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Brief description of advanced interconnect technology 

Breakthroughs in chip technology have most often encompassed advances in transistor fabrication. As smaller, faster transistors were manufactured and packed closer together, interconnects started to present problems.  Periodic improvements in microcircuit density and performance (Moore’s law) have thus reduced interconnect dimensions.  

Aluminum has long been the conductor of choice, but it is reaching the technological and physical limits of existing technology. The smaller line dimensions required in denser microcircuits are not feasible using Aluminum, because the interconnect resistivity, which is inversely proportional to interconnect cross section, is simply too high. Interconnect dimensions affect IC performance in various ways.  As is shown in Figure 1, RC delays are now the gating factor in limiting the performance of a digital circuit [1]. Parasitic resistance is one of the components of RC delays:

     


 R =  (L/wh)

[Where  = resistivity; L=length; w=width; and h=height]

Reduced dimensions between interconnects also create additional problems like cross talk and noise, and differences in power dissipation and power distribution.  Especially worrisome is the fact that running similar current through much smaller lines results in unavoidable current density increases with decreasing metal cross section.  This situation makes electromigration failure more likely (see section on general reliability concerns) and allows the possibility of Joule heating which introduces an additional reliability concern.

Copper is becoming the metallization of choice for high performance microcircuits. The reason Cu is so desirable at this point in the development of the integrated circuit is its low resistivity.  Cu metallization offers a 37% reduction in resistivity over Al wires (1.67 ohms-cm vs 2.69 ohms cm).   Copper based chips can thus enable thinner and narrower wires.  Figure 2 shows the advantages of Cu/low K interconnect technology in microprocessor performance [2].
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Figure 1. Comparison of intrinsic gate delays  and interconnect delay (RC) as a function of feature size.  In sub-micron technologies, the interconnect delay becomes the dominant factor as shown in the plot. 
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Figure 2. Microprocessor performance as a function of feature size and interconnect metallization technology calculated for a logic depth of 12 gates.  This calculation illustrates the respective advantages of a low-k dielectric and copper metallization in a typical microprocessor implementation.
NASA needs in advanced interconnect technology

The need to use advanced Cu metallization in NASA flight systems arises from the ever-increasing use of Commercial of the shelf (COTS) devices and “parts”.  The infusion of advanced metallization in modern microelectronic components will inevitably find its way into flight systems.  In addition to COTS, Cu metallization has also been considered in micro-inductor components in system-on-a-chip applications for flight systems.

The International Technology Roadmap for Semiconductors predicts technology requirements and numerous interconnect related reliability issues for microprocessor units and DRAM chips.  The reliability concerns relevant to commercial applications are already substantial. Furthermore, additional reliability concerns inherent in space applications need to be addressed alongside the industry roadmaps.
NASA and Industrial semiconductor roadmaps, differences and similarities:

Some Similar Goals:
Miniaturization
· Smaller and highly integrated functions and lighter microelectronics.  This industry trend is driven by the desire for lighter and smaller components 

· This industry goal is compatible with NASA’s need for miniaturization in spacecraft, to enable longer missions for outer planet exploration.

Very high processing speeds and data rates

· Industry’s demand for faster microprocessor clock frequencies is compatible with NASA’s needs for remote-sensing instrumentation in the farthest reaches of the Solar System. Many of NASA’s scientific goals depend on high data rates.
Lower power consumption

· Beneficial for some commercial applications (for example longer battery life for  laptops)

· Lower power needs enable longer missions for NASA scientific goals.

Differences in semiconductor demands between NASA and Industry

Longevity and reliability
· Planned obsolescence make industrial uses less dependent on longevity or high reliability – microprocessors become obsolete after a couple of years - parts are inexpensive and can easily be replaced.

· Many space applications rely on longevity and reliability, mainly for longer missions, which can be > 20 years!   NASA has more stringent reliability requirements.

Electronics for extreme environments

· Temperature range for commercial devices ranges from – 55º C to only 85ºC (for sub ¼ micron technology).  Only benign radiation environment and very subtle thermal cycling is foreseen for microelectronic parts.  

· Space applications for microelectronic components often include extreme environments, thermally, thermo-mechanically and radiation wise.

Technology Readiness level - readiness for infusion into flight systems

Advanced multi-level Cu interconnect technology could be classified from the point of view of its readiness for infusion into flight systems according to the technology readiness level (TRL) scale.  Advanced interconnect technology already forms part of high-end commercial parts like ASICs, microprocessors and DRAM chips.  Their demonstrated implementation in commercial systems and proven reliability in terrestrial applications puts advanced Cu interconnect technology between a TRL 5 and a TRL 7:

TRL 5: System/subsystem validation in relevant environment.  Thorough testing of prototyping in representative environment.  Basic technology elements integrated with reasonably realistic supporting elements.  Prototyping implementations conform to target environment and interfaces.

TRL 6: System/subsystem model or prototyping demonstration in a relevant end-to-end environment (ground or space)  Prototyping implementations on full-scale realistic problems.  Partially integrated with existing systems.  Limited documentation available.  Engineering feasibility fully demonstrated in actual system application.

