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abstract

As the thermal community in Europe is relatively small compared to the US, research in this field is rather fragmented. Funding by the European Community (EC) makes a substantial impact in terms of helping to aggregate this fragmentation and build the critical mass necessary to realise a sound research program. On January 1, 2000, a new European project, called PROFIT, commenced as a kind of successor to the successfully finished EC-funded projects DELPHI, SEED and THERMINIC. PROFIT is aimed at creating methods and tools that enable a sufficiently accurate measurement and prediction of temperature gradients in time and space, which is required for a more accurate and timely assessment of cost, performance, safety and reliability of electronic products in all stages of the product realisation process.


This paper discusses its motivation, scope, objectives, advances over the state-of-the-art and the results achieved in 2000.

Motivation

Many roadmaps now recognise thermal management as one of the major challenges in electronic product innovation. The reasons are manifold: miniaturisation resulting in higher heat fluxes, the proliferation of area-array style packages introducing severe Temperature Coefficient of Expansion (TCE) mismatch, the demand for completely sealed products because of portability, and the need for higher dependability in future heavily linked systems. Cost and weight reduction (e.g., large flat screen TV) is also affected by the choice of cooling technology. 

The product creation process requires continuous improvements in design and analysis tools, as the market demands intensify the need for design cycle reduction and high design confidence. Yield Improvement and First-Pass Right are key issues to stay competitive. At the same time product complexity is continuously increasing. Focusing on thermal management, we observe trends for both higher and lower temperatures, usually combined with an increase in volumetric power dissipation. On the one hand, the harsh environments encountered by the automotive and lighting industries, and the shift from ‘home’ to ‘home and away’ for consumer electronics demand higher temperatures.  On the other hand, computer industries tend to lower temperatures, because higher temperatures adversely affect performance. In the Information Society, the correct functioning of many electronic services will depend on their individual elements. Consequently, this situation asks for fault tolerance and high availability, placing severe demands on reliable cooling. 

To cope with these trends, it is envisioned that ‘Virtual Prototyping’ and ‘Engineering Design Optimisation’ approaches will grow in importance. The majority of a product’s cost and performance are committed in the early phases of a design cycle. Central to the success of time-to-market driven electronic products are design methodologies and tools that facilitate first-pass success. For many High Volume Electronic (HVE) products the value of virtual prototyping is avoidance of design iterations and minimisation of manufacturing and life-cycle costs. Another important application of virtual prototyping is the development of predictive models for extrapolating from test conditions to real-life conditions, driven by the fact that shorter time-to-markets do not permit lengthy reliability tests. A last application to be mentioned is ‘testing’ the consequences of some system failure: fan breakdown, fouling, filter blockage, or removal of casing for maintenance.

Industrial shortcomings in the field of performance and reliability prediction are directly related to existing shortcomings in the field of thermal analysis. Unfortunately, progress is hampered by the lack of user-friendly design software and sufficiently accurate input parameters. Of these, the thermal data provided by the component manufacturers are beyond the control of designers. It is in this area that DELPHI and SEED booked important success through the introduction of so-called boundary-condition-independent compact models. As far as the integration of these compact models in design software is concerned, the following observation is noteworthy. Since the introduction of area-array style packages, we see a major shift from a component-only approach to an integrated board/system level approach. An important consequence for quality management is that the focus will shift from component to interconnection. Responsibility for the final system reliability should be shared between component manufacturers and system makers. Such an approach requires a paradigm shift in reliability thinking, such as acceptance by the component manufacturers  of responsibility to generate validated data and models to be used by system makers, and of system makers to understand the data and use of the models. 

Many business objectives related to performance, functionality, reliability and safety are affected by temperature. Designers concerned with the prediction of business objectives such as Field-Call-Rates, Life-Cycle-Costs or Mean-Time-To-Failure will benefit from substantial improvements in the accuracy of temperature predictions. Most reliability protocols at present consider the steady state temperature the only stressor affecting reliability. Consequently, system designers often use temperature reduction as the primary means to improve reliability. Nevertheless, is the steady state temperature indeed the dominant parameter? There is ample evidence that temperature gradients in space and time are far more important than the absolute temperature. Design tools that can predict these variables with the required accuracy are needed but do not exist today.

