric pressure to construct a model of the process window to show that this process is feasible
and reproducible. Scanning electron microscope data show that a large area of air gap can be obtained. Basic electrical
characteristics data such as I]V and C]V, measured and compared with the conventional PECVD process, show that the air gap
has better isolation than PECVD process. Q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

As the feature sizes of ULSI technology continue to
shrink, it is necessary to decrease the spaces between
the neighboring metal lines and to adopt a multilevel
interconnect to accommodate the increasing functional
complexity of the electronic circuit. Consequently, the
interconnect RC time constant delay will increase
rapidly and become a major limiting factor in circuit

w xperformance. In recent years, many studies 1]3 have
been performed on the low dielectric constant materi-
als, which are used to fill the spaces between the metal
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lines. Using low dielectric constant materials for the
ILD, the space between the metal lines can be de-
creased without increasing parasitic capacitance. Low
dielectric materials include fluorinated inorganic mate-
rials, porous silica, porous organic materials, and vari-
ous organic materials, which can be deposited using
spin-on or chemical vapor deposition techniques. In
these low dielectric constant materials, only a few ma-
terials, such as FO , are approved for current produc-x
tion use; the other materials are still undergoing re-
search.

Air has the lowest dielectric constant. A related
technology, Air Bridge, using air as the ILD, is exten-
sively applied in compound devices. However, the feasi-
bility of fabrication and correspondent electrical reli-
ability is still a huge problem in applying this tech-
nology to IC manufacturing. Some authors announced
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w xthat they could form the air gap 4,5 in 1996]1997.
Although, they professed that there were some prob-
lems that needed to be solved, the air gap with charac-
teristics, such as low leakage current, low parasitic
capacitance, made great progress in the ULSI intercon-
nection field. The authors also discussed the thermal
conduction problems of the air gap in a recent publica-

w xtion 6 . It was shown that the conductor lines played a
most important role in thermal conduction. These stud-
ies indicated that the air gap is feasible in manufactur-
ing. In this paper, a novel process to form the air gap
and the electrical characteristics of air gap are pro-
posed. Compared to the previous technologies, this
technology can form an air gap with a simpler process
and lower cost. Furthermore, its bridge layer is formed
with a low-dielectric material, which enables the advan-
tage of low parasitic capacitance.

2. Experimental

2.1. Traditional process flow

There are two kinds of traditional technologies used
to fill a space with inter-level dielectric material. One
process uses spin-on technology to coat ILD on a
patterned wafer. After the spin-on deposition, the wafer
is baked, and cured. The low dielectric constant materi-
als fill in the gaps between metal lines. At the same
time, the planarization of the wafer is completed.
Sometimes, a two-step spin-on process is needed to

w xproduce global planarization 7 . The other process
used to fill the ILD spaces is to deposit PECVD oxide
onto the patterned metal lines followed by the chemi-

Ž .cal]mechanical polishing CMP process to produce a
planar surface.

2.2. New process flow

The proposed process flow is described schematically
in Fig. 1. There are four steps to form the air gap. First,
a silicon nitride film is deposited on silicon wafer,
patterned with special layout, coated with polyimide
and baked at 908C for 3 min. The special layout pat-
terns silicon nitride film to some silicon nitride beetle
regions whose thickness, h, is thicker than the inter-

Ž .connect lines 1.08 mm . In this step, the silicon beetle
regions should be located far away from the metal lines
region to avoid affecting the flowage of FO -16, forx
example, the four corners of the patterned intercon-
nect metal line. The polyimide type is Dupont PI 2809,
which has better adhesion to a Si wafer than oxide
when it is dry. Second, another wafer with a patterned

Žmetal layer TiNrAl-Si-CurTiNrTi 40 nmr900
.nmr100 nmr40 nm sitting on a 500-nm SiO layer on2

a Si substrate is prepared. The pattern is a cross-finger

structure. There are five hundred metal lines on each
side. The widths of the lines are 0.5 mm and the sizes of
the spaces between the lines are 0.5 mm, 0.7 mm and 1
mm, respectively. The residual photo-resist is removed
using oxygen plasma ashing and MS-2001. The wafer
prepared in step 2 is then slit into pieces of 9 cm2 and
faced downward on the top of the wafer prepared in
step 1, and the two wafers are tilted an angle u, e.g.
approximately 458 used here. The 458 tilt is not critical

w xfor the processing. Next, FO -16 7,8 , inorganic hydro-x
w xgen silsesquioxane 9 , produced by the Dow Corning