TRL 7: System prototyping demonstration in an operational environment (ground or space).  System prototyping demonstration in operational environment.  System is at or near scale of the operational system, with most functions available for demonstration and test.  Well integrated with collateral and ancillary systems.  Limited documentation available.

Commercial production and manufacturability issues

For the past few years, the semiconductor industry has tried to find a way to replace aluminum with one of the three metals that have higher conductivity: copper, silver, or gold. None of those metals is as easy to work with as aluminum. Any new material presents fresh challenges, and reliably filling sub micron holes and channels is a tough challenge in metals other than Aluminum.  What's worse, those (noble) metals interact badly with silicon, diffusing into it and altering the circuit properties. Diffusion of metallization can short-circuit the chip. Cu interconnects manufacturability has had to overcome major technical challenges, among them, the development of reliable and effective diffusion barriers that could be deposited in silicon wafers along with the copper.  Tantalum based diffusion barrier processing has been one of the major breakthroughs in Cu interconnect manufacturability.
In 1997, after several decades of development, IBM introduced a technology that allows chipmakers to use copper wires, rather than the traditional aluminum interconnects, to link transistors in chips. IBM has developed electroplating technology for copper that has been successfully implemented for the fabrication of chip interconnects structures.  This fabrication process is known as damascene (or dual damascene).  In order for a metal or alloy to be deposited on the surface of a wafer by electroplating, it is first necessary to cover the surface with a seed layer, or plating base, whose function is to conduct the current from a contact at the wafer edge to all points on the wafer where a deposit is desired. The requirement of a seed layer has led to a variety of approaches for the integration of plating; one of such approaches is illustrated in Fig. 3. Damascene plating involves deposition of the seed layer over a patterned material, which, in the case of interconnect structures, is the insulator, a functional part of the circuit that must remain in place. The plated metal covers the entire surface; excess metal must be removed by a planarization step such as chemical-mechanical polishing (CMP). 

Damascene electroplating is ideally suited for the fabrication of interconnect structures, since it allows inlaying of metal simultaneously in via holes and overlying line trenches. Furthermore, it is compatible with the requirement for a barrier layer between the seed layer and the insulator; the barrier prevents interaction between the metal and the insulator.

The foremost requirement for success of the plating process (as well as for any other process of potential use in the fabrication of damascene copper interconnects) is its ability to fill trenches, vias, and their combinations completely, without any voids or seams. 
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Fig. 3 Process steps for the fabrication of a via and line by the dual-damascene approach.   (a) Insulator deposition; (b) via definition; (c) line definition; (d) barrier and seed layer deposition; (e) plating and chemical-mechanical polishing (CMP).

Available vendors

International Business Machines (IBM): The new copper interconnects were implemented initially in IBM's seventh-generation CMOS (complementary metal-oxide-semiconductor) technology. The CMOS 7S process, as it is known, showed up first in high-end products, such as chips for mainframes and the PowerPC® chips used in IBM's RS/6000® and AS/400® computers. Fig. 4 shows an electron micrograph of the SA-27 CMOS cell-based IC using copper interconnects.
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Figure 4. On the left is a bird’s-eye view of the SA-27 CMOS cell-based IC using copper interconnects. A cross-section is shown to the right. The bottom layer is tungsten (W). Both are scanning electron micrographs, with color added later by IBM. 

Eventually IBM expects to use the CMOS 7S in all its systems. Similarly, copper itself will become more widespread in the semiconductor industry. It is just a matter of time until all manufacturers incorporate copper interconnect technology.  

Table 1. Some of the commercially available application specific integrated circuits (ASICS) that use Cu interconnects, sold by IBM.  All these chips with the exception of the SA-12E use copper interconnect technology.

	
	SA-12E
	SA-27
	SA-27E
	Cu-11
	Cu-08
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	Lithography
(µm):
	0.25
	0.18
hybrid
	0.18
	0.13
	0.09
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	L drawn
(µm):
	0.25
	0.15
	0.15
	0.10
	0.07

	

	VDD (V):
	2.5
	1.8
	1.8
	0.9-1.65
(1.5 opt)
	0.7-1.3
(1.0 opt)
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	Wireable
gates:
	10M
	12M
	24M
	40M
	72M
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	Metal:
	Al
	Cu
	Cu
	Cu
	Cu


The available high-end chips shown in table 1 illustrate the industry trend to utilize Cu metallization for design rules below 180 nm.  The main reason for this trend is that the reduced cross sectional area for interconnects to such small transistor channel length increases the parasitic resistance to an unacceptable level if Al or Al:Cu interconnects are used.

