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Abstract 
Semiconductor microchips are high value per mass products whose 

fabrication requires many of the resources available in low-Earth orbit. It is 

hypothesized that orbital fabrication of silicon microchip devices may be more 

economically attractive than traditional Earth-based fabrication based upon the 

inherent advantages of the space environment: vacuum, cleanliness, and microgravity. 

This thesis examines the feasibility of fabricating semiconductor devices in 

near-Earth orbit through the use of process and economic models. The semiconductor 

fabrication processes are represented in a detailed, step-by-step, numerical model 

which uses mass flow, thermodynamics and other operational calculations to create 

models of important process operational parameters.  Wherever possible, these 

calculations are verified either with measurements or published literature data on 

existing systems.  Advantages of this approach are the ability to easily add new 

processes and to determine energy, consumable, time, and equipment requirements 

for each process step.  As a confirmation of accuracy, the process flow for a standard 

12 level CMOS device is modeled and the generated results are comparable to 

published literature values. 

Handling of 37 gram, 200 mm diameter by 0.5 mm thick silicon wafers cannot 

be accomplished in a high vacuum environment with the vacuum suction method 

used on Earth.  A system for the transport and fixturing of wafers in the orbital 

environment, in which non-contact forces are exerted on the wafer in six degrees of 

freedom through magnetic levitation, is modeled in this thesis. 

It is found that by developing new, dry processes that are vacuum compatible, 

fabricating semiconductor devices in orbit is both technically and economically 

feasible.  The outcome is a synergistic, orbital-based methodology for micro-
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fabrication capable of building and delivering commercially marketable 

microfabricated structures.  The base case modeled, production of 5,000 ASIC wafers 

per month, indicates that orbital fabrication is 103% more expensive than existing 

commercial facilities.  However, optimization of process parameters and consumable 

requirements is shown to decrease the cost of orbital fabrication dramatically.  

Modeling indicates that the cost of orbital fabrication can be decreased to 58% that of 

an advanced, future Earth-based facility when trends of increasing process equipment 

costs and decreasing orbital transport costs are considered. 
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Foreword 
This thesis is intended for two types of readers: those with a background in 

semiconductor fabrication who wish to explore the feasibility of producing 

semiconductor devices in orbit, and those with an aerospace background who wish to 

examine the possibility of implementing semiconductor processes in space.  Thus, 

some of the material in this thesis is of an introductory nature, intended to provide the 

reader with basic concepts, in advance of the detailed work that follows. 
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Chapter 1  

Introduction 

1.1 General 

This thesis is a first-pass feasibility analysis of fabricating semiconductor 

devices in near-Earth orbit.  It is intended to find the obvious advantages and 

disadvantages of such manufacturing, as well as detecting current problems and 

determining possible solutions. 

Both technical and economic factors are examined to determine the viability 

of a space-based semiconductor fabrication facility.  It is postulated that orbital 

fabrication of silicon devices may be more economically attractive than traditional 

Earth-based fabrication based upon the inherent advantages of the space environment.  

However, thus far, space-based manufacturing has not proven competitive due to the 

high cost of material transport.  It is hypothesized that the best case for space-based 

manufacturing can be made when the intrinsic processing cost is high and the mass of 

material low.  Such is the case for semiconductor fabrication where fabricated 40 

gram silicon wafers can reach values in excess of $5,000i. 

This chapter will introduce the twin topics of semiconductor fabrication and 

space-based manufacturing; subsequent chapters will cover these subjects in detail.  

The chapter will conclude with an outline of the remainder of the thesis chapters. 

1.2 Background 

The electronics industry is the world’s largest manufacturer with $222 billion 

forecast for 20011.  The equipment utilized in semiconductor fabrication is expensive, 

                                                
i all amounts shown in US dollars (USD) 
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requiring large capital investments up to $2 billion per new facility.  This large capital 

requirement leads to ongoing operational costs due to equipment depreciation, 

forming a significant fraction of semiconductor wafer processing costs.   

Starting material for microfabrication is usually a silicon wafer, a flat thin disk 

or other substrate, typically 150 to 300 mm in diameter by 0.5 to 0.6 mm thick.  

Microfabricated devices are created by the deposition and patterning of typically 

between 4 and 30 layers of thin films on these substrates.  Smaller feature geometries 

and advances in state-of-the-art wafer fabrication techniques are leading to greater 

use of high vacuum processes and to requirements for improved cleanliness in wafer 

fabrication facilities, both of which increase fabrication costs. 

Traditionally, semiconductor fabrication has been performed in dedicated, 

specialized facilities.  These facilities provide clean environments for the wafer 

fabrication, process equipment, as well as support equipment and administrative 

facilities.  The capital cost of modern fabrication facilities is now approaching $2 

billion and growing at 20% per year. 

The high cost of such facilities is prompting a review of the processes 

traditionally employed in wafer fabrication.  The large, single clean room is giving 

way to equipment that integrates a built-in clean environment, and batch processing is 

being replaced by clusters of single wafer processing equipment2.  In addition, 

increasingly stringent environmental regulations are causing the use of water for 

wafer cleaning to be curtailed, while concerns over global warming and pollution are 

restricting the use of many types of consumables3. 

Many semiconductor fabrication processes operate in a rarified vacuum 

environment, with gas pressures significantly below that of the atmosphere4.  A space 

environment, such as that found in orbit around the Earth, can provide the high 

vacuum, clean environment needed for semiconductor fabrication.  The ambient 

vacuum in low Earth orbit exceeds nearly all of the routine requirements for 
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semiconductor wafer processing and the low particle count provides an exceptionally 

clean environment for wafer fabrication and storage.  Much of the support equipment, 

such as vacuum pumping systems, required for terrestrial fabrication is not required 

for space-based fabrication.  Similarly, the inherently clean nature of the environment 

reduces the need for cleaning steps between separate wafer fabrication processes. 

Wafer fabrication in a vacuum environment, such as found in Earth orbit, is 

inherently clean but requires changes in some basic processes.  Liquid chemical-

based cleaning processes, such as commonly employed in traditional semiconductor 

fabrication facilities, can not be used in a vacuum environment and must be replaced 

by vacuum-based, dry processes such as ion milling and plasma etching.  The use of 

vacuum pickups and gravity assist for wafer handling and transport can not be used in 

space and an alternative magnetic levitation system, based upon inducing wafer eddy 

currents, is being researched.  Spin-on coatings of volatile, organic photoresist, used 

in optical lithography for pattern definition on the wafer, can not be used in a vacuum 

environment, but sputter deposited coatings of inorganic materials for vacuum based, 

high resolution, thermal lithography appear to be a feasible alternative.  Furthermore, 

the mass of material used for wafer fabrication must be minimized in orbital 

processing. 

This thesis creates a computer model that enables the researcher to look at 

various proposed process flows for semiconductor fabrication, both on Earth and in 

space, and calculate such important parameters as consumable material masses, 

power, time, equipment, and costs.  Proposed vacuum-based, dry process flows are 

developed specifically for space-based processing.  Using this model, semiconductor 

fabrication flows are modeled for several devices (e.g. a 12 level, 2 metal CMOS) 

with both current Earth-based and space-based procedures.  This model is providing 

supporting details in a preliminary exploration of a space-based semiconductor 

processing facility by Boeing that is being done in conjunction with this work. 
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Wafers must be moved from process to process during fabrication.  As part of 

this thesis research, a system has been developed to allow the handling of large 

silicon wafers in a low gravity, vacuum environment using magnetically induced 

eddy currents.  In this system, a pre-processing step is used to create circuit loops on 

the back side of the wafer.  A time varying external magnetic field, applied by 

electromagnets embedded in wafer pickup and transport devices, is used to induce 

eddy currents in the circuit loops on the wafer.  The strength and direction of these 

eddy currents is in direct relation to the rate of change and intensity of the external 

magnetic field.  The eddy currents  generate a counter magnetic field that is phase 

shifted with respect to the external field.  The two magnetic fields cause a force to be 

exerted on the wafer at the location of the circuit loop. Control of the intensity and 

rate of change of the external magnetic field allow both attractive and repulsive forces 

to be generated.  The use of multiple circuit loops located on the backside of the 

wafer allow for forces generated at individual circuit loops to be combined to create 

translational and rotational forces on the wafer, allowing six degrees of freedom of 

movement.  Such a system can be used for both wafer transport between processes 

and fixturing of the wafer within process equipment. 

Silicides are an excellent candidate for use as conductors to form the eddy 

current circuit loops on the back side of silicon wafers.  Most silicides are low 

resistance conductors that are unaffected by the high temperatures found in 

downstream wafer processing steps.  These silicides can be formed using a variety of 

processes such as laser induced chemical vapor deposition and sputtering with 

annealing and, once formed, do not affect the properties of the wafer for subsequent 

processing.  A laser induced chemical vapor deposition system may be able 

simultaneously deposit and anneal tungsten silicides to form thick conductors.  Such a 

system would have the ability to direct-write the circuit patterns on the wafer in a 

single pre-processing step and would be compatible with a low gravity, high vacuum 
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environment.  The detailed laser deposition work, however, is beyond the scope of 

this thesis and will be carried on in a subsequent doctoral thesis continuing this work. 

In current Earth-based fabrication facilities the depreciation of capital 

equipment accounts for a large fraction of the total wafer production cost.  Projected 

equipment first costs for semiconductor fabrication in orbit may be lower than Earth-

based equipment costs as many support systems such as vacuum pumps and 

associated systems are not required and many of the processes require less equipment 

in space.  However, the transportation and installation costs for space-based 

equipment are significantly higher than those on Earth due to the high cost of 

launching equipment and supplies into orbit.  These higher installed equipment costs 

lead to higher depreciation and higher operating costs for semiconductor fabrication 

in space. 

The National Aeronautics and Space Administration (NASA) has determined 

that the infrastructure for transportation to and from Earth orbit must be improved if 

commercial utilization of space for production purposes is to take place.  There are a 

number of initiatives aimed at reducing both the launch costs and the turnaround 

times.  This is expected to directly reduce the projected cost of wafer fabrication in 

orbit.  This thesis does a preliminary analysis of the implications of these previously 

seldom studied transportation needs, combined with the process modeling estimates 

on consumables and equipment, to create a first pass economic analysis of the 

operating costs of a space-based semiconductor fabrication facility. 

The mode of transportation to and from an orbital semiconductor fabrication 

facility directly affects the wafer production costs.  Semiconductor fabrication is 

relatively unique in that the mass and volume of the finished products is small 

compared with the product value.  The amount of raw materials required to produce 

the finished products is also small.  However, for many wafer customers, such as 

those producing devices using application specific integrated circuits, turnaround time 
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from design to finished wafer is critical.  Thus, a semiconductor fabrication facility 

that has the capability to accept customer designs in electronic format and create the 

finished wafer from stockpiled materials will have differing transportation 

requirements to and from orbit.  In such a situation, infrequent, high mass payload 

launches of raw materials, equipment, and return capsules from Earth to orbit and 

frequent, low mass payload, returns from orbit to Earth may be required. 

Orbital transportation costs are projected to decrease while the cost of vacuum 

and cleaning equipment per processed wafer continues to increase. 

1.3 Thesis Scope 

This thesis studies the orbital fabrication of silicon semiconductor devices.  

Problems in traditional semiconductor wafer processing are identified and solutions 

presented.  Concepts for alternative processes and equipment suited for a high 

vacuum, low gravity environment are developed.  Wafer transport and fixturing is 

examined in detail and a system is developed that is based upon magnetic levitation 

of the wafer itself.  This magnetic levitation system is modeled numerically and two 

main variants explored.  An analytic economic model is constructed for both 

terrestrial and space-based semiconductor fabrication to account for capital, material, 

transport, infrastructure, and operating costs so that meaningful comparisons can be 

made.   

1.4 Thesis Outline 

Chapter 2 presents an overview of semiconductor processing in traditional, 

Earth-based fabrication facilities. 

Chapter 3 describes space-based processing in an orbital facility and briefly 

covers issues related to all space-based production processes.  The chapter continues 
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on to focus on semiconductor fabrication in space and identifies many of the 

advantages and disadvantages of fabricating silicon wafers in Earth orbit. 

Chapter 4 describes a scheme for transport and fixturing of silicon wafers 

using magnetic levitation.  The basic theory is reviewed and a numerical model 

developed.  The results of that model are examined for two cases: fixturing of the 

wafer to an end effector, and non-contact wafer transport and fixturing using a two-

dimensional linear motor. 

Chapter 5 models many of the common processes found in semiconductor 

fabrication.  For each process, the equipment and operating requirements are defined 

and competing process methodologies, such as single wafer versus batch processing, 

are implemented.  These process models form the basis for process comparison 

between terrestrial and space-based semiconductor fabrication. 

Chapter 6 examines the optimization of both terrestrial and space-based 

fabrication equipment and facilities under identical conditions.  The key assumptions 

used in performing the optimization are presented and sample cases examined.  The 

concept of functional breakdown for both equipment and facility is explained and the 

relationship between mass, volume, and first cost is considered. 

Chapter 7 completes the work of the two prior chapters by presenting the 

results of process simulation models for a terrestrial semiconductor fabrication 

facility and an orbital semiconductor fabrication facility.  The results of the models 

include process time, consumable use, and energy use for the process flow, as well as 

the equipment and facility requirements. 

Chapter 8 develops an economic model for terrestrial and space-based 

semiconductor fabrication based upon the preceding requirements.  The components 

of operating cost are reviewed and incorporated in the final economic model.  The 

output of the model is the operating cost per wafer during the life of the facility.  
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These costs are subdivided into capital, shipping, depreciation, and operating costs so 

that comparisons can be performed. 

Chapter 9 presents the results of the operating cost model developed in 

Chapter 8.  Comparisons between Earth-based and space-based processing are 

conducted and the concept of operating cost ratio is introduced. 

Chapter 10 examines issues surrounding the required infrastructure for routine 

space-based semiconductor fabrication.  The impact of launch availability and the 

transportation mode is considered, as is servicing and support of an orbital production 

facility.  The issue of transportation insurance is examined and found to be related to 

risk and market maturity.  The requirement for new processing equipment that is 

more than an evolutionary extension of existing equipment and the cost of developing 

that equipment is evaluated. 

Chapter 11 presents the conclusions and suggests further work. 
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Chapter 2  

Semiconductor Processing 

2.1 Introduction 

This chapter will briefly summarize the basic processes used in the fabrication 

of semiconductor devices on silicon wafers. 

Semiconductor fabrication, commonly referred to as microfabrication, 

involves the repeated application of process steps to a semiconductor wafer, generally 

silicon.  The main types of processes used in commercial fabrication facilities will be 

presented along with the types of electronic devices produced by such processes. 

The chapter will conclude with an overview of a commercial semiconductor 

fabrication facility including a functional breakdown of the main components. 

2.2 Background 

Electronic devices are commonly fabricated on thin wafers (200 mm by 0.5 

mm thick disks typically) of semiconductor material in specialized facilities.  Many 

electronic devices can be fabricated at the same time on a single wafer.  Silicon is the 

most common material used to fabricate such devices and a global industry has 

developed to support the fabrication of silicon semiconductor devices. The most 

widespread device technology is silicon-based complementary metal oxide 

semiconductor (CMOS) and this is forecast to continue for the foreseeable future5. 

A silicon device is constructed from many thin layers of material, each with 

particular characteristics, that are deposited or formed on the silicon wafer.  These 

layers form the conductors, gates, n and p doped regions, and insulators that make up 

the electronic device.  A two transistor CMOS inverter, typical of the basic unit of the 
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types of devices constructed, is shown in Figure 2.1.  Finished devices currently 

contain 10 to 100’s of millions of transistors. 
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Figure 2.1 – Cross-section of CMOS Inverter 

 

Each step in the construction of a silicon device is done by a specific process 

in sequence.  Processes are performed by specialized pieces of equipment in 

dedicated semiconductor fabrication facilities and may be done in parallel for many 

wafers, or individually for a single wafer.  The type of electronic device desired 

determines the number and types of processes used to construct the device. 

There are three phases to the production of semiconductor devices: 

manufacture of the wafer itself, fabrication of the electronic device on the wafer, and 

packaging of the device into carriers suitable for electronic assembly.  The central 

phase is commonly referred to as semiconductor fabrication. 



Chapter 2. Semiconductor Processing 11 
 

 

2.3 Processes 

All types of electronic devices are fabricated on silicon wafers using the same 

basic processes: 

 

• Material Deposition 

• Patterning 

• Material Removal 

• Doping 

• Heating 

 

In addition to the basic process, all wafers undergo ancillary processes: 

 

• Interprocess Transportation 

• Cleaning 

• Testing/Inspection 

 

Together, these eight processes are applied in sequence to produce the 

finished wafer.  Each process may be repeated with variations many times in 

fabricating a wafer.  For example, an advanced 0.25 µm logic chip is produced on 40 

different workstations using 215 steps6. 

Figure 2.2 shows the typical sequence of steps to deposit and pattern a single 

layer on a wafer.   Complex devices, such as microprocessors, may be fabricated from 

up to 30 individual layers. 
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Figure 2.2 – Microfabrication Processes: Deposition and Patterning 

 

2.3.1 Material Deposition 

Deposition of thin films is the basis upon which all semiconductor devices are 

based and, as shown in Figure 2.2, is usually the first step in creating a new layer.  

These thin films are used to form conductors, insulators, or masks.  The materials that 

make up the films are deposited on the substrate through a number of methods to 

ensure that the films have the desired characteristics.  Chemical vapor deposition 

(CVD) is the most widely used method to deposit many materials in current 

fabrication facilities.  Sputter deposition is commonly used to deposit metal 

conductors, although evaporation processes are also used to a lesser extent for metal 
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deposition.  Thick silicon oxides, used as insulators, are grown on silicon through a 

thermal deposition process. 

2.3.1.1 Chemical Vapor Deposition 

Chemical vapor deposition is able to fill small, high aspect ratio gaps as well 

as uniformly coat a surface with a wide variety of films7.  In the chemical vapor 

deposition process, the material to be deposited is contained within a carrier fluid 

(usually a gas) that is flowed over the wafer substrate.  An energy source (heat, 

microwaves) forces a chemical reaction at the wafer surface causing the material to 

be deposited.  The material is deposited on the substrate as the carrier gas flows past 

the substrate surface which is often heated to promote the deposition of the thin film 

material. 

Low pressure chemical vapor deposition (LPCVD) is a popular method for 

CVD and is used for depositing a wide range of materials, particularly for 

polycrystalline silicon and dielectrics.  The LPCVD system uses low pressures (0.1 to 

1.0 torr) to reduce gas phase nucleation.  The uniformity of the deposited material is 

highly dependent on the uniformity of the gas flow.  

Plasma enhanced chemical vapor deposition (PECVD) uses microwaves to 

create a plasma in a moderate vacuum (1 - 100 mtorr) with a chemical atmosphere.  

This plasma breaks the CVD reactant into fragments that can react at substantially 

reduced temperatures.  PECVD is a reduced pressure CVD, since the plasma can be 

sustained only in a low pressure environment.  The three basic PECVD systems are 

cold wall parallel plate reactors, hot wall batch systems, and cold wall systems8 and, 

to deposit high quality films at low temperatures, remote plasmas have recently been 

introduced.  A typical PECVD system can operate at throughputs of up to 65 wafers 

per hour9. 
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2.3.1.2 Sputter Deposition 

In the sputter deposition process, accelerated ions are used to knock atoms and 

molecules from a source containing the material to be deposited.  These free atoms 

and molecules are deposited by impingement on the target wafer, forming the thin 

film.  Sputter deposition is most widely used to deposit metal thin films on 

semiconductor wafers and is the primary method currently utilized in the silicon 

industry.  Its primary alternative is evaporation.  Sputtering has better step coverage 

than plain evaporation and creates less damage than electron beam evaporation. 

2.3.1.3 Evaporation 

Used to deposit thin metal films, evaporation has been largely supplanted by 

sputter deposition in the semiconductor industry.  Evaporated metal films have 

difficulty with step coverage on devices with small feature sizes.  Evaporation 

processes require a good vacuum. 

2.3.1.4 Oxide Growth 

One of the reasons that silicon has become the preferred material for most 

semiconductor devices, is the ease at which oxides can be grown to form insulators.  

Silicon oxide (SiO2) is readily formed when silicon reacts with oxygen.  A thin layer 

is spontaneously formed at the silicon substrate surface immediately upon exposure to 

oxygen, and the thickness, density, and uniformity of this layer can be closely 

controlled by the time, temperature, and composition of the gas containing the 

oxygen.  Dense silicon oxides are traditionally formed in a furnace at temperatures of 

1000 to 1150 °C using a gas mixture of nitrogen, oxygen, and steam. 
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2.3.2 Patterning 

Patterning is used to define the pattern of the top surface of the wafer.  

Lithographic systems are almost universally used for patterning in existing 

commercial silicon wafer fabrication processes. 

The patterns produced are used for removal of deposited materials and to form 

masks for subsequent processes such as doping. 

2.3.2.1 Optical Lithography with Conventional Photoresist 

Almost all existing patterning systems use a photo sensitive liquid polymer 

(photoresist) that is applied to the surface of the wafer.  The thin coating (1 µm 

typical) of photoresist is dried and exposed to a light source (such as ultraviolet) 

through a predefined mask as shown in Figure 2.2.  The photoresist is transformed by 

the light in such a manner so that when the wafer and photoresist coating are placed 

in a chemical developer solution, selected portions of the photoresist are removed.  

Depending on the type of photoresist, the removed portions are either those that have 

been exposed to the light, or those that have not been exposed to the light.  To 

provide the high resolution images necessary for small feature size, the masks must 

be carefully constructed and are usually at a larger scale than the final image to 

minimize diffraction effects.  A special machine, called a step and repeat lithographic 

aligner, is used to expose the same mask in multiple locations on a single wafer, at 

throughput rates of 50 to 70 wafers per hour10. 

2.3.2.2 Electron Beam Direct Write 

Usually used to generate the high precision masks, the electron beam direct 

write process creates a pattern by directing high energy electrons (25 – 50 kEV11) at 

the photoresist.  Interactions between the electrons and the photoresist transform the 

photoresist so that selected portions can be removed in a developer solution.  The 
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advantage of the electron beam direct write process is the high pattern accuracy that 

can be achieved.  The main disadvantage is the slow speed with which the pattern is 

formed.  Whereas the optical lithography process forms an entire pattern at a single 

time, the electron beam direct write process requires scanning of the electron beam 

over the pattern area to form the features. 

2.3.2.3 X-Ray Lithography 

The x-ray lithography process uses high energy photons (0.1 – 10 kEV12) to 

interact with the photoresist so that selected portions can be removed in a developer 

solution.  The very short wavelength of the beam allows very high accuracy in pattern 

transfer from the mask as diffraction effects are insignificant.  The generation of x-

rays and the fabrication of x-ray masks in the x-ray lithographic process is much more 

difficult than in either the optical lithographic or electron beam direct write process.  

A number of groups are working on resolving these issues with the goal of making x-

ray lithography a viable commercial process for semiconductor fabrication. 

2.3.2.4 Thermal Lithography with Dry Resist 

A promising new technique for patterning involves the use of thermal 

lithography with a dry (non-polymer), thermally activated resist13.  In such a process, 

a bi-layer resist material is deposited on the surface of the wafer using sputter 

deposition.  This resist is then patterned by a combination of thermal exposure and 

etching to creating an inorganic pattern on the wafer.  Following conventional 

deposition, etching, or doping, the resist is removed by plasma cleaning and ion 

milling. 
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2.3.3 Material Removal 

Much of the material deposited as thin films must be removed in order to 

create the desired feature geometry, as shown in Figure 2.2.  Materials such as metals 

and polysilicon are removed to define conductors.  Materials such as silicon oxide, 

when used to create mask layers, are removed to define the mask for subsequent 

processes such as doping.  Materials including nitrides and oxides are removed to 

form insulators and gates. 

The methods by which material is removed from the wafer vary depending on 

the geometry feature size, the amount of material to be removed, the thickness of the 

material, and the level of uniformity and anisotropy required.  The four common 

methods are wet etching, plasma etching, ion milling, and reactive ion etching (RIE). 

2.3.3.1 Wet Etching 

Wet etching uses chemical reactions between liquid reactants and the wafer 

surface to remove material.  It is the most common method used in semiconductor 

processing today.  In a wet etch process, the liquid reactant reacts with the material at 

the surface of the wafer to form a product that is soluble in the liquid.  The 

temperature of the solution, the molar strength of the reactants in solution, and the 

length of time over which the wafer is immersed in the solution all affect the amount 

and uniformity of material removed. 

Wet etching may be used for isotropic material removal (uniform removal in 

all directions) or anisotropic material removal (more material is removed from some 

directions than others) depending on the etchant and the substrate film.  Advantages 

of wet etching include high selectivity between the material to be etched and other 

materials on the wafer, and minimal substrate damage.  However, wet etching does 

pose problems for uniformity, anisotropy, and process control. 
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2.3.3.2 Plasma Etching 

Plasma etching is dry process.  In this process, the etching occurs in a plasma 

environment through chemical reactions between the plasma and the wafer surface.  

Plasma etching requires a vacuum chamber and a radio frequency (RF) generator, 

making it more complex and expensive than wet etching.  The high energy plasma 

species used in plasma etching are less discriminating in their reactions and 

selectivity is reduced over wet etching.  However, a reactive plasma can be generated 

from many inert gases and avoids the need for volumes of dangerous reactors of 

liquid chemicals.  The primary advantage of plasma is that it is able to provide 

anisotropic etching, necessary as feature size shrinks.  

2.3.3.3 Reactive Ion Etching 

Reactive ion etching uses a process in which ions assist a plasma etching 

process.  Chlorine, fluorine, and bromine chemistries are typically used in the RIE 

process due to the high selectivity between doped and undoped areas.  In the RIE 

process, ions impinging near vertically on the wafer surface are used to dope the 

surface so that the plasma chemistry can etch the doped areas.  Very little doping 

occurs on vertical sidewalls, leading to highly anisotropic etching.  Reactive ion 

etching provides both high selectivity and high anisotropy but requires highly 

corrosive precursor gases and precise process control. 

2.3.3.4  Ion Milling 

Similar to reverse sputtering, ion milling is a low temperature process for 

etching a variety of materials.  In this process an ion beam is used to knock atoms and 

molecules from the wafer surface.  These free atoms and molecules are deposited by 

impingement on a disposable target. 
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Ion milling offers two advantages that make it popular in certain applications: 

directionality and applicability.  It is able to provide near vertical ion beams and it is 

able to pattern materials that for which there are no available etchants.  However, ion 

milling has poor selectivity and requires a medium vacuum. 

2.3.4 Doping 

Semiconductors are so named because they are able to function as conductors 

or insulators based upon the concentration of charge carriers.  Doping is the process 

of creating an excess of positive or negative majority carriers in a semiconductor.  In 

commercial silicon fabrication processes, ion implantation has become the standard 

method by which the n and p doped regions are formed. 

2.3.4.1 Ion Implantation 

In the ion implantation process, a beam of ions is accelerated through an 

electrostatic field and scanned over the surface of the wafer.  These ions penetrate 

into the surface of the wafer and, depending on ion type, dope the exposed surface of 

the semiconductor either positively or negatively.  The dose of ions can be closely 

controlled through monitoring of the ion current, and ion beams with energy levels of  

10 - 200 kEV14 are common.  Medium current implanters (0.5 – 1.7 mA) are 

generally single wafer machines, while high current implanters (10 mA or more) are 

most often batch processing systems15.  

Ion implantation allows fine control over the doping distribution of the 

substrate.  It does require relatively expensive equipment and a high vacuum level16, 

but provides precise control over the doping process.  Despite the fact that ion 

implantation does damage to the silicon lattice that must be corrected through 

subsequent annealing, this process has nevertheless become the predominant method 

of doping silicon. 
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2.3.5 Thermal Processes 

Many of the above processes require elevated temperatures for best results.  

Examples include growth of silicon oxide and some CVD processes.  In addition, 

annealing of the wafer substrate at high temperatures is often required to correct 

damage in the crystal lattice, to promote growth of grain size in deposited materials 

such as polysilicon, and to convert materials such as silicides to a low resistivity 

phase. 

Two types of thermal processes are commonly used to provide these elevated 

temperatures: furnaces and rapid thermal annealing. 

2.3.5.1 Furnace Processes 

A furnace process heats the wafer through a combination of conduction and 

convection.  In this process, a batch of wafers is placed in an elongated furnace tube, 

constructed from a high temperature ceramic such as quartz.  The temperature and 

atmosphere in the tube is controlled such that the wafer is exposed to a precise 

temperature profile with time.  The quartz tube is heated externally and heat transfer 

to the wafer occurs primarily through conduction, with secondary effects from the 

convection of gases that flow longitudinally through the furnace tube.  Advantages of 

furnace processing include the ability to simultaneously process batches of wafers 

and the low cost of the equipment.  Disadvantages include the length of time required 

to heat and cool the wafer and the lack of control over uniformity of temperature 

profile across the wafer. 

2.3.5.2 Rapid Thermal Processes 

A rapid thermal process achieves heat transfer to the wafer primarily through 

direct radiation.  In such a process, a single wafer is exposed to a radiant source, such 

as a flash lamp, for a brief period of time.  The energy from the radiant source is 
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primarily absorbed by the wafer with an attendant rise in wafer temperature.  Rapid 

thermal processes are used for annealing of wafers to remove implant damage as well 

as some CVD processes.  A characteristic of rapid thermal processing is the short 

time required for the complete thermal cycle.  Rapid thermal processing occurs in 

discrete chambers on single wafers and is not suited to batch processing. 

2.3.6 Wafer Transport 

Each of the above processes occurs in discrete pieces of equipment at different 

locations in the fabrication facility.  Whether wafers are processed individually 

(single wafer processing) or in batches, the wafers need to be transported from place 

to place within the plant.  Such interprocess transportation is provided by a variety of 

systems. 

Batch processes have traditionally used wafer cassettes for storage and manual 

transportation of the cassette from process to process.  Newer fabrication facilities use 

automated systems of robotic transfer vehicles or overhead rails for cassette 

transfer17.  A number of groups are exploring the use of magnetic levitation or 

suspension for carrier transport. 

Single wafer processing is becoming more common as fabrication facilities 

strive to reduce costs and cycle times.  In single wafer processing environments, 

single wafer tools are often co-located in a single work station to provide a cluster 

tool.  Wafer transport between individual tools within a cluster tool is accomplished 

by robotic pick and place arms.  Wafer transport between cluster tools is 

accomplished using either batch or single wafer carriers. 

In order to provide increased automation in new fabrication facilities, a 

number of standards have emerged that specify wafer carrier physical, mechanical, 

and electrical specifications so that common carrier transport systems can be 

developed.  
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2.3.7 Cleaning 

The success of individual processes utilized in semiconductor fabrication is 

highly dependent on the cleanliness of the wafer surface and the materials used in the 

process.  Even though wafer fabrication occurs under stringent conditions of 

cleanliness in a clean room, the wafer surface is still routinely contaminated during 

processing, transport, and storage.  Dust particles in the air may lodge on the wafer 

surface, oxide spontaneously grows on exposed silicon, and organics and metals may 

be transferred to the wafer surface during processing or transport.  To overcome these 

problems, many processes are immediately preceded by a cleaning step. 

Cleaning with liquid-based chemicals is the prevalent method currently used.  

Plasma is used primarily for removing exposed photoresist after patterning and for 

cleaning of contacts prior to bonding.  Ion milling (reverse sputtering) is being 

investigated as an alternative to wet cleans. 

2.3.7.1 Wet Cleaning 

The traditional cleaning process used in silicon semiconductor fabrication was 

developed by Radio Corporation of America (RCA) in 196518.  The RCA clean has 

become the standard clean for most silicon fabrication processes because it is a batch 

process that is  repeatable, easily performed, and provides a surface that is clear of 

organics, metallic particles, and oxides.  However, the RCA clean does consume a 

vast quantity of de-ionized (DI) water and produces large amounts of chemical waste 

which must be treated. 

Wet cleaning processes are not easily integrated with cluster tools, their cost-

of-ownership is often high due to the escalating cost of used chemical disposal, and 

there are concerns that it will be difficult to get liquids in to and out of increasingly 

fine geometries19. In addition, environmental restrictions on water use and the cost of 
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waste treatment are forcing the semiconductor industry to seek alternative cleaning 

methods20,21. 

2.3.7.2 Plasma Cleaning 

Plasma cleaning is a dry process in which a plasma is used to clean the wafer 

surface.  The cleaning can occur through either a physical process as the plasma ions 

impinge on the wafer surface with sufficient energy to knock off surface atoms and 

molecules or through a chemical process where the plasma ions react at the wafer 

surface to form gaseous products.  Plasma cleaning occurs at low temperatures and 

the plasma cleaning process is readily controllable through environment pressure, RF 

energy, gas used to form the plasma, and time.  One of the most common applications 

for plasma cleaning is to remove used photoresist from the surface of the wafer after 

patterning using atomic oxygen plasma.  The plasma cleaning process is also used to 

clean the interior of CVD reactor chambers, sputter chambers, and other pieces of 

equipment. 

2.3.7.3 Sputter Cleaning 

Sputter cleaning is commonly used at the start of a sputter deposition process 

to remove any surface contamination on the wafer prior to sputter depositing a thin 

film.  This dry process can be extended as a cleaning process in general, in which 

case it is referred to as ion milling.  The advantage of sputter cleaning is that it is a 

low temperature process that occurs in a moderate vacuum.  It removes all surface 

contamination uniformly through impingement of ions at the surface of the wafer.  It 

is a physical process with little waste.  However, sputter cleaning is not a batch 

process and is much slower than the wet cleaning processes commonly employed. 
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2.3.8 Testing/Inspection 

High yields in semiconductor fabrication depend upon monitoring the 

individual processes and rapidly correcting variations22.  Such monitoring occurs by 

monitoring process parameters, production wafers, and test wafers. 

Process parameters are monitored in real-time through sensors connected to a 

the diagnostic/monitoring equipment.  Production wafers are inspected at several 

stages in the fabrication process to ensure that only good wafers proceed to 

subsequent processing steps.  In some cases, such as DRAM memory, defects are 

detected and corrected during such inspections.  Test wafers are wafers that are run 

through a process to assess process variability.  Such wafers may contain test 

structures that are used to determine geometry variances and electrical characteristics. 

Inspection of  wafers often involves the use of scanning electron microscopes 

and other test equipment.  Interprocess testing of wafers adds additional 

transportation and cleaning steps to the basic process flow. 

After fabrication, the finished wafers are cut using a diamond saw (diced) into 

“chips”. The finished integrated circuit is then functionally tested, and the working 

chips are packaged. 

2.3.9 Typical Process Flow Description 

As described above, a semiconductor device is fabricated through the repeated 

use of separate process steps.  Each device type uses a different sequence of process 

steps, referred to as the process flow. 

Table 2.1 shows a description of the major steps used to fabricate a simple 

complementary metal oxide semiconductor (CMOS) device23,24.  This device has 

eight levels and requires eight masks. 

 



Chapter 2. Semiconductor Processing 25 
 

 

Table 2.1 - Steps in Fabricating Typical CMOS Device 

Step Process Step Process 
1 Clean wafer. 28 Develop photoresist. 
2 Grow think oxide. 29 P+ Implant. 
3 Apply photoresist. 30 Strip photoresist. 
4 Pattern P-Well. (Mask #1) 31 Apply photoresist. 
5 Develop photoresist. 32 Pattern N-channel drains and sources and 
6 Deposit and diffuse p-type impurities.  N+ guard rings (top ohmic contact to 
7 Strip photoresist.  substrate). (Mask #5) 
8 Strip thin oxide. 33 Develop photoresist. 
9 Grow thin oxide. 34 N+ Implant. 

10 Apply layer of silicon nitride. 35 Strip photoresist. 
11 Apply photoresist. 36 Strip thin oxide. 
12 Pattern silicon nitride (active area  37 Grow oxide. 
 definition). (Mask #2) 38 Apply photoresist. 

13 Develop photoresist. 39 Pattern contact openings. (Mask #6) 
14 Etch silicon nitride. 40 Develop photoresist. 
15 Strip photoresist. 41 Etch oxide. 
16 Grow field oxide. 42 Strip photoresist. 
17 strip silicon oxide. 43 Apply metal. 
18 strip thin oxide. 44 Apply photoresist. 
19 Grow gate oxide. 45 Pattern metal. (Mask #7) 
20 Polysilicon deposition. 46 Develop photoresist. 
21 Apply photoresist. 47 Etch metal. 
22 Pattern polysilicon. (Mask #3) 48 Strip photoresist. 
23 Develop photoresist. 49 Apply passivation. 
24 Etch polysilicon. 50 Apply photoresist. 
25 Strip photoresist. 51 Pattern pad openings. (Mask #8) 
26 Apply photoresist. 52 Develop photoresist. 
27 Pattern P-channel drains and sources  53 Etch passivation. 

 and P+ guard rings (p well ohmic 54 Strip photoresist. 
 contacts). (Mask #4) 55 Assemble, package and test. 

 

2.4 Processing Methodologies 

The eight processes described in Section 2.3 Processes may be applied to 

either batches of wafers or to individual wafers.  Batch processing is used in the 

majority of semiconductor fabrication facilities.  It has been the standard method used 

for wafer processing from the start of the semiconductor industry.  However, the use 

of larger wafers (200 and 300 mm) and more stringent cleanliness requirements, have 

produced difficulties in extending batch processing concepts to meet future 

semiconductor industry needs.  Single wafer processing equipment has now been 
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developed to provide rapid processing of single wafers under extremely controlled 

conditions.  The increased availability of single wafer processing equipment has led 

to a revolution in the configuration of semiconductor fabrication facilities where 

many such single wafer processing modules are now co-located.  Such cluster tools 

simplify wafer transport and may even be used to provide mini environments with 

tighter control over particles than the general clean room environment. 

2.4.1.1 Batch Processing 

Batch processing is used to process a number of wafers in parallel in a single 

piece of equipment.  Such batches are contained within a wafer carrier that is loaded 

onto the process equipment.  In some equipment, such as furnaces, the wafers are 

kept in the carrier throughout the process.  In other equipment, such as a photoresist 

processing system which pre-bakes, applies resist, and bakes wafers, the wafers are 

automatically unloaded from the wafer carrier for sequential processing through the 

machine and then automatically reloaded in the carrier. 

The use of batch processing greatly speeds the process time per wafer and 

provides a uniform method of tracking wafers through processes.  However, it does 

not allow fine control over individual wafers and is not well suited to many new 

processes such as rapid thermal annealing. 

2.4.2 Single Wafer Processing 

The current trend is towards single wafer processing, and it is expected that 

future semiconductor fabrication facilities will be largely composed of highly reliable 

cluster tools processing one wafer at a time25,26. 

Single wafer processing is used to process individual wafers.  Increased 

process time per wafer is offset by the improved control and repeatability of the 

process.  Single wafer process modules are significantly smaller than comparable 
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batch processing equipment as they need only accommodate one wafer at a time.  