Corporation for ILD applications, is trickled through a
slit between the patterned metal lines and the poly-
imide. The slit is produced in this step as shown in Fig.
1c. The height of the slit is equal to the thickness of
silicon nitride beetle region minus the thickness of the
metal line. This process is operated in atmospheric
pressure. No special gas environment is used. Here, on
silicon wafer prepared in step 1, the polyimide is di-
luted and the thickness of polyimide film above silicon
nitride is supposed to be equal to the thickness of
polyimide film above silicon substrate. Inside the slit,
the liquid FO -16 flows along the planar polyimidex
surface and forms a planar surface in contact with the
polyimide film. The thin liquid FO -16 is also in contactx
with the top of the metal lines and adheres to the
metal lines. Here, the adhesion force between the top
of the metal lines and the FO -16 is stronger than thex
adhesion force between the FO -16 and the polyimide.x
The same process is repeated with different ratios of

Ž .methyl isobutyl ketone MIBK to FO -16. The ratiosx
of FO -16 to MIBK used were 1:1, 1:3, 1:5 and 1:10,x
respectively. The MIBK is the carrier solvent of FO -16,x
flowable oxide, which can escape in vapor at room
temperature. Finally, we can scratch the polyimide film
from the oxide or dissolve the polyimide film to sepa-
rate the two wafers and obtain the air gap.

3. Results and discussion

There are three components in this discussion. The
first component involves the basic characteristics of this
material, FO -16. Recording and analyzing the data willx
help us to understand the creation of the air gap. The
second component involves mathematic calculations
used to construct the model for processing the air gap
window. This work will give us a quantitative model of
this process. Based on this model, the other solvents
meeting the conditions in this model will have the same
effect as FO -16. The third component involves thex
basic electrical characteristics. PECVD oxide was cho-
sen as the experimental control for the air gap. The
experimental data show that the air gap structure has a
lower leakage current and less parasitic capacitance.
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Fig. 1. New method to form air gap with flowable oxide.

3.1. The basic material characteristics of the flowable
( )oxide FO -16x

FO -16 is composed of 22% solid content and 78%x
solvent. This solvent evaporates easily at room temper-
ature. After vaporization of the solvent, the FO -16x
becomes a gel and cannot flow like a liquid. During the
change from liquid into gel, FO -16 loses approximatelyx
30% of its volume. The FO -16 gel still abounds withx
solvent. Baking is always used to remove the residual
solvent. Fig. 2 shows the thickness variations in the
polyimide in various ratio of FO -16 to MIBK. Therex
are two conditions plotted, before baking and after
baking. In the case of before baking, the FO -16 withx
lower ratios of MIBK has higher thickness. For exam-
ple, the thickness of dry FO -16 is approximately 2000x
nm and the thickness of dry FO -16 with ratio 10:1 isx
approximately 200 nm. The same situation is observed
in the case of after baking. We also measured the
vaporization speed of MIBK and FO -16. The processx
was experimented on the window of the wet bench. A
rotator was used in the beaker to accelerate the evap-
oration. The weight of the sample was measured peri-
odically to determine the evaporated amount of sol-
vent. From the experimental data, we determined that
the vaporization rate for FO -16 was higher than MIBK.x
The vaporization speeds for the MIBK and FO -16x
were 0.475 mmrs and 0.657 mmrs, respectively. Fig. 3
shows the surface tension. The data for MIBK and
FO -16 were measured while the calculations for thex

w xother three materials are from the published data 10 .
The common phenomenon associated with surface ten-

Ž .sion is the rise or fall of a liquid in a capillary tube.
Ž .When the attraction adhesion between the wall of the

tube and liquid molecules is strong enough to over-
Ž .come the mutual attraction cohesion of the molecules,

the surface tension pulls the molecules up the wall.
w xThe height, h, is determined by the relationship 11

2scosu Ž .hs 1
gR

where s is the surface tension, R is the tube radius, u
is the angle of contact, and is a function of both the
liquid and the surface, g is the specific weight of the
liquid defined as the product of the acceleration of
gravity, g, and density, r. It was observed that the pure
solvent, MIBK, has a higher surface tension than FO -x
16. Densities of MIBK and FO -16 are measured, too.x
The higher density will have a lower height as shown in