Texas Instruments: also offers products that use Cu interconnects. The SR40 High-Speed Standard Cell/ Gate Array ASIC and the GS40 low standby power ASIC are the main two families of product utilizing Cu metallization.  For example, the SR40 95-Nanometer SR40 offers core logic speeds in excess of 600 MHz based on a 130-nm SIA (95-nm L (drawn)) CMOS process and utilizes a low-k dielectric and six or seven layers of second-generation dual Damascene copper interconnects 

Intel Corporation: Also offers products that utilize advanced Cu interconnects, among them the Intel® Pentium® 4 processor, now available at 2.53 GHz and which has six layers of copper Interconnects.  As future Intel processors inevitably offer higher clock speeds, we can expect Cu interconnects to become more and more integrated into their standard products.

Motorola – To this day (early 2003) Motorola does not appear to offer products with novel Cu interconnects, even though they were involved in the initial research and development efforts, and they have published some interesting research efforts in the area of Cu interconnects [3].

General reliability and radiation concerns:

(a) Failures due to Electromigration:
The most common failures in metallic interconnects are related to electromigration, which is the mass transport of a metal due to the momentum transfer between conducting electrons and metal atoms.  Electromigration causes failures in microelectronic components by creating voids, which eventually cause open circuits, and hillocks, which can cause short circuits depending on the metallization geometry, and the proximity of metal lines to one another.  In the simplest case, void formation is strongly dependent on current directions, and voids will appear near the cathode, while sometimes hillocks can be found near the anode.
 As device features reduce in Ultra-large-scale integrated circuits, current densities increase with the metallization layer complexity. These issues make understanding Electromigration (EM) induced failure essential to design more reliable circuits.   

Electromigration is a diffusion phenomenon, and diffusion, regardless of the pathway is "thermally activated", which means that the kinetics follow an Arrhenius relation and it is affected by both temperature and current density (j). Using Black’s equation in the practical (experimental) prediction of electromigration induced failure in a given system:

t 50 = A j-n exp [Ea/(kT)]


[1]
(where 
t 50 is the time for 50% of the lines to fail, j is current density, k is Boltzman’s constant, Ea is activation energy (in eV), and T is the temperature in degrees Kelvin)

Requires determination of both Ea (the activation energy for electromigration) and the exponent on the current density term (n), which is dependent on current density.  Knowledge of these important parameters allows substitution of the actual use conditions back onto equation [1] in order to obtain a reliable prediction of the expected mean time to failure (MTTF).  
In state of the art metallization systems, electromigration becomes noticeable when current densities approach ~106A/cm2.  The observation of electromigration failure when lower current densities are used indicates a serious reliability concern.  Early failures at lower current densities were observed during experimental in-house testing of Au structures of the same geometry and dimensions as Cu structures that were designed alongside the mask to fabricate magnetic micro inductors for System on a Chip (SoC) applications [4, 5].

High current densities sometimes cause conductor lines to heat up above the set substrate (test) temperatures. This is known as Joule heating.  If this condition happens, it could introduce an artifact in the data interpretation, so care must be taken to evaluate its effect and correct for it.  

Copper has a higher melting temperature, hence it can also offer greater resistance to electromigration.  A thorough review of the literature however [6], indicates that activation energies for electromigration in Cu are strongly dependent on process variations, so while the “good” Cu metallization systems will show activation energies over 1 eV, these can also be 0.6 eV and lower, which is actually worse than in state of the art Al:Cu metallization [7].
(b) Other failure mechanisms in interconnects:

Oxidation
Al and Cu interact very differently in the presence of oxygen.  Al alloys form a very tough oxide, which is lattice matched to its parent metal and hence forms a very resilient protective coat.   Because of this protective oxide that forms on Al alloys, no special precautions with respect to atmosphere have ever been needed during accelerated electromigration testing of aluminum interconnects.  Aluminum can safely be tested in air, even at elevated temperatures.  Copper, on the other hand, oxidizes rapidly at high temperature in air.  Cu will even oxidize in relatively good vacuums, especially if there is the slightest amount of water vapor present.  This oxidation can be mistaken for electromigration because Cu oxide is not a good conductor, and when it does form, the available metal is reduced in cross section and the resistance rises.  This can look very much like electromigration induced void growth.  While Cu oxidation is a common form of failure in unprotected Cu lines, if such oxidation related failure happens unintentionally during testing it could seriously skew test results from electromigration.  This problem can be circumvented by testing in high vacuum conditions, or else, by coating the contact pads with an inert metal.  Since one or more “inert” passivating layers are usually deposited over the Cu interconnects, the Cu contact pads are the only part of the structure that are unprotected.  Deposition of a layer of Aluminum over the Cu contact pads has been used as a strategy to protect the pads from oxidations and allow testing in air [8].

Examining oxidation as a failure mode in its own right might not be relevant to most space environments, but it could present serious problems in some planetary atmospheres.  Fig. 5 shows some measurements of lifetimes in Cu interconnects at different current densities taken at a temperature of 60ºC.  These measurements indicate that failure in unprotected Cu lines is mainly due to oxidation failure.
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Figure 5.  Current density vs. Time to failure of Cu test  structures measured at 60C and in air.   Joule heating and oxidation of Cu occurred at a current density of 2.1 x 106 A/cm2 and can be seen around the central portion of the line (enlarged on the bottom micrograph).