This allows for more rapid pumpdown cycles when vacuum environments are 

desired.  It also reduces the amount of reactant needed for CVD applications.  Finally, 

thermal processing is greatly speeded up by the small chamber size.  

2.4.3 Cluster Tools 

Co-location of several single wafer process modules is used to create a cluster 

tool which is capable of performing a variety of processes.  In such a cluster tool, an 

automated interprocess wafer transfer system is used to move the wafer from module 

to module27.  The programmability of the cluster tool allows it to vary the sequence of 

processes to which the wafer is subjected.  Thus, a single cluster tool may be used to 

perform a variety of process flows28.  Optimization of the cluster design and wafer 

visitation schedule can dramatically improve throughput, increasing the performance-

cost ratio of cluster tools in comparison to other types of tools29. 

2.4.4 Mini Environments 

The development of cluster tools allows the creation of mini environments.  

Such a mini environment is a clean room within a clean room30 and is intended to 

minimize the introduction of contaminants to the wafer.  The standard clean room 

within which the equipment is located must accommodate people (dressed in 

cleanroom garb) as well as equipment.  The cost of providing increasingly stringent 

requirements for particle size and count to such a large space is very expensive.  By 

creating smaller sub clean rooms with mini environments, very clean environments 

can be obtained in the cluster tool for wafer processing, where it is required, while 

allow relaxed tolerances for the outer clean room in general.  Such mini environments 

can include operation at desired vacuum levels so that process module pumpdown 
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times are eliminated of reduced.  Mini environments can speed overall process times 

and improve process cleanliness. 

2.5 Devices 

There are many types of electronic devices that can be fabricated on silicon 

wafers.  Three of the most common high end devices are microprocessor units 

(MPU), dynamic random access memory (DRAM), and  application specific 

integrated circuits (ASIC).  These three device types define the envelope for 

semiconductor fabrication.  Microprocessors require many levels of wiring 

interconnect and many process steps to fabricate.  DRAM’s are the most densely 

populated devices, comprised of many repeated patterns.  ASIC’s are designed for 

particular applications and require rapid production turnaround times for their 

customers.  All  three device types can be fabricated by the same types of processes. 

 

Table 2.2 – Device Characteristics 

Characteristic Value 

Chip size (mm2) 31 340 – 800 

Maximum number of wiring levels32 7 

Maximum number of Masks Levels33 24 

Minimum feature size (nm) 31 140 – 230 
Minimum turnaround time (weeks) 6 
Process CMOS 
Value per finished wafer (200 mm)34 $800 – $40,000 

 

High end devices are often fabricated on the largest size silicon wafer 

available in order to maximize yield and reduce costs.  As device size increases, so 

does wafer size.  The 100 mm diameter wafers used for many years have now almost 

universally been replaced by 200 mm diameter wafers, and larger wafers are 

beginning to appear in use.  Table 2.2 shows typical characteristics for these device 

types. 
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2.5.1 MPU 

Microprocessors are found in a wide range of electronic equipment from 

personal computers to automobiles to toasters.  The versatility of the microprocessor 

unit has led to it being embedded in many appliances, replacing discrete digital logic 

or mechanical systems for control.  The microprocessor is essentially a logic device 

that is characterized by a large number of internally interconnected wiring levels.  

The complexity of an MPU is determined by number of transistors and the speed at 

which it operates.  Present commercially available MPU’s have 28 million transistors 

and operate at speeds up to 933 MHz35.   

2.5.2 DRAM 

Dynamic random access memory is a semiconductor device that is fabricated 

in very high volumes, primarily for consumer applications.  Device standardization 

and price competition have resulted in DRAM’s being considered a commodity in the 

global semiconductor market.  This has driven a need for low cost, high yield 

production.  DRAM fabrication is critically dependent upon high density packing of 

memory cells and production line defect correction with lasers.  The complexity of a 

DRAM is determined by the number of memory storage bits per chip.  Current 

DRAM’s have up to 1.07 gigabits per chip31. 

DRAM chip sizes are comparable to MPU chip sizes, although they have far 

fewer interconnect levels. 

2.5.3 ASIC 

Application specific integrated circuits are utilized in many electronic devices 

to provide the logic interface between system components, reducing the number of 

discrete components required.  They are also used to provide custom functions and a 
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high degree of integration between system components.  As such, they are designed 

for specific applications, generally for specific equipment by the customer.  In 

contrast with mass produced MPU and DRAM devices where the customer develops 

the electronic system around the device specifications, ASIC customers design the 

ASIC device to fit their electronic system requirements.  This customer driven design 

approach places a high premium upon rapid device production once the design is 

defined.  Typical production turnaround times for ASIC’s are 6 weeks36.   

ASIC’s can have chip sizes that exceed MPU’s or DRAM’s by a factor of 

two.  The customer specific nature of ASIC devices leads to the highest value per 

finished wafer of all device types. 

2.5.4 Wafer Size 

The number of devices that can be fabricated on a single wafer is dependent 

upon the chip size of the device and the size of the wafer.  The size of wafer used in 

most semiconductor fabrication facilities at present is 200 mm in diameter.  Some 

new production facilities are built to accommodate 300 mm diameter wafers, and it is 

expected that 450 mm diameter wafers will be introduced around 201137. 

Unfortunately, process equipment suited for one size of wafer is not suited to 

any other size.  Thus, a new process line is required when a fabrication facility moves 

to a new, larger wafer size.  Common practice is to use older process equipment to 

fabricate less profitable devices on smaller wafers, and to utilize  new equipment to 

fabricate high end devices such as MPU’s, DRAM’s, and ASIC’s on larger wafers.  

The typical lifetime of the tools used in a facility is 7 to 10 years38, roughly 

corresponding to the period between changes in wafer size. 
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2.6 Facilities and Equipment 

The size and cost of the semiconductor fabrication facility is dependent upon 

the processes used, the size of the wafers, and the production volume.  The largest 

fabrication facilities are now costing about $2 billion to construct and are capable of 

producing 30,000 200 mm diameter wafers per month39 or 25,000 300 mm diameter 

wafers per month. 

Table 2.3 presents the characteristics of an advanced semiconductor 

fabrication facility located in North America.  The facility contains characteristics 

that are common to many fabrication facilities including a large, Class 1 cleanroom 

(less than one 0.5 micron diameter particle per cubic foot), extensive water and 

chemical treatment facilities, and high construction costs. 

A semiconductor fabrication facility is comprised of a clean production area, 

administrative and office space, fabrication equipment, and support equipment.  

Current large fabrication facilities have approximately 10-20% of the total floor area 

as a clean room devoted to production40.   The remainder of the area is devoted to 

administration, testing, and R&D (~72%), and heating, ventilation, and air 

conditioning (HVAC) equipment, water, and chemical treatment (~10%)39. 

Traditional production processes are carried out in a large clean room.  The 

room is kept free of particulates by filtered air flowing vertically downward in a 

laminar sheet over the process equipment.  This air is completely exchanged every 6 

to 7 seconds on average41 by large fans 

The fabrication processes require supplies of extremely pure gases, chemicals, 

and de-ionized water42.  A water treatment plant and central distribution center for 

consumables contribute to the plant costs.  Increasingly stringent environment 

regulations are adding requirements for additional chemical and wastewater treatment 

equipment to semiconductor fabrication facilities. 
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Table 2.3 – Typical Commercial Fabrication Facility Characteristics39 

Characteristic Description 

Product • 64-Megabit DRAM chips on 200mm wafers 

Initial geometry • .35 micron 

Fab capacity • 1000 wafer starts per day at full production 

Fabricator • 600,000 square feet on three levels, with 154,000 square feet (two 75,000 
square foot manufacturing lines, Mod 1 and Mod 2 ) under filter - Class 1 

Additional site 
facilities 

• Dedicated central utility plant 

• 80,000 square feet 

• Water treatment plant 

• Chemical distribution center 

• Building 130- 600,000 square feet total space, with approximately 150,000 
square feet in use housing administrative offices, final test areas and a 
university lab 

Projected total 
investment 

• $1.7 billion (fabricator and utility plant construction, 
tools and modification of existing building and facilities) 

Chronology • Joint venture announced in August 1995 

• Ground broken, November 1995 

• Facility ready for tool installation, January 1997 

• Initial tool installation in Mod 1 completed, July 1997 

• First integrated wafer lots, July 1997 

• Initial commercial wafer lots, Fourth Quarter 1997 
 

 

The cost of constructing fabrication facilities is rising rapidly.  Much of the 

expense comes from building a isolated manufacturing space inside of a large clean 

room area43.  Inside this manufacturing space can be hundreds of pieces of 

equipment, each costing up to $4 million.  It is estimated that 65-75% of the facility 

costs are for equipment43. 
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2.7 Conclusions 

This chapter has presented an overview of the fabrication of semiconductor 

devices on silicon wafers in commercial facilities. 

Semiconductor fabrication is the manufacture of  electronic devices, and 

several types of devices were described together with their primary production 

characteristics.  It was shown that the same types of processes could be used to 

fabricate most common devices including MPU’s, DRAM’s, and ASIC’s. 

Key processes and equipment used for patterning, deposition, etching, and 

doping were described.  It was shown that fabrication occurred inside a cleanroom 

which contained all processing equipment.  The other functions of a semiconductor 

fabrication plant were explained and the high cost of new semiconductor fabrication 

facilities was highlighted. 

This chapter has covered how current semiconductor fabrication is carried out 

on Earth.  The next chapter will start the investigation of how the microfabrication 

process is changed for the space environment. 
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Chapter 3  

Space-Based Processing 

3.1 Introduction 

This chapter will describe the advantages and disadvantages associated with 

performing semiconductor fabrication in a space-based, near-Earth environment such 

as low Earth orbit (LEO). 

It will be shown that many of the characteristics of the space environment 

surrounding Earth provide advantages for typical semiconductor processes in 

commercial use on Earth.  However, implementing all the current standard 

microfabrication processes in such an environment is shown to be difficult.  Three 

main problems are identified and potential solutions presented. 

Manufacturing, whether on Earth or in space, has certain logistic 

requirements.  These requirements will be presented for space-based facilities.  It will 

be shown that transportation, accommodation, disposition, and energy must be taken 

into account when comparing space-based to Earth-based semiconductor fabrication. 

Finally, the chapter will conclude by defining the scope of processing that is 

best suited for space-based semiconductor fabrication.  This scope will then be used 

as the basis for comparison between Earth-based and space-based processing in the 

remainder of this thesis. 

3.2 Background 

Manufacturing semiconductor devices in orbit around the Earth offers 

advantages that may reduce the capital and operational costs of semiconductor 

fabrication: 
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• a good native vacuum level 

• a clean environment with few particles 

• availability of atomic oxygen 

 

The clean, vacuum environment eliminates much of the facility equipment 

required to maintain the clean room environment on Earth and also reduces the need 

for inert gases and other consumables.  Fast moving atomic oxygen, which comprises 

much of the near Earth environment, has been shown during a series of space flight 

experiments to be very effective at removing organics and capable of growing thick 

oxides on silicon44.  

Table 3.1 shows some of the key characteristics of the environment around a 

satellite in near Earth orbit (see Section 3.3 for details). 

  

Table 3.1 - Properties of Near-Earth Satellite Environment 

Property LEO (~300 km) 

Native Vacuum Level 10-7 to 10-8 torr45 
Possible Wake Vacuum Level 10-12 to 10-14 torr45 
Ambient Population O ~109 particles/cm3 46 
Ambient Population H ~105 particles/cm3 46 
Ambient Population He ~107 particles/cm3 46 
Energy of Atomic Oxygen on Ram Edge 5 eV45 
Atomic Oxygen Flux on Ram Edge 1014 particles/cm2 47 
Solar radiation 1371 W/m2 48 
Gravity Level Microgravity  

 

3.3 Advantages of Orbital Manufacturing 

Low Earth orbit (LEO) offers a unique environment for manufacturing.  The 

near lack of gravity, high vacuum, and fast moving particles can be used to advantage 

by an orbiting space fabrication facility49. 
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The prospect of space industrialization based upon processes utilizing the 

unique environment of space have been extensively debated.  However, in almost all 

instances, it was found that processes in which microgravity was required could be 

duplicated on Earth for much less expenditure50,51.  Thus, crystal growth and other 

initially attractive processes have not been commercialized in space.  However, 

semiconductor fabrication in orbit would make use of several native environmental 

factors in addition to microgravity which, together, could contribute to an attractive 

economic scenario for space manufacturing. 

3.3.1 Free Vacuum 

The native vacuum in low Earth orbit (~300 km) is 10-7 to 10-8 torr.  This 

vacuum level exceeds process requirements for many semiconductor fabrication 

processes.  The large available volume of such vacuum offers a semi-infinite 

pumping speed for non-vacuum processes, limited only by the piping system. 

The vacuum level can readily be improved to 10-12 - 10-14 torr in the wake 

behind a properly designed orbiting satellite moving at high velocity.  Such a wake 

shield has been demonstrated on several space shuttle missions and has achieved 

vacuum levels of   10-12 torr during molecular epitaxial growth processes52,45,53,54. 

 

Table 3.2 - Process Vacuum Requirements 

Process 
Process 
Type 

Process Vacuum 
Level Req'd (torr) 

LEO Vacuum 
Sufficient 

LPCVD Deposition 1 x 101 ü 
PECVD Deposition 6 x 10-3 ü 
Plasma Etch Removal 6 x 10-3 ü 
Ion Implantation Doping 1 x 10-6 ü 
Ion Milling Removal 1 x 10-3 ü 
Sputter Deposition Deposition 1 x  10-1 ü 
Evaporation Deposition 1 x 10-3 ü 
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It can be seen from Table 3.2 that the vacuum available in LEO is sufficient 

for all common semiconductor fabrication processes.  Prior to processing, equipment 

is typically pumped to a base vacuum level of 10-7 to 10-8 torr in order to reduce 

contamination55.  LEO vacuum is sufficient for this application also. 

3.3.2 Clean Environment 

The particle count in orbit is much lower than in the best filtered air clean 

room.  In fact, it has been shown that because of the high airflow rates in 

contemporary clean rooms, air handling systems are actually very efficient 

transporters of chemical contamination56. 

If the entire semiconductor fabrication process could be conducted in the 

native vacuum, then less particle contamination would occur and there is the 

possibility for reducing the number of cleaning steps between processes. 

Additionally, it has been shown that particle size is linked to minimum feature 

size, indicating that the cleaner environment of space could aid in achieving small 

device geometries.  The log-log plot of particle size versus particle quantity in Figure 

3.1 shows that the near-Earth space environment exceeds the cleanliness of existing 

Class 1 cleanrooms by a factor of 1000. 

In the most advanced fabrication facilities currently in use, wafers are stored 

in a hermetically sealed container between processes in order to reduce particle 

contamination57.  Storage in the same vacuum environment as used for processing 

would eliminate the hermetic container. 

A common cleaning step prior to processing is to remove silicon oxide that 

spontaneously forms on the surface of silicon when exposed to air.  Such a cleaning 

step is not required when the wafer is stored and processed in a vacuum. 
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Figure 3.1 – Cleanliness of Space and Cleanroom Environments 

 

3.3.3 Atomic Oxygen 

The absorption of ultraviolet light from the Sun results in the dissociation of 

oxygen in the upper atmosphere46.  In LEO, there is sufficient atomic oxygen to use 

as a consumable. 

Atomic oxygen is often used for plasma cleaning of the wafer and can be used 

to remove organics from the surface of the wafer.  The high velocity of a satellite in 

orbit results in each collision with an oxygen atom yielding 5 eV of impact energy.  

This energy is near the bonding energy of many molecules and allows chemical 

reactions to occur with a wide range of materials at low ambient temperatures58.  

Experiments in space beginning in the early 1980’s have demonstrated that fast 
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atomic oxygen in orbit reacts with a wide range of solids at rates that exceed by an 

order of magnitude that of molecular oxygen or thermal atomic oxygen58. 

3.3.4 Microgravity 

Applications such as space-based crystal growth rely upon the absence of 

gravity-driven convection currents to grow more perfect crystals.  In contrast, the case 

for space-based semiconductor fabrication is primarily based upon the availability of 

free vacuum and the inherent cleanliness of vacuum.  However, microgravity can 

provide advantages for space-based semiconductor fabrication. 

Earth-based fabrication facilities are inherently horizontal, with each piece of 

equipment occupying a fixed amount of floor area.  Without gravity, an orbital 

fabrication facility would not have this constraint and the process equipment could be 

arranged in unique, three dimensional configurations to minimize volume and mass.  

In addition, the strength of the structure of space-based processing equipment can be 

reduced, determined primarily by the ability to survive launch stresses. 

3.4 Difficulties for Orbital Manufacturing of 
Semiconductors 

All semiconductor fabrication (with the exception of research done during the 

Wake Shield Project) has been done on Earth using the available resources.  These 

resources include abundant power, water, and heat as well as an atmosphere of air at 

101.3 kPa (mean sea level pressure) and a gravity of 1 g.  As a result, the processes 

developed for commercial semiconductor fabrication have been optimized to take 

advantage of this environment. 

In a high vacuum, microgravity environment, the optimum processes are 

likely to be different from those currently in use on Earth.  Three identified 

difficulties with existing processes are the use of liquid organic polymer resists for 
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photolithography, the high use of de-ionized water and liquid chemicals for cleaning, 

etching, and polishing, and the use of mechanical grips, vacuum pickups, and 

conveyer systems for wafer transport and fixturing. 

3.4.1 Lithography 

Conventional lithography uses a photosensitive liquid polymer to form a thin 

film on the wafer surface.  The film is most commonly applied as a liquid to the 

center of a spinning wafer such that centripetal forces cause the liquid to flow 

outwards and evenly coat the entire wafer.  Problems with such an approach in a 

microgravity, vacuum environment include clamping of the wafer to the spinning 

fixture and vaporization of the volatile organic liquid. 

On Earth, clamping is accomplished using a vacuum hold in which vacuum is 

applied to the backside of the wafer and atmospheric pressure is applied to the front 

side of the wafer.  This pressure difference creates a strong clamping force.  In a 

vacuum environment, there is no pressure difference between front and back sides of 

the wafer and alternative clamping methods are required. 

The liquids used as photoresist are not compatible with a vacuum 

environment.  Upon exposure to vacuum, the volatile constituents such as solvents 

will vaporize from the resist, leaving unevenly cured polymer that can not be applied 

to the wafer. 

The spin coating process partially relies upon gravity acting perpendicular to 

the spinning wafer to level the film coating.  Spin coating in a microgravity 

environment may not produce films with uniform thickness. 

A new, thermal lithographic process has been developed for the printing 

industry59.  Research on the application of this process to semiconductor fabrication is 

currently underway60,61.  The thermal resist enhanced optical lithography (TREOL) 
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method utilizes a thermally sensitive resist that allows higher resolution to be 

achieved than with photosensitive resists using the same mask. 

In conventional photoresist processes, the reaction of the photoresist follows 

the law of reciprocity where the total exposure is integrated over time.  This means 

that two separate exposures for half the time has the same effect as one exposure for 

the full time.  In the TREOL process, the thermal resist does not follow the law of 

reciprocity, rather the resist only reacts when the temperature of the resist is raised 

above a certain threshold.  If the resist is heated to just below this threshold and 

allowed to cool, the resist will remain completely unreacted. 

The TREOL process exploits the non-linear reaction of the thermal photoresist 

by exposing the resist through both a mask and a submask.  Only the resist that is 

exposed through both the mask and submask reacts.  The submask is moved in such a 

manner as to expose adjacent sections of the resist separately.  In a microfabrication 

DSW exposure system, the resist is exposed to pulses of UV light that are a few tens 

of nanometers in duration and are spaced hundreds of microseconds apart.  This 

allows the resist material to cool before the next exposure.  The result is a higher 

resolution image in the resist than can be achieved by photolithographic methods.  

Computer modeling has shown that the TREOL process can double the achievable 

resolution of current optical systems.  It has been simulated that a 248 nm DSW 

system with the TREOL process can produce minimum feature sizes of 0.09 microns, 

similar to that achieved with the more expensive 195 nm DSW’s60.  

The TREOL process can be made vacuum compatible.  The thermal resist is 

not an organic liquid, but can be a variety of inorganic materials such as aluminum 

oxide (AlOx) or a bismuth and indium compound (BiIn) that may be applied to the 

wafer by a sputter deposition system.  Research work is being conducted at Simon 

Fraser University (SFU) on adapting the TREOL process to semiconductor 
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fabrication.  The system being examined is a bi-layer resist wherein the bottom layer 

is a protective layer and the top layer is the thermal resist layer13. 

In this system, a bottom layer of amorphous carbon or other similar material is 

sputter deposited on the wafer, followed by a top layer of a thermal sensitive material 

such as AlOx that is also sputter deposited.  The top layer is developed using the 

TREOL process, leaving the bottom layer unaffected.  The bottom layer is then 

patterned in oxygen plasma, duplicating the pattern of the top layer.  The substrate is 

unaffected by the above processes.  This yields a bi-layer resist pattern that can be 

used for subsequent processing such as deposition, etching of the substrate, ion 

implantation, etc.  Once all processing for that wafer level has been complete, the bi-

layer resist is removed by a combination of plasma etching and ion milling.  

This process is compatible with existing DSW equipment, can be performed 

in a vacuum environment, and is not dependant upon gravity.  The one disadvantage 

of the AlOx resist process is that it is much less sensitive than current organic resists, 

requiring exposures of 40 mJ/cm2 compared to 10 mJ/cm2 with regular resists.  This 

makes it difficult to use in current exposure systems.  However, new classes of 

inorganic thermal resists, such as BiIn, overcome these problems and offer 

advantages such as exposure wavelength independence.  Should such resists achieve 

commercial acceptance, it would increase the vacuum requirement for lithographic 

processing.  Chapter 6 explores the use of the AlOx thermal resist process in detail 

and develops candidate process flows for vacuum-based thermal lithography. 

Conventional photolithographic processes pose problems for space-based 

semiconductor fabrication, but processes, such as the AlOx process and those being 

developed by SFU, indicate that vacuum-compatible lithographic processes are 

readily possible and may even provide advantages over conventional lithography. 
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3.4.2 Wet Processes 

Abundant, available water has shaped the processes used in semiconductor 

fabrication.  Early work in the field centered upon developing a cleaning process that 

yielded repeatable results.  The RCA process has become the industry standard and 

modified versions of the process continue to be used today.  The process requires 

large amounts of de-ionized water which has been so finely filtered that only very low 

concentrations (less than parts per million) of other contaminants (dissolved ions) 

exist in it. 

It is estimated that wafer cleaning processes account for 2,500 to 5,600 liters 

of water per wafer62. 

Wet processes are also used for material removal.  Etching of the wafer 

substrate or thin film in liquid chemicals such as hydrofluoric acid (HF) are common.  

Micromachining, a growing industry based upon semiconductor fabrication 

processes, also relies upon pure liquid chemicals for bulk anisotropic etching of 

silicon. 

Planarization, or smoothing of the top surface of the wafer, is critical to 

achieving uniform metal traces in complex devices.  Chemical mechanical polishing 

(CMP) is used to accomplish this step and requires liquid chemicals and DI water. 

All of the processes involving liquids are incompatible with a vacuum 

environment.  Upon exposure to a vacuum, the liquids would immediately boil, 

rendering the process useless.  Fortunately, there are alternative dry processes for 

cleaning and etching.  Indeed, there is a growing effort in existing semiconductor 

fabrication processes to reduce or remove wet process steps due to the high cost of 

supplying DI water and treating waste chemical process streams20. 

A dry cleaning process that is commonly in use today is that of plasma 

cleaning.  In this process, the wafer is subjected to a plasma induced by either DC or 
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RF means.  The energy of the plasma ions is sufficient to break the bonds holding the 

particles to the substrate and, given sufficient exposure, the wafer is cleaned. 

In LEO there is an abundance of fast moving, atomic oxygen.  The impact 

energy of an oxygen atom against a satellite is on the order of 5 keV, sufficient to 

break the bonds of many molecules.  Exposure of the wafer to atomic oxygen could 

result in a low cost cleaning process that efficiently utilizes the available resources of 

LEO. 

Plasma etching, another dry process, is similar to plasma cleaning.  In a 

plasma etching system, the plasma selectively removes certain materials depending 

on the chemistry of the plasma.  A plasma etching system may operate at higher 

pressures and lower energies than a plasma cleaning system with mean free paths that 

are less than the chamber dimensions, thus ensuring that the etching process is 

primarily dependent upon the etch chemistry63. 

Ion milling accelerates particles using an electric field to knock molecules 

from the surface of the wafer.  This cleaning process is not material selective and 

produces a uniformly clean surface.  It also produces little waste and occurs in 

moderate vacuum, but is slower than wet cleaning processes and is primarily suited 

for single wafer processing. 

Wet processes cannot be readily accomplished in a vacuum, but alternative 

dry processes are already in widespread use.  Such dry processes can be readily 

adapted to space-based semiconductor fabrication and offer the advantage of greatly 

reduced requirement for consumables. 

3.4.3 Wafer Handling 

In a semiconductor fabrication facility, the wafers must be transported from 

process to process and must be held in place within process equipment.  Most new 

semiconductor fabrication facilities use an overhead monorail system to form a 
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material flow loop serving equipment bays within the facility64,17.  As semiconductor 

fabrication is a highly reentrant process, this results in substantial material flow 

between bays. 

Wafer cassettes are commonly used to group many wafers (typically 25 per 

cassette) in a secure, often hermetically sealed, environment for transport within the 

semiconductor fabrication facility.  The use of wafer cassettes reduces the risk of 

breakage, simplifies transport by automated systems, and reduces particle 

contamination.  Wafers must be loaded and unloaded from cassettes at each piece of 

process equipment.  Such loading/unloading is often performed automatically by the 

process equipment itself. 

Fixturing of the wafer to the process equipment is accomplished by means of 

vacuum holds or mechanical clamps.  Transport of the wafers between processes is 

accomplished by manual transfer of wafer cassettes, overhead transport systems, 

magnetically levitated transport systems, or other automated transport systems.  

Loading and unloading of the wafers from wafer cassettes is performed by manual 

means using vacuum tweezers (pickups) or automated means using robotic or 

mechanical manipulators.  Cluster tools, groups of single wafer processing 

equipment, utilize robotic manipulators for transfer of individual wafers from station 

to station within the cluster. 

Wafer handling methods based upon vacuum holds and vacuum tweezers are 

not suitable for a vacuum environment.  The holding forces developed by the 

difference between ambient atmospheric pressure and vacuum on the wafer’s top and 

bottom surface are absent when vacuum is present on both sides.  This poses 

problems for fixturing of wafers to process equipment and manually unloading wafers 

from wafer cassettes. 

Similarly, wafer handling methods that utilize gravity to hold the wafer in 

place during transport are not possible in a microgravity environment.  Robotic 
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manipulators that mechanically grip the wafer are possible in a vacuum, microgravity 

environment, although they can induce damage to the wafer itself and scatter 

particles, decreasing the cleanliness of the environment. 

A system that can transport and fixture wafers in a microgravity, vacuum 

environment without resorting to mechanical grips does not presently exist and has 

been identified as a critical link in realizing the full potential of space-based 

semiconductor fabrication.  As such, much of the work in this thesis centers around 

the development, characterization, and modeling of a wafer transport and fixturing 

system suitable for use in a space-based environment.  Chapter 4 describes a scheme 

for the transport and fixturing of silicon wafers using magnetic levitation. 

3.5 Logistics of Space-Based Manufacturing 

All space-based manufacturing facilities share a common set of logistic 

requirements: materiel must be transported to and from the facility,  raw materials and 

components must be processed to produce finished goods, the facility must be 

assembled and maintained, consumables must be supplied and waste materials 

removed, and processing energy is required and processing heat must be removed.  

These requirements can be grouped into the logistic categories of transportation, 

accommodation, disposition, and energy.  

3.5.1 Transportation 

Transportation requirements include one time transportation activities as well 

as operational transportation activities. 

One-time transportation activities include transporting the manufacturing 

equipment and facility from Earth to its orbital location, transporting the construction 

crew to the facility (if on-site fabrication is required), and transporting the power 
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supply to orbit.  These one time transportation activities may be accomplished with a 

single launch, or, as in the case of the International Space Station currently under 

construction, through several launches65. 

Operational transportation activities are concerned with the scheduled delivery 

of raw materials from Earth to orbit and finished product from orbit to Earth.  In 

addition, transportation of maintenance crews and production workers, if required, 

must be provided.  The mode of operational transport may be one to one where each 

launch provides raw materials to the facility and returns finished goods to Earth, or 

may be one to many where each launch provides raw materials to the facility, but 

finished goods are returned to Earth asynchronously, in small return capsules. 

Table 3.3 shows the transport logistic functions that must be fulfilled. 

 

Table 3.3 – Transport Logistic Functions66 

Item Earth to Orbit Orbit to Earth 
Manufacturing equipment/facility One time  
Power supply One time  
Millwright/construction crew One time One time 
Raw materials Recurring  
Support expendables/consumables/wastes Recurring Recurring 
Finished goods  Recurring 
Maintenance crew Recurring Recurring 
Production workers Recurring Recurring 

 

3.5.2 Accommodation 

The facility must accommodate production equipment, raw materials, work in 

process (WIP), finished goods, spare parts/tool, waste products, and optionally, 

personnel. 

The purpose of the facility is to convert raw materials to finished goods and 

therefore must support the complete manufacturing process.  The equipment that must 

be accommodated includes not only the processing equipment, but also intra-facility 
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transportation systems and control/monitoring/inspection equipment.  Storage of 

readily accessible raw materials must be provided along with intermediate storage of 

partially processed goods.  Separate storage for packaged, finished goods is required. 

Maintenance of the facility and production equipment must be intermittently 

performed.  Unless accommodation for maintenance crews is provided externally (i.e. 

aboard the space shuttle or a central housing module), some form of accommodation 

must be provided for extended visits. 

Fully automated production facilities do not have to accommodate production 

workers.  However, facilities which do employ production workers must either 

provide living quarters for the workers or provide a housing space that is shared 

between several co-located orbital production facilities. 

Table 3.4 shows the accommodation logistic functions that must be fulfilled. 

 

Table 3.4 – Accommodation Logistic Functions66 

Item Use 
Manufacturing equipment Continuous 
Millwright/construction crew One time 
Raw materials Recurring 
Finished goods Recurring 
Maintenance crew Intermittent 
Waste products Recurring 
Spare parts/tools Recurring 

  

3.5.3 Disposition 

In addition to producing finished goods, all manufacturing facilities produce 

byproducts which must be disposed of.  Process wastes are produced by the 

individual processes and include waste chemicals, gases, and material.  Support 

wastes are produced by the equipment, the facility, and maintenance, and include 



Chapter 3. Space-Based Processing 49 
 

 

used parts, damaged tools, and packaging.  Heat waste is produced by the processes 

themselves. 

All orbital manufacturing facilities must have some means of disposing of 

process and support waste products.  The traditional method of jettisoning such 

wastes will not function in the ever more crowded space of near Earth orbit.  Already, 

there is an effort to reduce and eliminate foreign particles jettisoned from spacecraft 

in order to minimize impact hazards for orbiting bodies.  In addition, there are 

preliminary proposals to eliminate deliberate outgassing from such spacecraft66.  It 

appears that the space environment is fragile and that environmental protection efforts 

for Earth orbit satellites will increase. 

Heat waste can be dissipated by heat rejection (radiation) into space without 

affecting the orbital environment or other satellites. 

As the cost of injecting material waste into high or escape orbits is large, it is 

likely that the disposition of process and support wastes from orbit to Earth will 

become a transportation logistic requirement for all orbital manufacturing facilities. 

Table 3.5 shows the disposition logistic functions that must be fulfilled. 

 

Table 3.5 – Disposition Logistic Functions66 

Item Onsite Storage Orbit to Earth Transportation 
Process wastes Recurring Recurring 
Support wastes Recurring Recurring 
Heat Waste N/A N/A 

  

3.5.4 Energy 

Energy is required for all production processes.  Some processes require heat, 

others require electromagnetic or electrical stimulation.  All process equipment 

requires electrical power as does control, monitoring, and data management 
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equipment.  The facility itself requires power for housekeeping and environmental 

control as well as attitude and altitude stabilization. 

 

Table 3.6 – Energy  Logistic Functions66 

Item Electricity Chemical Solar 
Process heat ü ü ü 
Process electromagnetics, potentials, emissions ü   
Process equipment ü   
Process control and data management ü   
Housekeeping ü   
Attitude/Altitude control ü ü  

 

Process heat can be provided by either solar collectors, chemical or nuclear, or 

by electrically powered heaters.  Waste process heat from one process may be able to 

be used for other processes, thereby minimizing the heat power requirement. 

Electricity, used for process heating, electromagnetic processes, process 

equipment operation, and facility operation can be produced by chemical, nuclear, or 

solar means.  As the requirement for electricity is ongoing, it is likely that it will be 

generated by onsite solar cells in order to minimize ongoing launch costs required to 

supply chemicals or batteries. 

All orbiting satellites require a means of maintaining position and attitude.  

The common method of reaction wheels and thrusters imposes additional 

requirements for energy.  Depending on the facility orbit and expected lifetime, 

additional fuel for the thrusters must be provided through resupply flights.  It is 

expected that reaction wheels would operate on electrical power. 

Table 3.6 shows the energy logistic functions that must be fulfilled. 

3.6 Definition of Space-Based Fabrication Facility 

It is useful to define the scope of a space-based facility for semiconductor 

fabrication.  Obviously, such a facility must be capable of performing all of the 
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processes needed to fabricate a well defined portion of the finished electronic device.  

As the manufacture of the wafer itself is very energy intensive and requires large 

amounts of material, it is not a good candidate for space-based fabrication at this 

time.  Similarly, the final inspection and packaging of the completed device does not 

benefit from space-based fabrication as the packaging is a material intensive, low 

value process.  However, the wafer fabrication process, consisting of repeated steps 

of material deposition, patterning, material removal, doping, and heating, is a high 

value, low mass process that has high cleanliness and vacuum requirements.  Values 

for completed wafers range from $20,000/kg for logic devices up to $1,000,000/kg 

for fast-turnaround ASIC devices34.  An orbital facility capable of producing 10,000 

200 mm diameter wafers per month would require only 500 to 600 kg of raw 

materials per month, depending on device type34. 

The threshold voltage of MOS transistors in CMOS devices is affected by  

trapped charges in the gate oxide.  While it might be thought that the radiation in orbit 

would induce sufficient damage to greatly increase the quantity of trapped charges in 

the gate oxide, it can be shown that, in the absence of an applied electric field, a wafer 

that spends up to one month in LEO would receive less than 10 rads of effective 

radiation damage.  This amount of damage in electronics can safely be ignored and is 

reduced even further by a low temperature (450°C) anneal on Earth prior to 

packaging, similar to that done for current Earth-based production67.   

The cost of providing the appropriate environment on Earth for wafer 

fabrication is high, leading to large capital and operational costs.  This implies that 

the space-based semiconductor fabrication facility should be limited to processing 

pre-manufactured wafers shipped from Earth and that the completed wafers should be 

shipped back to Earth for final inspection and packaging.   
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Depending on the delivery schedule for raw materials and the required device 

turnaround time, the onboard fabrication of masks from blanks may also be a 

desirable process to include in a space-based semiconductor fabrication facility. 

Figure 3.2 shows a summarized process flow for a semiconductor device 

produced in a space-based fabrication facility. 
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Figure 3.2 – Process Flow  for Space-Based Microfabrication Facility 
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3.7 Conclusions 

This chapter has described advantages of manufacturing in orbit, as well as 

the difficulties in adapting semiconductor processing to such an environment.  The 

logistics of an orbital manufacturing facility were examined and the functions of a 

space-based semiconductor fabrication facility defined. 

Manufacture of semiconductor devices in low Earth or higher orbit was shown 

to offer many advantages including a clean, native vacuum environment with atomic 

oxygen.  The near absence of gravity was shown to provide opportunities for reducing 

processing equipment mass and volume.  

However, present microfabrication processes were shown to be difficult to 

duplicate in the near-Earth space environment.  Lithography, processes using liquids, 

and wafer handling were identified as potential problem areas. 

The logistics of a space-based manufacturing facility were examined and it 

was found that transportation, accommodation, disposition, and energy were 

important factors that must be included in any study of the feasibility of space-based 

fabrication. 

Finally, the scope of a space-based semiconductor fabrication facility was 

reviewed.  It was determined that the most effective use of space resources (clean, 

vacuum environment) lay in limiting the microfabrication steps to wafer processing 

(patterning, deposition, etching, doping) and performing wafer growth, final testing, 

and packaging in a conventional Earth-based facility. 
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Chapter 4  

Wafer Handling Using Electromagnetic 
Levitation 

4.1 Introduction 

This chapter describes a scheme for the transport and fixturing of silicon 

wafers using electromagnetic levitation.  The basic theory is reviewed and a 

numerical model is developed.  The results of that model are examined for two cases: 

fixturing of the wafer to an end effector, and non-contact wafer transport and 

fixturing using a two-dimensional linear motor. 

It is found that an array of solenoids is able to exert controllable forces on a 

wafer with embedded eddy current conductor loops.  The magnitude of the forces are 

found to be suitable for wafer transport in a low or microgravity environment using 

moderate power levels.  In one scenario, accelerations of 1.91 m/s2 perpendicular to 

the wafer and 0.16 m/s2 parallel to the wafer are produced for a 200 mm diameter 

wafer using 24 watts of power. 

4.2 Background 

In Section 3.4 Difficulties for Orbital Manufacturing of Semiconductors, three 

items were identified as barriers to manufacturing semiconductor devices in a 

microgravity, vacuum environment: lithography, wet processes, and wafer handling.  

There appear to be viable alternatives for lithography and wet processes in such an 

environment, but no alternatives for wafer handling that do not utilize mechanical 

grips.  While semiconductor fabrication is feasible with wafer handling systems using 
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mechanical grips, the potential cleanliness of the vacuum environment is not fully 

realized due to particulate scatter and mechanical wafer damage caused by the grips.  

Therefore, much of the research in this thesis focuses on the development and 

modeling of a wafer handling system suitable for use in an orbital semiconductor 

fabrication facility. 

As described earlier in Section 3.4.3, wafers must be transported between 

processes and secured during processing.  Traditional means of handling wafers, such 

as vacuum holds, mechanical clamps, and gravity-assisted robotic manipulators, are 

not well suited for the microgravity, vacuum environment of an orbital semiconductor 

fabrication facility.  Vacuum holds are ineffective in a native vacuum environment.  

Mechanical grips can cause wafer damage and scatter particulates.  Gravity assist is 

not available for a non-spinning orbital fabrication facility. 

A system has been developed by the author to accomplish wafer transport and 

fixturing in a microgravity, vacuum environment68.  This system is based upon the 

induction of electric currents in predefined conductors embedded in each wafer.  The 

magnetic field produced by those currents reacts with external magnetic fields to 

produce forces on the wafer.  Control of both the induced wafer currents and the 

external magnetic fields allows directed forces to be generated at the wafer.  Because 

the wafers will exist in a microgravity environment, only very small forces are 

required to maintain position control69.  Similarly, quasi-static displacements can be 

accomplished by imposing small forces. 

