Air Gap Technologies

The integration of porous low-k materials into copper dual-damascene structures is accompanied by a tremendous number of challenges, delaying introduction of these dielectrics as compared to the initial roadmap predictions. Since associated IMD k-value is close to 1, air gap appears as the ultimate hybrid architecture leading to dramatic interline capacitance reduction and very low effective k-values. Different air gap integration approaches are being developed to fabricate multi-level interconnects. All approaches can be classified in one of the two following categories: (i) partial or complete material removal in-between metal lines followed by non-conformal CVD deposition [1,2], and (ii) damascene integration of metal lines in a sacrificial material, which can be selectively removed eventually through a dielectric cap [3,4]. Each of these methods has its specific benefits and trade-offs

Formation of air gaps using non-conformal CVD
The first class of air gap integration routes makes use of the non-conformal deposition behavior of several PECVD processes. In Figure A7, a schematic representation of air gap integrated among copper interconnects is shown. The basic principle consists of dielectric material removal (from in-between the metal lines), followed by non-conformal PECVD deposition and a final planarization step.
Starting in the aluminum era, air gaps were fabricated in a 300 nm line-spaced aluminum array, showing a capacitance reduction of 40% (representing an effective k-value of 2.47) [5]. In the literature, different approaches to integrated air gap among copper interconnects through the use of non-conformal gap-fill can be distinguished. Noguchi et al. [6,7,8] opted for fabrication of copper damascene structures in a sacrificial dielectric (either an organic polymer or oxide), which can be entirely removed by dry or wet etching after metal-CMP. Other researchers [1,9,10,11,12] remove the sacrificial dielectric locally by using an additional lithography step, which defines air gap trenches only in the desired areas. The pre-defined trenches enable a good control of the final air gap morphology (i.e. width, height and pinch-off shape). However, an additional mask introduces more complexity and higher cost in the process flow. 

Formation of air gaps using sacrificial material removal through a cap

The second class of air gap integration routes concerns the removal of a sacrificial IMD layer through a permeable cap. As it can be seen in Fig. A8, this integration route requires a protective cap for the exposed copper lines, since the permeable dielectric cap can not serve as copper barrier and dense dielectrics (such as SiC(N) layers) block the IMD removal pathway later-on. Typically, these protective caps can be electroless deposited metallic compounds, such as CoWP [13], or obtained through silicidation of the copper [14]. Removal of dense dielectrics from the complete stack by using selective caps enables removal of sacrificial IMD layers at multiple metal levels after full-completion of the stack. It has to be noted that the air gaps can also be created by systematically removing the sacrificial IMD after completion of each metal level. In the latter case the use of a self-aligned barrier is not really required, under the condition that a permeable hard mask is used on top of the IMD (which enables IMD removal directly after metal-CMP [3]).

Different approaches exist to remove the sacrificial layer through the cap. In a first approach a thermal degradable polymer is used [3,15], which can be decomposed by heat (optionally in combination with UV) through a ‘porous’ dielectric cap. On the other hand, the sacrificial layer might also be removed by selective wet or dry etching through the porous dielectric cap. Gosset et al. [4,16] proposed to use a well-known SiO2 dielectric as sacrificial layer in combination with an organic polymer as permanent via-level. After full completion of the stack the sacrificial SiO2 can be selectively etched in a HF-solution using a non critical mask to locate the air gaps where performance is needed.

Specificities of air gap integration

One of the main advantages of air gap approach is the very low effective k-values which can be reached. Values down to 1.8 were already demonstrated [1], making air gap the unique identified solution to reach the most aggressive effective k-value recommendations of the interconnect table. Using non conformal deposition approach, the benefit in terms of capacitance can be easily tuned by extending cavities etch depth below metal lines. Another interest for moving to air gap is the possibility to localize air gap in-between metal lines were the performance is needed, while keeping dense insulators to meet both thermal and mechanical requirements for packaging, such as in low density areas or pads. This is a clear improvement compared to uniformly deposited porous insulators, which poor mechanical properties may compromise the reliability of the circuit.

On the other hand, air gap integration has still to face many challenges. All approaches which imply a realization of air gap level after level, that is to say creation of air gap before completion of upper interconnect level, are sensitive to critical via misalignment issues. In such cases, any lithography via misalignment could lead to air cavity breakthrough during via etching and thus compromise interconnects reliability. In this case, additional capping layers or specific design rules such as adapted metal enclosure leading to relaxed pitches are required, respectively compromising the effective k-value reduction or the integration density. Moreover, some approaches based on non conformal CVD are very sensitive to cavities aspect ratios, which have to stay close to a constant to enable a regular air gap closure in upper ILD. In the case of the introduction of new materials, such as degradable polymers, one has to take care to its compatibility with copper BEOL realization, especially thermal budget. Finally, the use of additional masks to localize air cavities may makes such solution cost ineffective depending on the need for level by level masks or a unique global mask, and also whether critical or non-critical masks are involved.

Effect of Air Gap Architecture on performance

The interconnect performance can be benchmarked through comparison of the RC-product of different interconnect architectures. For low-power applications, the interconnect capacitance (C) is more important than interconnect resistance (R) for a system performance boost [17]. Therefore, air gaps are especially interesting for these kinds of systems.

To evaluate the interest of air gap architecture, time domain simulation were performed leading to the extraction of both delay and crosstalk ratio assuming a progressive interconnect length scaling down in assumed. The performance of standard integration scheme is compared to the one of the air gap architecture depicted in Fig. A8 for different IMD k-value. Fig. A9 clearly shows the interest of air gap in terms of delay time. An air gap with an IMD k-value of 2.6 exhibits better performance than standard architecture up to 2019. While it is no longer insufficient to compensate resistance increase for further years, the reduction of IMD k-value enables to improve performance.

Another major interest for air gap implementation is its ability to tremendously decrease parasitic crosstalk between neighboring interconnects. The introduction of cavities in-between metal lines reduces coupling capacitance and so limits crosstalk whatever the IMD k-value is, as illustrated in Fig. A10.
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Figure A7: Schematic representation of Air Gap achieved using Non-Conformal CVD
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Figure A8: Schematic cross-section of air gaps formed by selective IMD removal through a dielectric cap
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Figure A9: Comparison of the evolution of delay time versus node for standard integration scheme and air gap (AG) architecture assuming different IMD k-value
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Figure A10: Reduction of parasitic crosstalk thanks to the introduction of air gap (AG) architecture with different IMD k-value with respect to standard integration scheme
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