Metallic diffusion 

Cu diffusion in semiconductors is very rapid, even at room temperature.  Cu is a noble metal and, as such, readily diffuses through dielectrics.  In order to obviate this problem, a liner or barrier metal is needed to keep Cu from diffusing through the interlevel dielectrics.  This is even more important with the use of organic low-k dielectrics we will soon be seeing in the marketplace. Tantalum based diffusion barrier processing has been one of the major breakthroughs in Cu interconnect manufacturability.
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Recently, JPL’s in-house testing (failure analysis shown in Fig. 6) confirms that Cu metallization without a diffusion barrier should never be used in current carrying wires.  The onset of short circuit formation due to Cu diffusion through a layer of polymer in micro inductor applications was determined using several simultaneous techniques in scanning electron microscopy. 
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Figure 6. Test structure connected for electron beam induced conductivity measurements (shown as lighter contrast every 4 conductor test structures).  Below are shown three different imaging modes, backscatter detection (sensitive to atomic number so the contrast from the broken Au line is obvious); secondary electron imaging, and electron beam induced conductivity, which shows  the voids in the Au line.  Current continuity is achieved from Au diffusion trough the polymer layer onto the back metal plate. EBIC (electron beam induced conductivity) is a useful technique to locate failure, but it works best if line is open.
In novel Cu interconnects, there have been some reports of short circuits in the 130 nm microprocessor chips in commercial applications.  The integrity of the liner (Tantalum nitride) should be closely examined, particularly in regions where the line or interconnect changes direction.  Any opening in the liner layer would permit Cu diffusion onto other metal lines or active device areas.

Thermomechanical failures

These are failures that arise from thermal cycling.  Large stresses can develop in thin metallic films (interconnects) attached to the semiconductor as a result of the large difference in thermal expansion coefficients between metals and semiconductors (usually Silicon) in microelectronic devices.  These thermal cycles are experienced during thermal excursions encountered in processing steps or during usage. In space applications, drastic thermal cycles can be encountered during night/day cycles in different planetary atmospheres.  These thermal stresses may induce plastic deformation of the thin films accompanied by creep and interfacial sliding, and have a pronounced effect on the reliability of microelectronic devices and components.

Observations of thermally cycled Al thin films have been made to identify and characterize the deformation mechanisms that govern the thermo-mechanical response of these films. The early stages of thermal cycling were associated with grain growth.  Other experiments revealed that, following thermal cycling, Al films expanded relative to the Si substrate, whereas Cu films shrank, resulting in an alteration of the film-footprint on the substrate in both cases [9]. In yet another study, a void formation mechanism was investigated in an electroplated copper thin film on Ta/SiO2/Si.  Microstructural observation after thermal cycling indicated that void formation occurred at intersecting points or terminating corners of annealing twins. The calculated stress distribution was compared with experimental void formation results, and excellent correlations were found between void formation sites and stress concentration sites [10]. 

The tendency of Cu to contract in volume and form inter-granular voids is an additional reliability concern with respect to Cu interconnects that was not a major issue in the better established Al interconnect technology.  Thorough thermal cycling should be performed outside the industrially tested ranges, to determine if thermal stresses are encountered in space and aeronautic applications.  Thermal cycle induced void formation would affect interconnect reliability, and could accelerate electromigration by an earlier void nucleation time.  Early onset of void formation would further degrade with electromigration, causing larger voids and open circuits.  The ability of Cu interconnects to survive the thermal cycles encountered in some space exploration applications is thus one of the specific reliability concerns for space application of advanced interconnects which still remains to be addressed in space use of advanced interconnects.
(c) Other Specific reliability concerns in Cu interconnects

Electromigration studies in Cu have progressed rapidly since it has been identified as the state of the art metallization system and will be replacing Al metallization in most future microelectronic circuits.  Much of the literature shows a wide range in activation energies for electromigration, and this is due primarily to different methods of Cu deposition and fabrication, process variations.

The use of dual-damascene fabrication technology for Cu interconnects comprises totally different architectures from the better known Al:Cu tungsten via interconnect technology, and it means that new failure mechanisms might exist that were not observed in the older and more established Al metallization.  Among these new failure mechanisms and novel properties of these interconnect systems we find that the Blech effect in Cu [11-13] (Blech effects are related to the concept of stress gradients opposing the electromigration mass flow) appears to be stronger than in Al, and we also find that electromigration induced extrusion failures can be a problem in Cu interconnects.  These extrusions and possibly corrosion can cause intra-line leakage breakdown in Cu lines.

As far as specific electromigration concerns in Cu interconnects, let us briefly review the kinetics of electromigration failure.  The total mass transport which causes EM failures is the sum of the products of the mass flux in each of the pathways for diffusion and the 


cross sectional areas of the respective pathways.  As shown in the equation above, the effective diffusion is then a sum of the diffusion in the bulk (lattice diffusion), along grain boundaries, and along the interfaces, which are the metal/diffusion barrier and metal/oxide interfaces.