Similar systems are used in other applications: a magnetically levitated 

automated contact analytical probe tool70, mag-lev stage for a lithography DSW 

stepper71, and a magnetically levitated wafer carrier72.  This system is thought to be 

the first application of directly manipulating a wafer (instead of a wafer carrier) by 

electromagnetic means. 
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Figure 4.1 shows a single wafer with four embedded eddy current conductor 

loops (anticipated to be constructed from refractory metals or silicides) and four 

external solenoid coil assemblies.  Forces are generated at each eddy current 

conductor loop and transferred to the wafer.  

 

200 MM DIAMETER
WAFER FLOATING
OVER FIXTURE
SURFACE

EDDY CURRENT
CONDUCTOR LOOP

FIXTURE SURFACE

EXTERNAL ASSEMBLY
OF SOLENOID COILS  

Figure 4.1 – Wafer and Electromagnetic Handling Solenoids 

 

The electromagnetic wafer handling (EMWH) system is best suited to 

fixturing and transport of individual wafers, rather than wafer batches.  The proposed 

orbital processing facility, described later in this thesis, is developed on the basis that 

only single wafer processes are utilized.  The advantages of single wafer processing73, 

coupled with the inherently clean vacuum environment, allow batch wafer storage 

means such as cassettes to be eliminated and processing equipment requirements to 

be reduced. 
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4.3 Wafer Handling Design Goals 

The design goal of an EMWH system is to allow the transport and fixturing of 

single wafers within a microgravity, vacuum environment.  To meet that goal, such a 

system should be able to provide one or more modes of operation required to 

transport or fixture wafers and should be compatible with all wafer processing 

requirements. 

4.3.1 Modes of Operation 

There are three distinct modes of operation for such a system: wafer holddown 

mode, vertical positioning mode, and horizontal positioning mode. 

4.3.1.1 Wafer Holddown Mode 

In the simplest mode, the EMWH system must be capable of supplying a 

holddown force to the wafer similar in nature to that available from a vacuum clamp.  

In this mode of operation, the EMWH system maintains the wafer in continuous 

contact with a fixture surface using an attractive force.  Uses of this mode of 

operation, shown in Figure 4.2, are to hold the wafer to a robotic end effector during 

movement of the robot, to clamp the wafer in position during processing, and for heat 

sinking of the wafer during ion implantation. 

 

F

 

Figure 4.2 – Wafer Holddown Mode 
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4.3.1.2 Vertical Positioning Mode 

The vertical positioning mode, shown in Figure 4.3, is similar to the wafer 

holddown mode in that it is used for holding the wafer in position during processing.  

However, in this mode the wafer is not in contact with the fixture surface, but is held 

at a controlled distance from the surface.  Attractive and repulsive forces generated 

perpendicular to the plane of the wafer are considered as vertical forces and are used 

to control the height of the wafer from the fixture.  Centering forces parallel to plane 

of the wafer are considered as horizontal forces and are required to maintain the 

position of the wafer within the fixture.  Uses of this mode of operation include 

loading/unloading of the wafer from a robotic end effector and fixturing of the wafer 

in position during processing when contact with the fixture surface is not desired. 
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Figure 4.3 – Vertical Positioning Mode 

 

4.3.1.3 Horizontal Positioning Mode 

The most complex mode of operation is the horizontal positioning mode 

shown in Figure 4.4.  In this mode, the EMWH system produces continuous vertical 

and horizontal forces at the wafer as the wafer moves over a surface with controlled 

position, velocity and height.  The primary use of this mode is to transport wafers 

from process to process without the use of an external carrier such as a wafer cassette. 
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Figure 4.4 – Horizontal Positioning Mode 

 

4.3.2 Wafer Processing Requirements 

In order for the EMWH system to be viable, it must be easily applied to the 

wafer and must not hinder downstream wafer processing.  It is noted that processes 

that may be affected by the magnetic fields required will need to be studied in order 

to confirm the viability of the EMWH system in those cases. 

Preprocessing of the wafer to enable control by the EMWH system must be 

possible without impairing the base properties of the silicon wafer. 

All processes required to fabricate semiconductor devices must be compatible 

with the wafer after preprocessing and transport by the EMWH system.  The EMWH 

preprocessing must not be affected by deposition of new material, patterning of 

layers, removal of material, doping, cleaning, and heating of the wafer. 

Research is being conducted at Simon Fraser University on a direct-write 

method of forming thick, silicide conductors on the back side of wafers using laser-

induced chemical vapor deposition.  It is hypothesized that successful application of 

this technique will lead to a preprocessing method of forming eddy current 

conductors that meets the above wafer processing requirements.  The deposition of 
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these silicide rings is beyond the scope of this thesis and will be done in future 

research.   

4.4 Simulation Models 

The following sections detail the development of basic models to determine 

the feasibility of EMWH for orbital semiconductor fabrication. 

The goal of modeling the EMWH system in this thesis is to determine whether 

such a system is possible, and if so, can it be applied to wafer handling in a 

microgravity, vacuum environment.  Many of the fine details of such a system have 

been neglected in this “first pass” system modeling as they are not necessary to meet 

the goal.  However, implementation of such a system would require that a more 

sophisticated model be developed. 

 

Table 4.1 – Key Modeling Assumptions 

Item Assumption 

Wafer  
Wafer Diameter 200 or 300 mm 
Wafer Thickness 0.0005 m (0.5 mm) 
Wafer Mass 36 g or 88 g 

Wafer Holddown Mode  

Maximum Vertical Acceleration 1 m/s2 

Vertical Positioning Mode  

Nominal Positioning Height 0.001 m (1 mm) 
Maximum Vertical Acceleration at Nominal Height 0.1 m/s2 

Horizontal Positioning Mode  

Nominal Positioning Height for Wafer Transport 0.001 m (1 mm) 
Maximum Vertical Acceleration at Nominal Height 0.1 m/s2 
Maximum Horizontal Acceleration at Nominal Height 0.1 m/s2 

 

Although all of the models described below assume a feedback EMWH 

system, only the actuation of the wafer (the generation of forces at the wafer) is 

modeled.  The incorporation of control and position sensing, not an insignificant 

problem, is only briefly described. 
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All modeling has been done using a combination of custom programming and 

spreadsheets.  The program listing is available in Appendix A.  The key assumptions 

used in developing the models are listed in Table 4.1. 

4.4.1 Basic Magnetic Equations 

The system models build upon basic magnetic equations.  Equations common 

to all models are described briefly below. 

The magnetic field B in a material with permeability µ due to magnetic field 

H is defined (in MKS units) by74 

 

 HHB )1(0 χµµ +==  (4.1) 
 

The magnetization M in a linear isotropic media with magnetic susceptibility 

χ in a magnetic field H is defined by74 

 

 HM χ=  (4.2) 
 

The force F exerted on a particle with charge q moving in direction v in a 

magnetic field of strength B is described by75 

 

 BvF ×= q  (4.3) 
 

For a conductor with current i flowing along length l in a magnetic field of 

strength B, the force F exerted on the conductor is described by 

 

 BlF ×= i  (4.4) 
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Figure 4.5 – Force on a Conductor 

 

When the magnetic field B is perpendicular to the conductor, the magnitude of 

the force F can be calculated by 

 

 ilBF =  (4.5) 
 

In all cases, the direction of F is perpendicular to both the conductor and the 

magnetic field B. 

The magnetic flux ΦB measures the number of magnetic lines that pass 

through a surface S enclosed by a conductor and is defined by76 

 

 ∫ •=Φ SB dB  (4.6) 

 

A conductor experiences an induced emf ε in the presence of a changing 

magnetic flux according to Faraday’s law of induction76 

 

 

dt
d BΦ

−=ε  (4.7) 
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In a closed loop conductor, the induced emf ε gives rise to a current i based on 

the resistance R and inductance L of the conductor as defined by 

 

 

dt
di

LiR +=ε  (4.8) 

 

Each point P0 in a conductor carrying current i contributes dB to the magnetic 

field at a point P1.  Letting r define a distance vector from P0 to P1, dB is calculated 

by the Biot Savart law77 
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For a circular current loop of radius a, shown in Figure 4.6, the magnitude of 

the radial and axial components of the magnetic field, Br and Bz, can be calculated by 

integrating (4.9) around the current loop.  
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Figure 4.6 – Current Loop Coordinate System 

 

For points (r, z) that lie along the z axis, the result is78 

 

 0)( =zBr  (4.10) 
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However, for points not on the z axis, the calculation of radial and axial 

components of the magnetic field B is more complex79 
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U in equations (4.8) and (4.9) is defined by79 

 

 ( ) 2/1222 azrU ++=  (4.14) 

 

Equations (4.12) and (4.13) for the magnetic field components are utilized in 

place of other available equation forms which commonly involve elliptic integrals80 

due to the ease with which they can be calculated numerically. 

4.5 Single Solenoid Model 

The first model examined for the EMWH system is composed of four circular 

current loops embedded in the wafer and four external solenoids attached to a fixture.  
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Four circular current loops were chosen so that the forces exerted on the wafer due to 

the EMWH system could be evenly distributed and because the size of the current 

loops was such that they could be included, if needed, in lieu of devices on the wafer.  

These loops may be located in the outer, unused sections of the wafer or on the 

backside of the wafer. 

 
 

WAFER 

CONDUCTOR LOOP 
TYP OF 4 

10 mm 

 

Figure 4.7 – Wafer with Embedded Conductor Loops 

 

Each of the identical circular current loops forms a 0.005 m (5 mm) radius 

circle that is concentric with the external solenoids.  The conductors are composed of 

deposited refractory metals (i.e. tungsten) or silicides, so as to be compatible with 

downstream thermal processes. 

As all four conductor/solenoid assemblies are identical, only a single 

assembly is modeled.  Figure 4.8 shows a detail view of a single current loop and 

solenoid assembly. 
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Figure 4.8 – Single Conductor Loop and Solenoid Assembly 

 

Key assumptions and limiting criteria for this model are shown in Table 4.2. 

 

Table 4.2 – Single Solenoid Model Key Assumptions and Limiting Criteria 

Symbol Description Value 
b circuit diameter of conductor loop on wafer 0.005 m (5 mm) 
Re circuit resistance of conductor loop on wafer 1 ohm 

εmax maximum induced EMF in wafer 1 volt 
f maximum solenoid current waveform frequency 10 kHz 

µ0 permeability of vacuum environment 4π x 10-7 H/m 
 

 

The maximum EMF is limited to 1 volt in order to avoid inducing voltages in 

semiconductor devices during wafer transport that exceed device ratings.  The 

frequency of alternating current in the external solenoid is limited to restrict the di/dt 

slope to achievable values.  

It is predicted that attractive and repulsive forces can be generated on the 

circular conductor loop embedded in the wafer by the varying magnetic field of the 
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external solenoid.  A lagging phase shift in the eddy current induced in the conductor 

loop due to conductor loop inductance is expected to cause a time averaged force 

perpendicular to the conductor loop to be generated for the appropriate solenoid 

current waveform. 

4.5.1 Model Development 

The multiturn solenoid, shown in Figure 4.9, is modeled as a series of circular 

current loops each separated by distance d using equations (4.12) and (4.13).  The 

solenoid is comprised of N turns of conductor wire of diameter d that are wound 

around a ferromagnetic core of susceptibility χ. 
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Figure 4.9 – Multiturn Solenoid with Core 

 

The external magnetic field Bs is the sum of the magnetic field B0 due to the 

current loops alone and the magnetic field Bm due to the magnetization of the 

ferromagnetic core 

 

 )(0 m0m0s HHBBB +=+= µ  (4.15) 
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The radial and axial components of the magnetic field B0 due to the solenoid 

without the ferromagnetic core are calculated by 
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To simplify the calculation of the external magnetic field Bm of the solenoid 

with the ferromagnetic core, it is possible to replace it with a distributed, fictitious 

magnetic charge of ±qm that is assumed to lie at each end of the solenoid on the z 

axis. 

The magnetic charge over a closed surface is zero and the magnetic charge qm 

for a  surface S is calculated by81 

 

 ∫ •=
S

SM dqm  (4.18) 

 

For a long solenoid, the normal component Mn of magnetization M only 

occurs at the ends of the solenoid and the magnetic charge dqm for each piece of 

surface area dA on the end is calculated by81 

 

 dAMdq nm −=  (4.19) 
 

The normal component Mn of M at the ends of the long solenoid is 

approximated as 

 

 
zn BM 0

0µ
χ

=  (4.20) 
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using equations (4.1), (4.2) and (4.17) and the total magnetic charge qm at each end is 

calculated by 

 

 ∫−= dAMq nm  (4.21)  

 

A single, fictitious magnetic charge dqm in space at point P0 gives rise to a 

magnetic field dBm at a point P1.  Letting r define a distance vector from P0 to P1, the 

magnetic field for each solenoid end Bmend is calculated by82 
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and the magnetic field Bm due to the magnetization of the ferromagnetic core is the 

sum of the magnetic field Bmend for each end of the solenoid 

 

 
lz0z mmm BBB

==
+=  (4.23) 

 

The final magnetic field due to the solenoid is the sum of B0 and Bm. 

 

 
lz0z mm0m0s BBBBBB

==
++=+=  (4.24) 

 

Appendix A contains a program listing of the functions BrMultiLongCore and 

BzMultiLongCore defined using equations  (4.15) to (4.24) to model the radial and 

axial components of the external Bs field of a long solenoid with a ferromagnetic 

core. 
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4.5.2 Simulation Parameters 

The reference solenoid used has the characteristics shown in Table 4.3. 

 

Table 4.3 – Reference Solenoid Characteristics 

Symbol Description  Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
l length 0.01 m (10 mm) 
a radius  0.001 m (1 mm) 
Rs resistance 0.0196 ohms 
χ magnetic susceptibility 2000 

 

A magnetic susceptibility of 2000 was chosen so as to be readily achievable 

with a low cost core.  For comparison, the magnetic susceptibility of ferrite is 1000, 

and of transformer iron is 400083. 

The radial component Bsr and axial component Bsz of the solenoid magnetic 

field Bs at heights z = 0.0005 m to 0.003 m for a current is of 16 amps is shown in 

Figure 4.10 to Figure 4.13 for the solenoid with a ferromagnetic core (χ ≈ 2000) and 

without a ferromagnetic core (χ = 0). 
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Figure 4.10 – Radial B Field for Reference Solenoid with χχ=2000 
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Figure 4.11 – Axial B Field for Reference Solenoid with χχ=2000 
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Figure 4.12 – Radial B Field for Reference Solenoid with χχ=0 
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Figure 4.13 – Axial B Field for Reference Solenoid with χχ=0 
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To determine the force F produced by induced current ie in the conductor loop 

due to the external magnetic field Bs, a complete cycle with period p is modeled.  The 

solenoid current is is varied with time according to a predefined waveform.  The 

induced current at each point in time is calculated from equation (4.8) and the 

instantaneous axial force Fz is calculated from equation (4.5).  The average axial force 

zF  is calculated by 

 

 
dtF
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The instantaneous solenoid power Ps required to produce current is is 

calculated by 

 

 

dt
di

LRiP s
ssss += 2  (4.26) 

 

Assuming that the inductive power requirement is balanced by external 

capacitors, the average power consumption sP  over a complete cycle is calculated by   
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The reference cycle used has the characteristics shown in Table 4.4. 

 

Table 4.4 – Reference Cycle Characteristics 

Symbol Description  Value 
f cycle frequency 10 kHz 
p cycle period 1 x 10-4 s 

ismax maximum solenoid current 16 amps 
(dis/dt)max maximum rate of change of current 320000 amps/s 
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4.5.3 Simulation Results 

For a wafer ring centered on the coil with an axial displacement z = 0.001 m, 

using the modeling process described above with the reference cycle shown, Figure 

4.14 to Figure 4.17 shows the applied solenoid current is, the induced eddy current ie, 

the instantaneous axial force Fz, and the instantaneous power requirement Ps.  
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Figure 4.14 – Solenoid Current for 
Single Solenoid Model 
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Figure 4.15 – Eddy Current for Single 
Solenoid Model 
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Figure 4.16 – Axial Force for Single 
Solenoid Model 
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Figure 4.17 – Solenoid Power for Single 
Solenoid Model 
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The results of this simulation for a single solenoid are shown in Table 4.5. 

 

Table 4.5 – Single Solenoid Simulation Results 

Symbol Description  Value 

zF  average axial force 3.33 x 10-08 N 

sP  average power consumed 1.81 watts 

 

The low average axial force is due to the very small phase shift developed 

between the external magnetic field Bs and the induced eddy current ie.  The time 

constant of the wafer conductor loop is only 1.82 x 10-8 seconds, well below that of 

the applied current waveform.  The application of a much higher frequency waveform 

would create a larger phase difference, and hence a larger force, but would result in 

di/dt slopes for the solenoid that are impractical to achieve. 

4.6 Circular Solenoid Array Model 

The next model examined for the EMWH system is again composed of four 

circular conductor loops embedded in the wafer and four external solenoid assemblies 

attached to a fixture.  The circular conductor loops are identical to those described in 

Section 4.5 Single Solenoid Model.  The external solenoid assemblies are different.  

As all four conductor/solenoid assemblies are identical, only a single assembly, 

shown in Figure 4.18, is modeled.   

The key assumptions and limiting criteria for this model are the same as those 

for the Single Solenoid Model and are shown in Table 4.2. 
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Figure 4.18 – Circular Solenoid Array Assembly 

 

It was not possible to generate large axial forces using the Single Solenoid 

Model due to the small phase difference between the applied and induced currents.  

As the force is a function of the induced current and the external magnetic field, it is 

reasoned that a solenoid assembly comprised of two or more separately controllable 

solenoids can be used  to induce an eddy current while providing a strong magnetic 

field at the wafer conductor loop.  One such configuration is comprised of a central 

solenoid and a circular array of solenoids surrounding the central solenoid, and is 

shown in Figure 4.18. 

In this model, the current in the central solenoid is independently controlled 

from the current in the outer circle of solenoids.  In the base case, the same current 

waveform is applied to all outer solenoids. 
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It is predicted that attractive and repulsive forces can be generated on the 

circular conductor loop embedded in the wafer by independently varying the 

magnetic field of the central and outer external solenoids. 

4.6.1 Model Development 

Each multiturn solenoid in the circular solenoid array is modeled as a series of 

circular current loops each separated by distance d.  The solenoid is comprised of N 

turns of conductor wire of diameter d that are wound around a ferromagnetic core of 

susceptibility χ. 

The magnetic field Bc for the solenoid circle is the sum of the magnetic fields 

Bs for each individual solenoid 

 

 ∑= sc BB  (4.28) 

 

The external magnetic field Bs of each solenoid can be calculated by equation 

(4.24).  However, use of equation (4.24) for each solenoid is computationally 

intensive.  A less complex model, based on a magnetic dipole, has been developed. 

The dipole model of the solenoid is based upon the fictitious magnetic charge 

qm that was described in Section 4.5.1. 

From equation (4.15) it is shown that the external magnetic field Bs is 

comprised of the magnetic field B0 that is due to the solenoid alone without a core, 

and the magnetic field Bm that is due to magnetization of the core. 

With a lumped magnetic charge qmend replacing the distributed magnetic 

charge in equation (4.22), the magnetic field Bmend due to the magnetic charge is 

calculated by 
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3

0

4 r

r
Bmend π

µ mendq
=  (4.29) 

 

The magnetic field B0 can be approximated by a lumped magnetic charge 

qm0end on each end of the solenoid.  This approximation is exact for the far field, but 

has errors near the end of the solenoid.  The magnetic field B0end due to the magnetic 

charge on a single solenoid end is calculated by  

 

 
3

00

4 r

r
B0end π

µ endmq
=  (4.30) 

 

The magnetic charge qm0end is assumed to arise from a uniform axial magnetic 

field B0z across the end of the solenoid 

 

 

0

0
0 µ

AB
q z

mend

−
=  (4.31) 

 

The approximation of the magnetic field Bs is the sum of the magnetic fields 

produced by the lumped magnetic charges on each end of the solenoid 

 

 
lz0zlz0z mm00 BBBBB

====
+++≈s  (4.32) 

 

The accuracy of the magnetic field Bs calculated using the dipole model 

versus that calculated using the solenoid model can be determined by the error 

fraction εs of the axial and radial components of the magnetic field.  Equations (4.33) 

and (4.34) show how the error fraction εs is calculated. 
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Figure 4.19 shows the error fraction of the radial and axial components of Bs 

calculated with the dipole model for the reference solenoid at z = 0.001 m.  It is seen 

that the error asymptotically approaches zero at large radial distances from the 

solenoid.  At typical radial distances used in the model (0.002 m), the error in the 

calculated magnetic field is approximately 10%, leading to similar size errors in the 

final calculated forces.  This level of error is considered to be acceptable in this “first 

pass” model of the EMWH system in order to show the feasibility of the concept.  

Later models will require more accurate magnetic field calculations. 
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Figure 4.19 – Error Fraction of Magnetic Field 
Strength Calculated by Dipole Model 
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Appendix A contains a program listing of the functions BrDipoleCircle and 

BzDipoleCircle defined using equations (4.28) to (4.32) to model the radial and axial 

components of the external Bc field of a circular solenoid array. 

4.6.2 Simulation Parameters 

Table 4.6 shows the characteristics of the center solenoid in the circular 

solenoid array. 
 

Table 4.6 – Center Solenoid Characteristics 

Symbol Description  Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
l length 0.01 m (10 mm) 
a radius  0.001 m (1 mm) 
Rs resistance 0.0196 ohms 
χ magnetic susceptibility 2000 

 

Each solenoid in the outer solenoid circle has the characteristics shown in 

Table 4.7. 
 

Table 4.7 – Outer Solenoid Characteristics 

Symbol Description  Value 
N number of turns 50 
d conductor diameter 0.0002 m (0.2 mm) 
l length 0.01 m (10 mm) 
a radius  0.001 m (1 mm) 
Rs resistance 0.163 ohms 
χ magnetic susceptibility 2000 

 

The characteristics of the reference circular solenoid array are shown in Table 

4.8. 
 

Table 4.8 – Reference Circular Solenoid Array Characteristics 

Symbol Description  Value 
j number of outer solenoids 22 
c  radius of solenoid circle 0.007 m (7 mm) 
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The radial component Bcr and axial component Bcz of the reference circular 

solenoid array magnetic field Bc for an inner solenoid current isi of 0 amps and an 

outer solenoid current iso of 4 amps for each solenoid in the circle is shown in Figure 

4.20 and Figure 4.21.  
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Figure 4.20 – Radial Bc Field for Reference Circular Solenoid Array 
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Figure 4.21 – Axial Bc Field for Reference Circular Solenoid Array 
 

4.6.3 Simulation Results 

The solenoids are driven with 10 kHz waveforms.  The center solenoid current 

is out of phase with the outer solenoid current.  For a centered wafer with an axial 
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displacement z = 0.001 m, using process described above, Figure 4.22 to Figure 4.25 

shows the applied inner solenoid current isi, applied outer solenoid current iso, the 

induced eddy current ie, the instantaneous axial force Fz, and the instantaneous total 

power requirement Pc. 

 

-10

-5

0

5

10

15

20

0 45 90 135 180 225 270 315 360

Cycle Phase (degrees)

i s
i, 

i s
o
 (

am
p

s)

i si

i so

 

Figure 4.22 – Solenoid Current for 
Circular Solenoid Array 
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Figure 4.23 – Eddy Current for Circular 
Solenoid Array 
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Figure 4.24 – Axial Force for Circular 
Solenoid Array 
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Figure 4.25 – Power for Circular 
Solenoid Array 
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The results of this simulation for a single circular solenoid array are shown in 

Table 4.9 and indicate that the circular solenoid array is capable of providing a 

significant axial force to the conductor loop in the wafer. 

 

Table 4.9 – Circular Solenoid Array Simulation Results 

Symbol Description  Value 

zF  average axial force -0.055 N 

cP  average power consumed 25.9 watts 

 

For a centered wafer (r = 0 m), Figure 4.26 and Figure 4.27 show calculated 

variations in average axial forces zF  and power consumption cP .   
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Figure 4.26 – Axial Force Variation with 
Axial Distance 
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Figure 4.27 – Axial Force Variation with 
Power Consumption 

 

It is seen that the direction of axial force reverses as the conducting loop is 

brought very close to the solenoid and that the maximum force occurs at 

approximately z = 0.0005 m.  
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Figure 4.27 shows the linear relationship between applied solenoid power and 

axial force for a specific position of the conducting loop.  For the specific conditions 

shown (z = 0.001 m), the force developed per unit power is –0.00225 N/W.  As the 

axial distance between the conducting loop and the circular solenoid array is 

decreased, the force developed per unit power is increased.  

Figure 4.28 and Figure 4.29 show the average axial force zF  and the average 

radial force rF  exerted on the conductor loop in the wafer for a range of 

displacements r and z.  
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Figure 4.28 – Axial Force due to 
Circular Solenoid Array 
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Figure 4.29 – Radial Force due to 
Circular Solenoid Array 

 

It is seen that for the current waveform shown in Figure 4.22, the average 

axial force zF  is negative, indicating that the wafer is attracted to the solenoid 

assembly.  With this same waveform, the average radial force rF , for positive 

displacements of r, is negative.  The negative radial force provides a centering action 

on the wafer. 
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However, in order to maintain the wafer at constant distance z from the 

solenoid assembly in the presence of external axial disturbances, both positive and 

negative axial forces zF  are required.  Positive axial forces are generated by shifting 

the phase of the outer solenoid current soi  by 180°. 
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Figure 4.30 – Phase Shifted Solenoid Current 
for Circular Solenoid Array 

 
 

For a conductor loop that is at a distance of z = 0.001 m from the solenoid 

assembly and offset from the center of the solenoid assembly by r = 0.001 m, the 

simulation results produced by the reference waveform in Figure 4.22 and the 180° 

phase shifted waveform of  Figure 4.30 are shown in Table 4.10. 

 

Table 4.10 – Circular Solenoid Array Simulation Results for z = 0.001, r = 0.001 

Symbol Description  Ref. Waveform Phase Shifted Waveform 

zF  average axial force -0.062 N 0.062 N 

rF  average radial force -0.022 N 0.022 N 

cP  average power consumed   25.9 W 25.9 W 
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It is seen that the magnitude of the forces remains the same for the reference 

waveform and the phase shifted waveform, but the direction of the forces is reversed.  

It is also seen that waveforms that produce positive axial forces also generate positive 

radial forces and that waveforms that create negative axial forces also cause negative 

radial forces.  Thus, assuming that the external axial disturbance on the wafer requires 

equal applications of positive and negative axial forces to maintain a specified axial 

distance, the net radial force applied to the wafer is zero. 

4.7 Recto-linear Solenoid Array Model 

The final model examined for the EMWH system is again composed of four 

circular conductor loops embedded in the wafer and four external solenoid assemblies 

attached to a fixture.  The circular conductor loops are identical to those described in 

Section 4.5 Single Solenoid Model.  The external solenoid assemblies are rectangular 

solenoid arrays.  As all four conductor/solenoid assemblies are identical, only a single 

assembly is modeled.   

The key assumptions and limiting criteria for this model are the same as those 

for the Single Solenoid Model and are shown in Table 4.2. 

While significant axial forces could be generated using the Circular Solenoid 

Array Model, it was not possible to generate net radial forces.  The radial forces 

produced in the model were a result of wafer radial offset only, and alternated 

between positive and negative radial forces depending on the applied current 

waveforms. 

It is theorized that individual control of the current waveform in each outer 

solenoid could be used to achieve net radial forces on the wafer conductor loop, 

independent of wafer offset.  It is also reasoned that with individual solenoid control, 

the solenoid array, previously circular, can be generalized to a recto-linear array 
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without loss of force control.  One such configuration is comprised of an array of 25 

identical solenoids and is shown in Figure 4.31. 
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Figure 4.31 – Recto-Linear Solenoid Array Assembly 

 

4.7.1 Model Development 

As with the circular solenoid array model, each multiturn solenoid in the 

recto-linear solenoid array is modeled as a series of circular current loops each 

separated by distance d.  The solenoid is comprised of N turns of conductor wire of 

diameter d that are wound around a ferromagnetic core of susceptibility χ. 
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The magnetic field Bl for the linear solenoid array is the sum of the magnetic 

fields Bs for each individual solenoid 

 

 ∑= sl BB  (4.35) 

 

The external magnetic field Bs of each solenoid can be calculated by equation 

(4.32)  using the magnetic dipole model developed in Section 4.6.1. 

Appendix A contains a program listing of the function BSolenoid defined 

using equations (4.28) to (4.32)  and (4.35) to model the radial and axial components 

of the external Bl field of a recto-linear solenoid array. 

The external magnetic field generates forces on the wafer eddy current loop 

that can be resolved into forces acting through the center of the eddy current loop and 

torques that cause a moment about the center of the eddy current loop. 
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Figure 4.32 – Forces and Torques on Current Loop 

 

Letting Fp designate the instantaneous force at a point on the eddy current 

loop due to the external magnetic field Bl and the current ie, the total instantaneous 

force F (with components Fx, Fy, and Fz) acting through the center of the eddy current 

loop is calculated by integrating Fp around the loop 
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However, the action of a force Fp acting through a point that is not at the 

center of the eddy current loop causes a torque T.  

Designating Fxp, Fyp, and Fzp as the components of Fp acting through a point 

(x, y, z) from the origin of the eddy current loop, the components of the instantaneous 

torque T are determined by84 

 

 ∑ ∑−= xpypxy yFxFT  (4.37) 

 

 ∑ ∑−= xpzpxz zFxFT  (4.38) 

 

 ∑ ∑−= ypzpyz zFyFT  (4.39) 

 

Restating equations (4.37) to (4.39) in terms of eddy current loop radius b, 

replacing the summation with integration, and assuming that the eddy current loop 

lies in the x-y plane yields 
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The average forces and torques are calculated by integrating over the period p 

of a complete current waveform cycle  
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4.7.2 Simulation Parameters 

All solenoids in the reference recto-linear solenoid array have the 

characteristics shown in Table 4.11. 
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Table 4.11 –Recto-linear Solenoid Characteristics 

Symbol Description  Value 
N number of turns 25 
d conductor diameter 0.0004 m (0.4 mm) 
l length 0.01 m (10 mm) 
a radius  0.001 m (1 mm) 
Rs resistance 0.0196 ohms 
χ magnetic susceptibility 2000 

 
 

The solenoids were grouped into three categories: Internal, External, and 

Unused.  Current waveforms isi and iso were applied to the Internal and External 

(outer) solenoids respectively.  No current waveform was applied to the Unused 

solenoids.   

Figure 4.33 below shows the solenoid array with the Internal and External 

solenoids marked. 
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Figure 4.33 – Internal and External Solenoids 

 

4.7.3 Simulation Results 

The solenoids are driven with 10 kHz waveforms.  The internal solenoid 

current is out of phase with the external solenoid current.  For a centered wafer with 

an axial displacement z = 0.001 m, Figure 4.34 to Figure 4.37 show the applied inner 



Chapter 4. Wafer Handling Using Electromagnetic Levitation 91 
 

 

solenoid current isi, applied outer solenoid current iso, the induced eddy current ie, the 

instantaneous axial force Fz, and the instantaneous total power requirement Pl for the 

reference recto-linear solenoid array. 
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Figure 4.34 – Solenoid Current for 
Recto-linear Solenoid Array 
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Figure 4.35 – Eddy Current for Recto-
linear Solenoid Array 
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Figure 4.36 – Axial Force for Recto-
linear Solenoid Array 
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Figure 4.37 – Power for Recto-linear 
Solenoid Array 

 

The results of this simulation for a single solenoid array are shown in Table 

4.12. 
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Table 4.12 – Recto-linear Solenoid Array Simulation Results 

Symbol Description  Value 

xF  average force in x direction 0.00 N 

yF  average force in y direction 0.00 N 

zF  average axial force in z direction -0.0205 N 

xyT  average torque in x-y plane 0.00 N 

xzT  average torque in x-z plane 0.00 N 

yzT  average torque in y-z plane 0.00 N 

lP  average power consumed 6.7 watts 

 

The results indicate that the recto-linear solenoid array is capable of providing 

a significant axial force to the conductor loop in the wafer. 

For a centered wafer (x = y = 0), Figure 4.38 and Figure 4.39 show calculated 

variations in average axial forces zF  and power consumption lP . 
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Figure 4.38 – Axial Force as a Function 
of Distance 

-0.025

-0.02

-0.015

-0.01

-0.005

0

0 2 4 6 8

P l  (W)

F
z
 (

N
)

 

Figure 4.39 – Axial Force as a Function 
of Power Consumption 

 
 

Figure 4.39 shows the linear relationship between applied solenoid power and 

axial force for z = 0.001 m.  For the specific conditions shown, the force developed 

per unit power is –0.00299 N/W.  As the axial distance z between the conducting loop 
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and the circular solenoid array is decreased, the force developed per unit power is 

increased.  

Figure 4.40 and Figure 4.41 show the average forces xF , yF , zF  and the 

average torques xyT , xzT , yzT  exerted on the conductor loop in the wafer for a range of 

displacements x for z = 0.001 m.  
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Figure 4.40 –Force on Wafer Conductor 
Loop 
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Figure 4.41 – Torque on Wafer  
Conductor Loop 

 

It is seen that for the current waveform shown in Figure 4.34, the average 

axial force zF  is negative and varies between –0.020 and –0.026 N for the range of x 

displacements shown.  The negative axial force indicates that the wafer is attracted to 

the solenoid assembly.  With this same current waveform, the average radial force 

xF , for positive displacements of x, is negative.  This negative radial force provides a 

centering action on the wafer. 

While torques Txy and Tyz remain zero with increasing displacement x, torque 

Txz is seen to reach a maximum at x = 0.0012 m.  

As with the circular solenoid array, in order to maintain the wafer at constant 

distance z from the solenoid assembly in the presence of external axial disturbances, 
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both positive and negative axial forces zF  are required.  Positive axial forces are 

generated by shifting the phase of the outer solenoid current soi  by 180°. 

For a conductor loop that is at a distance of z = 0.001 m from the solenoid 

assembly and offset from the center of the solenoid assembly by x = 0.001 m,             

y = 0.000 m, Table 4.13 summarizes the simulation results produced by the reference 

waveform in Figure 4.34 and the 180° phase shifted waveform.  

 

Table 4.13 – Recto-Linear Solenoid Array Simulation Results for 
z = 0.001 m, x = 0.001 m 

Symbol Description  
Reference 
Waveform 

Phase Shifted 
Waveform 

xF  average force in x direction -0.0072 N 0.0072 N 

yF  average force in y direction 0.00 N 0.00 N 

zF  average axial force in z direction -0.023 N 0.023 N 

xyT  average torque in x-y plane 0.00 N-m 0.00 N-m 

xzT  average torque in x-z plane -2.4 x 10-5 N-m 2.4 x 10-5 N-m 

yzT  average torque in y-z plane 0.00 N-m 0.00 N-m 

lP  average power consumed 6.7 W 6.7 W 

 

It is seen that the magnitude of the forces and torques remains the same for the 

reference waveform and the phase shifted waveform, but the direction of the forces 

and torques is reversed.  It is also seen that waveforms that produce positive axial 

forces also generate positive horizontal forces and that waveforms that create 

negative axial forces also cause negative horizontal forces.  Thus, assuming that the 

external axial disturbance on the wafer requires equal applications of positive and 

negative axial forces to maintain a specified axial distance, the net horizontal force 

applied to the wafer is zero. 

It is possible to generate net horizontal forces using the recto-linear solenoid 

array by turning off the current waveform in selected external solenoids or by 

otherwise causing an imbalance in the external magnetic field. 
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The simplest method to cause such an imbalance is by disabling an External 

solenoid, thereby converting it to an Unused solenoid, as shown in Figure 4.42. 
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Figure 4.42 – Disabled External Solenoid 

  

Figure 4.43 and Figure 4.44 show the average forces xF , yF , zF  and the 

average torques xyT , xzT , yzT  exerted on the conductor loop in the wafer for a range of 

displacements x for z = 0.001 m using the imbalanced solenoid array shown in Figure 

4.42. 
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Figure 4.43 – Force on Wafer 
Conductor Loop 
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Figure 4.44 – Torque on Wafer 
Conductor Loop 
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It is seen that, for a centered wafer at z = 0.001 m, disabling of a single 

external solenoid produces a horizontal force of 0.0015  N in the x direction while 

only reducing the axial force by 10%.  Disabling additional external solenoids can 

increase the horizontal force produced. 

4.8 Discussion of Magnetic Levitation Model Results 

Of the three models examined, the Circular Solenoid Array Model and the 

Recto-Linear Solenoid Array Model appear suitable for use in a space-based wafer 

handling system.  As described in Section 4.5, each wafer has four identical 

conducting loops situated over solenoid array assemblies. 

 Two sizes of silicon wafers are in common use in commercial semiconductor 

fabrication facilities: 200 and 300 mm.  A 200 mm diameter wafer is 0.5 mm thick 

and has a mass of 36 to 37 grams while a 300 mm diameter wafer is also 

approximately 0.5 mm thick with a mass of 88 grams. 

The acceleration a on a wafer with mass m created by an applied force F is 

calculated by Newton’s Second Law85 

 

 

m
F

a =  (4.49) 

 

For a power consumption of 24 watts, the magnitude of the average forces and 

accelerations attainable on a centered wafer (x = 0.000 m, y = 0.000 m) with the two 

solenoid array models using the appropriate reference waveforms are summarized in 

Table 4.14 and Table 4.15. 

 



Chapter 4. Wafer Handling Using Electromagnetic Levitation 97 
 

 

Table 4.14 – Summary for Circular Solenoid Array Model 

Symbol Description 200 mm Wafer 300 mm Wafer 

zF  clamping force (z = 0.0005 m) 0.063 N 0.063 N 

za  clamping acceleration (z = 0.0005 m) 1.74 m/s2 0.72 m/s2 

zF  axial force (z = 0.001 m) 0.054 N 0.054 N 

za  axial acceleration (z = 0.001 m) 1.50 m/s2 0.62 m/s2 

rF  radial force (z = 0.001 m) 0.000 N 0.000 N 

ra  radial acceleration (z = 0.001 m) 0.00 m/s2 0.00 m/s2 

 

Table 4.15 – Summary for Recto-Linear Solenoid Array Model 

Symbol Description 200 mm Wafer 300 mm Wafer 

zF  clamping force (z = 0.0005 m) 0.058 N 0.058 N 

za  clamping acceleration (z = 0.0005 m) 1.61 m/s2 0.72 m/s2 

zF  axial force (z = 0.001 m) 0.069 N 0.069 N 

za  axial acceleration (z = 0.001 m) 1.91 m/s2 0.85 m/s2 

rF  radial force (z = 0.001 m) 0.0056 N 0.0056 N 

ra  radial acceleration (z = 0.001 m) 0.16 m/s2 0.069 m/s2 

 

In Section 4.2 Design Goals, three modes of operation were described: the 

wafer holddown mode requires a clamping force only; the vertical positioning mode 

requires axial and centering forces; and the horizontal positioning mode requires axial 

and horizontal forces.  Table 4.16 lists the applicability of the three simulation models 

to the desired modes of operation. 

