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Based on currently available data and information, most of the energy and material consumption used in the production of semiconductor devices (microchips) occurs during the wafer fabrication process.  However, despite the growing prevalence of these components in consumer electronics, appliances, and automobiles, very few life cycle studies have been completed for these products.  This is in large part because the data required for the mass and energy balances are difficult to obtain and are collected against a background of rapidly changing product designs and short product life-times.  

In order to address the difficulties associated with inventory development in the semiconductor industry, a methodology has been developed that accounts for mass and energy use at the unit operation level as function of basic process and design parameters as well as equipment selection and capacity within the wafer manufacturing setting.  Illustrations of the methodology are presented for the furnace and wafer clean operations.  Energy consumption is compared over all unit operations for a 6 and 8-layer metal device.

Semiconductor devices are fabricated on round discs of crystalline silicon (wafers) in a process called wafer fabrication.  This process is very resource intensive, using large amounts of energy, water, and chemicals.  In 2002 there were 65.9 million 8-inch wafer equivalents processed world-wide (1).  Assuming electricity consumption of 1.4 kWh/cm2, water use of 5.9 liters/ cm2 (2), and a wafer area of 314 cm2, this results in an estimated 29 terawatt-hours of electricity and 120 billion liters of water used annually in wafer fabrication.   

While wafer fabrication is resource intensive, using large amounts of ultrapure chemicals in addition to energy and water, the inventories associated with this activity are poorly understood and not well documented (3).  This is in part due to process flows that are complex and change rapidly.  Also, a single wafer fabrication facility may manufacture hundreds of different products, making the development of separate product-based inventories an extremely daunting task.  Finally, product lifetimes are typically less than 2 years, which raises the concern that in the time that it takes to develop an accurate inventory, the data will no longer be valid.  It is also difficult to perform tradeoff analyses and predict how changes in product or process design (including equipment selection) will affect the inventory.

A proposed solution to this dilemma is to develop process-based, generic, parametric modules that are derived from fundamental choices in equipment, material selection, and product design, which then can be applied to the process flow of a particular product.  The inventory is organized around the unit operations associated with wafer fabrication.

Four types of modules have been developed.  Detailed discussions of these can be found in (4) and (5).

The first type of modules are developed at the function level and describe material and energy use for different product specifications, such as film thickness.  This is illustrated by showing consumption of energy and specialty gases as a function of oxide thickness. 

Modules developed at the equipment level are a second type.  These modules can be used to perform trade-off analyses between equipment designs (assuming that the same function is performed on each system).  For example, wafer cleaning occurs before almost every process step and accounts for a significant amount of chemical usage and the majority of the water use in wafer fabrication.  There are currently a number of technology choices that result in significantly different resource demands.

A third type of parametric module is one developed based on unit operation design.  Capacity, production volume and resulting idle time all affect total energy consumption in furnace unit operations.  These relationships will differ depending upon the type of furnace and the specific process for which each is used.

The fourth module type is based on the process flow for a particular product or product type.  Modules are developed using aggregated unit operation data that are generated by assuming an “average” function and recipe at each unit operation.  The material and energy flows for each unit operation are estimated using a representative value; these values are then multiplied by the number of times the wafer is processed thorough the unit operation.  Finally the results are summed across the entire process flow.  A comparison made between 6 and 8-layer metal devices estimates that this design change results in an overall 20% increase in energy consumption for fabricating this particular product.

The proposed solution to facilitating development of inventories for wafer fabrication is to develop parametric modules based on unit operations, which change at a much slower rate than the product or process designs.  This approach is enabled by the fact that the industry is data-intensive.  Much of the data are already available and their use for development of inventory modules is dependent primarily on organization and analysis.  In many cases, the relationships are based on fundamental physical and chemical properties and processes, and data can be collected that are relatively independent of the specific product being manufactured.  
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