In Aluminum wires, the oxide/wire interface does not act as a diffusion pathway.  Al oxide is stable, adherent, and continuous. At operational temperatures, Al electromigration is always dominated by grain boundaries.  However, in Copper, the metal/oxide interface, which is largely eliminated as a pathway for mass transport in Al is quite active as a diffusion pathway. Lot to lot variations in Cu metallization may be severe.  When the Cu/oxide interface is effectively passivated, electromigration performance is far superior to Al alloys, but if it is not, the performance is no better than Al/Cu and can be worse. 

The quality of the Cu/oxide interface, with respect to its ability to act as a diffusion pathway, is sensitive to process variations. Small process changes will most likely have a significant effect on diffusion. This is why in order to insure that a specific microcircuit containing Cu metallization is reliable, day after day periodic testing should be performed.  It is essential that a careful kinetic study be performed to insure that the surface or metal/oxide interface has been shut off as a diffusion pathway.  If testing shows that the activation energy for failure is low, on the order of 0.7 to 0.8 eV, a high diffusivity interface is providing mass transport.  If the activation energy is higher, on the order of 1.2 eV or higher, mass transport is proceeding either via grain boundaries or some other more diffusion resistant interface.  These differences in activation energies (about 0.5 eV) can mean orders of magnitude differences in time to failure
(d) Fine line metallization:

Miniaturization in microelectronics drives line dimensions for metallization to smaller and smaller sizes.  Modern fabrication methods are allowing the manufacture of line widths as small as 0.175 micrometers.  There are two important issues to consider in the fine line case.  The first one, is that because of the higher resistivity of Al and Al:Cu lines, fabricating lines much below ½ micrometers using Al would result in too large of an RC delay in the microcircuit.  Therefore, reliability issues concerning shrinking line dimensions are only relevant in the context of Cu metallization, and not Al.  The second one, is that as was discussed in the last section, this fact can introduce extra reliability concerns.  As the line widths (and heights) become smaller, the surface area to volume ratio for interconnects becomes larger, and consequently, the role of surface or interfacial diffusion in Cu metallization systems increases.  While surface diffusion is effectively not a concern in Aluminum lines due to the very good oxide that forms on Aluminum, process variations that might leave some room for surface diffusion in Cu will be even more problematic as the ratio of surface area to volume increases, which is of course the situation as the line dimensions shrink.

Reliability and radiation “tall tent poles”* for specific mission scenarios in the use of advanced interconnects.

Definitions, clarifications and acronyms:  

LEO = lower earth orbit (350 to 1400 above earth surface); MEO= medium or middle earth orbit above LEO and below GEO

GEO = geosynchronous earth orbit, at 35,790 km above earth surface.  Satellites at the geostationary orbit are in GEO and describe a circular orbit.

Jovian:  Jupiter and its moons (Io and Europa)

Long life missions and outer planet exploration will most likely require nuclear propulsion (Now it is ion propulsion), so a radiation environment has to be considered.

* In space jargon, a “tall tent pole” refers to either a critical path item, or the longest lead-time item.
	Mission
	Thermal environment (includes thermal cycles)
	Mechanical 
	Radiation
	Chemical environment
	Other

	LEO, ISS, Shuttle
	Shuttle reentry


	Mechanical stresses during launch
	No significant concern
	No significant concern
	Micro-meteorites 

	Aeronautics 
	Same as above
	Unknown
	Yes, during solar flares
	No significant concern
	Plasma environment (spacecraft charging)

	MEO, GEO
	No significant concern unless power is lost (cold start)
	Unknown
	Electrons and protons.   Radiation environments limit electronic life severely, effect on metallization is unknown.
	No significant concern
	

	Mars surface, low temperature
	Average temperature is about 218 K (-55 C, -67 F) (lower than commercial range). Surface temperatures range widely from as little as 140 K (-133 C, -207 F) at the winter pole to almost 300 K  (27 C, 80 F) on the dayside in summer.  
	High winds, mechanical stresses during launch. 
	2-5 Kilorads, probably not a concern in metallization systems.
	Benign
	

	Jovian system, outer planets
	Extreme cold environments
	Unknown
	Yes.  Radiation effects on electromigration are unknown
	Unknown


	

	Outside solar system, very long life missions
	Extreme cold unless electronic is protected
	Unknown
	Yes.  Radiation effects on electromigration are unknown
	Probably not a concern
	

	Venus, rocket and aircraft engine, other high temperature.
	Extreme heat:  absolute temperature at the surface still unknown but is excess of 730 K. 225 day and steep thermal changes.
	Unknown
	Unknown but probably OK


	60 to 90 km of Sulfuric acid clouds.
	Atmosphere is very massive by terrestrial standards, with surface pressure almost 100 bars (carbon dioxide)


Qualification guidelines, problems, and possibilities

Experimental methods, testing procedures, and required laboratory infrastructure

A good qualification plan for space use of interconnects must address all known failure modes: electromigration, oxidation, shorting trough diffusion of metallic components, and effects of thermal cycling on functionality and microstructure.  Specific mission environmental requirements and effects of space environments on electronic components that are specified in the precious table should be addressed in the context of interconnect reliability.  