 

Table 4.16 – Applicability of Simulation Models to Modes of Operation 

Model 

Wafer 
Holddown 

Mode 

Vertical 
Positioning 

Mode 

Horizontal 
Positioning 

Mode 
Single Solenoid û û û 
Circular Solenoid Array ü û û 
Recto-linear Solenoid Array ü ü ü 

 

Two means of transporting wafers using electromagnetic levitation have been 

described.  Both means meet the stated design goals.  While the recto-linear solenoid 
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array model provides the widest range of choices for modes of operation, it is also the 

most difficult to control, requiring individualized current waveforms for the solenoids 

in the array.  The circular solenoid array, with two fixed current waveforms, provides 

a simple means of clamping wafers to end effectors and fixtures.  Such a clamped 

wafer can then be transported between process equipment or secured for individual 

processing. 

4.9 Use of a 2D Linear Motor for Wafer Transport 

The recto-linear solenoid array examined in Section 4.7 can be used to 

generate axial and horizontal forces on a wafer eddy current loop.  Such a solenoid 

array can be extended into a larger, two dimensional array of equally spaced 

solenoids.  
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Figure 4.45 – Two Dimensional Linear Motor 
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In this larger array, only the solenoids near the wafer conducting loop would 

be utilized to generate forces.  By selectively disabling external solenoids, as 

described in Section 4.7.3, horizontal forces can be generated to move the wafer in 

the x-y plane.  The wafer will move in the x-y plane until a new point of equilibrium 

of x and y forces xF  and yF  is achieved or until the wafer is decelerated by opposing 

horizontal forces.  With position sensing and feedback, a two dimensional linear 

motor can be created which is capable of precisely positioning wafers in the 

horizontal x-y plane.  Figure 4.45 shows a single wafer current loop on such a two 

dimensional solenoid array. 

4.9.1 Applications 

A two dimensional linear motor could be used for several different 

applications in a space-based semiconductor fabrication facility: intraprocess, 

interprocess, and storage. 

Intraprocess applications include holddown and fixturing of the wafer, in 

place spinning of the wafer by the simultaneous control of horizontal forces on the 

four conducting loops embedded in the wafer, loading/unloading of the wafer from 

process equipment, and precise horizontal stepping of the wafer for lithographic and 

ion implantation applications. 

Interprocess applications include all wafer transport between processes.  The 

use of the 2D linear motor operating in a vacuum would eliminate the need for 

intermediate cassette containers for transport of wafer batches as all wafers would be 

individually transported and routed.  

Storage applications include intermediate storage for work in progress (WIP) 

and final storage/parking for wafers awaiting packaging for shipment. 
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Figure 4.46 shows the author’s concept of an integrated electromagnetic wafer 

transport system based upon the 2D linear motor. 
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Figure 4.46 – Integrated Electromagnetic Wafer Transport System 

 

4.9.2 Control 

Wafer position and velocity feedback is required to enable the 2D linear motor 

concept to be applied to wafer handling as envisioned above.  While the detailed 

investigation of the control of the 2D linear motor is beyond the scope of this thesis, a 

brief summary of the topic is described below. 

A feedback control system has three components: the actuators, the sensors, 

and the controller. 

The actuator for the 2D linear motor is the recto-linear solenoid array that is 

used to exert forces on the wafer.  The magnitude and direction of those forces can be 

varied by applying the appropriate current waveforms to the individual solenoids.  



Chapter 4. Wafer Handling Using Electromagnetic Levitation 101 
 

 

Each solenoid must have the frequency, ramp rate, and magnitude of current 

controlled. 

The sensors used in the 2D linear motor include position and velocity sensors.  

One method of position sensing may be to use non-active solenoids embedded in the 

transport surface to sense the magnetic field produced by the eddy currents in the 

wafer conducting loops.  The phase shift between the applied magnetic field of the 

solenoid and the induced magnetic field of the conductor loop may enable a solenoid 

sensor to discriminate between the two.  Alternatively, Hall-effect sensors can be 

used to sense flux density86 or more conventional optical position and velocity 

sensors may be distributed across the transport surface.  

The controller in such a wafer transport system must track the actual position 

and velocity of each wafer as it is transported across the transport surface and 

compare it to the desired position and velocity.  Any deviations from the desired track 

is corrected by adjusting the current waveforms in the appropriate solenoids in 

accordance with an internal control model that takes into account the wafer and 

actuator characteristics.  The complexity of the control problem is illustrated by the 

fact that a single transport surface may be 2 m x 10 m and contain 1.6 million 

individual solenoids on a 3.5 mm square spacing.  Several wafers may simultaneously 

be in transport or be fixtured.  It is envisioned that the control problem may be broken 

down into smaller portions by subdividing the transport surface into regions, each 

with its own local microcontroller87 responsible for local wafers.  Coordination would 

be provided by a central controller.  Alternatively, neural network techniques 

employed for control of unstable magnetic levitation systems88 may be applied. 

4.9.3 Fabrication 

The construction of a transport surface containing 1.6 million individual 

solenoids is a challenge.  It is theorized that some of the automated fabrication 
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techniques currently utilized for the production of LCD pixel arrays may be employed 

to produce the transport surface.  Fabrication of the solenoids from layers of 

deposited conductors may be feasible.  Such active substrate techniques may offer the 

ability to co-deposit the power driver and control circuits needed for each solenoid as 

the solenoids themselves are produced. 

4.10 Conclusions 

This chapter has described a scheme for the transport and fixturing of silicon 

wafers using electromagnetic levitation.  Two detailed numerical models have been 

developed and evaluated for use in an orbital semiconductor fabrication facility.  The 

circular solenoid array model was shown to be suited for clamping applications.  The 

more complex recto-linear solenoid array model was shown be suited for clamping, 

vertical positioning, and horizontal transport applications.  Both models were shown 

to be able to provide sufficient forces at reasonable power consumption levels for use 

with both 200 mm and 300 mm diameter silicon wafers in space.  One configuration 

was able to provide accelerations of -1.91 m/s2 perpendicular to the wafer and 0.16 

m/s2 parallel to the wafer for a 200 mm diameter wafer using 24 watts of power. 

The chapter concluded with a brief description of the issues surrounding the 

control system required for a two dimensional linear motor based upon the recto-

linear solenoid array.  Further work in this area is required in order to prove the 

concept of an electromagnetic wafer handling system.  In particular, a more detailed 

numerical model of the solenoid assembly is required to develop the appropriate 

control laws for the control system. 



 

 

103

Chapter 5  

Semiconductor Fabrication Process 
Modeling 

5.1 Introduction 

This chapter describes the modeling of semiconductor fabrication processes 

on Earth and in space with emphasis on the equipment, consumable, and power 

requirements.  The basic processes are identified and a numerical model of each is 

developed.  A detailed process flow for a typical 12 level bi-metal CMOS 

semiconductor device is specified and used as the basis for simulation of the 

fabrication process. 

  A numerical model of the entire fabrication process is developed based on 

the submodeled individual processes and the specified process flow.  The output of 

this model is a detailed listing of the process time, consumable, energy, and 

equipment requirements for each process step.  The purpose of this process model is 

to enable the impact of changes in the process flow on these variables to be readily 

observed. 

Using the reference process flow CMOS12_STD, the production parameters 

per mask level of process time, consumable mass, and energy are found to be: 1.09 

days, 65 kg, and 4.7 kW-h.   These results compare favourably with industry averages 

and indicate the overall viability of the model.   

5.2 Background 

In Section 2.3 Processes, eight types of processes used to fabricate 

semiconductors were identified: material deposition, patterning, material removal, 
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doping, heating, interprocess transportation, cleaning, testing/inspection.  All of the 

processes, except testing/inspection, are modeled by this simulation. 

Semiconductor fabrication is the repeated, sequential application of individual 

processes to a wafer to build and define the structures of the finished electronic 

device.  Each process may occur in a single piece of equipment or in several pieces of 

equipment.  Each process may be applied to a single wafer or to several wafers in a 

batch. 

A process may be a single step or a series of smaller steps.  In order to provide 

a fine-grained model, all processes have been broken down into single steps which 

can be represented by simple processes: deposition, patterning, etching, doping, 

heating, transportation, or cleaning. 

The sequence and timing of processes form a recipe called the process flow.  

Different process flows are used to create different types of devices and the exact 

process flow used for a given production lot is a function of both the capabilities 

(equipment and personnel) of the fabrication facility and the type of device. 

In order to simulate the entire semiconductor fabrication process, several 

levels of modeling are required.  At the base level are process definitions which 

specify the types of process (deposition, etching, cleaning), the consumables needed 

for each process, the process’ parameters (temperature, pressure, batch size), and the 

effects of the processes (deposition rate for thin films, etch rate for material removal).    

As individual processes may be performed in different types of equipment, equipment 

definitions are also specified.  Each equipment definition describes the mass, volume, 

cost, and power requirements as well as the type of  wafer for which it is suited.  

Process parameters, including temperatures, pressures, times, batch sizes, process 

types, and equipment types are specified at an intermediate level of modeling.  The 

process definitions, equipment definitions, and process input parameters are 

combined through software functions to create a single process model. 
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In order to allow rapid changes and simplify development, all process 

modeling is implemented using spreadsheets.  Each process and each piece of 

equipment is defined as a separate worksheet.  Process input parameters are specified 

on a single line of the process flow spreadsheet and are used as arguments to purpose-

written software which calculates the process simulation.  The resulting process 

outputs for a single process, such as time, consumables, and energy, are displayed on 

the same line of the process flow spreadsheet as the input parameters.  Appendix B 

contains the program listing for the process flow modeling software. 

The fabrication of an entire wafer is simulated by multiple process lines on the 

process flow spreadsheet.  Post-processing of the spreadsheet allows extraction of key 

process parameters such as equipment requirements, total processing time, 

consumable requirements by individual type, and power requirements, 

The goal of the simulation is to compare the effects of semiconductor 

fabrication in space with fabrication on Earth.  A key advantage of space-based 

semiconductor fabrication is the presence of a native vacuum suitable for the majority 

of fabrication processes.  In order to provide an accurate comparison, detailed models 

of vacuum pumps and the vacuum systems employed in semiconductor fabrication 

equipment have been developed.  These models allow the cost, volume, mass, and 

power requirements of Earth-based equipment employing vacuum to be accurately 

estimated. 

5.3 Process Definitions 

As described above, each process model starts with the definition of the 

process.  A typical process definition, for the thermal oxidation of silicon dioxide, is 

shown in Table 5.1. 
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Table 5.1 - Typical Process Definition 

Field Tag Field Value Field Units 
ProcessName GROW_SIO2  
ProcessType DEPOSIT  
   
DepositMatlName SiO2  
Temperature 1373 deg K 
Pressure 1.01E+05 Pa 
BasePressure 1.01E+05 Pa 
DepositionRate 3.47222E-11 m/s 
Power 0 W 
BatchSize 120  
WaferSize 200 mm 
   
Matl1Name N2  
Matl1Type GAS  
Matl1MassFlow 3.7269E-05 kg/s 
Matl1VolumeRatio   
   
Matl2Name O2  
Matl2Type GAS  
Matl2Massflow 5.32414E-06 kg/s 
Matl2VolumeRatio   
   
Matl3Name   
Matl3Type   
Matl3Massflow  kg/s 
Matl3VolumeRatio   
   
Matl4Name   
Matl4Type   
Matl4Massflow  kg/s 
Matl4VolumeRatio   

 

The process definition includes the process name and process type as well as 

consumable material requirements.  Each process also defines process specific 

parameters such as temperature, pressure, base pressure (the pressure to which the 

processing chamber must be pumped down to prior to being raised to the process 

pressure), deposition or etch rate, and process power required. 

Table 5.2 shows the eight types of processes that are defined for the parameter 

ProcessType. 
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Table 5.2 – Types of Processes 

Process Type Description 
DEPOSIT thin film deposition 
ETCH material removal 
PATTERNTRANSFER exposure for lithographic pattern transfer 
DOPE application of dopants 
THERMAL heating 
CLEAN cleaning 
TRANSPORT transportation of wafer between processes 
PRESSURECHANGE pumpdown or venting of process chamber 

 

The PRESSURECHANGE process was added to the seven previously 

described process types so that the effects of pressure changes due to pumping down 

vacuum chambers could be accurately modeled. 

A single process definition only describes one step of a multi-step process.  

The complete process may require many different process definitions.  For example, 

Table 5.3 shows that the complete process flow for the thermal oxidation of silicon to 

form silicon dioxide can be described by four separate steps: three transport steps and 

one deposition step. 

 

Table 5.3 – Process Flow for Thermal Oxidation 

Process Step Process Name Process Equipment Process Type 

Transport to furnace INTERPROCESSTRANSPORT 
_CASSETTE 

INTERPROCESSCONVEYOR TRANSPORT 

Load into furnace INTRAPROCESSTRANSPORT 
_BATCH 

FURNACE_BATCH TRANSPORT 

Grow thermal oxide GROW_SIO2 FURNACE_BATCH DEPOSIT 

Unload from furnace INTRAPROCESSTRANSPORT 
_BATCH 

FURNACE_BATCH TRANSPORT 

 

Process definitions for 65 different processes are shown in Appendix C.  

These processes are shown in Table 5.4 to Table 5.11. 
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Table 5.4 - Deposition Processes 

Process Name Description 
APCVD_PSG atmospheric pressure chemical vapor deposition of phosphosilicate glass 

(dielectric) 
DEPOSIT_RESIST deposition of photoresist 
GROW_SIO2 thermal (dry) oxidation of silicon to form silicon dioxide 
GROW_SIO2_SPACE thermal (dry) oxidation of silicon to form silicon dioxide in space 
GROW_SIO2_WET thermal (wet) oxidation of silicon to form silicon dioxide 
GROW_SIO2_WET_SPACE thermal (wet) oxidation of silicon to form silicon dioxide in space 
PECVD_CARBON plasma enhanced chemical vapor deposition of amorphous carbon 
PECVD_CARBON_SPACE plasma enhanced chemical vapor deposition of amorphous carbon in 

space 
PECVD_POLYSI plasma enhanced chemical vapor deposition of polysilicon 
PECVD_POLYSI_SPACE plasma enhanced chemical vapor deposition of polysilicon in space 
PECVD_SI3N4 plasma enhanced chemical vapor deposition of silicon nitride 
PECVD_SI3N4_SPACE plasma enhanced chemical vapor deposition of silicon nitride in space 
PECVD_SIO2 plasma enhanced chemical vapor deposition of silicon dioxide 
PECVD_SIO2_SPACE plasma enhanced chemical vapor deposition of silicon dioxide in space 
SPUTTER_AL sputter deposition of aluminum 
SPUTTER_AL_SPACE sputter deposition of aluminum in space 
SPUTTER_ALOX sputter deposition of aluminum oxide 
SPUTTER_ALOX_SPACE sputter deposition of aluminum oxide in space 

 

Table 5.5 - Etch Processes  

Process Name Description 
DEVELOP_RESIST develop photoresist 
HF_DIP dip wafer in hydrofluoric acid 
ION_MILL ion milling 
PLASMAETCH_AL plasma etching of aluminum 
PLASMAETCH_AL_SPACE plasma etching of aluminum in space 
PLASMAETCH_ORGANICS plasma etching of organic films 
PLASMAETCH_ORGANICS_SPACE plasma etching of organic films in space 
PLASMAETCH_POLYSI plasma etching of polysilicon 
PLASMAETCH_POLYSI_SPACE plasma etching of polysilicon in space 
PLASMAETCH_RESIST plasma etching of photoresist 
PLASMAETCH_SI3N4 plasma etching of photoresist in space 
PLASMAETCH_SIO2 plasma etching of silicon dioxide 
PLASMAETCH_SIO2_SPACE plasma etching of silicon dioxide in space 
STRIP_RESIST total removal (stripping) of photoresist 
STRIP_SIO2 total removal (stripping) of silicon dioxide 
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Table 5.6 - Pattern Transfer (Lithographic) Processes 

Process Name Description 
PATTERN_LITHO lithographic pattern transfer 
PATTERN_LITHO_DSW lithographic pattern transfer in direct step and write exposure system 
PATTERN_LITHO_DSW_193 lithographic pattern transfer in direct step and write exposure system 

using 193 nm UV 
 

Table 5.7 - Doping Processes 

Process Name Description 
ION_IMPLANT_N_100keV implant N type dopant using 100 kEv 
ION_IMPLANT_N_100keV_SPACE implant N type dopant using 100 kEv in space 
ION_IMPLANT_N_150keV implant N type dopant using 150 kEv 
ION_IMPLANT_N_150keV_SPACE implant N type dopant using 100 kEv in space 
ION_IMPLANT_P_16keV implant P type dopant using 16 kEv 
ION_IMPLANT_P_16keV_SPACE implant P type dopant using 16 kEv in space 
ION_IMPLANT_P_180keV implant P type dopant using 180 kEv 
ION_IMPLANT_P_180keV_SPACE implant P type dopant using 180 kEv in space 
ION_IMPLANT_P_30keV implant P type dopant using 30 kEv 
ION_IMPLANT_P_30keV_SPACE implant P type dopant using 30 kEv in space 
ION_IMPLANT_P_45keV implant P type dopant using 45 kEv 
ION_IMPLANT_P_45keV_SPACE implant P type dopant using 45 kEv in space 

 

Table 5.8 – Thermal Processes 

Process Name Description 
ANNEAL_AL anneal aluminum 
ANNEAL_AL_SPACE anneal aluminum in space 
ANNEAL_IMPLANT anneal implant damage 
ANNEAL_IMPLANT_SPACE anneal implant damage in space 
DIFFUSE_IMPLANT diffuse implanted dopant 
DIFFUSE_IMPLANT_SPACE diffuse implanted dopant in space 
HARDBAKE hardbake organic photoresist 
REFLOW_OXIDE reflow deposited oxide 
REFLOW_OXIDE_SPACE reflow deposited oxide in space 
SOFTBAKE softbake organic photoresist 

 

Table 5.9 – Cleaning Processes 

Process Name Description 
RCA_SC1 RCA Standard Clean 1 
RCA_SC2 RCA Standard Clean 2 
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Table 5.10 – Transport Processes 

Process Name Description 
INTERPROCESSTRANSPORT_CASSETTE transport cassette of wafers between separate process 

equipment 
INTRAPROCESSTRANSPORT_BATCH transport batch of wafers within single piece of process 

equipment 
INTRAPROCESSTRANSPORT_WAFER transport single wafer within single piece of process 

equipment 
 

Table 5.11 – Pressure Change Processes 

Process Name Description 
VACUUMPUMPDOWN pumpdown vacuum chamber 
VACUUMPUMPUP pump up vacuum chamber 

 

5.4 Equipment Definitions 

A process step does not occur in isolation, but in concert with a specific piece 

of equipment.  All of the salient characteristics of each piece of equipment are 

specified in an equipment definition.  A typical equipment definition, for a batch 

furnace used for the thermal oxidation of silicon, is shown in Table 5.12. 

 

Table 5.12 – Typical Equipment Definition 

Field Tag Field Value Field Units Field Description 
EquipmentName FURNACE_BATCH   
EquipmentType THERMAL   
    
Mass 500 kg mass of equipment 
Volume 2.88 m^3 total volume of equipment 
ChamberVolume 2 m^3 volume of chamber that is pumped down 
Cost 500000 $USD cost of equipment 
RatedPower 5000 W rated power of equipment 
WaferSize 200 mm size of wafer for which equipment is designed 

 

The equipment definition includes the equipment name and equipment type as 

well as physical dimensions, cost and power.  The seven types of equipment defined 

for the parameter EquipmentType use the same names as the types of processes 
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shown in Table 5.2 with the exception of PRESSURECHANGE which is not a 

separate equipment type. 

Equipment definitions have been made for 13 different pieces of equipment.  

These definitions are shown in Table 5.13 and are for equipment used in existing 

commercial semiconductor fabrication facilities on Earth.  Characteristics of space-

based equipment and advanced Earth-based equipment are derived from the above 

equipment definitions through a method of functional decomposition whereby the 

mass, volume, power, and cost of each function of the equipment is assigned and a 

weighted composite is created.  This method is described in detail in Section 6.6. 

 

Table 5.13 – Equipment Definitions 

Equipment Name Equipment Type Description 
PHOTORESIST_SYSTEM DEPOSIT system for depositing organic photoresist 
PLASMA_CVD_SYSTEM DEPOSIT system for plasma enhanced chemical vapor 

deposition 
SPUTTER_SYSTEM DEPOSIT system for sputter deposition 
LITHO_DSW PATTERNTRANSFER direct step on wafer lithographic system 
LITHO_DSW_193 PATTERNTRANSFER direct step on wafer lithographic system 

using 193 nm exposure 
ASHER ETCH system for plasma stripping of organic 

photoresist 
DEVELOP_SYSTEM ETCH system for developing organic photoresist 
PLASMA_ETCHER ETCH system for plasma etching 
ION_IMPLANTER DOPE system for implanting P and N type ions 
FURNACE_BATCH THERMAL horizontal furnace for batch thermal 

processes 
RTP_SYSTEM THERMAL system rapid thermal processing for single 

wafers 
INTERPROCESSCONVEYOR TRANSPORT conveyor for wafer cassette transport 

between separate equipment 
WETBENCH CLEAN system for batch wet cleaning 

 

It should be noted that while Chapter 4 focused on developing a vacuum-

compatible, wafer handling system based upon electromagnetic levitation, such a 

wafer transport system is not assumed in the following models.  Rather, conventional 

robotic transfer systems, relying upon vacuum and mechanical grips, are assumed for 
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interprocess conveyor and intraprocess wafer transfer equipment.  While there are 

potential benefits in using an electromagnetic wafer handling system, such as reduced 

particulate scatter and decreased wafer mechanical damage, it is difficult to quantify 

the cost and performance of such a system at this time.  Therefore, a conservative 

approach based upon current technology has been adopted for modeling of the wafer 

transport equipment, both on Earth and in space. 

5.5 Process Input Parameters 

A single process step is defined by the process definition, the equipment 

definition, and the process input parameters.  These input parameters are shown in 

Table 5.14. 

 

Table 5.14 – Process Input Parameters 

Parameter Name Units Description 
Wafer Size mm size of the wafer used in the process 
Starting Pressure Pa the absolute pressure at the start of the process 
Starting Temperature deg. K the absolute temperature at the start of the process 
Deposit/Etch Thickness m the desired thickness of material to be deposited or removed 
Desired Process Pressure Pa the desired process pressure 
Implant Dose atoms/cm2 the implant dose 
Desired Process Time sec the desired time for the process to last 

 

 

Not all input parameters are used with each process.  For example, only 

doping processes utilize the Implant Dose parameter and only deposit and etch 

processes utilize the Deposit/Etch Thickness parameter. 

The starting pressure parameter is used to determine the starting pressure 

during pumpdown cycles and the starting temperature parameter is used to determine 

the energy required to alter the temperature of wafers and consumables. 

The desired process time is used to override default process times specified in 

process definitions. 
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The process definition, the equipment definition, and the process input 

parameters are used by the process model functions described in 5.7 Process Model 

Functions to calculate the process output values.   

5.6 Process Output Values 

The output values for each process step form the building blocks of the 

simulation.  The values are calculated by purpose-written software based on the input 

parameter values.  Typical process output values are shown in Table 5.15. 

 

Table 5.15 – Process Output Values 

Value Name Units Description 
Process Type  type of process as defined in Table 5.2 
Batch Size  number of wafers being processed simultaneously 
Process Time sec total process time 
Incremental Process Time sec total process time divided by the number of wafers in batch 
Process Temperature deg. 

K 
process temperature 

Process Pressure Pa process pressure 
Process Base Pressure Pa base pressure that process chamber is pumped down to prior to 

processing 
Incremental Pump Energy J energy used to pumpdown chamber divided by the number of 

wafers in batch 
Incremental Wafer Mass 
Energy 

J energy used to heat up single wafer 

Incremental Material Mass 
Energy 

J energy used to heat up consumables divided by the number of 
wafers in batch 

Incremental Doping Energy J energy used to dope single wafer 
Incremental Process 
Energy 

J energy used for processing (i.e. RF plasma) divided by the 
number of wafers in batch 

Matl1Name  name of first consumable material 
Malt1Type  type (GAS, LIQUID, SOLID) of first  consumable material 
Incremental Matl1Mass kg mass of first consumable material used for single wafer  
Matl2Name  name of second consumable material 
Malt2Type  type (GAS, LIQUID, SOLID) of second  consumable material 
Incremental Matl2Mass kg mass of second consumable material used for single wafer  
Matl3Name  name of third consumable material 
Malt3Type  type (GAS, LIQUID, SOLID) of third  consumable material 
Incremental Matl3Mass kg mass of third consumable material used for single wafer  
Matl4Name  name of fourth consumable material 
Malt4Type  type (GAS, LIQUID, SOLID) of fourth  consumable material 
Incremental Matl4Mass kg mass of fourth consumable material used for single wafer  
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 Many of the output values are shown as incremental values to aid in 

determining the cost in time, energy and mass of processing a single wafer.  The 

incremental process time is of particular use in calculating equipment requirements; 

this time may be thought of as the amount of additional equipment time needed to 

process one more wafer. 

The energy is divided into several categories based on the method by which it 

is used.  Energy to operate the vacuum pumps is separated from energy used to heat 

up the wafer or consumables and energy used for doping and general processing. 

The name, phase and mass of up to four separate consumables are tracked for 

each process step. 

5.7 Process Model Functions 

Modeling of each process entails determining the time used to achieve the 

desired process environment, the time needed to conduct the process, the energy 

required to achieve the desired process environment, the energy required for 

processing, and the mass and type of consumable materials required. 

The process environment is often a vacuum environment and the time tpumpdown 

to achieve it is dependent upon the starting pressure of the process chamber, the base 

pressure to which the process chamber is pumped down, and the nature of the vacuum 

system utilized.  Modeling of vacuum pumps and vacuum systems can provide both 

the time and energy required to achieve a desired process pressure. 

The total time tprocessstep for a single process step is the sum of the time to 

pumpdown the process chamber tpumpdown and the time for processing tprocessing. 

 

 
processingpumpdownpprocessste ttt +=  (5.1) 
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It is advantageous to calculate the incremental process time ∆tprocessstep for 

each process step as this directly indicates the amount of time required to process a 

single wafer.  The incremental process time ∆tprocessstep is the total process time 

tprocessstep divided by the number of wafers nprocessstep in the process batch. 

 

 

pprocessste

pprocessste
pprocessste n

t
t =∆  (5.2) 

 

In many processes, such as thermal oxidation, wet cleaning, diffusing, and 

annealing, chemical vapor deposition, an elevated temperature T is used.  Energy E is 

required to raise the temperature of both the wafer and process consumables to the 

process temperature Tprocess. 

The total energy Eprocessstep for a single process step is the sum of the energy 

required to pumpdown the chamber Epumpdown, the energy required to conduct the 

processing Eprocessing, the energy required to raise the wafers to the process 

temperature Ewafer, the energy required to raise the consumable materials to the 

process temperature Ematerial, and the energy required in that process step to dope the 

wafer using ion implantation Edoping. 

 

 
dopingmaterialwafergprocespumpdownpprocessste EEEEEE ++++= sin  (5.3) 

 

The incremental energy components indicate the amount of energy required to 

process a single wafer and are calculated by dividing the process energy component 

by the batch size nprocessstep.  

 

 

pprocessste

pumpdown
pumpdown n

E
E =∆  (5.4) 
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pprocessste

processing
processing n

E
E =∆  (5.5) 

 

 

pprocessste

wafer
wafer n

E
E =∆  (5.6) 

 

 

pprocessste

material
material n

E
E =∆  (5.7) 

 

 

pprocessste

doping
doping n

E
E =∆  (5.8) 

 

Process consumables range from DI water for RCA type wet cleans, to 

aluminum used to form metal interconnects.  The type, phase, and mass m of 

consumables for each step is a function of the process type, film thickness and batch 

size.  As no process step in the model utilizes more than four different consumables, 

only four consumables are tracked. 

The total mass of consumables mprocessstep for a single process step is the sum 

of mass mi for each consumable i used.  

 

 ∑=
i

ipprocessste mm  (5.9) 

 

The incremental mass ∆mi of each consumable is the mass required to process 

a single wafer and is calculated by dividing the consumable mass mi by the batch size 

nprocessstep.  
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pprocessste

i
i n

m
m =∆  (5.10) 

 

The process modeling software functions are available in Appendix B. 

5.7.1 Vacuum System Modeling 

As shown in Table 3.2, many processes require a vacuum.  Achieving this 

vacuum is the purpose of the vacuum system comprised of one or more vacuum 

pumps, load lock, piping, valves, and accessories. 

It is estimated that approximately 90% of wafer transfers in a contemporary 

semiconductor fabrication facility occur between process chambers with different 

ambient conditions (75% are between a vacuum and atmosphere and 14% are 

between a low and a high vacuum ambient)89.  Each time the wafer is transferred to a 

chamber with a different environment, a vacuum pump is used to equalize pressures.  

In many systems, a small chamber (load lock) is used to minimize the vacuum 

pumping requirements. 

The goal of the vacuum system modeling is to provide the pump speed, pump 

energy, and pump time needed to achieve a desired process pressure as well as to 

provide the mass, volume, and cost of the required pump.  However, vacuum systems 

are prone to contamination from many sources, including the seals and components 

within the system itself90.  Issues surrounding the periodic preventive maintenance 

required to deal with hydrocarbons, water vapor, and other contaminants are not 

included in the following vacuum system model.  Nevertheless, this analysis provides 

a more complete model for estimating those pump parameters than is available in the 

literature today.  They permit the model to answer the important question: what does 

it cost in terms of those parameters to perform a particular vacuum cycle in a given 

volume? 
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5.7.1.1 Types of Vacuum Pumps 

The degree of vacuum required is a function of the process.  This vacuum 

degree is arbitrarily divided into four levels with pressure ranges shown in Table 

5.16. 

 

Table 5.16 - Vacuum Levels 

Vacuum Level Absolute Pressure Range (torr) 
Rough Vacuum 1 - 760 torr 

Medium Vacuum 10-3 - 1 torr 
High Vacuum 10-7 to 10-3 torr 

Ultrahigh Vacuum < 10-7 torr 
 

Different vacuum levels require different types of vacuum pumps.  

Mechanical pumps are used to achieve rough and medium vacuum levels and form 

90% of the number of vacuum pumps used in a typical terrestrial semiconductor 

fabrication facility91.  The remaining 10% of the vacuum pumps are used to achieve 

high and ultrahigh vacuum levels.  In a 50,000 sq. ft. fabrication facility, there may be 

250 to 300 different vacuum pumps. 

There are many types of mechanical pumps.  Those used to create a rough 

vacuum are: piston pump, diaphragm pump, liquid ring pump, rotary pump, rotary 

piston pump, turbine pump, gaseous ring pump, and liquid jet pump.  Other 

mechanical pumps are used for creating both a rough vacuum and a medium vacuum: 

sliding vane rotary pump, rotary plunger pump, and Roots pump. 

 Higher vacuum levels require both a mechanical pump for creating a rough to 

medium vacuum and a high or ultrahigh vacuum pump.  The high and ultrahigh 

vacuum pumps are extremely sensitive to outlet pressure and require a mechanical 

“roughing” pump downstream.  Typical pumps used to create a high and ultrahigh 

vacuum are: diffusion pump, sublimation pump, sputter ion pump, cryopump, and 

turbomolecular pump.  The high vacuum pumps most commonly used in today’s 
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processes are the turbopump and the cryopump91,92, although the diffusion pump is 

still widely used in many facilities.  Turbopumps are increasingly used due to their 

high reliability and low maintenance requirements, lack of oil vapor backstreaming, 

simple push-button on-off operation, and tolerance to exposure to atmospheric 

pressure93,94,95.  

5.7.1.2 Vacuum Pump Performance 

Vacuum pump performance is governed by the pumping speed of the pump, 

the vacuum chamber volume, the vacuum level desired, the type of gas present, and 

the outgassing rate of the vacuum chamber. 

The pumping speed of a vacuum pump is the volume flow rate, commonly 

expressed as liters per second.  The outgassing rate is the volume flow rate that the 

material in the chamber and the chamber itself produces as the pressure is decreased.  

Outgassing is caused by gas evolution at low pressures.  Both pumping speed and 

outgassing rate are pressure dependent for a given system. 

For a roughing or mechanical pump, the required pump speed S needed to 

pumpdown a chamber is determined by the chamber volume V, the starting pressure 

P0, the ending pressure P1, and the desired pumpdown time t 96. 

 

 








=

1

0ln
P
P

t
V

S  (5.11) 

 

For a high or ultrahigh vacuum pump, the required pump speed for the 

application is based on the outgassing rate Q and the desired pressure P97. 

 

 S
Q
P

=  (5.12) 
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Within the vacuum industry, pressures P0, P1, and P in (5.11) and (5.12) are 

often specified in torr, millibar, or Pascals.  Modeling for the simulation has generally 

been done with all pressures expressed in Pascals except where industry conventions 

for pump ratings in torr and mbar are used.  The conversion between these units is: 

 

 1 torr = 133.289 Pa (5.13) 
 

and 

 

 1 mbar = 100 Pa (5.14) 
 

5.7.1.3 Manufacturers’ Data 

Prior to creating a model of the vacuum pumps, a database of characteristics 

of existing, commercially available vacuum pumps was created.  Appendix D 

contains the entire database, which includes data from 200 combination pumps, 

cryogenic pumps, diffusion pumps, Roots pumps, roughing pumps, and 

turbomolecular pumps. 

Vacuum pumps are manufactured by a variety of companies for 

semiconductor fabrication.  Representative characteristics, based on manufacturers’ 

data, of different vacuum pumps and different rated pump speeds, are shown in 

Figure 5.1 to Figure 5.5. 

It can be seen that the characteristics are clearly grouped by pump type.  

Based on the assumption that mechanical roughing pumps and turbomolecular pumps 

form the bulk of new vacuum systems93, only these two types of vacuum pumps are 

modeled.  Using this data, empirical models have been fitted for important pump 

characteristics (mass, volume, and cost) to aid in scaling the process model between 

various systems.  It is noted that outlying data exist in all of these curves.  However, 
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the aim is to develop engineering estimates that are valuable for preliminary system 

design analyses and for the process flow model. 
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Figure 5.1 – Manufacturers’ Data of Vacuum Level  
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Figure 5.2 – Manufacturers’ Data of Vacuum Pump Power 
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Figure 5.3 – Manufacturers’ Data of Vacuum Pump Mass  
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Figure 5.4 – Manufacturer Data of Vacuum Pump Volume  
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Figure 5.5 – Manufacturers’ Data of Vacuum Pump Cost 
 

5.7.1.4 Pump Mass, Volume, and Cost Models 

The data shown in Figure 5.3 to Figure 5.5 was used to develop models of 

pump mass, volume, and cost for roughing pumps and turbomolecular pumps. 

The mass of the roughing pump (without accessories) mroughpump was modeled 

using a least squares fit of pump speed S to the data. 

 

 Smroughpump *5432651.58366725.4 +−=  (5.15) 
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Figure 5.6 – Least Squares Fit of Rough Pump Mass 
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The mass of the turbomolecular pump (without accessories) mturbopump was 

modeled using a least squares fit of pump speed S to the data. 

 

 26 *10x63.3*039579.0319785.8 SSmturbopump
−+−=  (5.16) 
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Figure 5.7 – Least Squares Fit of Turbomolecular Pump Mass 

 

The volume of the roughing pump (without accessories) Vroughpump was 

modeled using a least squares fit of pump speed S to the data. 

 

 25 *10x43.9*00322.0049031.0 SSVroughpump
−+−=  (5.17) 
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Figure 5.8 – Least Squares Fit of Rough Pump Volume 

 



Chapter 5. Semiconductor Fabrication Process Modeling 125 
 

 

The volume of the turbomolecular pump (without accessories) Vturbopump was 

modeled using a least squares fit of pump speed S to the data. 

 

 29 *10x4*000041.0 SSVturbopump
−−=  (5.18) 
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Figure 5.9 – Least Squares Fit of Turbomolecular Pump Volume 

 

The cost of the roughing pump (without accessories) Croughpump was modeled 

using a least squares fit of pump speed S to the data. 

 

 2*09444.0*2625.193858.3706 SSCroughpump −+=  (5.19) 
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Figure 5.10 – Least Squares Fit of Roughing Pump Cost 
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The cost of the turbomolecular pump (without accessories) Cturbopump was 

modeled using a least squares fit of pump speed S to the data. 

 

 2*000307.0*81521.272511.6604 SSCturbopump ++=  (5.20) 
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Figure 5.11 – Least Squares Fit of Turbomolecular Pump Cost 

 

5.7.1.5 Pump Speed Models 

It is a characteristic of roughing pumps that the pump speed decreases as the 

pressure at the pump inlet decreases (i.e. with increasing vacuum levels).  

Turbomolecular pumps, however, have the opposite characteristic that the pump 

speed increases as the pump inlet pressure decreases, provided that the pump outlet is 

maintained below a critical pressure. 

In order to model pumping speed for a wide range of roughing and 

turbomolecular pumps, a normalized model has been developed.  The normalized 

pump speed Snorm at a given pump inlet pressure P is related to the pumping speed S 

by the manufacturer’s rated speed for the pump Srated. 

 

 
ratednorm SSS *=  (5.21) 
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Manufacturers’ data for four different two-stage, rotary, roughing pumps was 

used to develop a normalized pump speed curve for mechanical pumps. 
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(5.22) 
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Figure 5.12 – Least Squares Fit of Normalized Pump 
Speed for Two-Stage Rotary Roughing Pump 

   

Manufacturers’ data for four different turbomolecular pumps was used to 

develop a normalized pump speed curve for turbomolecular pumps. 

 

 432 *7343.448*085.651*6546.225*2936.24002665.1 PPPPSnorm +−+−=  (5.23) 
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Figure 5.13 – Least Squares Fit of Normalized Pump 
Speed for Turbomolecular Pump 

 

5.7.1.6 Pump Power Models 

The instantaneous input power to the pump motor depends on the pump load 

and the motor efficiency.  The pump load is dependent on the inlet pressure, the pump 

speed,  and the type of pump.  For mechanical roughing pumps, the pump power 

requirement is highest near atmospheric inlet pressure and decreases as the inlet 

pressure nears the pump’s rated vacuum level.  The power required for 

turbomolecular pumps is more uniform and is largely independent of the inlet 

pressure. 

The electrical power required roughpumpW&  for mechanical roughing pumps is the 

sum of the power required for compression ncompressioW&  and the power required to 

overcome mechanical losses mechlossW&  divided by the motor efficiency ηmotor. 