On December 8, 1998, the IEEE Standards Review Committee approved IEEE 1413, Standard Methodology for Reliability Prediction and Assessment of Electronic Systems and Equipment, which new standard will certainly spawn many related initiatives. The US has already established a significant information survivability research programme led by DARPA. Also, the CALCE Research Centre of the University of Maryland was awarded substantial funding to establish an alliance on innovative thermal management of electronics. It is one of the intentions of PROFIT to greatly contribute to the co-operation in Europe required to embed this philosophy in the design process.

Co-operation between leading electronic industries, supported by specialised SME’s, is difficult to realise when the problem to be solved is not considered ‘strategic’. It is also observed that the European awareness as to the importance of a concurrent electronic/thermal/mechanical design approach is considerably less than in the US. With respect to the problems discussed in the proposal, we observe in the US an explosive growth in industry/university consortia, government-funded transfer of knowledge using state-of-the-art communication techniques, standardisation activities, and a large number of conferences devoted partly or wholly to thermally-related reliability and performance issues. Conferences are an ideal means to share knowledge, meet people to co-operate with, and show new products. Therefore, one of the deliverables of PROFIT is to play an important role within the only European conference dedicated to thermal management of electronic parts and systems, THERMINIC. 

Another activity is to pursue European co-operation on international standards related to thermal characterisation. Thermal standardisation issues are especially important in the semiconductor industry. The way components are thermally characterised must be standardised, in order to allow comparison of packages offered by different manufacturers. Europe does not have a regular forum to share expertise in thermal characterisation standards, whereas forums exist in the US (via JEDEC) and Japan (via SEMI). In fact, the three mentioned EC-funded projects have acted as this forum, and PROFIT will ensure the continuation of these efforts within Europe. The contacts with the world’s most influential thermal standardisation body, JEDEC, are exemplary, thanks to the efforts of DELPHI/SEED. Two partners (Philips and Infineon Technologies) lead activities related to steady-state compact model standardisation. 

Concerning the European added value of the consortium, three points can be mentioned: first, the geographical spread encompasses seven countries, second, most partners have a long and successful history in co-operation within the thermal field (DELPHI, SEED, THERMINIC), and third, these earlier projects have clearly demonstrated that co-operation adds substantial value. The partners are the three largest European semiconductor manufacturers (ST Microelectronics, Infineon and Philips Semiconductors), Flomerics, the Technical University of Budapest and its spin-off company Micred, Europe’s largest centre-of-knowledge in statistics and optimisation CQM, a major research institution focusing on electronic design and fabrication (TIMA), Nokia , and Philips Research who is leading the consortium.

A final remark relates to the fact that the consortium spent a year to discuss all thermal data that are currently missing to meet the objectives defined in the following section. Hence, it was decided to try to solve ‘all’ remaining thermal problems in parallel, because, if done sequentially, the realisation of the ultimate objective will be delayed.

scope
Progress in reliability prediction is seriously hampered by the lack of methods to predict temperature gradients in time and space at component, board and system level with the accuracy required to cope with future demands. A key issue in virtual prototyping is the reliance placed on appropriate input data. While the potential accuracy of thermal and thermomechanical simulation tools is continuously increasing because of better algorithms and faster computers, this potential cannot be fully exploited. The most important reason is the lack of accurate input data, amongst which physical properties such as (local) thermal conductivity and emissivity, and other imprtant parameters such as contact resistances and heat transfer coefficients. Also the thermal data provided by part manufacturers can be considered ‘input data’. No time-dependent data are available yet. Finally,  the statistical distribution of these key parameters affecting reliability and performance in industrial applications should be mentioned. In view of the foregoing, PROFIT focuses mainly on time-dependent temperature-related experimental and numerical analyses of electronic products.