Ž .Eq. 1 . The density of FO -16 and MIBK is 0.886x
grml, and 0.771 grml, respectively. Fig. 4 shows the
SEM picture in which the FO -16 forms the bridgex
layer on the top of the metal lines. In Fig. 4, the upper
regions were metal lines and thin insulator films, which
formed the ‘bridge layer’ over interconnection metal
lines. The dark squares and bright columns shown on
the middle are ‘air’ and metal lines, respectively. The
‘air’ regions are formed by the mixture of the volatile
matter of FO -16 and the surrounding air in process.x
Each sample is baked at 1808C for 3 min and cured at
4008C for 30 min. No cracks are observed. In Fig. 4, a
lower concentration of FO -16 was used, so the bridgex
layer is thinner. In our samples, the thickness of the
bridge layer can be changed from 50 nm to 300 nm by
using different concentrations of FO -16 and differentx
slit heights. In only a few conditions, the bridge layers
are not so smooth as shown in Fig. 4. This effect can be
overcome by depositing plasma enhanced chemical va-

Ž .por deposition PECVD oxide over the bridge layer
and CMP process. In our observation, the process is
rather uniform all over the sample.

Fig. 2. The thickness variation vs. the ratio of MIBK to FO -16.x
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Fig. 3. Surface tension of MIBK, FO -16 and other solvents.x

3.2. The thermodynamic model of the air gap formation

According to the data measured in part A and some
concepts from fluid mechanics, we can divide step 4 of
the process into two steps to explain the formation of
the air gap.

Part 1: The diluted FO -16 is trickled through the slitx

and forms an ultra thin liquid layer between the poly-
imide surface and the top of the metal lines.

In this part, different ratios of MIBK to FO -16 willx

form a different thickness of liquid layers as shown in
Fig. 2. Comparing the unbaked thickness with the baked
thickness, we can also determine that a thicker FO -16x

layer will require more solvent to be removed in the
baking step.

Part 2: In this part, we assumed that the space
between the metal lines and the liquid layer can be
open or closed and calculate their respective effects. In
the assumption of a closed space, atmospheric pressure
is considered.

Fig. 4. Air gap with bridge layer of FO -16.x

Fig. 5. Surface tension of diluted FO -16 pulls the surface up and thex
solvent evaporates at the surface simultaneously.

3.2.1. Open space
First we consider that the space between the metal

lines is open. The surface tension between the wall of
the metal lines and the liquid layer pulls the surface of
the liquid layer up and the solvent inside the liquid
layer evaporates at the same time. On the other side,
the weight of the liquid pulls the surface of the liquid
layer down as shown in Fig. 5. In the test structure,

w xthese respective effects can be shown 11 :

Ž .F sRlhg F s2 lscosu 2dow n u p

where R is the space between the metal lines, l is the
length of the metal line, s is the surface tension, u is
the angle of contact, h is the height of the liquid, a
function of the time, and g is the product of density r
and the acceleration of gravity g.

In a general case, the cos u is positive, the ascendant
acceleration of the liquid surface then can be written
as

2 lscosuyRlhg
as Rlhr

or

2scosuyRhg
as Rhr

then

t 2scosu Ž .« yg td tsh tH ž /Rhr0

To simplify the equation, we define

2cosu
ks Rr

Then

t ks Ž .yg td tsh tH ž /h0
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Differentiate this equation on each side

ks Ž .« yg tsh9 tž /h

then

Ž .«hdhs ksygh td t

For simplicity, if we assume that k and s are con-
stant, then we can have

Ž .ksyghsu«hs ksyu r g

dhsydurg

this equation can be rewritten as

Ž .Ž .ksyu ydu s td t2ug

1 ks« 1y dus td t2 ž /ug

Integrating the above equation

1 ksdu« duy s td tH H H2 ž /ug

Substituting the boundary condition hs0 and ts0
Ž .into Eq. 3

1 1 2Ž .« uyks lnu s t qc2 2g

1 1 2w Ž .x Ž .« ksyghyks ln ksygh s t qC 32 2g

We can obtain

2 Ž . Ž .Cs1rg ksyks ln ks 4

In a general condition, the solvent will not evaporate,
Ž .so from Eq. 1

2scosu
h smax gR

And the relationship between the height of the surface
Ž . Ž .and time from Eqs. 3 and 4 can be rewritten as

1 1 2w Ž . Ž .x Ž .ks ln ks yghyks ln ksygh s t 52 2g

If we want to make the air gap, h must be smallermax
than the height of the metal lines, e.g. 1.08 mm here.

Ž .Fig. 6. The Curve of surface tension effect ks vs. time for the
liquid surface risen to 1 mm.