 

 

motor

mechlossncompressio
roughpump

WW
W

η

&&
& +

=  (5.24) 
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The power required for compression arises from the fact that energy is needed 

to compress a gas.  Due to an exhaust orifice restriction in the pump, the highest 

pressure occurs internally, and the power required is that needed to compress the gas 

from the inlet pressure P2 to the internal pressure P3.  Internal pressure P3 is 

dependent on the volume flow rate S, the gas density ρ through the orifice, the pump 

exit pressure P0, and the loss coefficient K1 for the pump orifice.  A loss coefficient 

K1 of 8 x 109 was determined from a least squares fit of experimentally measured data 

from a 4.65 liter/second CD 700 rough mechanical vacuum pump attached to the 

sputter deposition chamber located at the Simon Fraser University cleanroom. 

 

 
1

2
03 ** KSPP ρ+=  (5.25) 

 

 ( )23* PPSW ncompressio −=&  (5.26) 

 

The power required to overcome mechanical losses is assumed to increase 

linearly with the pump speed S.  A power loss factor K2 of 2 Wh/m3, double that of 

Roots-type vacuum pumps, is assumed for a two-stage rotary mechanical pump. 

 

 SKWmechloss *2=&  (5.27) 
 

Figure 5.14  shows the agreement between measured and calculated power 

with time for the CD 700 mechanical vacuum pump at the Simon Fraser University 

cleanroom during a pumpdown of the sputter deposition chamber from atmospheric 

pressure. 
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Figure 5.14 – Comparison of Measured and Calculated Rough Pump Power 

 

The electrical power required turbopumpW&  for turbomolecular pumps is modeled 

using a least squares fit of pump speed S to the manufacturers’ rated pump power 

requirements. 

 

 SWturbopump *056991.15763.64 +=&  (5.28) 
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Figure 5.15 – Least Squares Fit of Turbomolecular Pump Power 
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5.7.1.7 Vacuum Systems Models 

The vacuum pump(s) are only one component in the entire vacuum system.  

The entire system is comprised of the process chamber, the loadlock, the piping 

between the vacuum chamber and the pumps, the piping from the pumps to the 

exhaust, and any valves and fittings installed in the piping. 

All pipes in the vacuum system restrict the flow of gases and have a 

conductance value.  The conductance C is a measure of the ease with which gas flows 

from the chamber to the pump and is based on the pipe diameter d, pipe length l, and 

average pressure in the pipe P .  The conductance C in liters/sec can be determined 

for a wide range of pressures using (5.29) with pipe diameter d and length l in cm, 

and average pressure P  in mbar98.  

 

 

Pdl
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+=  (5.29) 

 

The effective pump speed Seff at the end of the pipe is less than the pump 

speed S at the pump inlet due to the resistance to flow in the pipe98.  Large diameter 

pipes reduce the losses and enable Seff to be closer to S. 

 

 

SC
SC

Se ff +
=

*
 (5.30) 

 

A single pump, rough or medium vacuum system is modeled as a chamber of 

volume V connected by a pipe of diameter d and length l to the pump inlet as shown 

in Figure 5.16. 
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Figure 5.16 – Single Pump Vacuum System 

 

The time and energy required to pumpdown the chamber from the starting 

pressure of Pstart to the ending pressure Pend with a specified pump size is calculated 

in an iterative manner using a series of small time steps dt.  In each time step, the 

conductance C is calculated based on the current chamber pressure and pump inlet 

pressure.  The normalized pump speed is calculated for the inlet pressure and 

multiplied by the rated pump speed to determine the actual pump speed for the time 

step.  The pump power at the current pump speed and pump pressure is calculated 

from (5.24) to (5.27).  The total energy Epumpdown required during the pumpdown cycle 

is the integration of the power required for each time step. 

 

 ∫= dtWE roughpumppumpdown *&  (5.31) 

 

In each time step, a volume of gas dV is removed from the vacuum chamber. 

 

 dtSdV eff *=  (5.32) 
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The quantity of gas added to the chamber through outgassing is subtracted 

from the quantity of gas removed from the chamber by the vacuum system to 

determine the net quantity of gas removed from the vacuum chamber.  Using the 

equation of state for an ideal gas99 

 

 TRnVP *** =  (5.33) 
 

the new chamber pressure P0 at the end of the timestep dt can be calculated 

from the knowledge of the number of moles n of gas remaining in the chamber, the 

chamber temperature T, and chamber volume V. 

The timesteps dt are repeated until the chamber pressure is less than or equal 

to the desired chamber pressure Pend. 

Figure 5.17 shows a comparison of the measured and calculated pressure 

during a pumpdown of the sputter deposition chamber at the Simon Fraser University 

cleanroom.  Note that the initial slope of the pumpdown curve is very close to that 

predicted by (5.11). 
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Figure 5.17 – Comparison of Measured and Calculated Chamber Pressure 
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A two pump, high vacuum system, with the turbomolecular pump installed 

upstream of the roughing pump, is shown in Figure 5.18.  This system is modeled in a 

manner similar to that of the one pump vacuum system described above, with the 

addition of another pipe of conductance C2 between the outlet of the turbo molecular 

pump and the inlet of the roughing pump.  The energy and time required for a 

pumpdown cycle with two pumps is calculated by the same type of iterative 

procedure described for the single pump system. 
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Figure 5.18 – Two Pump Vacuum System 

5.7.2 Energy Use Modeling 

The total energy used in a process is calculated according to (5.3).  The energy 

used to create a vacuum Epumpdown is calculated by (5.31).  The energy used for 

processing Eprocessing is determined by the power field value processingW&  in the Process 

Definition record and the processing time tprocessing. 

 

 
processingprocessinggproces tWE *sin

&=  (5.34) 
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The energy Ewafer used to heat a wafer from starting temperature Tstart to 

process temperature Tprocess is modeled based on the wafer mass mwafer and specific 

heat Cwafer. 

 

 ( )startprocesswaferwaferwafer TTCmE −= **  (5.35) 
 

Energy lost to the environment due to cooling of the wafer is assumed to be 

lost from the model and is not recaptured for subsequent processing. 

Energy Ematerial is used to heat consumables such as gases during CVD 

processes or DI water during wet clean processes.  This energy is determined by the 

mass mi and specific heat Ci of each consumable i used. 

 

 ( )startprocess
i

iimaterial TTCmE −= ∑ **  (5.36) 

 

Energy Edoping is used to accelerate doping ions during ion implantation 

processes.  Edoping is based on the area to be doped A, the implant dose per unit area 

Dose, the energy of a single ion Eion, and the unit charge of one electron q. 

 

 qEDoseAE iondoping ***=  (5.37) 
 

5.7.3 Consumable Use Modeling 

The mass mi of consumable i is calculated by two different methods 

depending on whether the process uses a continuous flow or a batch quantity of the 

consumable during processing. 
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The Process Definition record (Table 5.1) for a process indicates whether the 

mass flow or volume ratio is used to calculate the quantity of consumable i used in 

processing. 

5.7.3.1 Continuous Flow 

For continuous flow processes, the MassFlow field value im&  is specified and 

the mass mi of consumable i used in the process is  determined by the time for 

processing tprocessing. 

 

 
processingii tmm *&=  (5.38) 

 

5.7.3.2 Batch Flow 

For a process that uses a single batch of consumables, the number of moles of 

all consumables ∆n required to raise the chamber pressure from the base pressure 

Pbase attained during pumpdown to the process pressure Pprocess is calculated through 

rearranging (5.33). 

 

 ( )
R

VPP
n baseprocess *−

=∆  (5.39) 

  

The number of moles ∆ni of consumable i is determined by the VolumeRatio 

field value vfi using an ideal gas assumption for all consumables. 

 

 nvfn ii ∆=∆ *  (5.40) 
 

The mass mi of consumable i is calculated from the molecular weight MWi and 

the number of moles ∆ni.  
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iii nMWm ∆= *  (5.41) 

 

5.7.4 Summary of Process Modeling 

The preceding section described the basic methods by which time, energy, and 

mass flows are determined by the semiconductor fabrication process model.  The 

functions to calculate the desired variables are implemented in purpose-written 

software listed in Appendix B. 

Each process step in a complete process flow is modeled using these methods.  

Combining such steps leads to a multi-process model, post-processing of which 

allows key parameters such as cumulative time, energy, and mass to be extracted.  

5.8 Process Flow 

A multi-process model is a sequential series of individual process steps, each 

of which is modeled using the methods described in Section 5.7.  The sequence of 

process steps, referred to as the process flow, forms the recipe by which the 

semiconductor device is fabricated.  The process flow determines the sequence of 

layers and the methods used to fabricate each layer. 

The process flow used to create the reference model is for a 12 level bi-metal 

CMOS device.  This process flow had previously been used for modeling 

semiconductor fabrication optimization100 and was adopted on the basis that it 

provides a readily verifiable model.  A condensed version of the process flow is 

shown in Table 5.17.  The reference process flow CMOS12_STD has 386 individual 

process steps and is fully listed in Appendix E. 

Each process listed in the condensed process flow above is composed of many 

individual process steps, each of which is included in the model. 
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Table 5.17 – Reference Process Flow CMOS12_STD 
(12 Level Bi-metal CMOS) 

 

Major 
Step Process 

Major 
Step Process 

1 Form N-tub 8 Form Spacer 
 Lithography (Mask #1 - NW)  Oxide 
 N-Tub Etch  Anisotropic Etch 
 Strip Resist  Screening Oxide 
 Screening Oxide  Lithography  (Mask #5 - SN) 
 N-Tub Implant  N Source/Drain Implant 
 N-Tub Diffusion  Strip Resist 
 Strip Oxide 9 Form P-S/D 

2 Form Nitride  Lithography  (Mask #6 - SP) 
 Oxide  P Source/Drain Implant 
 Nitride Deposition 10 Form Contacts 
 Lithography  (Mask #2 - OD)  Oxide 
 Nitride Etch  Reflow 
 Strip Resist  Lithography  (Mask #7 - CO) 

3 Form Channel Stop  Oxide Etch 
 Lithography  (Mask #3 - NWI)  Strip Resist 
 Oxide Etch 11 Form Metal 1 
 Channel Stop Implant  Al Deposition 

4 Form Anti-Punch-Through  Lithography  (Mask #8 - IN) 
 Anti-Punch-Through Implant  Al Etch 
 Strip Resist 12 Planarize 

5 Form Field Oxide  Plasma Oxide 
 Field Oxidation  Resist Spin-On 
 Etchback  Etchback 

6 Form Gate 13 Form Vias 
 Gate Oxidation  Lithography  (Mask #9 - COS) 
 Screening Poly  Oxide Etch 
 Threshold Adjust Implant  Strip Resist 
 Gate Poly 14 Form Metal 2 
 Lithography  (Mask #4 - PS)  Al Deposition 
 Poly Etch  Lithography  (Mask #10 - INS) 
 Strip Resist  Al Etch 

7 Form N-S/D  Strip Resist 
 Lithography  (Mask #5 - SN) 15 Package 
 N-LDD Implant   
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Table 5.18 –Example of Expanded Process Flow to Form N Tub 

Process Step Sub Process Step Sub Sub Process Step 
 Clean Wafer Transport to RCA Clean 
  RCA Clean 1 
  Transport to RCA Clean 2 
  RCA Clean 2 
 Grow thin oxide Transport to furnace 
  Load into furnace 
  Thermal oxide growth 
  Unload from furnace 
 Apply photoresist Transport to photoresist system 
  Prebake wafers 
  Transport to deposit resist 
  Deposit resist 
  Transport to softbake 
  Softbake wafers 
Lithography (Mask #1 - NW) Pattern N-Well. (Mask #1) Transport to aligner 
  Expose wafer 
 Develop photoresist Transport to developer 
  Develop resist 
  Transport to hardbake 
  Hardbake wafers 
N-Tub Etch Etch oxide Transport to etcher 
  Etch oxide 
Strip Resist Strip photoresist Transport to asher 
  Strip photoresist 
 Clean Wafer Transport to RCA Clean 
  RCA Clean 1 
  Transport to RCA Clean 2 
  RCA Clean 2 
Screening Oxide Grow thin oxide Transport to furnace 
  Load into furnace 
  Thermal oxide growth 
  Unload from furnace 
N-Tub Implant Deposit N type impurities Transport cassette to implanter 
  Transport to loadlock 
  Pumpdown loadlock 
  Transport to implant chamber 
  Implant n type 
  Transport to loadlock 
  Pumpup loadlock 
  Transport to cassette 
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Table 5.18 –Example of Expanded Process Flow to Form N Tub continued 

Process Step Sub Process Step Sub Sub Process Step 
N-Tub Diffusion Diffuse N type impurities Transport to furnace 
  Load into furnace 
  Diffuse impurities 
  Unload from furnace 
Strip Oxide Strip Oxide Transport to oxide strip 
  Strip oxide 

 

Table 5.18 shows the expanded process flow to form the N tub from Table 

5.17.  Appendix F contains time, energy, and mass results for the process flow of 

Table 5.18. 

5.9 Material Properties 

Calculation of energies, pressures and consumable masses is dependent upon 

the properties of the materials used.  A database of properties for the materials shown 

in Table 5.19 is used by the model and is available in Appendix G. 

 

Table 5.19 – Materials in Properties Database 

No. Material  No. Material No. Material 
1 Al  9 DIWATER 17 NH4OH 
2 Ar  10 H2O2 18 O2 
3 BCl3  11 HCl 19 PH3 
4 BF3  12 He 20 PhotoResist 
5 C4H8  13 HF 21 PhotoResistDeveloper 
6 CARBON  14 N2 22 SF6 
7 CF4  15 N2O 23 SiH4 
8 Cl2  16 NH3   

 

5.10 Fabrication Simulation Modeling 

Implementation of the multi-process model described in Section 5.8 provides 

a model suitable for simulation of the entire fabrication process.  Post-processing of 
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the results of individual process steps provides the information needed to determine 

energy, consumable, and equipment requirements for a particular process flow. 

The output of post-processing the fabrication simulation results are three 

summaries: equipment use, material use, and energy use. 

The equipment use summary lists for each piece of equipment: process time, 

incremental process time, number of uses of that piece of equipment for a single 

wafer.  This information is used in Section 7.2.1 as the basis for determining 

equipment requirements to meet a given production goal. 

The mass use of materials is categorized by both phase and wafer level. 

The energy use during fabrication is categorized by both energy category and 

wafer level.  The energy categories are: Pump Energy, Wafer Mass Energy, Material 

Mass Energy, Doping Energy and Process Energy as described in Section 5.7 and 

equation (5.3). 

5.11 Fabrication Simulation Results 

The fabrication simulation model described in the preceding sections was run 

with the reference process flow (12 level bi-metal CMOS) to reflect conventional 

semiconductor fabrication processes in an Earth-based facility.  Detailed results are 

available in Chapter 7.  Summarized results are shown in Table 5.20 to Table 5.22. 

The total process time of 227,206 seconds provides a per layer average of 1.09 

days assuming that the wafers spend five times as much waiting for equipment as 

they do processing73.  This is at the lower end of the results of the University of 

California at Berkeley's Competitive Semiconductor Manufacturing Survey, which 

showed that actual cycle times in modern semiconductor fabrication facilities varied 

from 1.2 to 3.3 days per masking level101. 

The amount of liquid consumed during the fabrication of a single wafer can be 

attributed primarily to the RCA-type cleans extensively utilized.  Each RCA clean 
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requires approximately 38 liters of DI water.  The 779 kg of liquid used equates to a 

per layer average of 65 kg.  For comparison, the Semiconductor Industry Association 

estimates that up to 650 to 1,500 gallons of DI water are required to process a 200 

mm wafer from start to finish62, leading to a minimum per layer average of 

approximately 82 kg.  The underestimation of DI water consumption by the model is 

thought to be due to the use of a simple CMOS process flow (12 level bi-metal) 

which does not utilize CMP processes, a large consumer of DI water. 

The energy use of 201,351,743 J per wafer provides a per layer average of 4.7 

kW-h.  The Semiconductor Industry Association estimates that 3.2 to 4.5 kW-h per 

square inch are required to process a 200-mm wafer102, leading to a minimum per 

layer average of approximately 5.4 kW-h.  Again, the underestimation of energy by 

the model is due to the use of a simple CMOS process flow (12 level bi-metal) which 

does not utilize CMP processes, a large consumer of DI water.  Of the energy used, 

the model shows that 97% is used to heat consumable material, primarily liquids for 

RCA cleans. 

 

Table 5.20 – Equipment Use for Reference Process Flow 

 Process Time Incremental Process Time 
Equipment (sec) (%) (sec) (%) Uses 
INTERPROCESSCONVEYOR 33,251 15% 1,385 5% 108 
WETBENCH 66,778 29% 1,341 5% 52 
FURNACE_BATCH 39,624 17% 840 3% 27 
PHOTORESIST_SYSTEM 45,630 20% 2,275 8% 65 
LITHO_DSW 864 0% 864 3% 12 
DEVELOP_SYSTEM 20,244 9% 1,016 4% 36 
PLASMA_ETCHER 5,276 2% 5,276 18% 15 
ASHER 2,086 1% 2,086 7% 12 
ION_IMPLANTER 1,653 1% 1,653 6% 49 
PLASMA_CVD_SYSTEM 7,457 3% 7,457 26% 7 
SPUTTER_SYSTEM 4,313 2% 4,313 15% 2 
RTP_SYSTEM 30 0% 30 0% 1 
Total 227,206 100% 28,537 100% 386 
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Table 5.21 – Consumable Material Use (kg) for Reference Process Flow 

 
Level 1 
N-well 

Level 2 
Nitride 

Level 3 
Channel Stop 

Level 4
Gate

Level 5 
N-LDD 

Level 6 
N source /drain 

GAS 0.0072 0.0130 0.0056 0.0082 0.0012 0.0051 
LIQUID 89.5017 47.2517 90.3975 89.5017 47.2517 47.2517 
SOLID 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
All Phases 89.5089 47.2647 90.4032 89.5099 47.2529 47.2568 
 

 
Level 7 

P source /drain 
Level 8 

Contacts 
Level 9 
Metal 1 

Level 10
Vias

Level 11 
Metal 2 

Level 12 
Cover Glass 

GAS 0.0013 0.0053 0.0016 0.0166 0.0021 0.0165 
LIQUID 47.2517 47.2517 47.2517 89.5034 47.2517 89.5017 
SOLID 0.0000 0.0000 0.0002 0.0000 0.0002 0.0000 
All Phases 47.2530 47.2570 47.2534 89.5200 47.2540 89.5182 
 

 Total 
GAS 0.0838 
LIQUID 779.1679 
SOLID 0.0003 
All Phases 779.2521 

 

Table 5.22 – Energy Use (J) for Reference Process Flow 

Energy 
Category 

Level 1 
N-well 

Level 2 
Nitride 

Level 3 
Channel Stop 

Level 4 
Gate 

Level 5 
N-LDD 

Level 6 
N source /drain 

Pump 130,220 97,665 227,886 162,775 32,555 130,220 
Wafer 267,726 103,632 97,099 128,355 10,376 103,632 
Material 22,985,794 11,492,052 22,982,851 22,984,371 11,490,391 11,491,945 
Doping 37,699 0 41 2 101 25,133 
Process 78,857 179,357 108,857 675,857 36,000 144,857 
All 23,500,296 11,872,706 23,416,733 23,951,360 11,569,422 11,895,787 
 

Energy 
Category 

Level 7
P source /drain

Level 8
Contacts

Level 9
Metal 1

Level 10
Vias

Level 11
Metal 2

Level 12
Cover Glass

Pump 65,110 97,665 97,665 162,775 97,665 97,665
Wafer 35,611 88,260 10,376 27,925 43,810 23,570
Material 11,490,400 11,492,118 11,490,391 22,985,631 11,490,644 22,985,631
Doping 4,524 0 0 0 0 0
Process 66,857 144,857 678,857 409,714 678,857 378,857
All 11,662,503 11,822,901 12,277,289 23,586,046 12,310,976 23,485,724
 

 Total
Pump 1,399,869
Wafer 940,371
Material 195,362,219
Doping 67,499
Process 3,581,786
All 201,351,743
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5.12 Conclusions 

This chapter has described a model for the simulation of the semiconductor 

fabrication process.  A detailed numerical model was developed and evaluated using 

a reference semiconductor process flow.  The results indicated that the model 

underestimated material use and energy compared with more sophisticated process 

flows used in industry, and it was found that such results were consistent with the 

simple process flow used. 

The model does provide a means to examine changes to the process flow, 

process parameters, and equipment in order to evaluate the feasibility of space-based 

semiconductor fabrication. 

In Chapter 6 the model will be used to compare modified process flows for 

both Earth and space-based environments. 
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Chapter 6  

Optimization of Process Flows 

6.1 Introduction 

This chapter will describe the manner in which process flows are optimized 

for space-based semiconductor fabrication.  Related processes and equipment will be 

examined, and new models that are suited for a high vacuum, microgravity 

environment will be  developed. 

It will be shown that the removal of liquids from the entire process flow is a 

requirement to allow semiconductor processing in a vacuum environment.  

Alternative, dry cleaning and lithographic processes will be introduced, and issues 

surrounding the use of these new processes will be examined. 

6.2 Background 

In Section 3.4 Difficulties for Orbital Manufacturing of Semiconductors, wet 

processes and lithography were identified as barriers to manufacturing semiconductor 

devices in a microgravity, vacuum environment.  Alternatives to both of these 

processes must be developed in order to allow space-based semiconductor fabrication 

to be feasible. 

Wet processes pose two problems for a space-based fabrication system: high 

transport mass and material handling.  The high mass adds significantly to the 

transport cost to orbit, shown later in Table 9.4 to dominate the economic feasibility 

of space-based semiconductor fabrication.  The difficulty in handling and applying a 

liquid material in a high vacuum environment is due to the fact that the vapor 

pressure of liquids (such as DI water) is very high compared to the desired ambient 
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vacuum environment (<10-7 torr), resulting in immediate vaporization of the liquid 

upon exposure to the vacuum environment. 

It is seen in Table 5.21 that the amount of liquid material used in wafer 

fabrication with the reference process flow constitutes 779 kg or almost 100% of the 

consumable  material use on a mass basis.  Based on this, it is theorized that the 

elimination of all liquid consumables would greatly reduce the consumable mass 

requirements. 

Table 6.1 shows the processes in the reference process flow that use liquid as 

a consumable. 

 

Table 6.1 – Wet Processes in Reference Process Flow 

Process Name Description Liquids Used 
RCA_SC1 remove organics, particles DIWATER, HF, H2O2, NH4OH 
RCA_SC2 remove metals DIWATER, HCl, H2O2 
DEPOSIT_RESIST deposit organic photoresist PHOTORESIST 
DEVELOP_RESIST develop organic photoresist PHOTORESISTDEVELOPER, DIWATER 
HF_DIP remove native silicon dioxide DIWATER, HF 

 

A breakdown of the quantities of liquids used with the reference process flow 

is shown in Table 6.2. 

 

Table 6.2 – Liquids Used in Reference Process Flow 

Liquid Name Mass Used (kg) % of Consumable Mass 
DIWATER 702.6 90.16% 
HF 12.81 1.64% 
H2O2 31.88 4.09% 
NH4OH 17.00 2.18% 
HCl 14.88 1.91% 
PhotoResist 0.022 0.00% 
PhotoResistDeveloper 7.540E-07 0.00% 

 

These tables shown that the wet cleaning processes  (RCA_SC1, RCA_SC2, 

HF_DIP) are responsible for almost all of the liquid consumption.  Based on this 
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information, it is seen that dry, alternative cleaning processes must be developed that 

provide the same functionality as the wet cleaning processes in the reference process 

flow.  Table 6.3 shows the process flow for the wet cleaning step employed in the 

reference process flow. 

 

Table 6.3 –Conventional, Wet Cleaning Process Flow 

Process Step ProcessName ProcessEquipment 
Transport to RCA 
Clean 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

RCA Clean 1 RCA_SC1 WETBENCH 
Transport to RCA 
Clean 2 

INTRAPROCESSTRANSPORT_BATCH WETBENCH 

RCA Clean 2 RCA_SC2 WETBENCH 
 

Table 6.2 also shows that alternatives to liquid photoresist and photoresist 

developer  must be developed if the goal of a completely dry process is to be 

achieved.  While the mass of liquid photoresist and developer is small compared with 

that of the cleaning fluids, the difficulty in applying and utilizing the photoresist in a 

high vacuum, microgravity environment remains. 

Section 2.3.2.1 Optical Lithography with Conventional Photoresist described 

the current lithographic process employed for commercial semiconductor fabrication.  

This process utilizes a photosensitive liquid polymer as a resist.  Droplets of the resist 

are applied to a spinning wafer to form a uniform, thin (1 micron) film.  The resist is 

exposed to a UV source through a mask to define a pattern, and the unneeded resist is 

removed by a liquid photoresist developer.  The wafer is then washed in DI water 

before proceeding to the next processing step (deposition, etching, doping).  Once the 

patterned resist is no longer required, it is removed by a combination of plasma 

etching and wet chemical cleaning.  Any dry, alternative lithographic process 

developed for a high vacuum, microgravity environment must provide the same 
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functionality as the lithographic process described above with respect to resist 

application, exposure, development, and removal.  

6.3 Alternative Cleaning Processes 

Alternatives to wet cleaning processes already exist and semiconductor 

fabrication facilities are adopting them in a move to conserve water103,20.  The 

Semiconductor Industry Association predicts that water consumption will need to be 

reduced by 40% over the next decade62.  With the construction of the pure DI water 

production and chemical waste handling facility estimated to be 15% of the 

construction costs for a semiconductor plant104, operators of semiconductor 

fabrication facilities are seeking means to reduce the amount of liquids utilized in the 

production process.  In addition, wet processes are not easily integrated with cluster 

tools and their cost-of-ownership is increasing due to the cost of used chemical 

disposal103. 

The Microelectronics Manufacturing Science and Technology (MMST) 

program, a study to lower the capital cost of fabrication facilities and decrease the 

cycle time, determined that 100% single wafer processing and a minimum of 95% dry 

processing was required to achieve that goal105.  Determining replacements for wet 

cleaning processes was a part of that project.  

Methods to reduce the amount of liquids used in processing include the re-use 

of DI water, changing from liquid cleaning baths to sprays, and the use of plasma 

processes.  In general, these processes readily remove native oxides and organics, but 

do little to remove particles on the surface of the wafer. 

The need to replicate the functionality of the RCA or similar type wet cleans 

currently employed has resulted in the development of a cleaning process flow that 

includes the following steps: plasma etch in oxygen to remove organics, plasma etch 
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in CF4 to remove silicon dioxide, and ion milling to remove particles.  The process 

flow for this alternative, dry cleaning process is shown in Table 6.4 

 

Table 6.4 –Alternative, Dry Cleaning Process Flow 

Process Step ProcessName ProcessEquipment 
Transport to dry clean 
process 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Remove organics PLASMAETCH_ORGANICS_SPACE PLASMA_ETCHER 
Remove oxide PLASMAETCH_SIO2_SPACE PLASMA_ETCHER 
Transport to ion mill 
process 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Remove metals & 
particles 

ION_MILL SPUTTER_SYSTEM 

 

Compared to the RCA cleaning process flow shown in Table 6.3, the 

alternative clean is conducted in two separate pieces of equipment: a plasma etcher 

capable of supplying both O2 and CF4, and an ion milling system.  Both plasma 

processes and the ion milling process are conducted in a partial vacuum and are 

suitable for use in both a gravity and a microgravity environment. 

Plasma etching is currently used in production facilities for the removal of 

organics such as photoresist (asher) and oxides, but is not used for particle removal 

due to the time required for ion milling. 

Ion milling requires a high base vacuum and is itself a slow process.  The 

combination results in large pumpdown and processing times.  It is proposed that the 

presence of a native vacuum in a space-based facility will eliminate the pumpdown 

time and make ion milling a feasible option for particle removal.  

6.4 Alternative Lithographic Processes 

Alternatives to conventional photolithography do exist.  Section 2.3.2 

Patterning describes three alternatives: electron beam direct write, x-ray lithography, 

and thermal lithography with dry resist. 
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Near term approaches include the use of shorter wavelength lasers such as the 

157 nm fluorine excimer laser to pattern 70 nm feature sizes.  However, problems 

with resist technology suitable for the shorter wavelengths have yet to be resolved 

and there is no indication that such resists would be suitable for a vacuum 

environment. 

Longer term approaches center around Next Generation Lithography (NGL) 

efforts.  There are several NGL proposals: extreme-ultraviolet, two types of electron-

beam projection lithography, ion-beam projection lithography, x-ray lithography, and 

a new approach to electron-beam direct write that uses multiple columns106.  The aim 

of this effort is to be able to pattern 50 nm line widths.  

A thermal lithographic process has been developed which uses a two layer 

resist.  Section 2.3.2.4 Thermal Lithography with Dry Resist described this process 

briefly.  An expanded description is repeated here, with application to a space-based 

semiconductor fabrication. 

Many inorganic materials do not exhibit a photoresponse to short duration 

pulses at the wavelengths of excimer lasers (193 nm).  This is in contrast to the 

response of organic photoresists which react to cumulative exposure.  This difference 

enables smaller features to be patterned than possible with traditional resists using the 

same exposure source107.  The benefit to space-based applications is that the inorganic 

materials can be applied by thin film deposition techniques (CVD) and contain no 

volatile liquids.  However, the inorganic materials are not suitable protection for 

downstream processes such as etching and doping. 

A two layer resist has been developed to utilize the advantages of an inorganic 

thermal resist108.  An organic bottom layer such as amorphous carbon (a-C:H) 

provides protection for etching and doping processes, while an inorganic top layer 

such as AlOx is patterned using thermal lithography.  Exposure converts the 

deposited AlOx (primarily aluminum) to AlO2.  Developing of the top layer is 
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performed by etching of the unexposed aluminum material, leaving the converted 

AlO2.  The pattern is transferred to the bottom layer by etching the bottom layer 

material through the previously etched opening in the top layer.  The top layer of 

resist is then removed through an ion milling or similar process, leaving only the 

patterned bottom resist layer of amorphous carbon.  Downstream processing is then 

performed normally.  The amorphous carbon resist is finally stripped using a cleaning 

process that removes organics. 

Figure 6.1 to Figure 6.8 show a typical patterning sequence for the dry, 

inorganic thermal resist process.  For comparison, Figure 6.9 to Figure 6.13 show the 

standard photoresist process.  It can be seen that the primary differences between the 

two processes are the addition and subsequent removal of the top resist layer. 

The AlOx resist process described above, developed in 1989, has not yet seen 

commercial use.  However, improvements to the basic process, using other inorganic 

materials such as BiIn, have reduced the exposure energy requirements and improved 

the resolution.  These changes improve the feasibility of a completely dry 

lithographic process for space-based semiconductor fabrication.  These alternative 

processes, such as the SFU bi-metallic resists of Section 2.3.2.4, tend to follow 

similar deposition, development and stripping requirements. 

The TREOL process, described in Section 2.3.2.4, is not used in the following 

space-based lithography model.  While the characteristics of thermal resists allow for 

improved resolution with the TREOL process, it is not yet in commercial use for 

semiconductor lithography applications and is not required to evaluate the feasibility 

of thermal resists for vacuum-based lithography.  Use of the TREOL process would 

require additional exposure steps and require additional masks. 
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a-C:H

 

Figure 6.1 – Deposit Amorphous 
Carbon 

AlOx

 

Figure 6.2 – Deposit Aluminum Oxide 

 
MASK

 

Figure 6.3 – Expose Top Resist 

 

ETCHED
OPENING
IN AlOx

 

Figure 6.4 – Develop Top Resist 

OPENING
IN a-C:H

ETCHED

 

Figure 6.5 – Transfer Pattern to 
Bottom Resist 

ETCHED
OPENING
IN a-C:H

 

Figure 6.6 – Remove Top Resist 

ETCHED
OPENING
IN WAFER

 

Figure 6.7 – Transfer Pattern to Wafer 

FINAL
PATTERNED
WAFER

 

Figure 6.8 – Patterned Wafer 
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PHOTORESIST

 

Figure 6.9 – Deposit Organic 
Photoresist 

MASK

 

Figure 6.10 – Expose Photoresist 

DEVELOPED
OPENING IN
PHOTORESIST

 

Figure 6.11 – Develop Photoresist 

ETCHED
OPENING
IN WAFER

 

Figure 6.12 – Transfer Pattern to 
Wafer 

FINAL
PATTERNED
WAFER

 

Figure 6.13 – Patterned Wafer 

 

 

The process flow used by the simulation model for a space-based, dry, 

lithographic process is shown in Table 6.5 to Table 6.8. 
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Table 6.5 –Process Flow to Apply Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to resist 
system 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Deposit bottom layer 
(amorphous carbon) 
resist 

PECVD_CARBON_SPACE PLASMA_CVD_SYSTEM 

Transport to top resist 
layer deposit system 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Deposit top layer 
(AlOx) resist 

SPUTTER_ALOX_SPACE SPUTTER_SYSTEM 

 

Table 6.6 –Process Flow to Expose Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to aligner INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 
Expose wafer PATTERN_LITHO_DSW_193 LITHO_DSW_193 

 

Table 6.7 –Process Flow to Develop Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to plasma 
etch system 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Plasma etch 
unexposed Al 

PLASMAETCH_AL_SPACE PLASMA_ETCHER 

Plasma etch exposed 
amorphous carbon 

PLASMAETCH_ORGANICS_SPACE PLASMA_ETCHER 

Transport to ion mill 
process 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Remove top resist 
layer AlOx 

ION_MILL SPUTTER_SYSTEM 

 

Table 6.8 –Process Flow to Remove Dry, Inorganic Resist 

Process Step ProcessName ProcessEquipment 
Transport to dry clean 
process 

INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR 

Remove organics PLASMAETCH_ORGANICS_SPACE PLASMA_ETCHER 
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6.5 Other Alternative Processes 

Although not included in the reference process flow model, chemical 

mechanical polishing (CMP) and copper electroplating are both important processes 

used to produce many types of semiconductor devices.  CMP is the planarization 

method of choice when more than two metal layers are deposited.  Copper 

electroplating is used for the deposition of copper for the topmost metal layers in high 

frequency applications such as high-end microprocessors. 

6.5.1 Alternatives for CMP 

CMP is a process used to level or “planarize” the surface of the wafer.  As 

multiple levels of thin films are deposited and patterned on the surface of the wafer, 

the lines and vias comprising the surface structures form a non-planar surface and 

considerable topology can be created.  Without a leveling process such as CMP, the 

distance between the high and low points on the wafer’s surface can grow to several 

microns.  This large difference in height can cause problems with downstream 

processes: step coverage of depositions, uniform resist thickness, and exposure depth 

of focus. 

CMP is the latest of many planarization processes and is used primarily for 

devices with more than two metal layers.  Its advantage is that it produces a very 

uniform surface level, but its disadvantage is that it is a wet process that contaminates 

wafers and requires large amounts of process time.  In a typical CMP process, a layer 

such as glass or nitride is deposited through CVD until the topology on the wafer 

surface is fully covered.  For example, a topology of 1 micron might be covered by a 

CVD glass layer that is 1.5 microns thick.  Following CVD, the wafer is covered by a 

liquid slurry consisting of water and an abrasive polishing compound, and a polishing 

disk is applied to the surface.  The polishing disk is rotated mechanically in such a 
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manner that it removes high points, eventually leaving the wafer with a very uniform, 

flat surface.  This polishing process can be likened to lens grinding. 

As discussed previously, wet processes pose problems for a high vacuum, 

microgravity environment.  Therefore, an alternative to the CMP process is required 

in order to produce semiconductor devices with more than two metal layers in space.  

The inherently dirty nature of CMP has lead many researchers to study dry 

alternatives. The following paragraphs present a preliminary concept developed at 

SFU for a dry process that is compatible with the space environment and achieves 

planarization equal to that obtained with CMP. 

The dry process is based upon the concept of photoablation.  Using an intense 

source of short wavelength light, such as a laser, it is possible to remove material 

from an object without heating.  The process, called photoablation, works by 

directing high energy photons at the surface of an object.  If the photon energy is 

higher than the binding energy of the material’s molecules, then the material 

disintegrates when hit by the photon.  In the case of plastics (comprised of hydrogen 

and carbon), photoablation in air results in the release of hydrogen and carbon dioxide 

gases, which are easily removed from the object’s surface.  A key point to note is that 

photoablation only occurs above a well-defined intensity threshold. 

While the development of a detailed planarization process based upon 

photoablation is beyond the scope of this thesis, one concept of such a process is 

presented.  As with CMP, the first step is to CVD deposit a glass layer that 

completely covers the topology.  The second step is to expose the wafer to an intense 

source of UV light through a lens with a very small depth of focus.  A simplified 

description of the depth of focus of a lens is the distance from the lens over which the 

image is clear (the beam power is at the maximum).  While lenses for lithography are 

optimized for a large depth of focus (to ensure a clear image across the wafer 

surface), lenses for the photoablative process described would be optimized for a very 
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small depth of focus.  This would allow the intensity necessary for photoablation to 

only occur over a very small distance (of say 0.1 microns).  To photoablate the silicon 

dioxide glass covering the topology, the photons would need to break the silicon 

oxygen bond.  The intensity of light required to achieve photoablation of the glass 

would only occur at the focal point of the lens within the depth of focus distance.  If 

the top layer of the glass coincides with the focal point distance, then portions of the 

top layer that lie within the depth of focus will be removed through photoablation.  

This would be done in a gas environment which would react with the disassociated 

products, and carry them away to prevent their redeposition on the surface. 

  For layers that lie outside of the depth of focus, photoablation will not occur.  

Also, as photoablation requires a threshold intensity to occur, it is not a cumulative 

effect and lower layers will only be removed by photoablation when they are moved 

to lie within the depth of focus and exposed to the light source.  Thus, the dry 

planarization process is the repeated exposure of the wafer to the UV light source 

while the wafer is moved slightly closer to the lens with each step.  It is estimated that 

each step could remove 0.1 microns, resulting in a planarized wafer after five to ten 

steps.  The end product, a wafer with a surface uniform to within 0.1 microns, could 

be achieved by this vacuum compatible process in much less time than current CMP 

processes require. 

6.5.2 Alternatives for Copper Electroplating 

Copper electroplating is a process used to deposit thick copper conductors on 

the topmost layers of the most advanced current devices.  Such conductors have 

advantages over aluminum and other metals with regards to high frequency operation.  

However, copper is a highly mobile ion and can easily, unless precautions are taken, 

contaminate the silicon in the device. 
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The present method of depositing copper for this application is to use a liquid 

electrochemical plating process.  In this process, positive Cu++ copper ions suspended 

in a liquid solution (such as copper sulfate) are attracted to the negatively charged 

wafer by the electrical potential difference.  Copper deposited in this manner is stress 

free and can form thick (1.5 microns or more) films.  The slow motion of the copper 

ions in the liquid solution allows them to be attracted to the ends of high aspect ratio 

structures, such as vias, so that they may be filled. 

An equivalent dry process is required for fabrication of high end MPU’s and 

other similar devices in space.  Due to stress concentrations, standard deposition 

methods such as CVD and sputtering are unable to form the thick copper films 

required.  However, by replicating the main parameters of the liquid-based 

electroplating process, a dry electroplating process has been devised. 

