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ABSTRACT 

Interconnect delays, arising in part from intralevel capacitance, are one of the factors 
limiting the performance of advanced integrated circuits. In addition, the problem of 
filling the spaces between neighboring metal lines with an insulator is becoming 
increasingly acute as qspect ratios increase. We address these problems simultaneously 
by intentionally creatiqg an air gap between closely spaced metal lines. Undesirable 
topography is eliminated usihg a spin-on dielectric. We then cap the wafers with silicon 
dioxide and planarize 'using chemical mechanical polishing. Simple modeling of test 
structures predicts an equivalent dielectric constant of 1.9 on features similar to those 
expected for 0.25 micron technologies. Two level metal test structures fabricated in a 0.5 
micron CMOS technology show that the process can be readily integrated with current 
standard CMOS processes. The potential problems of via misalignment, overall dielectric 
stack height, and the relative difficulty of ensuring void formation compared to that of 
ensuring a void-free fill are considered. 

INTRODUCTION 

As device dimensions continue to shrink, system performance is becoming limited by the 
interconnect delay. This is a major unresolved challenge to the semiconductor industry. A 
major component of this delay arises from intralevel capacitance [l]. A variety of 
different techniques have been pursued to address this problem. The use of inorganic 
spin-on materials, for example hydrogen silsesquioxane (HSQ), is relatively advanced. 
However, HSQ only reduces the dielectric constant to -3.0 [2]. Fluorinated silicon 
dioxides can be deposited by chemical vapor deposition (CVD) through the addition of a 
fluorine containing species to the reactive gas flow, but film stability appears to limit the 
reduction in the dielectric constant to -3.5 [3]. Spin-on organic materials demonstrate 
low dielectric constants. However, they suffer from a number of problems such as poor 
adhesion, low thermal stability, low thermal conductivity, high thermal expansion 
coefficients, low dielectric strengths, and high leakage currents. Via etch integration 
problems can also be significant, see for example Ref. 4. Organic dielectrics can be 
deposited by CVD, however, the deposition processes are not well developed-. Another 
proposed approach is the use of porous materials such as Xerogels [5 ] .  Since a large 
fraction of these materials is air, they have low dielectric constants. However, it is clear 
that these materials also potentially face severe process integration issues. 

A second problem being encountered is that the metal thickness is not scaling down as 
fast as the metal pitch is shrinking. This results in increasing aspect ratios between metal 
lines. This trend has driven interlevel dielectric oxide deposition systems to become 
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increasingly complex, evolving from thermal CVD to plasma enhanced CVD, CVD/SOG 
(spin-on glass) sandwich structures, depositiodetclddeposition systems, ozone enhanced 
processes, and more recently to high density plasma deposition systems. This trend has 
increased process complexity and cost per wafer. The process we propose exploits the 
trend towards higher aspect ratio trenches between closely spaced metal lines and uses 
simple techniques to lower intralevel capacitance and fill gaps between the metal lines. 
This is done by intentionally creating an air gap between closely spaced metal lines. In 
this paper we introduce the process and report on its integration into a standard CMOS 
back end process flow. We will consider integration issues such as the landing of vias and 
the overall intralevel dielectric thickness. We also present a simple model to assess the 
potential of the approach to lower the intralevel dielectric constant. 

THE AIR GAP PROCESS 

The process is schematically shown in Fig.1. It starts with the intentional formation of the 
air gap between closely spaced metal lines using a simple, high throughput, high sticking 
coefficient, poor step coverage, CVD silicon dioxide process. It is important to realize 
that this step of the process becomes easier as the aspect ratio between metal lines 
increases. Figure 2 shows examples of test structures coated with oxide deposited by 
plasma enhanced CVD using Si& and N20. 
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Fig. 1 

Schematic of the air gap process flow. 



Fig. 2 
Example of a test structure showing the void formed during the CVD process. The spin- 
on material can also be Seen on the edges and in the dimples on top of the oxide. 