Another topic of utmost interest concerns thermomechanical failures, especially related to interconnects. Many specifications regarding temperature cycling are based on standardised specifications developed for stand-alone components. However, operational boards contain many components. Thermomechanical problems associated with temperature cycling can be quite different from the specifications. A topic that will be addressed by PROFIT is related to first-order thermomechanical reliability estimation of an electronic system.

Industrial and social needs

Future society will be increasingly dominated by electronic products which must have high availability. It should be realised that the impact of a failure in today’s TV set is quite different from a failure in a bank cashpoint, a network router, or the computer that will control the environment in the home of the future. Products with proven higher reliability have a positive impact on both the product’s life-cycle-costs and on peoples quality of life, taking into account the huge increase in electronic products that is envisioned. The customer-expected reliability and safety of electronic products will certainly explode. The proliferation of portable electronic products puts also more emphasis on safety aspects. Touch temperatures, which are dependent on the often-harsh environments in which the products are used, are exemplary in this sense. Other examples abound. In automobiles many functions will be controlled by electronics: their failures are directly related to safety. Hence, much better reliability prediction tools are needed. Another future technology is Intelligent Quality Assessment. It can be envisioned that intelligent sensors keep track of expected malfunction, and provide appropriate warnings before system shutdown. Part of these sensors will read and store temperatures as a function of time; hence real-time comparison of the measured signals with quality criteria will be mandatory. This decision process requires ‘intelligent’ transient temperature data interpretation.

The following table sketches the industrial needs and the contribution to their solutions by PROFIT.

Table 1 Industrial needs and aspects of solutions offered by PROFIT

Industrial challenges
Aspects of solutions offered by PROFIT

Cost/weight reduction combined with better performance, reliability and safety.
Significant improvements in temperature (gradient) prediction required by future virtual prototyping tools.

Reliability prediction tools based on physics-based relationships between field failure data and temperature specs.
Accurate predictability of temperature gradients in time and space are a prerequisite.

Yield improvement of semiconductor packages.
Better-defined rejection criteria based on in-line quality testing using transient temperature measurements.

Awareness of problems associated with the current use of useless specs and the absence of useful specs.
Dissemination of the points of view of the combined European thermal expertise in cooling of electronics by workshops and papers.

Standardisation of thermal characterisation related to (transient) compact models.
Ensuring the European lead in this field by continuation of the contacts with JEDEC through one European voice.

Objectives

The ultimate objective of the proposed R&D is to enable an accurate assessment of cost, performance and reliability of electronic products and systems. However, it should be stressed that the development of methodologies for reliability analysis is beyond the scope of PROFIT. 

In anticipation of expected developments in this field, the main objective of PROFIT can be formulated as follows:

To provide the designers responsible for yield improvement, performance, reliability and safety with reliable and accurate temperature-related information.

This objective will be achieved by the following project objectives, utilising time-dependent measurement and analysis methods :

· To build novel experimental facilities for in-situ measurements of physical properties.

· To create a firm mathematical/statistical framework for the breakdown of transient temperature data into meaningful design parameters, e.g., die attach and interconnection quality, interface and contact thermal resistance, effective board thermal conductivity.

· To demonstrate the feasibility of using transient measurements for substantial improvements in in-line testing during package manufacturing.

· To generate transient compact models for subsequent use in board level thermal analysis and electrothermal analysis.

· To demonstrate the feasibility of calculating (first-order) thermomechanical stresses at the system level, using information on temperature gradients.

· To facilitate standardisation of thermal characterisation by co-operation with international standard bodies. 

· To use the project results in existing and emerging reliability analysis tools.

Advances over the state of the art

The state-of-the-art, and what is needed beyond, is covered to a great extent in the Semiconductor Industry Association (SIA) roadmap. Thermal management is mentioned as one of the major challenges for Assembly and Packaging technologies. The next quote is exemplary: 

"Packaging needs to meet very demanding requirements in the areas of performance, power, junction temperature and package geometries. Advanced modelling tools are needed that seamlessly cover electrical, thermal, and mechanical aspects both on- and off-chip. These phenomena can no longer be described independently." 