While it is beyond the scope of this thesis to develop a detailed dry, 

replacement process for copper electroplating, one such concept is presented.  The 

key factors in the success of the liquid electroplating process over that of CVD, 

evaporation, and sputter deposition processes are the slow speed of the copper ions 

and the use of an electromotive force to attract the ions to the wafer’s surface.  In 

CVD, the copper ions are in a vapor and diffuse through the vapor to the surface, 

leading to low deposition rates.  In evaporation and sputter deposition, the ions 

impinge upon the surface with speed and direction, leading to poor step coverage.  

The dry electroplating process replaces the liquid solution of copper ions with a 

charged metal vapor.  In this vapor, copper ions and argon gas co-exist.  Collisions 

between charged copper ions and argon molecules result in the exchange of ion 

velocity for a temperature increase, leading to copper ions with a low mean velocity.  

If the copper ions are kept charged through an external means, such as a copper laser 

that affects only the copper ions and not the argon molecules, then the copper ions 

will maintain a charge even after undergoing multiple collisions with argon 
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molecules.  This situation has now replicated the situation found in the liquid 

solution, namely charged copper ions with low mean velocity existing at low 

temperatures. 

Use of an argon gas with a few millitorr of pressure will provide a mean free 

path that is small enough that multiple collisions between copper ions and argon 

molecules will readily occur.  In this situation the copper ions would rapidly 

thermalize to the temperature of the argon gas.  In this vapor, the positively charged 

copper ions would tend to repel each other and not coalesce.  Placing the negatively 

charged wafer in the chamber to act as a cathode would attract the copper ions to the 

wafer.  As the velocity of the copper ions is low, the electric field forces will be able 

to attract the ions into deep, high aspect ratio structures such as vias.  This dry process 

is compatible with a vacuum, microgravity environment and duplicates the key 

factors found in the liquid electro-chemical plating process. 

6.6 Alternative Equipment Requirements 

Semiconductor fabrication equipment has reached a level of maturity and 

standardization over the past thirty years that has allowed operators of existing 

semiconductor fabrication facilities to consider most types of equipment to be a 

commodity item.  Such will not be the case for a space-based semiconductor 

fabrication facility. 

Semiconductor fabrication equipment comprises the equipment used for the 

processing and transport of wafers, and Table 5.13 shows the list of equipment used 

in the simulation model.  Such equipment is designed to provide functionality in an 

Earth environment and is unsuited to space use without design changes.  Such 

changes would reduce the mass of the equipment, eliminate unneeded systems, and 

optimize the equipment for the high vacuum, microgravity environment of a space-

based semiconductor fabrication facility. 
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Functional decomposition is one method by which the changes needed for 

space-based equipment can be evaluated.  Using this method, each piece of 

equipment is divided into functions and each function is evaluated for use in space.  

Typical functions provided by semiconductor fabrication equipment are shown in 

Table 6.9.  

 

Table 6.9 –Functions Provided by Equipment 

Function 
Consumable Delivery 

Power Supply 
Process  Chamber 

Processing Components 
Support Structure 

Vacuum Pump & System 
Wafer Transport 

 

Consumable delivery will change for a space-based application: less material 

will be required per wafer, the material may not be delivered continuously but rather 

in batches. 

The power supply needed is a function of the input power source and the 

power requirements.  It is shown later in Section 7.2.4 that the power requirements 

for most types of equipment is dramatically reduced by dry processing in a native 

vacuum environment. 

While the process chamber size will be unaffected by a space environment, 

the thickness of the walls can be reduced as there will be very little pressure 

differential between the inside of the process chamber and the ambient, vacuum 

environment.  This is in contrast to Earth-based processing in a one atmosphere 

environment where the pressure differential can approach 101.3 kPa. 

The processing components such as ion sources, plasma generators, etc. are 

the least likely components to require changes for the space environment.  However, 

electronic controls may need to be modified to take into account radiation induced 
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errors (soft errors) in the systems.  Also, any components that have mechanical 

movement (valves, robots, actuators) will need to be redesigned for the space 

environment to cope with lubrication, outgassing, and other specific requirements. 

The support structure for space-based equipment need only be strong enough 

to support the forces encountered during transportation, including launch.  Unless 

vibration concerns are paramount, this will result in structures that are substantially 

thinner and less massive than those used in Earth-based equipment. 

For all processes that operate at vacuum levels below that obtainable in orbit 

(~10-8 torr), the vacuum pump and related system is no longer required.  In its place 

will be a means to exhaust process gases.  Vacuum pumpdown will be a matter of 

opening the exhaust port to expose the interior of the process chamber to the ambient 

orbital vacuum. 

Wafer transport inside of equipment will be used to move wafers from load 

locks to process chambers (lock locks will no longer be required for an ambient 

vacuum environment), and between process chambers (as found in cluster tools). 

In addition to redesigning equipment to provide the appropriate functions, it 

must also be designed for reliability.  Maintenance of Earth-based cleanroom 

equipment may, at the worst case, require shutting down production.  Maintenance of 

space-based equipment will require expensive travel to orbit to correct and may be 

difficult to arrange in a timely manner.  Section 10.4.6 explores the impact of 

equipment reliability on fabrication in more detail. 

Table 6.10 shows the functional breakdown of mass, volume, and cost used 

for space-based equipment in the simulation model.  The entire vacuum system has 

been eliminated and the mass and volume reduced appropriately for the other 

functional categories.  The cost for functional categories other than vacuum has not 

been reduced as it is assumed that cost savings attained through the reduction of 

systems and components would be matched by the increased complexity of designing 
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for the vacuum environment.  Non-recoverable engineering costs due to new product 

development are not considered in this model. 

 

Table 6.10 – Normalized Functional Values for Space-Based Equipment 

 
Item 

Vacuum 
Pump 

Vacuum 
System 

Wafer 
Transport 

Process  
Chamber 

Support 
Structure 

Consumable 
Delivery 

Processing 
Components 

Power 
Supply 

Mass 0% 0% 75% 10% 10% 75% 75% 75% 
Volume 0% 0% 75% 100% 10% 75% 75% 75% 
Cost 0% 0% 100% 100% 100% 100% 100% 100% 

 

Table 6.11 shows the effect of the normalized functional decomposition 

values on equipment  mass, volume, and cost for space-based equipment, and Table 

6.12 shows a comparison of the mass, volume, and cost of both Earth-based and 

space-based semiconductor fabrication equipment.  The values shown in Table 6.12 

are used by the simulation model. 

While the mass and volume reductions seem reasonable, they are only 

engineering estimates.  However, this model assumes a conservative approach 

regarding equipment costs - the only cost reductions used are those that occur where 

the vacuum pumps and controls are removed.  No allowance is made for reduced 

costs due to reductions in mass and volume of other equipment components. 

Details on parameters such as mass, volume, and cost for Earth-based 

equipment used by the simulation model can be found in Appendix H.  The 

parameters for space-based equipment are determined by the method of functional 

decomposition of Earth-based equipment described above. 

 



Chapter 6. Optimization of Process Flows 163 
 

 

Table 6.11 – Normalized Mass, Volume, and Cost 
 for Space-Based Equipment 

Equipment Mass (%) Volume (%) Cost (%) 
INTERPROCESSCONVEYOR 75% 75% 100% 
WETBENCH 56% 65% 100% 
FURNACE_BATCH 49% 67% 100% 
PHOTORESIST_SYSTEM 49% 58% 100% 
LITHO_DSW_193 52% 57% 100% 
DEVELOP_SYSTEM 46% 64% 100% 
PLASMA_ETCHER 28% 51% 68% 
ASHER 32% 41% 68% 
ION_IMPLANTER 33% 42% 65% 
PLASMA_CVD_SYSTEM 28% 51% 68% 
SPUTTER_SYSTEM 28% 51% 68% 
RTP_SYSTEM 46% 68% 100% 

 

 

Table 6.12 – Mass, Volume, and Cost for Earth and Space-Based Equipment 

Earth-Based Equipment Space-Based Equipment 

Equipment 
Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

INTERPROCESSCONVEYOR 50 0.1 $100,000 38 0.075 $100,000 
WETBENCH 500 4 $1,800,000 278 2.58 $1,800,000 
FURNACE_BATCH 500 2.88 $500,000 245 1.9296 $500,000 
PHOTORESIST_SYSTEM 300 0.8 $750,000 147 0.464 $750,000 
LITHO_DSW_193 500 5 $2,800,000 261 2.8375 $2,800,000 
DEVELOP_SYSTEM 300 0.8 $785,714 137 0.51 $785,714 
PLASMA_ETCHER 300 0.64 $900,000 85 0.3248 $612,000 
ASHER 500 1.92 $200,000 158 0.7776 $136,000 
ION_IMPLANTER 1000 20 $2,600,000 325 8.3 $1,690,000 
PLASMA_CVD_SYSTEM 300 0.64 $800,000 85 0.3248 $544,000 
SPUTTER_SYSTEM 500 4 $1,000,000 141 2.03 $680,000 
RTP_SYSTEM 500 4 $800,000 229 2.73 $800,000 

 

6.7 Conclusions 

This chapter has shown that the elimination of wet (liquid) processes is a 

requirement for space-based microfabrication.  Two new processes, a dry cleaning 

process and a dry lithographic process, have been introduced and have been shown to 
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be effective alternatives for conventional wet-based processes.  Detailed numerical 

models of the alternative processes were developed. 

To allow comparison between standard Earth-based and space-based 

microfabrication, the reference simulation model was extended to include the 

alternative dry processes in place of wet processes in a vacuum environment.  In 

order to compare the improvements attainable by use of the dry processes on Earth, a 

third model was developed which included dry processes, but assumed a standard 

Earth (non-vacuum) environment.  The results of these simulations will be discussed 

in Chapter 7. 
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Chapter 7  

Process Simulation Results 

7.1 Introduction 

This chapter will present the results of process flow simulations incorporating 

the dry processes developed in Chapter 6.   

The results of process simulation runs for a completely dry, Earth-based 

process flow and a completely dry, space-based process flow will be presented and 

compared to the  reference process flow (Table 5.17) results  It will be shown that 

space-based semiconductor fabrication is feasible with respect to time, mass, and 

energy requirements and that there are significant improvements in process time, 

consumable use, and energy use compared to the equivalent Earth-based process. 

7.2 Results 

Based on the equipment and process optimizations described in Sections 6.3 

to 6.5, a simulation run was performed for a dry, space-based process flow.  The 

reference space process flow CMOS12_DRY_SPACE, fully shown in Appendix I, is 

based on the reference process flow CMOS12_STD with changes to accommodate a 

dry cleaning process and a dry lithographic process.  

An additional simulation run was performed for a dry, Earth-based process 

flow in order to provide a comparison of the improvements attainable on Earth using 

a completely dry process flow.  The reference dry Earth-based process flow 

CMOS12_DRY_EARTH, shown in Appendix J, was developed from the reference 

space process flow CMOS12_DRY_SPACE by maintaining the vacuum pumpdown 
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processes found in the Earth-based reference process flow and using continuous flow 

consumable flows. 

7.2.1 Equipment Use 

For comparison, the equipment usage for the three reference process flows is 

shown in Table 7.1 to Table 7.3 (Table 7.1 repeats Table 5.20 for clarity).  It should 

be noted that the process time shown in these tables is the actual time that a single 

wafer spends in processing equipment.  This process time does not include time spent 

waiting in work-in-progress queues.  This wait time is estimated to be 5 times as long 

as the total process time for a typical Earth-based microfabrication facility73. 

 

Table 7.1 – Equipment Use for Reference Process Flow CMOS12_STD 

Process Time 
Incremental 
Process Time 

Equipment (sec) (%) (sec) (%) Uses 

INTERPROCESSCONVEYOR 33251 15% 1385 5% 108 
WETBENCH 66778 29% 1341 5% 52 
FURNACE_BATCH 39624 17% 840 3% 27 
PHOTORESIST_SYSTEM 45630 20% 2275 8% 65 
LITHO_DSW 864 0% 864 3% 12 
DEVELOP_SYSTEM 20244 9% 1016 4% 36 
PLASMA_ETCHER 5276 2% 5276 18% 15 
ASHER 2086 1% 2086 7% 12 
ION_IMPLANTER 1653 1% 1653 6% 49 
PLASMA_CVD_SYSTEM 7457 3% 7457 26% 7 
SPUTTER_SYSTEM 4313 2% 4313 15% 2 
RTP_SYSTEM 30 0% 30 0% 1 
Total 227206 100% 28537 100% 386 
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Table 7.2 – Equipment Use for Reference Process Flow CMOS12_DRY_EARTH 

Process Time 
Incremental 
Process Time 

Equipment (sec) (%) (sec) (%) Uses 

INTERPROCESSCONVEYOR 42179 30% 1757 3% 137 

WETBENCH 0 0% 0 0% 0 

FURNACE_BATCH 39624 28% 840 1% 27 

PHOTORESIST_SYSTEM 0 0% 0 0% 0 

LITHO_DSW 864 1% 864 1% 12 

DEVELOP_SYSTEM 0 0% 0 0% 0 

PLASMA_ETCHER 19692 14% 19692 33% 75 

ASHER 0 0% 0 0% 0 

ION_IMPLANTER 1653 1% 1653 3% 49 

PLASMA_CVD_SYSTEM 21494 15% 21494 36% 20 

SPUTTER_SYSTEM 14096 10% 14096 23% 42 

RTP_SYSTEM 30 0% 30 0% 1 

Total 139632 100% 60427 100% 363 

 

Table 7.3 – Equipment Use for Reference Process Flow CMOS12_DRY_SPACE 

Process Time 
Incremental 
Process Time 

Equipment (sec) (%) (sec) (%) Uses 

INTERPROCESSCONVEYOR 42179 41% 1757 5% 137 

WETBENCH 0 0% 0 0% 0 

FURNACE_BATCH 25854 25% 266 1% 27 

PHOTORESIST_SYSTEM 0 0% 0 0% 0 

LITHO_DSW 864 1% 864 2% 12 

DEVELOP_SYSTEM 0 0% 0 0% 0 

PLASMA_ETCHER 7939 8% 7939 22% 75 

ASHER 0 0% 0 0% 0 

ION_IMPLANTER 171 0% 171 0% 7 

PLASMA_CVD_SYSTEM 18360 18% 18360 50% 20 

SPUTTER_SYSTEM 7246 7% 7246 20% 42 

RTP_SYSTEM 30 0% 30 0% 1 

Total 102643 100% 36633 100% 321 
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7.2.2 Process Time 

It is seen that dry processing results in reduced process times, but increased 

incremental process times.  The reduced process times indicate that a batch of wafers 

completes the entire fabrication cycle more quickly using dry process flow.  This 

results from the increased use of single chamber equipment such as plasma etch and 

CVD systems which allows batches of wafers to proceed in parallel.  However, the 

dry cleaning and lithography processes last longer than the equivalent processes used 

in reference process flow CMOS12_STD, resulting in increased incremental time (i.e. 

each wafer spends more time in the processing equipment).  It will be shown in 

Section 8.5 that the increased incremental process time for the dry Earth-based 

process flow CMOS12_DRY_EARTH leads to a requirement for more equipment 

compared with the reference process flow CMOS12_STD. 

 

Table 7.4 – Process Time (sec) for Reference Process Flows 

Process Type CMOS12_STD CMOS12_DRY_EARTH CMOS12_DRY_SPACE 
TRANSPORT 49,726 57,829 43,709 
CLEAN 66,463 0 0 
DEPOSIT 29,734 42,561 36,964 
THERMAL 66,030 12,630 12,630 
PATTERNTRANSFER 864 864 864 
`ETCH 13,086 24,445 8,305 
PRESSURECHANGE 1,132 1,132 0 
DOPE 171 171 171 
All process types 227,206 139,632 102,643 

 

Table 7.4 summarizes the reduction in process time attainable with the dry 

cleaning and lithographic processes.  The reduction in process time per wafer from 

227,206 seconds for the standard Earth process flow to 102,643 seconds for the dry 

space process flow represents a 55% reduction and is attributable to the replacement 

of wet cleaning processes with dry cleaning processes (plasma etching and ion 

milling) and the reduction of lithographic thermal processes (prebake, softbake, 
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hardbake).  A comparison of process times for dry processing on Earth and in space 

shows that a savings of 36,989 seconds or 26% per wafer relative to the dry Earth 

process flow is attainable, due solely to the elimination of vacuum pumpdown cycles. 

Figure 7.1 to Figure 7.3 show the breakdown of process time by process type 

and level for the three reference process flows.  It is seen that cleaning and thermal 

processes dominate all mask levels for the standard Earth-based reference process 

flow.  In both the dry Earth-based and dry space-based reference process flows, it is 

seen that transport and deposition processes consume a significant portion of the time 

for all mask levels. 

7.2.3 Consumable Use 

Table 7.5 shows the reduction in consumables attainable with the dry cleaning 

and lithographic processes. 

 

Table 7.5 – Consumable Material Use (kg) for Reference Process Flows 

Phase CMOS12_STD CMOS12_DRY_EARTH CMOS12_DRY_SPACE 

GAS 0.0838 0.0876 0.0037 

LIQUID 779.1679 0.0000 0.0000 

SOLID 0.0003 0.0004 0.0004 

All Phases 779.2521 0.0880 0.0041 

 

Going from the CMOS12_STD process flow to any of the dry process flows 

results in a tremendous reduction in consumables from 779 kg to 88 grams or less.  

This comes primarily from the removal of the wet cleaning processes.  The reduction 

of consumables from 88 grams to 4.1 grams when going from the 

CMOS12_DRY_EARTH process flow to the CMOS12_DRY_SPACE process flow 

is attributable to the change from continuous flows of gases in Earth-based processes 

to single, batch flows of gases in space-based processes.  Thus, the dry space process 
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flow reduces consumable mass to only 0.00053% that of the standard Earth process 

flow.  This reduction is very important in making the mass requirements for space-

based processing reasonable. 

Figure 7.4 to Figure 7.6 show the breakdown of consumable materials by 

phase and level for the three reference process flows.  It is seen that liquid use (from 

the wet cleaning processes) dominates all mask levels for the standard Earth-based 

reference process flow.  In the dry Earth-based reference process flow, it is seen that 

gas use dominates all mask levels.  In the dry space-based reference process flows, it 

is seen that gases also form the largest portion of consumables, with small quantities 

of solids (aluminum) used for resist layers.  The use of metal solids is clearly seen in 

the dry space-based process for the two metal deposition steps. 

7.2.4 Energy Use 

Table 7.6 shows the reduction in energy use attainable with the dry cleaning 

and lithographic processes.   

 

Table 7.6 – Energy Use (J) for Reference Process Flows 

Energy Category CMOS12_STD CMOS12_DRY_EARTH CMOS12_DRY_SPACE 
Pump 1,399,869 4,694,596 0 
Wafer 940,371 923,077 923,077 
Material 195,362,219 25,576 2,892 
Doping 67,499 67,499 67,499 

Process 3,581,786 6,583,860 6,583,860 

Total 201,351,743 12,294,609 7,577,328 

 

Going from the CMOS12_STD process flow to any of the dry process flows 

results in a significant reduction in power used per wafer from 201,351,743 J (4.7 

KW-h per layer) to 0.28 KW-h or less.  Again, most of the energy saved comes from 

the removal of the wet cleaning processes.  The reduction of energy use per wafer 

from 12,294,609 J (0.28 kW-h per layer) to 7,577,328 J (0.18 kW-h per layer) when 
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going from the CMOS12_DRY_EARTH process flow to the 

CMOS12_DRY_SPACE process flow is attributable to the elimination of vacuum 

pumps and the reduction in consumable materials for the space-based process flow. 

Thus, the dry space process flow reduces energy usage to only 3.8% that of the 

standard Earth process flow.  This reduction is a very important requirement for 

space-based processing because, currently, the creation of energy generation systems 

in space is very expensive (see Chapter 8). 

Figure 7.7 to Figure 7.9 show the breakdown of energy use by phase and level 

for the three reference process flows.  It is seen that energy used to heat material (for 

liquids in wet cleaning processes) dominates all mask levels for the standard Earth-

based reference process flow.  In the dry Earth-based reference process flow, it is 

seen that vacuum pumps consume a significant portion of the energy for all mask 

levels.  The use of dry processes increases the use of vacuum pumps over that of the 

standard Earth process flow.  In the dry space-based reference process flows, it is 

seen that energy used to operate the processes and energy used to heat up the wafer 

are the two most significant uses of energy for all mask levels. 

7.3 Conclusions 

The results of the three simulation models showed that when comparing 

space-based microfabrication to standard Earth-based microfabrication, process time 

was reduced by 55%, consumable mass requirements were reduced by 99.99947%, 

and energy requirements were reduced by 96.24%. 

The production parameters per mask level of process time, consumable mass, 

and energy for a single 200 mm wafer fabricated in orbit using a 12 level bi-metal 

CMOS dry process flow were found to be: 0.49 days, 0.004 kg, and 0.18 kW-h.   

These results are significantly below those found using the reference Earth-based 

process flow. 
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Figure 7.1 – Process Time by for Reference Flow CMOS12_STD 
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Figure 7.2 – Process Time for Reference Flow CMOS12_DRY_EARTH 
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Figure 7.3 – Process Time for Reference Flow CMOS12_DRY_SPACE 
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Figure 7.4 – Consumable Use  for Reference Flow CMOS12_STD 
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Figure 7.5 – Consumable Use  for Reference Flow CMOS12_DRY_EARTH 
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Figure 7.6 – Consumable Use  for Reference Flow CMOS12_DRY_SPACE 
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Figure 7.7 – Energy Use for Reference Flow CMOS12_STD 
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Figure 7.8 – Energy Use for Reference Flow CMOS12_DRY_EARTH 
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Figure 7.9 – Energy Use for Reference Flow CMOS12_DRY_SPACE 
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Chapter 8  

Operating Cost Modeling 

8.1 Introduction 

This chapter will develop a model to determine operating cost for space and 

Earth-based semiconductor fabrication based upon the process flow results presented 

in Chapter 7. 

Operating cost per wafer is the cost to fabricate a single wafer taking into 

account depreciation, energy and material consumption, and transportation.  This 

chapter will detail the main factors that affect operating cost. 

The method by which Earth and space-based equipment requirements are 

calculated is described and summary examples will be presented.  In addition to the 

process equipment, the facility, power generation, and heat transfer requirements will 

be determined for a range of production cases. 

One of the factors affecting operating cost will be shown to be the 

transportation cost of raw materials and finished goods to/from the production 

facility.  A detailed model proposing an asynchronous delivery mechanism to/from 

orbit will be described. 

Note that all of the costs given in this chapter will use 1999 values for 

equipment and operating costs.  The effects of changes in equipment and facility 

capital costs will be discussed later in Chapter 9. 

8.2 Background 

It was shown in Chapter 5 that microfabrication processes could be modeled 

in such a manner as to determine the processing time required, the consumables 
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required, and the energy required to produce a single finished wafer.  Chapter 7 

extended that model to account for dry processes used in space in order to allow 

comparisons to be made between the results for Earth-based and space-based 

processes.  Based on those results, space-based microfabrication is technically 

feasible. 

 However, in order for space-based semiconductor fabrication to be 

commercially feasible, it must offer economic advantages over terrestrial production 

methods.  One measure of economic feasibility is the operating cost per unit wafer.  

The operating cost Co is the cost to operate the production facility and includes 

allowances for the cost of depreciation of capital items Cd, utilities such as power and 

heat rejection Cu, maintenance costs Cm, ongoing costs such as consumable materials 

Cc, shipping costs for raw materials and finished goods Cs, as well as any other costs 

required to produce the wafers.  For simplicity, costs related to personnel and 

administration are neglected in the following model. 

 

 
scmudo CCCCCC ++++=  (8.1) 

 

The operating cost per unit wafer �o is simply the operating cost within a 

certain period divided by the number of wafers nw produced by the facility during that 

period. 

 

 

w

o
o n

C
C =ˆ  (8.2) 

 

SEMATECH, an industry consortium, provides a similar measure of 

economic feasibility, cost-of-ownership109,110.  The cost-of-ownership Cownership model 

relates the fixed cost of equipment and facilities Cfixed, the variable cost to operate the 
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facility Cvariable, the cost due to yield loss Cyieldloss, the production rate or throughput 

Rthroughput, the yield due to mechanical losses during production Ymechloss, and the 

utilization of the equipment U. 

 

 

UYR

CCC
C

mechlossthroughput

yieldlossiablefixed
ownership **

var ++
=  (8.3) 

 

Since yield is very dependent on chip design as well as operation of the 

fabrication facility, it is difficult to estimate in advance.  Thus, die yield is often 

ignored and assumed to be equal for competing tool sets in a cost-of-ownership 

comparison111.  A common method used by commercial silicon foundries 

(semiconductor fabrication facilities that process customer designs) is to sell a set 

number of wafer starts, as the foundry’s costs are not set by yield.  This is the same as 

assuming a 100% yield factor for the customers’ wafers. 

Therefore, for an orbital semiconductor facility operating as a silicon foundry 

(as is the case for the base production case of ASIC wafer production), the production 

yield can be assumed to be 100%.  With this assumption and the assumption that the 

equipment is available to be utilized 100% of the time (no downtime), the 

SEMATECH model becomes 

 

 

throughput

iablefixed
ownership R

CC
C var+

=  (8.4) 

 

Over the life of the facility and equipment, the depreciation is equal to the 

fixed cost and the rate of throughput is the total number of wafers produced.  The 

variable cost is the sum of the cost of consumables, power, heat rejection, and 

shipping.  Therefore, the SEMATECH cost of ownership model reduces to 
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w

srpcd
ownership C

n

CCCCC
C ˆ=

++++
=  (8.5) 

 

The following sections detail how the unit cost per wafer is determined for the 

three reference process flows. 

8.3 Base Case 

The operating cost models, and the equipment, facility, and transportation 

requirements that drive them, are all based upon specific production parameters.  The 

three main productions parameters utilized are: 

 

• Wafers per Month 

• Number of Layers 

• Wafers per Mask Set 

 

The number of wafers per month indicates the production rate, the number of 

layers indicates the level of complexity of the fabrication process, and the number of 

wafers per mask set indicates the size of the production run for that type of wafer 

design. 

The three main types of devices described in Section 2.5 are MPU, DRAM, 

and ASIC.  Table 8.1 shows the typical production parameters associated with these 

devices. 

 

Table 8.1 – Production Parameters of Devices 

Device Type Number of Layers Wafers per Mask Set112 
MPU 30 1,500 
DRAM 25 10,000 
ASIC 20 250 
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While the following operating cost models are generalized for a wide variety 

of production scenarios, a base case has been established in order to provide 

simplified comparisons between reference process flow models.  Based upon 

preliminary market research, it has been determined that a space-based 

microfabrication satellite capable of producing 5,000 ASIC wafers per month with a 

three week turnaround would fill a needed market niche in the current demand for 

ASIC devices.  This has produced a base production case for the Earth and space-

based models of: 

 

Table 8.2 – Base Case Production Parameters 

Symbol Description Value 
rw Wafers per Month 5,000 
l Number of Layers 20 

nmaskset Wafers per Mask Set 250 
 

 

8.4 Extension of Process Flow Models to Multi-
Layer Devices 

The reference process flow model developed in Chapter 5 was for a 12 layer 

CMOS device with two metal layers and 0.50 µm features.  Chapter 6 and Chapter 7 

extended the reference process flow model to incorporate dry Earth and dry space 

processing. 

In order to extend the models to generic multi-layer devices, it is necessary to 

introduce the concept of layer averages.  The output of the reference process flow 

model was equipment use, consumable use, and energy use for 12 layer CMOS 

devices, with the equipment use calculated from the incremental process time.  The 

layer average of each of these values is calculated by dividing the sum of all 

individual layer values by the number of layers in the reference device (twelve in this 
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case).  Table 8.3 shows the layer averages for total incremental time, consumable use, 

and energy use for the reference process flows. 

 

Table 8.3 – 12 Level CMOS Layer Averages 

Item 
CMOS Standard 

Earth-Based  
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

Incremental Time (sec) 2,378 5,036 3,053 
Consumable Use (kg) 65 0.0073 0.00034 
Energy Use (kW-h) 4.67 0.28 0.18 

 

The total incremental time, consumable use, or energy use for a device with l 

layers is the layer average shown in Table 8.3 multiplied by the number of layers l. 

In order to compare the results of extending the 12 level CMOS averages to 

other devices, process flow models of a simple, three level device, representative of a 

sensor, were constructed.  The three levels in this device were comprised of thermal 

growth of an 850 nm silicon dioxide film, sputter deposition of a 1 µm aluminum 

conductor layer, and CVD deposition of  a 1.2 µm cover glass of silicon dioxide.  The 

layer averages for this three level device, shown in Table 8.4, are in close agreement 

with those of the 12 level device, lending credibility to the use of layer averages as a 

means of modeling multi-layer devices. 

 

Table 8.4 – 3 Level CMOS Layer Averages 

Item 
CMOS Standard 

Earth-Based  
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

Incremental Time (sec) 2,576 4,584 3,181 
Consumable Use (kg) 60 0.0098 0.00028 
Energy Use (kW-h) 4.40 0.26 0.18 

 



Chapter 8. Operating Cost Modeling 181 
 

 

8.5 Process Equipment 

Section 6.6 Alternative Equipment Requirements described the method of 

functional decomposition used to determine the mass and cost of each piece of 

equipment for the space-based microfabrication model.  Use of this method resulted 

in reductions in equipment mass ranging from 25% to 72% and reductions in 

equipment cost ranging from 0% to 32% compared with standard Earth-based 

processing equipment. 

In order to determine the total mass and cost of all processing equipment, it is 

necessary to determine the quantity of each piece of equipment required to meet the 

production goals. 

The quantity ni of equipment of type i is determined by the rate at which 

wafers are produced rw, the number of layers used to fabricate the wafer l, the average 

yield  of the entire process Y, the utilization of equipment U, and the incremental 

process time for a single wafer in that type of equipment, normalized for a single 

layer, it∆ . 

 

UY
tlr

n iw
i *

** ∆
=  (8.6) 

 

If the yield Y and the utilization U are assumed at 100%, the rate at which 

wafers are produced is specified in wafers per month, and the normalized process 

time per wafer is specified in seconds, then the above equation can be expressed as  

 

 

sec/month2592000

** iw
i

tlr
n

∆
=  (8.7) 
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The normalized process time it∆  is determined by the sum of incremental 

process time ipprocessstet ,∆  for type of equipment i and the number of layers l.  The 

incremental process time pprocessstet∆  for each process step is defined in (5.2). 

 

 

l

t
t ipprocessste

i
∑∆

=∆ ,  (8.8) 

 

Based on the three reference process flows, the normalized incremental time 

(amount of equipment time required per wafer per layer) for all equipment types is 

shown in Table 8.5. 

 

Table 8.5 - Normalized Incremental Process Times (secs) for Equipment Types 

Equipment Type 
CMOS Standard 

Earth-Based 
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

INTERPROCESSCONVEYOR 115 146 146 
WETBENCH 112 0 0 
FURNACE_BATCH 70 70 22 
PHOTORESIST_SYSTEM 190 0 0 
LITHO_DSW_193 72 72 72 
DEVELOP_SYSTEM 85 0 0 
PLASMA_ETCHER 440 1641 662 
ASHER 174 0 0 
ION_IMPLANTER 138 138 14 
PLASMA_CVD_SYSTEM 621 1791 1530 
SPUTTER_SYSTEM 359 1175 604 
RTP_SYSTEM 3 3 3 

 

These layer averages, determined from the 12 level CMOS model, will be 

multiplied by the number of layers l in a device to determine the amount of 

equipment time each wafer requires.  This equipment time requirement and the 

production rate rw establishes the minimum required quantity of each piece of 

equipment. 



Chapter 8. Operating Cost Modeling 183 
 

 

Using (8.7) with the base case production parameters of l = 20 and rw = 5,000, 

the quantity of each piece of equipment can be calculated and is shown in Table 8.6 

It can be seen that the quantity of equipment is lowest for the standard Earth-

based process and highest for the dry Earth-based process.  This is due to the 

increased incremental process time required for plasma clean and etch processes used 

for the dry cleaning and lithography methods.  The dry plasma processes are 

performed one wafer at a time while the wet cleaning processes are performed on a 

batch of 50 wafers at a time. 

The decrease in equipment quantities from the dry Earth-based process to the 

dry space-based process is due to the fact that less time is required to perform most 

processes in a vacuum environment (no pumpdown required) so that each piece of 

equipment is able to accommodate more wafers in a given period of time. 

 

Table 8.6 – Quantity of Equipment Required for Base Case l = 20, rw = 5,000 

Equipment Type 
CMOS Standard 

Earth-Based 
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

INTERPROCESSCONVEYOR 5 6 6 
WETBENCH 5 0 0 

FURNACE_BATCH 3 3 1 
PHOTORESIST_SYSTEM 8 0 0 
LITHO_DSW_193 3 3 3 
DEVELOP_SYSTEM 4 0 0 
PLASMA_ETCHER 17 64 26 
ASHER 7 0 0 
ION_IMPLANTER 6 6 1 
PLASMA_CVD_SYSTEM 24 70 60 

SPUTTER_SYSTEM 14 46 24 
RTP_SYSTEM 1 1 1 

Total 97 199 122 

 

Using the quantities determined in Table 8.6 and the equipment characteristics 

shown in Table 6.12, it is possible to determine the total mass, volume and cost of all 



Chapter 8. Operating Cost Modeling 184 
 

 

equipment.  Table 8.7 shows this mass, volume, and cost of all equipment for the base 

case. 

Note that the equipment costs shown in Table 8.7 are for the base case of 

5,000 wafers per month.  If extrapolated to standard commercial fabrication facilities 

(25,000 wafers per month), the equipment costs scale to those expected for a current 

microfabrication facility as shown in Table 8.8. 

 

Table 8.7 – Mass, Volume, Cost of Equipment Required for Base Case 

 CMOS Std. Earth-Based CMOS Dry Earth-Based CMOS Dry Space-Based 

Equipment Type 
Mass 
(kg) 

Vol 
(m3) 

Cost 
(USD) 

Mass 
(kg) 

Vol 
(m3) 

Cost 
(USD) 

Mass 
(kg) 

Vol 
(m3) 

Cost 
(USD) 

INTERPROCESS 
CONVEYOR 

250 0.5 $500,000 300 0.6 $600,000 225 0.45 $600,000 

WETBENCH  2,500 20 $9,000,000 0 0 $0 0 0 $0 
FURNACE 
_BATCH 

1,500 8.64 $1,500,000 1,500 8.64 $1,500,000 245 1.93 $500,000 

PHOTORESIST 
_SYSTEM 

2,400 6.4 $6,000,000 0 0 $0 0 0 $0 

LITHO_DSW 
_193 

1,500 15 $8,400,000 1,500 15 $8,400,000 784 8.51 $8,400,000 

DEVELOP 
_SYSTEM 

1,200 3.2 $3,142,857 0 0 $0 0 0 $0 

PLASMA 
_ETCHER 

5,100 10.88 $15,300,000 19,200 40.96 $57,600,000 2,204 8.44 $15,912,000 

ASHER 3,500 13.44 $1,400,000 0 0 $0 0 0 $0 
ION 
_IMPLANTER 

6,000 120 $15,600,000 6,000 120 $15,600,000 325 8.3 $1,690,000 

PLASMA_CVD 
_SYSTEM 

7,200 15.36 $19,200,000 21,000 44.8 $56,000,000 5,085 19.5 $32,640,000 

SPUTTER 
_SYSTEM 

7,000 56 $14,000,000 23,000 184 $46,000,000 3,390 48.7 $16,320,000 

RTP_SYSTEM 500 4 $800,000 500 4 $800,000 229 2.73 $800,000 
Total 38,650 273 $94,842,857 73,000 418 $186,500,000 12,486 99 $76,862,000 

 

Table 8.8 to Table 8.10 show the process equipment requirements, including 

total average power consumption, for a range of production scenarios for Earth and 

space-based facilities.  It can be seen that the process power requirement for a space-

based microfabrication facility is well within the capabilities of existing space power 

supplies (25 to 75 kW). 
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Table 8.8 – Process Equipment Requirements for CMOS Standard Earth-Based 
Process Flow 

Wafers per Month Layers Qty Mass (kg) Volume (m3) Cost (USD) Avg. Power (kW) 
50 10 11 4,750 41 $12,235,714 3.2 
100 10 11 4,750 41 $12,235,714 6.5 
250 10 12 5,250 45 $13,035,714 16.2 
500 10 13 5,550 45 $13,835,714 32.4 
750 10 15 6,350 50 $15,735,714 48.6 

1,000 10 16 6,650 51 $16,535,714 64.7 
2,500 10 29 11,800 89 $29,085,714 161.8 
5,000 10 52 20,750 146 $50,971,429 323.7 

10,000 10 97 38,650 273 $94,842,857 647.3 
25,000 10 235 92,900 645 $227,721,429 1,618.4 

50 20 11 4,750 41 $12,235,714 6.5 
100 20 12 5,250 45 $13,035,714 12.9 
250 20 13 5,550 45 $13,835,714 32.4 
500 20 16 6,650 51 $16,535,714 64.7 
750 20 21 8,550 59 $20,185,714 97.1 

1,000 20 24 10,150 80 $24,485,714 129.5 
2,500 20 52 20,750 146 $50,971,429 323.7 
5,000 20 97 38,650 273 $94,842,857 647.3 

10,000 20 188 74,650 517 $182,850,000 1,294.7 
25,000 20 464 183,350 1,264 $449,507,143 3,236.7 

50 30 12 5,250 45 $13,035,714 9.7 
100 30 12 5,250 45 $13,035,714 19.4 
250 30 15 6,350 50 $15,735,714 48.6 
500 30 21 8,550 59 $20,185,714 97.1 
750 30 27 11,000 85 $26,385,714 145.7 

1,000 30 35 14,000 98 $33,535,714 194.2 
2,500 30 76 30,200 207 $73,857,143 485.5 
5,000 30 143 56,750 390 $138,978,571 971.0 

10,000 30 280 110,700 761 $270,957,143 1,942.0 
25,000 30 694 274,100 1,884 $672,192,857 4,855.1 
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Table 8.9 – Process Equipment Requirements for CMOS Dry Earth-Based 
Process Flow 

Wafers per Month Layers Qty Mass (kg) Volume (m3) Cost (USD) Avg. Power (kW) 
50 10 7 3,150 33 $8,700,000 0.2 
100 10 7 3,150 33 $8,700,000 0.4 
250 10 11 4,750 43 $12,200,000 1.0 
500 10 16 6,450 49 $16,600,000 2.0 
750 10 20 7,850 55 $20,100,000 3.0 

1,000 10 24 9,250 61 $23,700,000 4.0 
2,500 10 53 19,800 122 $50,300,000 9.9 
5,000 10 101 37,250 215 $95,300,000 19.8 

10,000 10 199 73,000 418 $186,500,000 39.5 
25,000 10 490 178,850 1,009 $457,300,000 98.8 

50 20 7 3,150 33 $8,700,000 0.4 
100 20 10 4,250 39 $11,200,000 0.8 
250 20 16 6,450 49 $16,600,000 2.0 
500 20 24 9,250 61 $23,700,000 4.0 
750 20 33 12,350 73 $31,600,000 5.9 

1,000 20 44 16,700 109 $42,400,000 7.9 
2,500 20 101 37,250 215 $95,300,000 19.8 
5,000 20 199 73,000 418 $186,500,000 39.5 

10,000 20 393 143,400 807 $366,900,000 79.1 
25,000 20 975 355,350 1,990 $909,200,000 197.6 

50 30 9 3,950 38 $10,300,000 0.6 
100 30 12 5,050 43 $13,000,000 1.2 
250 30 20 7,850 55 $20,100,000 3.0 
500 30 33 12,350 73 $31,600,000 5.9 
750 30 49 18,400 116 $46,800,000 8.9 

1,000 30 61 22,600 134 $57,400,000 11.9 
2,500 30 150 54,750 308 $140,400,000 29.6 
5,000 30 295 107,650 604 $275,700,000 59.3 

10,000 30 586 213,750 1,195 $547,200,000 118.6 
25,000 30 1,460 531,850 2,970 $1,361,100,000 296.5 
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Table 8.10 – Process Equipment Requirements for CMOS Dry Space-Based 
Process Flow 

Wafers per Month Layers Qty Mass (kg) Volume (m3) Cost (USD) Avg. Power (kW) 
50 10 7 1,180 16 $6,926,000 0.1 

100 10 7 1,180 16 $6,926,000 0.2 
250 10 9 1,493 19 $8,270,000 0.6 
500 10 12 1,804 22 $10,106,000 1.2 
750 10 14 1,973 22 $11,194,000 1.8 

1,000 10 17 2,284 25 $13,030,000 2.4 
2,500 10 34 3,847 35 $22,514,000 6.1 
5,000 10 63 6,773 57 $41,326,000 12.2 
10,000 10 122 12,486 99 $76,862,000 24.4 
25,000 10 299 30,306 235 $186,580,000 60.9 

50 20 7 1,180 16 $6,926,000 0.2 
100 20 9 1,493 19 $8,270,000 0.5 
250 20 12 1,804 22 $10,106,000 1.2 
500 20 17 2,284 25 $13,030,000 2.4 
750 20 22 2,764 28 $15,954,000 3.7 

1,000 20 29 3,367 32 $19,590,000 4.9 
2,500 20 63 6,773 57 $41,326,000 12.2 
5,000 20 122 12,486 99 $76,862,000 24.4 
10,000 20 241 24,517 192 $151,700,000 48.7 
25,000 20 593 59,634 454 $369,390,000 121.8 

50 30 8 1,408 19 $7,726,000 0.4 
100 30 9 1,493 19 $8,270,000 0.7 
250 30 14 1,973 22 $11,194,000 1.8 
500 30 22 2,764 28 $15,954,000 3.7 
750 30 32 3,678 35 $21,358,000 5.5 

1,000 30 39 4,327 39 $25,438,000 7.3 
2,500 30 94 9,821 79 $60,850,000 18.3 
5,000 30 181 18,479 142 $114,474,000 36.5 
10,000 30 357 36,101 277 $224,136,000 73.1 
25,000 30 887 89,203 682 $553,346,000 182.7 

 

8.6 Facility 

A semiconductor fabrication facility has certain requirements, whether it be 

located on Earth or in space.  As a first approximation, the facility can be divided into 

two distinct areas: the cleanroom within which all microfabrication occurs, and the 

remainder of the facility which comprises the building, the power generation and heat 

rejection equipment, the HVAC systems, the waste handling equipment, and other 

systems necessary for the functioning of the facility. 
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In order to properly determine the operating costs of a facility, it is necessary 

to determine all capital items including process equipment, the cleanroom and other 

facilities, and the power and heat rejection equipment so that depreciation can be 

properly accounted for. 