The presence of the v&d bktween high aspect ratio metal lines greatly reduces the 
dielectric constant between the lines. However, while air gaps form between closely 
spaced metal lines, reentrant openings form between lines with slightly wider spacing. 
Also, the ends of the air gaps can remain open at corners or where the closely spaced 
metal lines diverge. All of these features are unacceptable since they can trap chemicals 
during subsequent processing. We eliminate these features by filling them with a spin-on 
dielectric, HSQ (Dow Corning trade name FOX). HSQ is inorganic and contains only Si, 
H and 0, it is thermally stable at the temperatures encountered during back end 
processing, and has been integrated into standard integrated circuit processing [2] .  We 
have found that this material can seal the ends of the air gaps and eliminates unfilled or 
reentrant features, Fig. 3. The HSQ itself also has a relatively low dielectric constant, -3 
and is quite effective at planarization. The remaining processing is relatively standard. 
We cap the HSQ with plasma enhanced CVD oxide and then globally planarize the wafer 
using CMP. 

'- 

EXPERIMENTAL 

We have investigated two types of test structures. The first consists of etched metal or 
silicon lines and spaces, the finest spacing being 0.4 pm. These structures were used to 
investigate the characteristics of the air gap formation process. Typically we used a 
plasma S i H m 2 0  chemistry to deposit the air gap silicon dioxide layer. Other 
chemistries investigated included plasma enhanced TEOS CVD and ECR deposition 
using SiH4 and 0 2 ,  but with no wafer bias. These experiments were used to determine the 
height of the void above the top of the metal as a function of metal spacing. They were 
also used to determine the amount of HSQ infiltration into the end of the air gaps which 
can exist when the metal lines diverge or bend. An example showing one of these 
structures is given in Fig. 2. 
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In the second set of experiments, the air bridge approach was integrated into metal l-via- 
metal 2 test structures. These structures were created using a 0.5 micron technology in 
which the aspect ratio between metal lines is only -0.7, Fig. 4. 



Fig. 3 
Example of the gap filling properties of HSQ, the slight opening remaining between the 
lines is sufficient to allow the filling of the voids and reentrant comers. In this example, 
the test structures consist of dched silicon. 

This experiment was peirformed to ensure that the ends of the voids and reentrant features 
were, in fact, sealed and that the approach could be integrated into a relatively standard 
CMOS process. After air gap formation, HSQ and capping oxide deposition, the wafers 
were run through CMP. There was no indication of any problems at CMP such as the 
infiltration of slurry or liquid into the voids. The highest temperature encountered was a 
-430°C CVD tungsten deposition to form the via plug. The only problem encountered 
was a significant increase in the ILD thickness. This is due to the relativeIy wide spacing 
between lines which necessitated a thick oxide deposition in order to form a void. As 
dimensions shrink, this situation will improve since the dielectric thickness is not scaling 
at the same rate as the reduction in line spacing. Even though not optimal, this test clearly 
shows that HSQ can be used to seal the ends of the air gaps and the approach can be 
integrated into standard fabrication processes. 

RESULTS AND DISCUSSION 

In order to obtain a general understanding of the relative impact which different 
parameters have on the intralevel capacitance, we have modeled the system as two 
parallel metal plates between which there exist layers with differing dielectric constant. 
In this simple analysis we neglect fringing fields. We present the results of the model as 
the effective dielectric constant of the various structures. The effective dielectric constant 
is that of an imaginary material which, if introduced between the metal lines, would result 
in the same intralevel capacitance as predicted by the model for the air gap structure. The 
results obtained on one of our test structures is schematically rendered in Fig. 5. 
Electrically, the system consists of three capacitors in series, in parallel with a fourth 
capacitor. The three capacitors in series are the two oxide films along the walls and the 
air gap between them. The fourth capacitor results from the oxide deposited into the 
bottom of the trench. The effective dielectric constant of the structure in Fig. 5 is 
calculated to be 1.9. This predicted performance is superior to all materials except the 
lowest dielectric constant organic and xerogel type materials. The dielectric constants 



predicted by the model based on the results obtained on test structures are given in Table 
I. 

Fig. 4 
Example of the process demonstrated on a two level metal test structure. The void was 
formed despite the relatively low aspect ratio and sloping walls of the trench. After 
deposition of the CVD oxide, the HSQ was deposited. This was then capped with CVD 
oxide and planarized by CMP. Vias to the first layer of metal were patterned and etched. 
Tungsten plugs (not shown) were formed by Ti/TiN sputtering and CVD W. Excess 
tungsten was removed by CMP. This was followed by the deposition and patterning of 
’metal 2. We found no evidence of oxide CMP slurry in the voids, nor any problems 
associated with W CVD. 