From this roadmap, it is evident that major improvements are needed in every topic addressed by this project. It is stated that the focus should be on integrated design tools, thermomechanical failure mechanism based models, reduction of internal thermal resistances, thermal properties of ‘real-life’ materials, measurement and modelling of interfaces, and an increasing need for measurement, collection and dissemination of material parameters. However, it should always be realised that the solution of these widely varying topics is not the final objective for industry.  It is their application in improving substantially the prediction of performance and reliability that really counts.

The scientific innovational aspects of the proposal to reach the objectives can be summarised as follows:

· The innovation from a statistics and mathematical optimisation point of view is the adaptation and extension of classical design of (physical) experiments techniques to the design of computer simulated (numerical) experiments.

· For the non-linear parameter estimation problem, the technical innovation is that new efficient non-linear programming (NLP) solvers will be used and adapted for an accurate estimation of the parameters.

· The innovation in the generation of transient compact models is in the use of large-scale special structured non-linear programming (NLP) solvers.

· Novel measurement techniques for the thermal transient measurements will be approached by the use of intelligent test chips and the use of infrared measurement techniques in obtaining  heating curves. 

· Novel evaluation methods for the recorded thermal transients will be treated by methods to solve the ‘inverse problem’ by considering the packages as thermal multi-ports, through extension of the one-way heat flow path identification to branching heat flow multi-path cases.

· To enable the import of transient package models and the calculation of the time-constant spectrum to support higher level model generation, novel algorithmic solutions for  the thermal simulation of PCB’s will be developed.

· Novel measurement techniques for the acquisition of material properties. All methods use the parameter estimation methods to be developed within the project. 

· Interface resistance: the proposed facility is based on transient methods. A sample is fixed between two metal blocks, one of them being subjected to a temperature pulse. The response of the second one is monitored. Thickness variations are measured by a laser technique.

· Emissivity: a metal housing contains the sample, which will be brought to an elevated temperature. After evacuation, the housing experiences a temperature pulse. The temperature response of the sample is a direct measure for the total hemispherical emissivity.

· Effective board thermal conductivity: a power pulse will be generated at the surface of the board subject to ‘hard’ (conduction-only)  boundary conditions. The local temperature rises are a measure for the effective (local) thermal conductivity.

· Local heat transfer coefficient: the proposed method uses very accurate measuring blocks, comprising a dissipator, thermocouple and built-in heat flux sensor calibrated in-situ. A substrate of which all thermal parameters are accurately known can hold various measuring blocks. The whole system is very suited for the validation and calibration of board and system level thermal analysis software.

· Experimental benchmarking, including heat transfer, of board and (CFD) system level software.

· (First-order) thermomechanical analysis at the system level, e.g. for interconnection qualification.

· Thermomechanical compact models: modelling rules will be devised by investigating the thermomechanical behaviour of the key constituents of chip packages (leads, BGA, leadframe, C4 chip connect, etc.) when represented as discrete objects and when together into a single 'thermomechanically equivalent' model.

· First-order accurate thermomechanical software: a prototype solver will be created which exploits the accurate temperature information available in the thermal model. The performance of the solver will be optimised for the prediction of thermally-induced stresses.  Significant 'per cell' performance improvements are expected over traditional unstructured solvers.

Results published in 2000

This section describes shortly the results that have been published in conference proceedings.

Bosch and Lasance [1] reported on results acquired with the Transient Thermal Interface Tester. Since this publication, substantial progress has been achieved in improving the accuracy even further. At this moment, the thermal resistance can be determined with an error of 0.001 K/W (Pentium-size area). Furthermore, a series of measurements have been carried out to understand the magnitude and variance of the contact resistance.

Szekely et al. [2] discussed improvements realised with the transient thermal tester developed for time-dependent measurement of test dies and functional dies. The time resolution of the sampling is 1 μs and a resolution in temperature of 0.006 K is claimed. An important feature is the software allowing the calculation of the time-constant spectrum and the so-called structure function. All three semiconductor partners use the equipment.