The process equipment models described previously produced outputs of 

mass, volume, and cost.  This section will describe a facility model that uses the 

volume of process equipment to calculate both cleanroom and non-cleanroom facility 

requirements based upon some key assumptions. 

The key assumptions used in the model are shown Table 8.11. 

 

Table 8.11 – Key Assumptions for Determining Facility Requirements 

Item 
CMOS Standard

Earth-Based 
CMOS Dry 
Earth-Based

CMOS Dry 
Space-Based

Cleanroom Volume Ratio 1050% 1050% 200% 
Cleanroom Height (m) 3 3  
Cleanroom Area Cost73 (USD/m2) $16,146 $16,146  
Cleanroom Volume Cost (USD/m3)   $100,000 
Cleanroom specific mass (kg/m3) 130 130 10 
Non-cleanroom facility mass ratio 1000% 620% 200% 
Non-cleanroom facility volume ratio 1000% 620% 20% 
Non-cleanroom facility cost ratio 137% 85% 200% 

 

 

The cleanroom volume ratio is the ratio of internal volume of the cleanroom 

to the volume of the process equipment housed in the cleanroom and was determined 

by a review of existing facility cleanroom sizes40.  The cleanroom area and volume 

cost are the cost in USD per unit internal area or volume of the cleanroom.  The non-

cleanroom facility ratios are used to calculate the non-cleanroom mass, volume, and 

cost as a percent of the cleanroom value. 

The mass, volume, and cost of the Earth-based facility using a dry process 

flow is assumed to be 62% of the value for a similar facility using a standard (wet) 
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process flow.  Table 8.12 shows a functional breakdown of the facility mass, volume, 

and cost used in the model. 

 

Table 8.12 – Functional Breakdown of Facility Mass, Volume, and Cost 

CMOS Standard Earth-Based CMOS Dry Earth-Based 

Functional Item 
Mass 
(%) 

Volume 
(%) 

Cost104 
(%) 

Mass 
(%) 

Volume 
(%) 

Cost 
(%) 

Industrial water 1.00% 1.00% 1.00% 1.00% 1.00% 1.00% 
Building 28.00% 28.00% 28.00% 28.00% 28.00% 28.00% 
Air conditioning/exhaust 29.00% 29.00% 29.00% 29.00% 29.00% 29.00% 
Pure water/waste water 15.00% 15.00% 15.00% 0.00% 0.00% 0.00% 
Chemicals 2.00% 2.00% 2.00% 0.00% 0.00% 0.00% 
Gas alarm 6.00% 6.00% 6.00% 0.00% 0.00% 0.00% 
Electricity 16.00% 16.00% 16.00% 0.98% 0.98% 0.98% 
Disaster prevention 3.00% 3.00% 3.00% 3.00% 3.00% 3.00% 
Total 100.00% 100.00% 100.00% 61.98% 61.98% 61.98% 

 

Based on the key assumptions shown in  Table 8.11 and the equipment 

quantity calculations of Section 8.5, the facility requirements can be calculated.  

Table 8.13 to Table 8.15 show the facility requirements for a range of production 

scenarios for Earth and space-based facilities. 
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Table 8.13 – Facility Requirements for CMOS Std. Earth-Based Process Flow 

Cleanroom Non-Cleanroom 
Wafers 

per 
Month Layers 

Process 
Equipment 

Volume 
(m3) 

Mass 
(kg) 

Volume 
(m3) 

Area 
(m2) 

Cost 
(USD) 

Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

50 10 41 55,665 428 143 $2,304,499 556,647 4,282 $3,157,164 
100 10 41 55,665 428 143 $2,304,499 556,647 4,282 $3,157,164 
250 10 45 61,125 470 157 $2,530,542 611,247 4,702 $3,466,842 
500 10 45 61,998 477 159 $2,566,708 619,983 4,769 $3,516,390 
750 10 50 68,332 526 175 $2,828,917 683,319 5,256 $3,875,616 

1,000 10 51 69,206 532 177 $2,865,084 692,055 5,324 $3,925,165 
2,500 10 89 121,976 938 313 $5,049,781 1,219,764 9,383 $6,918,200 
5,000 10 146 199,263 1,533 511 $8,249,407 1,992,627 15,328 $11,301,688 
10,000 10 273 373,218 2,870 957 $15,451,109 3,732,183 28,709 $21,168,019 
25,000 10 645 880,861 6,775 2,259 $36,467,375 8,808,618 67,759 $49,960,304 

50 20 41 55,665 428 143 $2,304,499 556,647 4,282 $3,157,164 
100 20 45 61,125 470 157 $2,530,542 611,247 4,702 $3,466,842 
250 20 45 61,998 477 159 $2,566,708 619,983 4,769 $3,516,390 
500 20 51 69,206 532 177 $2,865,084 692,055 5,324 $3,925,165 
750 20 59 80,126 616 205 $3,317,168 801,255 6,164 $4,544,520 

1,000 20 80 109,173 840 280 $4,519,712 1,091,727 8,398 $6,192,006 
2,500 20 146 199,263 1,533 511 $8,249,407 1,992,627 15,328 $11,301,688 
5,000 20 273 373,218 2,871 957 $15,451,109 3,732,183 28,709 $21,168,019 
10,000 20 517 705,896 5,430 1,810 $29,223,855 7,058,961 54,300 $40,036,682 
25,000 20 1,264 1,725,770 13,275 4,425 $71,446,263 17,257,695 132752 $97,881,380 

50 30 45 61,125 470 157 $2,530,542 611,247 4,702 $3,466,842 
100 30 45 61,125 470 157 $2,530,542 611,247 4,702 $3,466,842 
250 30 50 68,332 526 175 $2,828,917 683,319 5,256 $3,875,616 
500 30 59 80,126 616 205 $3,317,168 801,255 6,164 $4,544,520 
750 30 85 115,643 890 297 $4,787,572 1,156,428 8,896 $6,558,974 

1,000 30 98 133,770 1,029 343 $5,538,032 1,337,700 10,290 $7,587,104 
2,500 30 207 282,009 2,169 723 $11,675,075 2,820,090 21,693 $15,994,853 
5,000 30 390 531,941 4,092 1,364 $22,022,153 5,319,405 40,919 $30,170,350 
10,000 30 761 1,038,710 7,990 2,663 $43,002,253 10,387,104 79,901 $58,913,086 
25,000 30 1,884 2,571,551 19,781 6,594 $106,461,317 25,715,508 197,812 $145,852,004 
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Table 8.14 – Facility Requirements for CMOS Dry Earth-Based Process Flow 

Cleanroom Non-Cleanroom 
Wafers 

per 
Month Layers 

Process 
Equipment 

Volume 
(m3) 

Mass 
(kg) 

Volume 
(m3) 

Area 
(m2) 

Cost 
(USD) 

Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

50 10 33 45,400 349 116 $1,879,540 281,379 2,164 $1,595,912 
100 10 33 45,400 349 116 $1,879,540 281,379 2,164 $1,595,912 
250 10 43 58,067 447 149 $2,403,958 359,888 2,768 $2,041,193 

500 10 49 67,022 516 172 $2,774,667 415,385 3,195 $2,355,961 
750 10 55 75,102 578 193 $3,109,209 465,468 3,581 $2,640,020 

1,000 10 61 83,183 640 213 $3,443,752 515,551 3,966 $2,924,079 
2,500 10 122 166,312 1,279 426 $6,885,243 1,030,764 7,929 $5,846,238 
5,000 10 215 293,393 2,257 752 $12,146,373 1,818,388 13,988 $10,313,447 
10,000 10 418 570,570 4,389 1,463 $23,621,401 3,536,271 27,202 $20,056,856 
25,000 10 1,009 1,377,476 10,596 3,532 $57,027,036 8,537,303 65,672 $48,421,474 

50 20 33 45,400 349 116 $1,879,540 281,379 2,164 $1,595,912 

100 20 39 52,607 405 135 $2,177,916 326,048 2,508 $1,849,261 
250 20 49 67,022 516 172 $2,774,667 415,385 3,195 $2,355,961 
500 20 61 83,183 640 213 $3,443,752 515,551 3,966 $2,924,079 
750 20 73 100,218 771 257 $4,149,003 621,132 4,778 $3,522,905 

1,000 20 109 149,276 1,148 383 $6,179,992 925,183 7,117 $5,247,411 
2,500 20 215 293,393 2,257 752 $12,146,373 1,818,388 13,988 $10,313,447 
5,000 20 418 570,570 4,389 1,463 $23,621,401 3,536,271 27,202 $20,056,856 
10,000 20 807 1,101,173 8,471 2,824 $45,588,175 6,824,834 52,499 $38,708,773 
25,000 20 1,990 2,715,722 20,890 6,963 $112,429,959 16,831,467 129,473 $95,463,919 

50 30 38 51,734 398 133 $2,141,749 320,633 2,466 $1,818,552 
100 30 43 58,941 453 151 $2,440,125 365,302 2,810 $2,071,902 
250 30 55 75,102 578 193 $3,109,209 465,468 3,581 $2,640,020 
500 30 73 100,218 771 257 $4,149,003 621,132 4,778 $3,522,905 
750 30 116 158,231 1,217 406 $6,550,701 980,681 7,544 $5,562,179 

1,000 30 134 182,473 1,404 468 $7,554,328 1,130,930 8,699 $6,414,355 
2,500 30 308 420,611 3,235 1,078 $17,413,155 2,606,858 20,053 $14,785,454 

5,000 30 604 823,996 6,338 2,113 $34,113,146 5,106,951 39,284 $28,965,364 
10,000 30 1,195 1,631,639 12,551 4,184 $67,549,297 10,112,551 77,789 $57,355,892 
25,000 30 2,970 4,053,968 31,184 10,395 $167,832,883 25,125,630 193,274 $142,506,364 
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Table 8.15 – Facility Requirements for CMOS Dry Space-Based Process Flow 

Cleanroom Non-Cleanroom 
Wafers 

per 
Month Layers 

Process 
Equipment 

Volume 
(m3) 

Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

Mass 
(kg) 

Volume 
(m3) 

Cost 
(USD) 

50 10 16 316 32 $3,164,340 633 6 $6,328,680 
100 10 16 316 32 $3,164,340 633 6 $6,328,680 
250 10 19 378 38 $3,775,300 755 8 $7,550,600 

500 10 22 431 43 $4,311,220 862 9 $8,622,440 
750 10 22 444 44 $4,441,140 888 9 $8,882,280 

1,000 10 25 498 50 $4,977,060 995 10 $9,954,120 
2,500 10 35 705 71 $7,054,540 1,411 14 $14,109,080 
5,000 10 57 1,144 114 $11,437,200 2,287 23 $22,874,400 

10,000 10 99 1,971 197 $19,714,980 3,943 39 $39,429,960 
25,000 10 235 4,695 469 $46,946,780 9,389 94 $93,893,560 

50 20 16 316 32 $3,164,340 633 6 $6,328,680 

100 20 19 378 38 $3,775,300 755 8 $7,550,600 
250 20 22 431 43 $4,311,220 862 9 $8,622,440 
500 20 25 498 50 $4,977,060 995 10 $9,954,120 
750 20 28 564 56 $5,642,900 1,129 11 $11,285,800 

1,000 20 32 639 64 $6,388,700 1,278 13 $12,777,400 
2,500 20 57 1,144 114 $11,437,200 2,287 23 $22,874,400 
5,000 20 99 1,971 197 $19,714,980 3,943 39 $39,429,960 

10,000 20 192 3,841 384 $38,413,000 7,683 77 $76,826,000 
25,000 20 454 9,088 909 $90,880,640 18,176 182 $181,761,280 

50 30 19 371 37 $3,710,340 742 7 $7,420,680 
100 30 19 378 38 $3,775,300 755 8 $7,550,600 
250 30 22 444 44 $4,441,140 888 9 $8,882,280 
500 30 28 564 56 $5,642,900 1,129 11 $11,285,800 
750 30 35 692 69 $6,924,620 1,385 14 $13,849,240 

1,000 30 39 772 77 $7,720,380 1,544 15 $15,440,760 
2,500 30 79 1,590 159 $15,899,820 3,180 32 $31,799,640 

5,000 30 142 2,848 285 $28,475,220 5,695 57 $56,950,440 
10,000 30 277 5,537 554 $55,371,060 11,074 111 $110,742,120 
25,000 30 682 13,641 1,364 $136,409,540 27,282 273 $272,819,080 

 

8.7 Power and Heat Rejection 

Two issues that become very important for any space-based facility are 

electrical power consumption and heat rejection.  In Earth-based facilities the power 

is purchased from the local electrical utility (at wholesale rates) and heat is rejected 
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through heat exchangers to either the atmosphere (cooling towers) or to a local water 

source.  In space, all electrical power must be generated on site and all heat must be 

rejected to space through radiation. 

Electrical power can be generated in space by a number of methods: nuclear, 

fuel cells, and solar.  Of these, only solar is suitable with present technology to meet 

the power requirements of a microfabrication facility. 

Current solar power cells are arranged in long, flat sheets supported by an 

external framework.  The efficiency of the solar cells in converting sunlight to 

electricity is dependent upon the type of semiconductor material used, the 

construction method, and the inclination of the face of cell to the sun.  Current 

parameters for silicon solar cells (non thin film) are: 3.23 kg/kW and $58,823 

USD/kW113.  Other types of cells, notably GaAs/Ge, are capable of higher 

efficiencies, leading to lower unit mass but higher unit cost. 

Solar cells absorb radiation and convert a portion of it to electricity.  In 

contrast, solar radiators radiate waste heat to space.  As radiation of heat is governed 

by radiator temperature and surface area, the ideal radiator is similar in appearance to 

a solar cell, and similar mass, volume, and cost characteristics have been assumed for 

the model. 

On Earth, waste heat is transferred to the environment through some form of 

heat exchanger.  One common method of transferring process heat is to use a liquid to 

liquid flat plate heat exchanger whereby heat is transferred from one fluid (such as a  

waste process stream) to another fluid (such as cooling water) across a non-permeable 

surface.  Flat plate heat exchangers are compact and inexpensive. 

The key assumptions concerning the characteristics of power generation and 

heat rejection equipment on Earth and in space are shown in Table 8.16.  It can be 

seen that specific cost of Earth-based power generating equipment is zero, reflecting 

the fact that electrical power is purchased from the local utility on Earth.  For the 
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purposes of this model, the effect of emergency power generation equipment, such as 

diesel generators, is neglected and the cost ignored.  It should be noted that the cost of 

electricity transmission and transforming equipment is included within the overall 

facilities costs shown in Table 8.12.  

In order to be conservative, the specific mass and specific cost of space-based 

power generating equipment is assumed to be higher than that available with current 

silicon solar cell technology113.  The specific cost and mass of space-based heat 

rejection equipment is assumed to be the same as that of the power generating 

equipment. 

 

Table 8.16 – Key Assumptions for Determining Power 
Generating and Heat Rejection Equipment 

 

Earth-Based Space-Based 

Item 
Mass 

(kg/kW) 
Volume 
(m3/kW) 

Cost 
(USD/kW) 

Mass 
(kg/kW) 

Volume 
(m3/kW) 

Cost 
(USD/kW) 

Power Generation Equipment 0 0 $0 10 0.04 $100,000 
Heat Rejection Equipment 3.59 0.00134 $233 10 0.04 $100,000 

 

 

Additional assumptions, shown in Table 8.17, are required for the model in 

order to determine the amount of power required for supporting (non-process 

equipment) and the amount of heat which must be rejected.  The support power ratio 

is the amount of power required by non-process equipment (such as HVAC) as a 

percent of the process power requirement.  The heat rejection ratio is the amount of 

heat that must be rejected from the facility as a percent of the process power 

requirement, and it can be seen that a conservative value of 100% (all of the heat 

generated) is used.  The safety factors are used to ensure that the power generating 

and heat rejection capacity is sufficient for peak loads. 
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Table 8.17 – Additional Assumptions for Determining 
Power Generating and Heat Rejection Equipment 

 

Item 
Earth-
Based 

Space-
Based 

Support Power Ratio 104% 20% 
Power Generation Safety Factor 120% 120% 
Heat Rejection Ratio 100% 100% 
Heat Rejection Safety Factor 120% 120% 

 

It should be noted that alternatives are available to reduce the electrical energy 

requirements for a space-based facility.  The use of solar heating for furnaces and 

thermal processes would greatly reduce the need for solar cells and would utilize the 

available solar energy more efficiently.  However, such a solar heating system is 

unproven and the conservative approach using solar cells has been taken in modeling 

this equipment. 

For the Base Case of l = 20 layers and rw = 5,000 wafers per month, the above 

assumptions produce the mass, volume, and costs shown in Table 8.18. 

 

Table 8.18 – Power Generating and Heat Rejection 
Equipment Mass, Volume and Cost for Base Case 

  

Item 
CMOS Standard 

Earth-Based 
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

Process Equipment Average Power (kW) 647 40 24 
Required Power Generating Capacity (kW) 1583 97 35 
Power Generating Equipment Mass (kg) 0 0 351 
Power Generating Equipment Volume (m3) 0.00 0.00 1.40 
Power Generating Equipment Cost (USD) $0 $0 $3,508,022 
Required Heat Rejection Equipment Capacity 1583 97 35 
Heat Rejection Equipment Mass (kg) 5689 347 351 
Heat Rejection Equipment Volume (m3) 2.12 0.13 1.40 
Heat Rejection Equipment Cost (USD) $368,217 $22,483 $3,508,022 
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8.8 Summary of Equipment and Facility    
Requirements 

Section 8.2 to Section 8.7 have described the modeling of capital equipment 

and facility requirements.  A summary of the total mass and cost of the capital items 

required for a microfabrication facility is shown in Table 8.19 for a range of 

production scenarios.  

 

Table 8.19 – Summary Total Mass and Cost of Capital Items 

CMOS Std  Earth-Based CMOS Dry Earth-Based CMOS Dry Space-Based 
Wafers/ 
Month Layers 

Mass 
(kg) 

Cost 
(USD) 

Mass 
(kg) 

Cost 
(USD) 

Mass 
(kg) 

Cost 
(USD) 

50 10 617,000 $17,600,000 329,000 $12,100,000 2,100 $16,400,000 
100 10 617,000 $17,700,000 329,000 $12,100,000 2,100 $16,400,000 
250 10 677,000 $19,000,000 422,000 $16,600,000 2,600 $19,700,000 
500 10 687,000 $19,900,000 488,000 $21,700,000 3,100 $23,300,000 
750 10 758,000 $22,400,000 548,000 $25,800,000 3,300 $25,000,000 

1,000 10 768,000 $23,300,000 608,000 $30,000,000 3,800 $28,600,000 
2,500 10 1,354,000 $41,100,000 1,216,000 $63,000,000 6,100 $45,400,000 
5,000 10 2,215,000 $70,700,000 2,149,000 $117,700,000 10,500 $79,100,000 
10,000 10 4,149,000 $131,800,000 4,180,000 $230,200,000 19,100 $143,000,000 
25,000 10 9,796,000 $315,000,000 10,094,000 $562,800,000 46,100 $344,900,000 

50 20 617,000 $17,700,000 329,000 $12,100,000 2,100 $16,400,000 
100 20 677,000 $19,000,000 382,000 $15,200,000 2,600 $19,700,000 
250 20 687,000 $19,900,000 488,000 $21,700,000 3,100 $23,300,000 
500 20 768,000 $23,300,000 608,000 $30,000,000 3,800 $28,600,000 
750 20 890,000 $28,100,000 733,000 $39,200,000 4,500 $33,900,000 

1,000 20 1,212,000 $35,200,000 1,091,000 $53,800,000 5,400 $40,100,000 
2,500 20 2,215,000 $70,700,000 2,149,000 $117,700,000 10,500 $79,100,000 
5,000 20 4,149,000 $131,800,000 4,180,000 $230,200,000 19,100 $143,000,000 
10,000 20 7,850,000 $252,800,000 8,070,000 $451,200,000 37,400 $280,900,000 
25,000 20 19,195,000 $620,600,000 19,904,000 $1,117,200,000 90,400 $677,100,000 

50 30 677,000 $19,000,000 376,000 $14,200,000 2,500 $18,900,000 
100 30 677,000 $19,000,000 429,000 $17,500,000 2,600 $19,800,000 
250 30 758,000 $22,400,000 548,000 $25,800,000 3,300 $25,000,000 
500 30 890,000 $28,100,000 733,000 $39,200,000 4,500 $33,900,000 
750 30 1,284,000 $37,800,000 1,157,000 $58,900,000 5,900 $43,700,000 

1,000 30 1,487,000 $46,700,000 1,336,000 $71,300,000 6,800 $50,700,000 
2,500 30 3,136,000 $101,800,000 3,082,000 $172,600,000 15,100 $113,800,000 
5,000 30 5,916,000 $191,700,000 6,039,000 $338,800,000 28,000 $210,400,000 
10,000 30 11,553,000 $373,900,000 11,958,000 $672,100,000 54,800 $411,200,000 
25,000 30 28,603,000 $927,200,000 29,714,000 $1,671,600,000 135,300 $1,015,100,000 
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The mass is an important factor in modeling transportation costs of equipment 

to orbit.  The cost shown in Table 8.19 is the first cost of the equipment and does not 

include shipping or installation. 

Equipment costs represent 65% to 75% of the cost of new semiconductor 

fabrication facilities114, and it is seen from the process equipment, facility, and 

summary cost tables that the model also reflects this fact. 

8.9 Transportation 

Efficient transportation of equipment, raw material, and finished goods 

represents the single greatest challenge to an economically viable space-based 

microfabrication facility.  Inexpensive, effective shipping is taken for granted on 

Earth, with next day service across the globe a common event.  Use of trucks, ships, 

and aircraft to move large quantities of equipment and materiel great distances is a 

factor in the global economy, and the shipping infrastructure behind this movement is 

well established. 

However, no such infrastructure currently exists for orbital goods transport.  

The single largest component of the space commercialization market is 

communication satellites115,116 which need only be placed in orbit from a ground 

launch.  Therefore, while the ability to place satellite-sized objects in low Earth and 

higher orbits exists, there is no capability to readily return material from orbiting 

facilities. 

Estimates for the current cost of launching mass into low Earth orbit range 

from $10,000 to $22,000 per kg117.  Compared with the estimated transportation cost 

of $4 per kg for transporting material from North America to Europe118, the cost of 

space transporting is, and will remain, very high. 

It is apparent from the differences in transportation costs that in order to 

compete on an economic basis with Earth-based manufacturing, the transportation 
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costs for space-based manufacturing must be carefully optimized.  A review of the 

literature has indicated that little research into the optimization of two-way orbital 

transportation has been published, and yet, two-way transportation is a necessary 

precondition of any space-based manufacturing venture. 

This section will describe a model developed by the author that attempts to 

address the main issues of two-way orbital transport.  A key feature of this model will 

be the ability to return goods from orbit asynchronously. 

Numerous factors affect the transportation costs to and from orbit for a space-

based manufacturing facility.  To simplify downstream economic analyses, this model 

will  deliver the roundtrip total transportation cost as a function of the incremental 

launch cost ($/kg).  The total transportation cost croundtriptotal is the total cost of 

transportation (both raw materials and finished goods) per unit mass of finished goods 

delivered and is a function of the cost to launch goods up to orbit Cup, the cost to 

return goods down to Earth Cdown, the mass of materials launched at a single time mup, 

the mass of finished goods returned to Earth at a single time mdown, and the mass 

fraction of raw materials that are finished goods fdownmatl. 
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If a synchronous mode of transport is assumed (each launch supplies the 

manufacturing facility with raw materials and returns finished goods), then 

optimization of the roundtrip cost is limited to determining how much mass will be 

launched in each trip and the most effective launch vehicle for that mass.  The 

production goals of wafers per month (or other goods) automatically set the frequency 

of launches once the raw material launch mass is known. 
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However, it is important to understand that, for semiconductor processing in 

space, the mass of wafers and consumables required is very small.  For 5,000 wafers 

per month, this is only 184 kg of wafers and 71 kg of consumables (ignoring 

packaging).  

It is envisioned that for processes where the mass of finished goods is low and 

the delivery time of finished goods critical (such as semiconductor fabrication), it 

may be more efficient to launch large quantities of raw materials infrequently and 

retrieve finished goods from orbit frequently during the interval between launches.  

Such an asynchronous transport mode necessarily implies that the ability to return 

goods remotely from orbit exists and that such means, such as return capsules, are 

periodically included in the launches of supplies of raw materials. 

For the purpose of this model, a return capsule is defined which has the 

capability to transport packaged, finished semiconductor wafers safely from Earth 

orbit to Earth.  These return capsules would be small and light and would perhaps 

have a capacity of 1,000 finished wafers or 40 kg.  

The key characteristics of such a capsule are: 

 

• payload ability 

• capsule mass 

• capsule cost 

• number of times that capsule can be reused 

 

The return capsule payload ability fpayload is expressed as the mass fraction of 

the total return mass that consists of payload (i.e. a fpayload of 0.4 implies that 40% of 

the mass is payload and 60% is return capsule). 

It is useful to develop a cost rate of the capsule per kg of payload mass 

returned expressed as a fraction of the incremental launch cost.  The fractional 
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capsule cost rate fcapsule is determined by the capsule cost Ccapsule, the mass of the 

capsule payload mpayload, the number of times that the capsule can be reused nuses, and 

the incremental launch cost per unit mass cup.  A fractional capsule cost of 0 indicates 

a completely reusable return capsule. 

 

 

upusespayload

capsule
capsule cnm

C
f

**
=  (8.10) 

 

Given that launches are periodic events, it is useful to relate the period 

between launches pup and the period between finished goods returns pdown by a non-

dimensional launch fraction flaunch. 

 

 

up

down
launch p

p
f =  (8.11) 

 

It is obvious that the mass of finished goods returned per return capsule mdown 

is related to the rate at which finished goods are required rdown (assumed equal to the 

facility processing rate expressed in mass per unit time) and the period between 

finished goods returns pdown. 

 

 
downdownpayloaddown prmm *==  (8.12) 

 

Fixed costs play a large role in determining the overall transport cost.  The 

non-dimensional fraction ffixed is the ratio of fixed cost to retrieve a single return 

capsule Cfixeddown to the fixed cost to perform a single launch Cfixedup.  
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fixed C

C
f =  (8.13) 
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Having defined (8.10) through (8.13), the roundtrip total cost of (8.9) can be 

rewritten as 
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It can be seen in (8.14) that the first term relates to incremental launch costs 

and the second term relates to the fixed launch costs.  Rewriting (8.14) to incorporate 

two new ratios R1 and R2 gives 

 

 ( ) upotalroundtript cRRc *21 +=  (8.15) 
 

R1 is a non-dimensional ratio that represents incremental costs. 

  

 
1
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1 −++= capsule

payloaddownmatl
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ff

R  (8.16) 

 

R2 is a non-dimensional ratio that represents fixed costs.  It is related by the 

launch fraction flaunch, the fixed cost fraction ffixed, and a non-dimensional fraction of 

fixed launch costs fupdown. 
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=  (8.17) 

 

 ( ) updownfixedlaunch fffR *2 +=  (8.18) 
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Note that both forms of the model given in (8.14) and (8.15) have two terms: 

the first determines the incremental costs and is governed by process considerations 

(ratio of finished goods to raw material mass) and return capsule capabilities; the 

second is governed by fixed costs, launch ratios, and mass flows. 

Figure 8.1 shows a graph of R1 versus fdownmatl to demonstrate the relationship 

between capsule payload fraction fpayload and mass fraction of raw materials that are 

finished goods for a fcapsule of 0 (completely reusable return capsule).  For typical 

semiconductor fabrication applications, fdownmatl is 0.5 or greater and it is proposed 

that fpayload of 0.5 is attainable, resulting in an R1 value of approximately 3. 
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Figure 8.1 – Non-Dimensional Ratio of Incremental Orbital Transport Costs 

 

Figure 8.2 shows the relationship of fupdown (non-dimensional fixed cost per kg 

of finished goods) and launch ratio flaunch (the launch ratio is the inverse of number of 

returns per launch).  It is clear that amortizing the fixed costs over a large number of 

returns decreases R2.  More surprising is the scale of dependence of R2 on fupdown.  For 

typical semiconductor applications, it is envisioned that fixed launch cost Cfixed may 

be $10,000,000 per launch, incremental launch cost cup is $1,000 to 5,000 per kg, and 
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mdown is 100 to 500 kg per return, resulting in an R2 value of 7 to 100.  Note that this 

is larger than the R1 value of 3 calculated above, indicating that the roundtrip total 

transport cost croundtriptotal is affected much more by fixed costs than by incremental 

costs. 
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Figure 8.2 – Non-Dimensional Ratio of Fixed Orbital Transport Costs 

 

This section has described an orbital transport cost model.  The key benefit of 

this model is expressing the roundtrip total transport cost as a two term multiplier of 

the incremental launch cost.  This allows the complexities of the transport model to 

be neglected in downstream economic analyses as all transport costs can be 

represented as either the incremental launch cost (for shipping equipment to the 

orbital facility) or the roundtrip total transport cost (for finished goods produced from 

raw materials shipped to the orbital facility). 

8.10 Operating Cost 

As described in Section 8.2, operating cost Co is the cost to operate the 

production facility for a specific period.  The operating cost accounts for the cost of 
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depreciation of capital items Cd, ongoing costs such as consumable materials Cc, 

power Cp and heat rejection Ch,  shipping costs for raw materials and finished goods 

Cs, as well as any other costs required to produce the wafers. 

8.10.1 Depreciation 

Depreciation is the rate at which a capital item loses value.  For the purposes 

of this model, straight-line depreciation is assumed whereby the capital items loses 

value at a steady rate over its useful lifetime such that it has full value at the start of 

its life and zero value at the end of its life.  This lost value is shown as an expense and 

adds to the operating cost of the manufacturing facility.  Depreciation can be 

simplistically viewed as the cost to rent the equipment. 

The cost of capital items shown in Section 8.8 is the estimated cost to 

purchase the items, but does not include the cost of transporting the equipment to the 

facility location nor installation of the equipment.  However, depreciation costs are 

based on the installed costs of the equipment, thus the cost of transportation and 

installation must also be depreciated.  For a space-based facility with high 

transportation costs, the additional cost of shipping equipment can greatly increase 

the depreciation cost. 

Table 8.20 shows the key assumptions used to arrive at the depreciation cost 

for the three reference models.  

     

Table 8.20 – Key Assumptions for Determining Equipment Depreciation Costs 

Symbol Description 
CMOS Standard 

 Earth-Based 
CMOS Dry 

 Earth-Based 
CMOS Dry 

Space-Based 

cup Transportation Cost (USD/kg) $4118 $4 $5,000 
finstall Installation Cost (% of first cost) 15% 15% 0% 
fdep Depreciation Rate (% per year) 20% 20% 20% 
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While the installation cost for Earth-based facilities is shown as 15% of the 

purchase price of the equipment73, the installation cost for space-based equipment is 

shown as zero.  This is because it is assumed in this model that the equipment is 

installed in the facility on Earth and that its cost is included in the cost of the facility.  

Unlike Earth-based facilities where equipment is installed after the facility is built, 

the high integration requirement of a space-based facility dictates that the equipment 

and facility are constructed together.   

A straight-line depreciation rate of 20% has been selected to reflect the five 

year useful life timeframe used by the semiconductor industry73.  Use of a longer 

timeframe would result in a lower depreciation rate and lower depreciation costs. 

The depreciation cost Cd is determined by the capital cost of the equipment 

and facility Cequipfacility, the mass of the equipment and facility mequipfacility, the 

transportation cost per unit mass cup, the installation rate finstall, and the depreciation 

rate fdep. 

 

 ( )upityequipfacilinstallityequipfacildepd cmfCfC *)1(** ++=  (8.19) 

 

The total installed capital cost of the equipment and facility Ctotalequipfacility is 

 

 
upityequipfacilinstallityequipfacilfacilitytotalequip cmfCC *)1(* ++=  (8.20) 

 

8.10.2 Utilities 

On Earth, utility companies provide the power and water used for processing 

and heat rejection.  In space, all such energy and mass must be provided locally or 

shipped to the facility.  As this model treats water consumption as a consumable in a 
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later section, the cost of utilities is restricted to that required for power generation and 

heat rejection. 

 Table 8.21 shows the key assumptions used in the model to determine the 

power and heat rejection costs. 

 

Table 8.21 – Key Assumptions for Determining Utility Costs 

Symbol Description 
CMOS Standard 

 Earth-Based 
CMOS Dry 

 Earth-Based 
CMOS Dry 

Space-Based 

cp 
Power Generation Operating Cost 
(USD/kW-h) 

$0.05 $0.05 $0 

ch 
Heat Rejection Operating Cost 
(USD/kW-h) 

$0.05 $0.05 $0 

 

The ongoing cost of providing power and heat rejection for a space-based 

facility is shown as zero as it is assumed that this capability is provided by onboard 

equipment such as solar cells and radiators and that the operating cost of such 

equipment is captured in the depreciation cost Cd . 

Section 8.7 described the modeling of power and heat rejection requirements 

and the capital equipment needed to support them.  The ongoing utility cost Cu of 

providing power and heat rejection are determined by the amount of power P and heat 

rejection H required and the cost rates cp and ch to provide that amount. 

 

 
hpu cHcPC ** +=  (8.21) 

  

8.10.3 Maintenance 

Equipment maintenance is the ongoing cost to ensure that the equipment is 

operational through regular maintenance and repairs and Table 8.22 shows the key 

assumptions used to determine this cost. 
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Table 8.22 – Key Assumptions for Determining Maintenance Costs 

Symbol Description 
CMOS Standard 

 Earth-Based 
CMOS Dry 

 Earth-Based 
CMOS Dry 

Space-Based 

fmaint 
Annual Maintenance (% of total 
installed capital cost) 

10% 10% 10% 

 

While maintenance cost for Earth-based facilities is well established73, it is 

hard to quantify for space-based enterprises.  While the clean, vacuum environment 

could prolong equipment life, it could also lead to problems with lubrication.  To 

account for the fact that the remoteness of space-based systems will add to the cost of 

transporting maintenance personnel to the facility, the maintenance cost has been 

assumed to be a fixed percent of the total installed cost, where this installed cost 

includes the higher transportation costs. 

The maintenance cost Cm is determined by the maintenance rate fmaint and the 

total installed capital cost of the equipment and facility Ctotalequipfacility. 

 

 
facilitytotalequipmaintm CfC *=  (8.22) 

 

8.10.4 Consumables 

The consumables used in microfabrication include the process consumables 

(gases, liquids, solids), the wafers, and the glass lithography masks for each level of 

the wafer fabrication process.  Long runs devices, such as DRAM’s, use the same 

mask set to produce many (up to 10,000)  wafers.  Short run items like ASIC’s 

produce very few (250) wafers for a given mask set, leading to a requirement for 

more masks for a specified production volume. 
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Table 8.23 shows the key assumptions used to determine the cost of 

consumables.  The consumable mass per level for each process flow has been taken 

from Table 7.5 and adjusted for the twelve level reference process. 