Fig. 5 
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Schematic representation of the result 
expected for metal lines with aspect ratio of 
two, based on the results obtained using the 
mechanical test structures. Above is the simple 
electrical model we used to determine the 
effective dielectric constant, 1.9 in this case. 



One of the potential problems associated with the air gap approach is that if there is 
significant misalignment between the metal and via levels, the gap may be opened up by 
the via. For this to occur, the degree of misalignment must be greater than the amount of 
oxide on the walls of the metal. However, applying the simple capacitance model above, 
it is clear that it is still possible to significantly reduce the dielectric constant even if the 
air gap takes up only a third of the space between the metal lines. The model predicts an 
effective dielectric constant 2.3 assuming an aspect ratio of 2 and a uniform oxide coating 
thickness of one third of that of the line spacing. 

Table I 
Calculated effective dielectric constants for a variety of different test geometries. The 
thickness of the oxide and air gap are measured from test structures. The system is 
modeled as two parallel plates and ignores the possible influence of fringing fields. 

Aspect ratio Trench Opening Effective Dielectric Constant 

0.7 0.9p 2.8 

1.9 

I 3.4 '1- : 0.41.1 1.8 
I I I 1 I I 

3.7 0 . 4 ~  1.5 c 
As yet, we have optimized neither the CVD oxide nor the spin-on process to have poor 
gap filling capability, this impacts the overall thickness of the interlevel dielectric. Using 
a plasma enhanced CVD SiH4/N20 process we have found the height of the peak of the 
void above the lines to be roughly equal to the line spacing, Fig. 6. 
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The amount of material needed to be deposited to form the air gap depends on the actual 
spacing between the metal lines and the sticking coefficient of the deposition process. 
Both of these parameters may vary from wafer-to-wafer and from process-to-process. 
However, as long as the process control limits are known, these variations can be 
compensated for by depositing a sufficiently thick air gap oxide layer. This however is 
not the case for the high density plasma or depositiodetch processes currently used to 
completely fill the gaps between the metal lines. In both of the conventional approaches, 
once the geometry which favors the fabrication of the void is created, such as too narrow 
a spacing between metal lines or a reentrant metal profile, it is impossible to avoid void 
formation. On the other hand, for the air gap process, geometries which hinders void 
formation, such as too wide a gap between metal lines, can be overcome by increasing 
the thickness of the deposited layer. 

In our experiments, the thickness of the HSQ on planar structures was 0.2 to 0.3 microns. 
It should therefore be possible to keep the interlevel dielectric thickness at close to 1 
micron for 0.25 and 0.18 micron technologies. More exotic approaches to the gap fill 
oxide such as e-beam deposition, are expected to greatly reduce side wall coverage and 
void height. Also, using a spin-on material with poorer gap fill would be advantageous in 
that this would more feadily plug the ends of the air gaps and would be less likely to 
infiltrate air gap structiires which may be locally still open on the top. Even though we 
have found the fill characteristics of HSQ to be excellent, HSQ plugs only the first 3 to 5 
microns of the ends 0f.O.6 micron wide terminated trenches with an aspect ratio of 2 
capped with 1.1 microns of oxide. 

CONCLUSIONS 

We have demonstrated the feasibility of using an air gap approach to reduce intralevel 
capacitance and deal with the “filling” of high aspect ratio trenches. We have 
successfully integrated the process into a relatively standard 0.5 micron design rule 
CMOS process. Simple analysis of test structures indicates that it should be possible to 
achieve significant reductions in intralevel capacitance and solve the gap fill problem 
using this simple process. 

There are many potential advantages to this approach. Firstly it becomes easier to 
implement and more effective in lowering the dielectric constant as the dimensions shrink 
and aspect ratios increase. It becomes easier to form the void and, since a larger fraction 
of the gap is void, the effective dielectric constant is lowered even further. Secondly, the 
air gap forms only where it is most needed, the bulk of the rest of the ILD is SiO2, with 
its superior thermal conductivity. The metal lines are completely encapsulated in high 
quality Si02 and since there are no organics used, all the materials display excellent 
thermal stability. Finally, the tools needed to execute this scheme are simple, relatively 
inexpensive and have the potential for high serial throughputs. 
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