The main qualification topic in the evaluation of metallization reliability is also one of the most involved and time consuming.  This is the work involved in the experimental determination of electromigration parameters to predict mean times to failure from fitting these parameters into Black’s equation [see equation 1].  Data needs to be collected from accelerated life testing of appropriate test structures.  In order to determine both Ea and n (the activation energy for electromigration and the exponential dependence on current density) both temperature acceleration and current acceleration testing must be performed.  Determination of activation energies for electromigration using four (4) points Arrhenius plots has the advantage that if there was a different failure or degradation mechanism that took place at higher temperatures, then a change in slope would be seen in the Arrhenius plots, and the temperature acceleration should then be shifted to a lower thermal range.  Higher temperature (and hence irrelevant) degradation mechanisms cannot be seen at all if a two point Arrhenius plot is used, and are difficult to see in a 3 point plot.  Once data is collected from test temperature variations at a single current density, then simply using the highest test temperature, and decreasing the current density so that data at 3 or more current densities can be collected can test current acceleration.  

The electrical data should be taken at regular intervals and plotted.  Four probe measurements at constant current works well.  Typical current values depend strongly on the line cross sections. Current densities of 1 x 105 to 4 x 106 Amps/cm2, gave good results in recent in-house testing. Once the resistance is measured, it is acquired digitally (every 30 minutes is reasonable).  .  Resistance values should then be correlated with structural information.  The best way to perform electromigration testing is to monitor increases in resistance from the test structure as a function of time.  In order to determine failure modes sometimes it is advantageous to monitor the line resistance until catastrophic failure occurs, usually as an open circuit is detected, or sometimes a short circuit.  Electromigration will result in void formation which will increase the resistance of the interconnects or test structures.  Figure 7 shows an example of this resistance increase, taken during electromigration testing of Al:Cu metallization [14].  The data used for the Arrhenius plots to determine activation energies is then simply the time (in hours) that it takes for the line resistance to increase by a certain pre-established amount.  Usually either 10% or 20% in line resistance increase is taken as a “failure”.  Plots of this data as log normal distribution are then done to determine the time at which 50% of the lines have “failed”.   Figure 8 shows an example of a 4 point Arrhenius plot in the determination of the activation energy in Al:Cu metallization.  Current acceleration is then performed in a similar fashion and also plotted, the aim here is to determine the exponent in the current density factor in Black’s equation.  Figure 9 shows an example on how this data is analyzed after current acceleration.


Figure 7. Progressive increases in line resistance in Al:Cu interconnects tested at 220 C.  The “steps” in the curves arise from void formation and growth at different tungsten vias.  Once the section of Al metallization near the via is depleted by the void, conduction occurs trough the “liner” or refractory metal diffusion barrier which has higer resistance. 


Figure 8.  Mean time to failure vs. 1/T for two types of Cu interconnects.  Test temperatures used were 180 C, 200 C, 220 C and 240 C.  The activation energy obtained from this Arrhenius plot is 0.8 eV



Figure 9.  Mean time to failure vs. current density in Al:Cu and Au interconnects.  This dependence gives the exponential current dependence in Black’s equation.  This data is strongly dependent on microstructure and processing and should not be interpreted necessarily as poor reliability in Au metallization.
In any experiments performed where current densities are significantly increased over the expected “use” current densities, the possibility of Joule heating must be considered.  Determination of any extra heating due to high current densities can be performed by heating the samples and monitoring the voltage drops across the lines at constant current, but using a very small amount of current (much below test conditions).  Once the “real” resistance dependence on temperature is established, the current density can then be increased to test conditions and any changes (increases) in the resistance should be noted.  

One of the needs for infrastructure development, which is common to all metal test structures, is the implementation of digital data acquisition in real time.  Development of the required software, hardware and instrumentation is needed to perform the tests described here.  Furthermore, and more importantly, the experience acquired and testing facilities developed are also instrumental in supporting flight project needs in future testing of interconnects.  
Since it is so important to insure that the Cu not be allowed to oxidize during electromigration testing, experiments should be conducted in a completely dry atmosphere.  Stressing in a nitrogen atmosphere may help in reducing the effects of oxidation, but it is imperative that the N2 be absolutely dry.  Water vapor can oxidize Cu and if even the slightest amount of water vapor is present in the nitrogen, it will produce oxidation.  Testing in vacuum in a good vacuum thermal chamber might be also part of the infrastructure needed to evaluate advanced Cu interconnects.  

One easier and less expensive way that has been used to reduce oxidation with some success is to cover the Cu metallization with a silicone based protective material.  The silicones do not break down at normal testing temperatures (~200C) and appear to protect the Cu surface from oxidizing. This may be the simplest and most cost effective procedure in most cases.   As mentioned earlier, coating of the exposed Cu bond pads with Aluminum has also shown to be a successful strategy [8].