Another paper by Szekely at al. [3] dealt with dynamic experiments to determine effective board thermal conductivity values. These values, preferably as a function of position, are very useful for board and system level analysis, because the complexity of today’s boards prohibits the modelling of all details. Both laser heating and transistor heating have been tested. Currently, a promising method is being pursued by Philips Research, based on extracting a 3D matrix of thermal conductivity values using the board layout directly.

A special half-day session at THERMINIC 2000 organised by PROFIT was devoted to compact modelling. A paper by Djadoenath and Stehouwer [4] focused on the validation of compact models from a statistical point of view. A comparison was made between three alternatives: the well-known network model, Response Surface Models, and Kriging Models. Special attention was given to cross-validation: a very useful technique to check the ‘goodness-of-fit’ of a compact model with respect to boundary conditions other than the ones used to generate the compact model. Interestingly, the Kriging model, while resulting in zero error for a specific boundary condition set, showed relatively large errors when tested against other boundary conditions. It is believed that the same conclusion is valid for Generic Algorithm and Neural Network Models. However, network models always resulted in high accuracy. The effect is attributed to the network models comprising some ‘prior knowledge’ of the underlying physics. 

[image: image1.wmf]Janssen et al. [5]  presented a demonstration of a very useful spreadsheet-based software called COMIC (for Compact Model Integration Code) to calculate junction and solder temperatures given a compact model, dissipation, ambient temperature and board. Essentially, COMIC is an extension of the software first demonstrated by Pape at SEMITHERM 1999 [6]. The main problem has been to find the required effective heat transfer coefficient at the board side. Janssen et al. added a simple multi-layer board solver generating automatically the required value. This software allows the designer for the first time to fruitfully explore the added value of compact models delivered by the vendors.


Lasance [7] proposed two benchmark cases to facilitate the study of compact thermal models. The benchmarks represent idealised concepts of respectively a leaded package (PFQP-style) and an area-array package (BGA-style). Two different boundary conditions sets are included because both package types require such. The objective of the paper is to formulate a framework that can be used by everyone working in the field. In this way, comparison of results emerging from alternative approaches in defining compact models becomes much easier. In this paper only steady state models are discussed, but the benchmarks are also developed for dynamic modelling research purposes.


A promising approach to extract compact models directly from measurements is treated by Rencz et al. [8]. The basic idea is to use various Double-Cold-Plate measurements generating different thermal responses in the time-domain, as illustrated in Fig. 1. By transformation to the frequency domain, the authors showed the possibility of extracting a compact model that fitted all tested boundary conditions. Of course, proof is still required to conclude the adequacy of the compact model to boundary conditions that have not been tested, which brings me to the subject of the minimum required boundary condition set. At Philips Research, efforts are ongoing to arrive at a mathematical foundation of the fact that has been observed by Lasance et al. [9] and Ortega et al.[10]: in many cases sets of less than ten boundary conditions were sufficient to generate a Boundary-Condition-Independent compact model. 

Fig. 1 Comparison between experimental and dynamic compact model results for three different  boundary conditions


The design and fabrication of ‘intelligent’ test dies was presented by Poppe et al. [11]. These test dies allow a wide range of applications, because the design is based on a basic cell that can be arranged in arrays of any size. The test dies conform to the JEDEC standards.


Besides the aforementioned publications, progress has been reported in the following areas:

· New release of software for the generation of compact models from detailed model data (DOTCOMP), allowing the optimisation with non-uniform ambient temperatures and multiple sources.

· Non-linear parameter estimation.

· Latin Hypercube Designs to generate more consistent boundary conditions sets.

· Demo version of first-order thermomechanical analysis at the system level.

· Sensitivity study on detection of die attach errors by means of steady-state test die measurements.

Finally, a series of internal reports have been written dealing with the specifications of the test equipment, the software and the demonstrators that are planned
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