However, it is impossible for most solvents, for exam-
ple, water at 208C, the surface tension s is 7.28=10y2

Nrm, us0, R is 1 mm, and g is 9.789 kNrm3, then
the h is 14.873 m.max

Second, the vaporization of the solvent is considered.
If we want to make an air gap, it is necessary that the
liquid layer becomes to a gel before h approaches 1.08
mm. So

w Ž .x Ž . Ž .t hs1 mm in 5 G t liquid becomes gel 6

Ž .To calculate the right side of Eq. 6 , we use the data
of vaporization speed and make some assumptions. For
example, the vaporization rate is 0.65761 mmrs, and we
assume that the liquid layer of the FO -16 is 1 mm andx

Ž .the gel of FO -16 is 0.7 mm. The right side of Eq. 6 isx
0.4562 s. In a general case, the surface tension of the
inorganic solvent is approximately one half to one third

w xof water 10 . If u is zero, R is 1 mm, ks is approxi-
Ž .mately 10]100, ksygh is equal to ks, and if Eq. 6 is

correct, ksygh must be smaller than 10]230 000. Eq.
Ž .5 is plotted in Fig. 6, the x-axis is ks and the y-axis is
time. The black line in this figure represents the time
that the liquid layer approaches 1 mm. Thus, u must be
greater than 908 to create the air gap. Otherwise, the
FO -16 will flow into the gap.x

3.2.2. Closed space
In a closed space, the liquid surface suffers forces as

shown in Fig. 7. Because surface tension and the force
of atmospheric pressure have larger effects than the
vaporization of solvent to form air gap, in a closed
space, we ignored the effect of vaporization. The force
of atmospheric pressure and the liquid weight pull the
liquid surface down, while the surface tension pulls the
liquid surface up. If

Ž .F qF GF 7atmospheric pressure weight surface tension
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Fig. 7. In closed space, the height of liquid surface depends on
surface tension and atmosphere pressure.

Ž .the liquid surface will not rise. In Eq. 7 , if we substi-
tute F with 1.01325=105 Nrm2, andatmospheric pressure
ignore the effect of the F , we can obtain Fig. 8.weight
The x-axis is the spacing of the metal lines, the y-axis
is the force acting upon the liquid surface. The flat line
is the atmospheric pressure, and the bent lines are the
products of the surface tension and contact angle,

Ž .which is supposed as zero, as shown in Eq. 2 . If the
flat line is higher than the bent line, the liquid surface
will not rise and the height of the air gap is equal to
the height of the metal lines.

3.3. The measurement of the electric characteristics

Fig. 9 shows the current leakage of our test struc-
ture. This indicates that the air gap has a better isola-
tion effect than the PECVD oxide. These data are

w xsimilar to those published by Anand et al. 4 . No
breakdown phenomenon was observed before 30 V.
Table 1 shows the parasitic capacitance of the air gap.
The test structure is 0.7 mmr0.5 mm spacingrwidth
with 1.08 mm height. The FO -16-immersion height asx
shown in Fig. 5 is lower than 50 nm. The parasitic
capacitance of a reference sample using 1 mm PECVD
oxide as inter-layer dielectric constant is 34 fFrmm,
which is approximately four times higher than that of

Fig. 8. Atmosphere pressure and force of surface tension on various
liquids surface vs. metal spacing.

Table 1
Comparison of the parasitic capacitance of the air gap and plasma-
TEOS ILD

Measured capacitance

Plasma]TEOS ILD Air gap

Cs34 fFrmm Cs8.4 fFrmm

the air gap, 8.4 fFrmm. The measured parasitic capaci-
tance is the average value of many measurements. This
also indicates that the air gap has a lower capacitance,
which allows more potential for high-speed circuits.

4. Conclusion

We developed a novel process to form air gap. Its
key technology involves the use of the flowable property
of a low dielectric material to form an ultra-thin liquid
layer while contacting with the top of the metal lines.
Using solvents with appropriate surface tension, we can
utilize atmospheric pressure to prevent the liquid low
dielectric material from flowing into the gaps between
the metal lines. Scanning electron microscope pictures
show that this technology can form a planar surface
and air gap. With the experimental data and mathemat-
ical calculations, we constructed a thermodynamic
model to describe the process window of the air gap.
This process is simple and inexpensive. The air gap has
lower current leakage and parasitic capacitance. We
believe that for higher speed circuits, this technology
will gain more and more importance.
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