The three main components in the infrastructure development then consist of: software development for digital data acquisition of electromigration data, hardware design and testing in high temperature (up to 350ºC), high vacuum (1 x 10-6 Torr) environments, as well as the development of analytical models and analysis tools for analyzing and interpreting the test results.  High temperature testing capabilities should be stressed, since electromigration in advanced Cu interconnects will not degrade them at sufficiently low temperatures to acquire data in a timely fashion.  Since it is already known that no extraneous failure mechanisms are encountered at higher thermal ranges, the capability of reaching temperatures of 350ºC is very helpful in testing Cu.

Timetable for readiness:
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Figure 10.  The figure shows predicted (in 1998) production dates for volume-production of copper interconnect chips, by manufacturer. The transition point from Al to Cu was predicted to occur for design rules between 0.13 and 0.18µm, which corresponds to the period from 1999 to 2003 on the Semiconductor Industry Association roadmap.   
However, to this date (early 2003) Microelectronic components including multi-layer dual damascene processing (Cu interconnects) can only be purchased from a few of the vendors in this chart.

Technology evolution in near term

Will the technology used in novel interconnects be different when it is ready?

Table 2, which is an excerpt from the industry semiconductor road map, shows in which way novel interconnects can be expected to change in the near term (up to 2007) and in the long term (up to 2016).  As can be seen in the table, major changes are not expected, but additional reliability concerns increase with each metallization level and increasing current densities in the interconnects.   It is clear from the table that these will continue to increase over the next few years.  It is also expected that Cu metallization technology will be incorporated into more devices, and will be used by more manufacturers.  However, revolutionary changes in interconnect technology as were seen with the development and implementation of the dual damascene process, are not expected in the short term.  In the long term (2016) the fact that no manufacturable solutions are known for a significant number of issues indicate that another revolutionary change in interconnects technology has to occur, if Moore’s law continues to hold.  The fact that several products containing Cu interconnects are offered commercially today also indicates that novel interconnects are available as a standard reproducible technology.

Table 2 - excerpts from the industry semiconductor Road map for interconnect technology.

	Microprocessor Unit (MPU) Interconnect Technology Requirements—Near-term

	Year of Production
	2001


	2002


	2003


	2004


	2005


	2006


	2007



	Number of metal levels
	8
	8
	8
	9
	10
	10
	10

	Number of optional levels—ground planes/capacitors
	2
	2
	4
	4
	4
	4
	4

	Total interconnect length (m/cm2)—active wiring only, excluding global levels [1]
	4086
	4843
	5788
	6879
	9068
	10022
	11169

	FITs/m length/cm2 10-3 excluding global levels [2] 
	1.22 


	1.03 
	0.86 
	0.73 
	0.55 
	0.5 
	0.45

	Jmax (A/cm2)—wire (at 105C) 
	9.60E+05 
	1.10E+06 
	1.30E+06 
	1.50E+06 
	1.70E+06
	1.90E+06
	2.10E+06

	Imax (mA)—via (at 105C)
	 0.32 
	0.29 
	0.27 
	0.24 
	0.22 
	0.2 
	0.18

	Cu thinning at minimum pitch due to erosion (nm), 10% x height, 50% area density, 500 m square array
	28 


	24 
	20 
	18 
	16 
	14 
	13

	Global wiring dual Damascene A/R (Cu wire/via) 
	2.0/1.8 
	2.0/1.8 
	2.1/1.9 
	2.1/1.9 
	2.2/2.0 
	2.2/2.0 
	2.2/2.0

	Cu thinning of maximum width global wiring due to dishing and erosion (nm), 10% x height, 80% area density
	225 


	190 
	168 
	193 
	176 
	158 
	172

	Conductor effective resistivity (-cm) Cu intermediate wiring 
	2.2  
	2.2
	2.2
	2.2
	2.2
	2.2
	2.2

	Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3] 
	16 
	14 
	12 
	10 
	9 
	8 
	7

	Interlevel metal insulator (minimum expected) —effective dielectric constant ()
	3.0-3.6 2.3–2
	3.0–3.6 
	3.0–3.6 
	2.6–3.1 
	2.6–3.1 
	2.6–3.1
	2.3–2.7

	Interlevel metal insulator (minimum expected) -bulk dielectric constant ()
	<2.7 
	<2.7 
	<2.7 
	<2.4 
	<2.4 
	<2.4
	<2.1

	Microprocessor Unit (MPU) Interconnect Technology Requirements—Long-term

	Year of Production
	2010


	2013


	2016



	Number of metal levels
	10
	11
	11

	Number of optional levels—ground planes/capacitors
	4
	4
	4

	Total interconnect length (m/cm2)—active wiring only, excluding global levels 
	16063
	22695
	33508

	FITs/m length/cm2 10-3 excluding global levels 
	0.31
	0.22 
	0.15 

	Jmax (A/cm2)—wire (at 105C) 
	2.70E+06
	3.30E+06 
	3.90E+06 

	Imax (mA)—via (at 105C)
	 0.1
	0.07
	0.04

	Local wiring pitch (nm)
	105
	75
	50

	Local A/R (for Cu)
	1.8
	1.9
	2.0

	Cu thinning at minimum pitch due to erosion (nm), 10% x height, 50% area density, 500 m square array
	5


	4 
	3

	Intermediate wiring pitch (nm)
	135
	95
	65

	Intermediate wiring dual Damascene A/R (Cu wire/via)
	1.8/1.6
	1.9/1.7
	2.0/1.8

	Interconnect RC delay 1 mm line (ps)
	348
	614
	1203

	Line length where  = RC delay (micrometers)
	33
	19
	11

	Cu thinning at minimum intermediate pitch due to erosion (nm), 10% height, 50% areal density, 500 micron square array 
	12
	9
	7

	Minimum global wiring pitch (nm)
	205
	140
	100

	Ratio range (global wiring pitches/intermediate wiring pitch)
	1.5-10
	1.5-13.0
	1.5-16

	Global wiring dual Damascene A/R (Cu wire/via) 
	2.3/2.1 
	2.4/2.2 
	2.5/2.3 

	Interconnect RC delay 1 mm line (ps) at minimum pitch.
	131
	248
	452

	Line length where  = RC delay (micrometers) minimum pitch
	54
	30
	19

	Cu thinning of maximum width global wiring due to dishing and erosion (nm), 10%xheight, 80% areal density
	155
	148
	130

	Cu thinning global wiring due to dishing (nm), 100 micron wide feature
	14


	10
	8 

	Conductor effective resistivity (-cm) Cu intermediate wiring 
	2.2  
	2.2
	2.2

	Barrier/cladding thickness (for Cu intermediate wiring) (nm) [3] 
	5
	3.5
	2.5

	Interlevel metal insulator (minimum expected) —effective dielectric constant ()
	2.1 
	1.9 
	1.8 

	Interlevel metal insulator (minimum expected) -bulk dielectric constant ()
	<1.9
	<1.7 
	<1.6 


	

	

	


White: Manufacturable solutions exist, and are being optimized

Yellow: Manufacturable Solutions are known

Red: Manufacturable solutions are NOT known

Recommendations for space use of advanced metallization

These recommendations are divided into i) Specific reliability concerns in the space use of advanced metallization that needs to be investigated in further detail; and ii) qualification guidelines based on in-house studies performed and review of the technical literature and industrial data.

Specific recommended studies to address reliability concerns/issues specific to space applications that include advanced metallization systems or novel interconnects:
1.
Electromigration is a diffusion process, and radiation is known to enhance diffusion. Could radiation damage then affect electromigration failure?  Is there any threshold for damage that could be established?
2.
Thermal cycling has been shown to cause expansion in Al but void formation between grain boundaries in Cu.  How will this affect novel Cu based microcircuits in space applications where thermal cycling is unavoidable?

3.
Electromigration failure in novel Cu interconnects has been shown to strongly depend on process variations.  This means that Cu can be more electromigration resistant than Al if the surface and diffusion barriers are fabricated successfully.  Otherwise, Cu can be worse than Al (more prone to electromigration failure).  How can this information be used in part selection and space qualification of novel COTS microcircuits?

4.
How will ultra fine and multi-layered Cu metallization perform in the extreme environments encountered in planetary exploration
?
5.
The interplay between metallization systems and the novel materials used in dielectrics that surround interconnects must be addressed in the context of space reliability.  One notable example is the observation of swelling or morphological changes in SiO2 with electron irradiation.  So even in the case where metal integrity or resistivity was not affected with radiation, if the surrounding dielectric expands for example, this fact will cause enormous mechanical stresses and compromise the metallization reliability.
Further recommendations:

· In part selection, try by all means to procure Cu chips from manufacturers that share data from their kinetic studies.  Ensure that the kinetic data that is made available is from the same batch as the parts procured.

· Develop testing infrastructure required – vacuum testing in Cu might be needed.  Higher temperatures are required for testing advanced interconnects. 

· Develop theoretical background, analytical skills and failure analysis tools to allow performing these special tests as needed. 

· Cross sectioning of areas with a change in direction in line orientation should be performed to identify potential voids in the Tantalum Nitride liner, which could result in Cu diffusion trough the dielectric an possible shorts in the active device areas.

· When metallization structures are developed as part of an in-house device development effort, lessons from industry must be incorporated in the design.  Metallization structures developed as a one of a kind product for space use that do not have a commercially available components must follow this sub-set of recommendations, mainly if significant current densities will be utilized. 
i) The low current densities that cause significant degradation can become problematic even in normal (rather than accelerated) use conditions. Average grain sizes (~ 1 micron) are smaller than conductor dimensions (10 by 4 microns) making grain boundary diffusion an important mechanism which accelerates electromigration (grain boundary diffusion has a lower activation energy than bulk diffusion so electromigration occurs at lower temperatures)

ii) The use of diffusion barriers is essential in any device development that includes Cu or any of the noble metals due to their very high diffusivity and the possibility of shorting.
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