 

Table 8.23 – Key Assumptions for Determining Consumable Costs 

Symbol Description 
CMOS Standard 

 Earth-Based 
CMOS Dry 

 Earth-Based 
CMOS Dry 

Space-Based 
cgas Gas Cost (USD/kg) $3.713 $3.713 $3.713 

cliquid Liquid Cost (USD/kg) $0.000109119 $0.000109 $0.000109 
csolid Solid Cost (USD/kg) $14.74120 $14.74 $14.74 
Cwafer Wafer Cost (USD each) $50 $50 $50 
Cmask Mask Cost (USD each) $2000121 $2000 $2000 
mgas Gas Mass (kg/level/wafer) 0.00698 0.00730 0.000304 

mliquid Liquid Mass (kg/level/wafer) 64.93 0 0 
msolid Solid Mass (kg/level/wafer) 2.827E-05 3.506E-05 3.506E-05 
mwafer Wafer Mass (kg each) 0.0368 0.0368 0.0368 
mmask Mask Mass (kg each) 0.0921 0.0921 0.0921 

 

The cost of consumables Cc for a given period (such as a year) is determined 

the production rate rw, the number of device levels l, the number of wafers per mask 

set nmaskset, and the appropriate consumable costs and masses, all in consistent units. 

 

 
wsolidsolidiquidliquidgasgasc rlcmclmcmC **)***( ++=  

maskset

wmask
wwafer n

lrm
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**
* ++  

(8.23) 

  

8.10.5 Shipping 

Section 8.9 Transportation described the concept of roundtrip total 

transportation cost whereby the cost to ship raw materials to a facility and deliver 

finished goods from a facility is expressed in terms of the cost per unit mass of 

finished goods.  The raw materials include the process consumables, the wafers, and 
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the masks as well as packaging and containers while the finished goods are the fully 

processed wafers. 

The point of  origin and return of the goods referred to above is assumed to lie 

within an Earth-based semiconductor fabrication facility where final packaging is 

performed.  Thus, if the microfabrication process is conducted in this same facility, 

the shipping cost for consumables and finished goods (within the facility) would be 

zero.  This is the case for Earth-based processes where it is assumed that all 

semiconductor fabrication occurs at a single facility.  When fabrication, testing, and 

packaging are conducted in separate facilities (as is often the case with commercial 

semiconductor production), the previous assumption is incorrect.  However, the scale 

of the transport costs on Earth ($4/kg) adds less than $0.50 to the wafer fabrication 

costs and is therefore neglected in this model.  In contrast, space transportation costs 

are high ($1000’s per kg) and must be considered.  In space-based processing, the 

fabrication takes place in two separate facilities: the microfabrication occurs in orbit, 

and the final device packaging occurs on Earth.  In this case, the shipping costs are 

the costs to ship material between the two facilities. 

Table 8.24 shows the key assumptions used to determine the cost of shipping. 

 

Table 8.24 – Key Assumptions for Determining Shipping Costs 

Symbol Description 
CMOS Standard 

Earth-Based 
CMOS Dry 
Earth-Based 

CMOS Dry 
Space-Based 

croundtriptotal 
Total Transport Cost 
(USD/kg finished goods) 

$0 $0 $15,000 

 

In a space-based semiconductor fabrication facility, the mass of finished 

goods is a large fraction of the total mass of raw materials, leading to a roundtrip 

shipping cost that is approximately three times that of the incremental launch cost cup. 
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The shipping cost is determined by the total roundtrip shipping cost 

croundtriptotal, the mass of a finished wafer mwafer (assumed to be the same as the raw 

wafer with thin film masses neglected) and the production rate rw. 

 

 
wwaferotalroundtripts rmcC **=  (8.24) 

 

8.10.6 Operating Cost 

To finish, the operating cost Co is determined by substituting (8.19) to (8.24) 

into (8.1).  The operating cost per unit wafer �o is determined from (8.2).  These 

operating cost formulas will be applied to the process flow model results in Chapter 9 

to provide a means of comparing the economics of space-based semiconductor 

fabrication with that of similar processing conducted on Earth. 

8.11 Conclusions 

This chapter has described a system for comparing the economics of space-

based and Earth-based semiconductor fabrication.  An operating cost model was 

constructed for use as the basis in determining the economic viability of space-based 

production.  The primary metric produced by the model was the operating cost per 

wafer, comprised of the portion of depreciation, utilities, maintenance, consumables, 

and shipping attributable to fabricating a single 200 mm silicon wafer. 

Transportation costs were shown to be a key factor in determining the 

operating cost.  An asynchronous transportation scheme was proposed and modeled 

for the delivery of raw materials to orbit and the return of finished goods from orbit.  

Chapter 9 will use these models to calculate the operating costs for each type 

of process flow. 
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Chapter 9  

Operating Cost Results 

9.1 Introduction 

This chapter will show that space-based semiconductor fabrication can be 

economically competitive with Earth-based semiconductor fabrication under certain 

conditions. 

This chapter will present the results of the operating cost model developed in 

Chapter 8.  It will be shown that the operating cost for space-based fabrication is 

higher than Earth-based microfabrication for the base production case.  However, a 

sensitivity analysis of the factors affecting operating cost will show that by 

optimizing the production parameters (such is already done on Earth), such as by 

reducing the wafer mass, the operating cost of processing in space can be lower than 

that for Earth-based semiconductor fabrication. 

9.2 Results 

Table 9.1 shows the breakdown of operating costs for the base production 

case of 5,000 wafers per month, 20 layer devices, and 250 wafers per mask set using 

1999 equipment costs.  While 5,000 wafers/month is small for an Earth-based 

fabrication facility, it is the expected size of an initial space-based facility. 

It can be seen that the operating cost per unit wafer is least for traditional, 

Earth-based semiconductor fabrication and highest for space-based fabrication, with 

the all-dry Earth-based process somewhere in between.  Table 9.1 also shows that the 

depreciation cost forms a large fraction of the total operating cost in all cases, 

reflecting the capital intensive nature and short timeframes of the semiconductor 
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fabrication industry.  Shipping costs comprise 28% of the operating cost for space-

based microfabrication, but none for Earth-based fabrication, one factor in the higher 

space-based costs.  Despite the elimination of vacuum pumps and systems in the 

space-based equipment model, it was shown that the capital cost of the dry Earth 

process and the dry space process models are similar, leading to similar operating 

costs once space transportation costs are accounted for. 

 

Table 9.1 – Operating Costs for Base Case  

Symbol Description 
CMOS Standard 

 Earth-Based 
CMOS Dry 

 Earth-Based 
CMOS Dry 

Space-Based 
Cd Depreciation Cost (USD) $29,257,844 $51,694,501 $47,706,695 
Cu Utilities Cost (USD) $1,155,834 $70,576 $0 
Cm Maintenance Cost (USD) $14,628,922 $25,847,250 $23,853,348 
Cc Consumables Cost (USD) $12,640,074 $12,633,134 $12,601,977 
Cs Shipping Cost (USD) $0 $0 $33,123,382 
Co Operating Cost (USD) $57,682,673 $90,245,461 $117,285,402 

     
�o Operating Cost per Unit Wafer 

(USD/wafer) 
$961 $1,504 $1,955 

 

It is useful to define an operating cost ratio.  This ratio is the ratio of space-

based to Earth-based unit operating cost.  The lower the operating cost ratio below 

100%, the more favourable semiconductor fabrication in space is compare with Earth-

based fabrication.  Operating cost ratios greater than 100% indicate that Earth-based 

fabrication is more economically favourable.  Table 9.2 shows the calculated 

operating cost ratio for the base case. 

 

Table 9.2 – Operating Cost Ratios for Base Case  

Description Dry Space/Standard Earth Dry Space/Dry Earth 
Operating Cost Ratio 203% 130% 

 

To evaluate the feasibility of space based fabrication for a range of cases, it is 

useful to determine the operating cost and operating cost ratio for situations other 
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than the base production case.  Table 9.3 shows the operating costs (per wafer) and 

the operating cost ratios for a range of production scenarios.   

 

 Table 9.3 – Operating Costs and Operating Cost Ratios  

   Operating Cost Operating Cost Ratio 
Wafers 

per 
Month Layers 

Wafers 
per 

Mask Set 

CMOS Std. 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Space-Based 
(USD/wafer) 

Dry Space/ 
Std. Earth 

(%) 

Dry Space/ 
Dry Earth 

(%) 
50 10 250 $9,917 $6,877 $14,240 144% 207% 

100 10 250 $5,029 $3,504 $7,474 149% 213% 
250 10 250 $2,242 $1,980 $3,981 178% 201% 
500 10 250 $1,242 $1,343 $2,635 212% 196% 
750 10 250 $969 $1,094 $2,077 214% 190% 

1,000 10 250 $787 $972 $1,880 239% 193% 
2,500 10 250 $596 $837 $1,443 242% 172% 
5,000 10 250 $532 $792 $1,342 252% 169% 
10,000 10 250 $506 $777 $1,278 253% 165% 
25,000 10 250 $490 $763 $1,258 257% 165% 

50 20 250 $10,008 $6,958 $14,346 143% 206% 
100 20 250 $5,485 $4,443 $8,996 164% 202% 
250 20 250 $2,434 $2,637 $4,667 192% 177% 
500 20 250 $1,524 $1,895 $3,157 207% 167% 
750 20 250 $1,269 $1,681 $2,654 209% 158% 

1,000 20 250 $1,205 $1,718 $2,444 203% 142% 
2,500 20 250 $1,015 $1,534 $2,081 205% 136% 
5,000 20 250 $961 $1,504 $1,955 203% 130% 
10,000 20 250 $932 $1,479 $1,933 207% 131% 
25,000 20 250 $919 $1,467 $1,891 206% 129% 

50 30 250 $10,828 $8,203 $16,653 154% 203% 
100 30 250 $5,576 $5,163 $9,102 163% 176% 
250 30 250 $2,806 $3,182 $5,026 179% 158% 
500 30 250 $1,879 $2,496 $3,679 196% 147% 
750 30 250 $1,714 $2,493 $3,285 192% 132% 

1,000 30 250 $1,617 $2,295 $2,966 183% 129% 
2,500 30 250 $1,451 $2,232 $2,736 189% 123% 
5,000 30 250 $1,384 $2,196 $2,596 188% 118% 
10,000 30 250 $1,358 $2,180 $2,556 188% 117% 
25,000 30 250 $1,350 $2,171 $2,534 188% 117% 

50 10 1,500 $9,850 $6,811 $14,173 144% 208% 
100 10 1,500 $4,962 $3,438 $7,407 149% 215% 
250 10 1,500 $2,175 $1,914 $3,914 180% 205% 
500 10 1,500 $1,175 $1,277 $2,568 219% 201% 
750 10 1,500 $902 $1,027 $2,010 223% 196% 

1,000 10 1,500 $720 $906 $1,813 252% 200% 
2,500 10 1,500 $529 $771 $1,377 260% 179% 
5,000 10 1,500 $466 $725 $1,275 274% 176% 
10,000 10 1,500 $439 $710 $1,212 276% 171% 
25,000 10 1,500 $423 $696 $1,191 282% 171% 



Chapter 9. Operating Cost Results 214 
 

 

Table 9.3 – Operating Costs and Operating Cost Ratios continued 

   Operating Cost Operating Cost Ratio 
Wafers 

per 
Month Layers 

Wafers 
per 

Mask Set 

CMOS Std. 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Space-Based 
(USD/wafer) 

Dry Space/ 
Std. Earth 

(%) 

Dry Space/ 
Dry Earth 

(%) 
50 20 1,500 $9,875 $6,825 $14,213 144% 208% 

100 20 1,500 $5,351 $4,310 $8,862 166% 206% 
250 20 1,500 $2,300 $2,503 $4,534 197% 181% 
500 20 1,500 $1,390 $1,762 $3,024 217% 172% 
750 20 1,500 $1,136 $1,547 $2,520 222% 163% 

1,000 20 1,500 $1,072 $1,585 $2,311 216% 146% 
2,500 20 1,500 $881 $1,401 $1,948 221% 139% 
5,000 20 1,500 $828 $1,371 $1,821 220% 133% 
10,000 20 1,500 $798 $1,346 $1,799 225% 134% 
25,000 20 1,500 $786 $1,333 $1,758 224% 132% 

50 30 1,500 $10,628 $8,003 $16,453 155% 206% 
100 30 1,500 $5,376 $4,963 $8,902 166% 179% 
250 30 1,500 $2,606 $2,982 $4,826 185% 162% 
500 30 1,500 $1,679 $2,296 $3,479 207% 152% 
750 30 1,500 $1,514 $2,293 $3,085 204% 135% 

1,000 30 1,500 $1,417 $2,095 $2,766 195% 132% 
2,500 30 1,500 $1,251 $2,032 $2,536 203% 125% 
5,000 30 1,500 $1,184 $1,996 $2,396 202% 120% 
10,000 30 1,500 $1,158 $1,980 $2,356 203% 119% 
25,000 30 1,500 $1,150 $1,971 $2,334 203% 118% 

50 10 10,000 $9,839 $6,799 $14,162 144% 208% 
100 10 10,000 $4,951 $3,426 $7,396 149% 216% 
250 10 10,000 $2,164 $1,902 $3,903 180% 205% 
500 10 10,000 $1,164 $1,265 $2,557 220% 202% 
750 10 10,000 $891 $1,016 $1,999 224% 197% 

1,000 10 10,000 $709 $894 $1,802 254% 201% 
2,500 10 10,000 $518 $759 $1,365 264% 180% 
5,000 10 10,000 $454 $714 $1,264 278% 177% 
10,000 10 10,000 $428 $699 $1,200 281% 172% 
25,000 10 10,000 $412 $685 $1,180 287% 172% 

50 20 10,000 $9,852 $6,802 $14,190 144% 209% 
100 20 10,000 $5,329 $4,287 $8,840 166% 206% 
250 20 10,000 $2,278 $2,481 $4,511 198% 182% 
500 20 10,000 $1,368 $1,739 $3,001 219% 173% 
750 20 10,000 $1,113 $1,525 $2,498 224% 164% 

1,000 20 10,000 $1,049 $1,562 $2,288 218% 146% 
2,500 20 10,000 $859 $1,378 $1,925 224% 140% 
5,000 20 10,000 $805 $1,348 $1,799 223% 133% 
10,000 20 10,000 $776 $1,323 $1,777 229% 134% 
25,000 20 10,000 $763 $1,311 $1,735 227% 132% 

50 30 10,000 $10,594 $7,969 $16,419 155% 206% 
100 30 10,000 $5,342 $4,929 $8,868 166% 180% 
250 30 10,000 $2,572 $2,948 $4,792 186% 163% 
500 30 10,000 $1,645 $2,262 $3,445 209% 152% 
750 30 10,000 $1,480 $2,259 $3,051 206% 135% 
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Table 9.3 – Operating Costs and Operating Cost Ratios continued 

   Operating Cost Operating Cost Ratio 
Wafers 

per 
Month Layers 

Wafers 
per 

Mask Set 

CMOS Std. 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Earth-Based 
(USD/wafer) 

CMOS Dry 
Space-Based 
(USD/wafer) 

Dry Space/ 
Std. Earth 

(%) 

Dry Space/ 
Dry Earth 

(%) 
1,000 30 10,000 $1,383 $2,061 $2,732 198% 133% 
2,500 30 10,000 $1,217 $1,998 $2,502 206% 125% 
5,000 30 10,000 $1,150 $1,962 $2,362 205% 120% 
10,000 30 10,000 $1,124 $1,946 $2,322 207% 119% 
25,000 30 10,000 $1,116 $1,937 $2,300 206% 119% 

 

 

Figure 9.1 to Figure 9.3 graph the variation in operating cost per unit wafer for 

ASIC devices (l = 20, nmaskset = 250) with increasing production rate.  It can be seen 

that the per unit operating cost drops quickly as the production volume increases, 

eventually leveling at a constant value.  The small kinks in the graphs at low 

production volumes are attributable to single increment changes in equipment 

requirements. 
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Figure 9.1 – Operating Cost of Standard Earth-Based 
Process for ASIC Devices (l = 20, nmaskset = 250) 
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Figure 9.2 – Operating Cost of Dry Earth-Based 
Process for ASIC Devices (l = 20, nmaskset = 250) 
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Figure 9.3 – Operating Cost of Dry Space-Based 
Process for ASIC Devices (l = 20, nmaskset = 250) 

 

  Figure 9.4 and Figure 9.5 show the operating cost ratio of standard and dry 

Earth-based processing for the same ASIC devices.  It can be seen from these figures 

that space-based processing most closely competes with standard Earth-based 

processing at low production levels.  However, the model was developed with process 

equipment sized for larger production runs and may not accurately reflect optimized 

equipment quantities at very low production levels. 
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Figure 9.4 – Operating Cost Ratio Dry Space-
Based versus Standard Earth-Based Process for 

ASIC Devices (l = 20, nmaskset = 250) 
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Figure 9.5 – Operating Cost Ratio Dry Space-
Based versus Dry-Earth-Based Process for 

ASIC Devices (l = 20, nmaskset = 250) 
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9.3 Sensitivity Analysis 

The preceding section has shown that the space-based microfabrication 

process modeled is not able to economically compete directly against the two 

modeled Earth-based processes for the base production case.  In order to be 

commercially viable, a space-based semiconductor fabrication facility must not only 

produce semiconductor devices, but it must do so in a cost effective manner that 

provides economic payback to the facility owner.  It is important to note that the 

results are for fabrication facilities that are optimized for Earth-based resource usage, 

and year 1999 equipment costs.  However, microfabrication is an industry that is 

constantly undergoing process changes.  Various estimates place fabrication facility 

costs as rising by 10-30% per year.  Similarly, for reasons discussed earlier, the dry 

Earth-based processing may become a standard in the future. Finally, it is clearly 

necessary to see what optimizations of the space microfabrication process will reduce 

its costs.  Thus, as the space-based process model did not provide lower unit 

operating costs than equivalent Earth-based facilities, changes are required in order to 

produce an attractive economic incentive for space-based fabrication. 

One method to determine which factors most affect the unit operating costs of 

space-based semiconductor fabrication is to perform a sensitivity analysis.  A 

sensitivity analysis has been performed for the base production case in which each of 

the input parameters to the cost model has been varied by 1% of its value and new 

unit operating cost and operating cost ratios were calculated for each of the three 

processes: standard Earth, dry Earth, and dry space.  The parameters were then ranked 

by operating cost ratio to determine which input parameters caused the largest change 

in operating cost ratio.  Appendix K contains the details of the sensitivity analysis. 

A total of 63 input parameters were selected from the following categories: 
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• capital items 

• consumable items 

• power/heat rejection items 

• shipping/installation/maintenance items 

• depreciation 

• product related items 

 

Table 9.4 shows the top ten most sensitive parameters that affect the dry space 

to standard Earth operating cost ratio.  The % Change values shown are the change in 

operating cost ratio for a 1% increase in the input parameter, with negative values 

indicating that increasing the parameter value improves the economic viability of 

space-based fabrication. 

 

Table 9.4 – Top Ten Sensitive Parameters Affecting Dry Space 
to Standard Earth Operating Cost Ratio 

  

Input Parameter Base Value % Change 
Process Equipment Cost Std. Earth (USD) $94,843,000 -0.564%  

Raw Wafer Mass (kg each) 0.0368 0.282%  
Total Transport Cost Dry Space Earth (USD/kg finished goods) $15,000 0.282%  
Shipping Rate Dry Space (USD/kg) $5,000 0.244%  
Process Equipment Cost Dry Space (USD) $76,862,000 0.197%  
Wafer Starts per Month 5000 0.176%  
Process Equipment Mass Dry Space (kg) 12486 0.160%  
Support Facility Cost Std. Earth (USD) $21,168,000 -0.110%  

Support Facility Cost Std. Space (USD) $39,430,000 0.101%  
Depreciation Rate % per year) 20% -0.100%  

 

It can be seen that the cost of process equipment occupies the first and fifth 

slot, indicating that cost increases in Earth-based equipment, cost decreases in space-

based equipment, or combinations of the two will greatly affect the operating cost 

ratio. 
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The high cost of transport to/from space is shown by the presence of four 

input parameters: raw wafer mass, total space transport cost, space shipping rate, and 

process equipment mass.  Clearly, reducing the shipping rates or reducing the mass 

which must be transported (wafers, equipment) will improve the operating cost ratio. 

Support facility costs and the depreciation rate are also shown to affect the 

operating cost ratio.  As with process equipment, increases in Earth-based costs or 

decreases in space-based costs will improve the operating ratio.  Increasing the 

depreciation rate (reducing equipment lifetimes) unexpectedly improves the operating 

cost ratio due to the larger fraction of operating cost that is comprised of depreciation 

in the standard Earth-based model.  While Table 9.1 shows that the depreciation costs 

are higher for the space-based case, the presence of large shipping costs reduces the 

fraction of the operating cost that is due to depreciation to below that of the standard 

Earth-based case. 

The dry Earth process was introduced in Section 7.2 in order to answer the 

question: What happens when an all dry process is done on Earth instead of in space?  

It has been shown that such a dry process is not economically competitive with the 

standard, wet Earth-based processing in current commercial semiconductor 

fabrication facilities.  However, several factors make it plausible that such a dry 

process may yet be required in Earth-based facilities: the increasing cost of chemical 

waste treatment and the surrounding environmental issues, the increased resolution 

achievable with thermal lithographic techniques using inorganic resists, and the 

decrease in available water supplies.  Given that such a dry process may still become 

dominant for Earth-based semiconductor fabrication, a sensitivity analysis has been 

performed to determine what factors would favour space-based fabrication over the 

dry Earth-based process. 
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Table 9.5 shows the top ten most sensitive parameters that affect the dry space 

to dry Earth operating cost ratio.  As with Table 9.4, equipment costs, facility costs 

and transportation issues dominate. 

 

Table 9.5 – Top Ten Sensitive Parameters Affecting Dry Space 
to Dry Earth Operating Cost Ratio 

  

Input Parameter Base Value % Change 
Process Equipment Cost Dry Earth (USD) $186,500,000 -0.707925% 
Raw Wafer Mass (kg each) 0.036804 0.282417% 
Total Transport Cost Dry Space Earth (USD/kg finished goods) $15,000 0.282417% 
Wafer Starts per Month 5000 0.278035% 
Shipping Rate Dry Space (USD/kg) $5,000 0.244303% 
Process Equipment Cost Dry Space (USD) $76,862,000 0.196602% 
Depreciation Rate (% per year) 20% -0.165118% 
Process Equipment Mass Dry Space (kg) 12486 0.159687% 
Support Facility Cost Std. Space (USD) $39,429,960 0.100856% 
Installation Rate Dry Earth (% capital cost) 15% -0.092921% 

 

Figure 9.6 to Figure 9.11 show the effects of varying the most sensitive input 

parameters for the base production case.  In each figure, a single input parameter or a 

combination of parameters is varied over a range of values to determine the standard 

Earth and dry Earth operating cost ratios. 
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Figure 9.6 – Total  Roundtrip Transport Cost to Space Varied 
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Figure 9.7 – Wafer Mass Varied 
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Figure 9.8 – Depreciation Varied 
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Figure 9.9 – Space Equipment & Facility Mass Varied 



Chapter 9. Operating Cost Results 223 
 

 

0%

50%

100%

150%

200%

250%

300%

50% 75% 100% 125% 150% 175% 200%

Total Equipment & Facility Cost Ratio (%)

O
p

er
at

in
g

 C
o

st
 R

at
io

 (
%

)

Dry Space/Std. Earth

Dry Space/Dry Earth

 

Figure 9.10 – Ratio of Space-Based to Standard Earth-
Based Equipment & Facility Cost Varied 
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Figure 9.11 – Equipment & Facility Cost Increased 

 

It can be seen from the above figures that the operating cost ratio can be 

reduced below 100% (indicating favourable economics for space-based fabrication) 

by several methods.  Particularly interesting is Figure 9.11 which shows that as 

equipment and facilities become more expensive (both on Earth and in space), the 

relative cost of fabricating semiconductors in space becomes more favourable.  At the 

current 18%122 to 20%123 per year rate of equipment and facility cost escalation, the 

space case becomes economically competitive with dry, Earth-based fabrication 

within four years.  At the end of ten years at the 20% cost escalation from our base 
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cost date of 1999, approximately a 600% equipment cost multiplier would be 

expected and the standard Earth-based fabrication process would be 17% less 

expensive and the dry Earth-based fabrication process would be 44% more expensive 

than dry space-based semiconductor fabrication.  Note that those Figure 9.11 curves 

show a saturation of the operating cost ratio reduction beginning at about 300% cost 

increase (6 years at 20% escalation).  This is the long term scenario for full 

production. 

Table 9.6 shows eight cases in which combinations of input parameters are 

varied to improve the economics of space-based semiconductor fabrication.   It is 

apparent that the appropriate combination of input parameter variations is able to 

provide operating cost ratios that greatly favour space-based semiconductor 

fabrication.  The largest improvements come from reducing the wafer mass and 

reducing space transportation costs, although the ever increasing cost of facilities and 

equipment continues to provide a cost benefit to space-based microfabrication. 

As the space-based microfabrication process has been modeled using 

standard, commercially available wafers, no effort has been expended on developing 

specialized wafers for space.  However, it appears readily feasible that thinner silicon 

wafers can be fabricated on Earth economically for use in space.  Issues surrounding 

wafer thickness on Earth, such as thermal stability and handling may be mitigated by 

the microgravity, vacuum environment of a space-based semiconductor fabrication 

facility. 

Should NASA reach its goal  to “reduce the cost to low-Earth orbit by an 

order of magnitude in 10 years and another order of magnitude in 25 years”124, then 

Table 9.6 shows that space-based microfabrication could be a very commercially 

viable venture.  NASA has publicly committed to reduce launch costs below $2,200 

per kg by the end of 2010125. 
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Table 9.6 – Eight Cases to Improve Operating Cost Ratio  

 Operating Cost Ratio 

Case 
Standard 

Earth 
Dry 

Earth 

Base Case 203% 130% 

Case 1 
As in Base Case but 

• wafer mass reduced to 50% 
• total transport cost to space reduced to $3000/kg 
• launch cost to space reduced to $1000/kg 

112% 72% 

Case 2 
As in Case 1 but 

• Earth process equipment cost increased by 10% 
• space process equipment mass decreased by 10% 

105% 71% 

Case 3 
As in Case 1 but 

• Earth process equipment cost increased by 20% 
• space process equipment mass decreased by 20% 

99% 71% 

Case 4 
As in Case 3 but 

• total transport cost to space reduced to $2000/kg 

98% 69% 

Case 5 
As in Case 4 but 

• wafer mass decreased to 25% of original mass 
• launch cost to space reduced to $500/kg 

92% 65% 

Case 6 
As in Case 5 but 

• mask mass decreased to 50% of original mass 
• total transport cost to space reduced to $1250/kg 

91% 65% 

Case 7 
As in Case 1 but 

• Earth and space equipment and facilities cost multiplied by 600% 

101% 58% 

Case 8 
As in Case 7 but 

• Completely reusable supply ship 
• TotalTransportCost to space = $1000/kg 
• ShipRate to space=$1000/kg 

100% 

 

58% 
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9.4 Effect of Changing Wafer Size 

Thus far, the process and economics models have been constructed assuming 

the use of 200 mm wafers.  While it is expected that 200 mm wafers will continue in 

use for several more years126, it is illustrative to examine the effect on operating cost 

ratio of a change in wafer size.  Such a change is predicted to occur, on average, 

every nine years126. 

A simplified analysis was conducted to determine the operating cost ratios for 

the base production case of 5,000 ASIC wafers per month using 300 mm wafers in 

place of the 200 mm size.  In this analysis, the mass, volume, cost, and power 

consumption of all process equipment was scaled in relation to the surface area 

between the two wafer sizes (225%).  In addition, the wafer mass, mask mass, and 

consumable mass per level was also scaled by 225%.  The result was a cost per wafer 

of $1,225, $1,767, and $2,907 respectively for the standard Earth, dry Earth, and dry 

space processes, leading to the results shown in Table 9.7.   

 

Table 9.7 – Operating Cost Ratios for Base Case with 300 mm Wafers 

Description Dry Space/Standard Earth Dry Space/Dry Earth 
Operating Cost Ratio 237% 165% 

 

Comparison with the operating cost ratios shown in Table 9.2 for the base 

case with 200 mm wafers, indicates that the economics become less favourable for 

space-based microfabrication as the wafer size increases in the base production case.  

An examination of the issues affecting the change in operating cost ratios shows that 

the increased wafer and mask mass are the primary factors in the change.  It is 

expected that as space transportation costs decrease, the wafer and mask masses will 

have less effect on the overall economics, resulting in little or no change in operating 

cost ratios with increasing wafer size. 
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9.5 Conclusions 

This chapter has described the results of the operating cost model developed 

in Chapter 8.  It has been shown that the operating cost per wafer is a convenient 

metric for evaluating the economic feasibility of microfabrication73.  Using a series of 

key assumptions, an operating cost model was constructed for the three reference 

process flows that indicated that the standard Earth-based process is the most 

economical for the base production case of 5,000 ASIC wafers per month.  This 

model indicated that the operating per cost per wafer was $961, $1,504, and $1,955 

respectively for standard Earth-based, dry Earth-based, and space-based 

microfabrication. 

To allow comparisons over a range of changes in input parameters and key 

assumptions, the concept of operating cost ratio, the space-based cost per wafer 

divided by the Earth-based cost per wafer, was introduced.  Operating cost ratios less 

than 100% designated favourable economics for space-based microfabrication. 

Through the use of a sensitivity analysis, it was determined that the primary 

factors affecting the economics of space-based semiconductor fabrication were: 

process equipment cost, transport mass, and space transportation cost.  It was found 

that by optimizing the wafer thickness for space-based fabrication, the wafer mass, 

forming the largest component of transport mass, could be significantly reduced.  

Forecasts by NASA and other companies indicate that launch and roundtrip 

transportation costs could significantly decrease in the future. 

Modeling decreased wafer mass, decreased launch cost, and a relative 

decrease in the cost of process equipment showed that space-based semiconductor 

fabrication could economically compete in the base production case against both 

standard and dry Earth-based microfabrication with very few changes to the initial 

key assumptions.  In the final two cases modeled, it was shown that the cost of 
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manufacturing semiconductors in space could be made equal to or less than that of 

using a standard process in an Earth-based facility and could be made significantly 

less than that of using an equivalent all dry process performed in an Earth-based 

facility.  It should be noted that it has been assumed that the device yield of space-

based processing would be the same as the device yield on Earth.  However, any 

wafer yield advantage in space due to the superior cleanliness of the environment 

would provide a significant cost benefit to space-based processing. 

With current trends, microfabrication equipment costs are rising with time in 

order to obtain finer geometries.  At the same time, space transportation costs are 

declining.  The results suggest that as time goes on, the trends will begin to generate a 

significant advantage for space-based microfabrication. 
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Chapter 10  

Infrastructure 

10.1 Introduction 

This chapter will show that space-based semiconductor fabrication requires a 

support infrastructure that does not yet exist in order to compete on a commercial 

basis with Earth-based microfabrication facilities. 

Transportation of raw materials and finished goods is an inherent requirement 

for any manufacturing facility.  Yet, the existing space transportation system is 

designed only for one-way transport, with a primary mission of launching satellites 

into orbit.  It will be shown that a space-based semiconductor fabrication facility will 

require frequent launches for supply of raw material and for servicing of equipment.  

It will also be shown that existing and proposed launch vehicles are not well suited 

for this application.  Indeed this aspect of space transportation is not unique to orbital 

microfabrication, and would occur with any high value per mass and high volume 

product.  Yet these are precisely the type of products which would drive initial space 

industrialization activities.  Thus, this chapter will suggest another valuable aspect of 

this study: if any routine orbital manufacturing is to be accomplished, new space 

transportation products are required. 

Other infrastructure systems will be briefly examined to determine the 

changes required to support a space-based fabrication facility.  It will be shown that a 

new framework for launch and return capsule insurance will need to be developed to 

for the ongoing, two-way  transport of raw materials and finished goods.  It will also 

be shown that the risk in developing space-qualified, processing equipment can be 

reduced by stimulating early commercial acceptance of new, dry processes on Earth. 
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10.2 Background 

It was shown in Chapter 8 that space-based microfabrication could be 

economically competitive with Earth-based processes under some circumstances.  A 

key factor in the economic viability of the space-based case was the cost of 

transportation.  However, in addition to the economic analysis of orbital 

transportation, it is necessary to examine the support infrastructure required for any 

space manufacturing venture in order to determine the practicality of the concept. 

On Earth, the transportation infrastructure upon which global manufacturing is 

based is well established.  A transportation infrastructure for space is also established, 

although it is based upon satellite deployment rather than manufacturing.  The 

following two sections will examine the transportation requirements for an orbital 

semiconductor fabrication facility and compare them against the present space 

transportation infrastructure. 

Insurance is a key component of space transportation, designed to minimize 

risk to the launch customer for the transport of payloads to orbit.  The terrestrial 

equivalent, shipping insurance, is well known and plays an integral part of global 

commerce.  However, two-way shipping to and from orbit involves two different 

modes of transport, and a comprehensive shipping insurance framework does not yet 

exist.  The development of such an insurance infrastructure is required to allow the 

commercialization of the space-based semiconductor fabrication concept. 

Finally, a large infrastructure exists to support the development of 

semiconductor process equipment.  The continuing progress in semiconductor devices 

requires new generations of process equipment on a regular basis.  Industry 

consortiums such as SEMATECH are often used to share the risk of new process and 

equipment development.  Most manufacturers of process equipment use incremental 

improvements of existing designs to provide the increased functionality of each 
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successive generation.  Only when such evolutionary approaches fail, are radically 

new paradigms used.  However, a space-based facility will require space-qualified 

processing equipment and new, dry processes, such as inorganic resist for thermal 

lithography.  Such equipment development is not well supported by the existing 

industry infrastructure which is focused on terrestrial, commercial fabrication 

facilities. 

10.3 Existing Space Transportation Infrastructure 

The space industry generates $75 billion annually127.  This industry grew out 

of government funded space programs in the 1950’s, 1960’s, and 1970’s, and is now 

equally divided between commercial and government expenditures.  The global space 

industry is divided into the five broad categories shown in Table 10.1. 

 

Table 10.1 – Space Industry Categories128 

Sector 
Percent of 

Space Industry 
Ground Equipment 30% 
Services Using Satellites 51% 
Space-based Manufacturing ~0% 
Satellite Manufacturing 12% 
Space Transportation Services/Launch Vehicle Manufacturing 7% 

 

10.3.1 Orbits and Satellites 

The space transportation infrastructure has evolved from its space program 

roots to service the requirements of both commercial and military/government 

payloads.  These payloads are comprised primarily of satellites for communications, 

navigation, research, remote sensing, and military/classified applications.  The 

satellites are launched from Earth into one of several different orbits, with the most 

common orbits shown in Table 10.2. 
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Table 10.2 – Standard Earth Orbits129 

Acronym Description Altitude 
LEO low Earth orbit, circular 450 to 1,000 km 
MEO medium Earth orbit, circular 15,000 km 

GEO 
geostationary Earth orbit, circular, satellite 
remains stationary over point on Earth’s surface 

35,800 km 

ELI elliptical orbit varies 
 

The bulk of the satellites launched (61%) are used for communications 

purposes as is shown by Table 10.3. 

 

Table 10.3 – Total On-Orbit Operational Satellites130 

Application LEO MEO GEO ELI Other Total 
Communication 199 2 259 16 4 480 
Navigation 21 54 0 0 0 75 
Scientific & Research 43 2 2 18 19 84 
Meteorological & Remote Sensing 39 1 10 1 0 51 
Intelligence & Classified 37 1 13 14 22 87 
Other 5 0 0 1 0 6 
Total 344 60 284 50 45 783 
 

The size of the satellites in orbit varies widely.  Table 10.4 shows the mass 

distribution of all satellites launched between 1994 and 1998.  It can be seen that 

satellites less than 910 kg comprise 48% of the satellites launched.  These small 

satellites are most often used in telecommunications constellations, with up to 77 

satellites being required for an LEO network to provide complete worldwide 

coverage129.  Most often, several of these small satellites are placed into orbit in a 

single launch, in order to better utilize the payload capacity of the launch vehicles.  

Typical examples of such launches are the seven Iridium satellites (Iridium 62 to 67) 

placed into orbit by a Proton launch vehicle on April 6, 1998 and the eight 

ORBCOMM satellites (ORBCOMM FM13 to FM20) placed into orbit by a Pegasus 

XL launch vehicle on August 2, 1998131. However, Iridium has proved to be a 

commercial failure and has filed for bankruptcy.  Iridium's satellite system is being 

sold off by the courts and, if a good operator is not found, it may even be de-orbited.  
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The whole LEO satcom market is uncertain as of 1999/2000 and that, in turn, is 

creating much uncertainty in the launch business market. 

 

Table 10.4 – Mass Distribution of Satellite Launches132 

Satellite Size Satellite Mass (kg) 
Percent of Total Launched 

from 1994 to 1998 
Microsat 0 to 90 11% 

Small 90 to 910 37% 
Medium 910 to 2275 21% 

Intermediate 2275 to 4545 22% 
Large 4545 to 9090 8% 
Heavy greater than 9090 kg 1% 

 

10.3.2 Launch Vehicles 

Current space transportation is quite unique compared to Earth-based 

shipping.  Almost all commercial space cargo flies on expendable launch vehicles.  

Thus, the shipping vehicle is destroyed in the process of delivering the cargo.  Current 

satellites are placed into orbit exclusively through rocket launchers.  Means do not yet 

exist to transport payloads from Earth to orbit by other methods, although many are 

proposed133,134.  Table 10.5 shows the payload capacities of many available rocket 

launch vehicles. 

 

Table 10.5 – Payload Capabilities of Existing Launch Vehicles135,47 

Launch Vehicle Designation  Payload to LEO 
Athena, Cosmos, Pegasus, Taurus Small (<2,275 kg) 
Ariane 40, Cyclone, Delta 2, Long March 2C, Long March 2D, 
Long March 3, Molniya, PSLV, Titan 2 

Medium (2,275 to 5,454 kg) 

Ariane 4, Atlas 2A, Atlas 2AS, Delta 3, H2, Long March 3A, 
Long March 2E, Soyuz 

Intermediate (5,454 to 11,364 kg) 

Ariane 5, Long March 3B, Proton, Space Shuttle, Titan 4B, Sea 
Launch, Zenit 2 

Heavy (>11,364 kg) 
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Of the launch vehicles shown in Table 10.5, the Pegasus is most suited to 

small payload requirements with the ability to deliver from 220 to 454 kg to LEO136.  

The U.S. Space Shuttle, the only current reusable launch vehicle, is not well suited to 

low mass launch payload requirements and is most often employed for placing large 

satellites and structures in LEO. 

The development of many new launch vehicles is in progress.  The expected 

growth in commercial space transportation from $7.5 billion in 1997 to $15 billion in 

2007137 is driving a race to develop more cost effective launch vehicles with more 

rapid deployment times.  Key to reducing costs is improving the reusability of launch 

vehicles and components.  Table 10.6 shows a list of development efforts underway 

to develop reusable space transportation systems. 

 

Table 10.6 – Payload Capabilities of Proposed Launch Vehicles138 

Launch Vehicle Designation 
First Planned 

Launch Manufacturer 
Payload to 
LEO (kg) 

Advent heavy lift LV (USA) TBA Advent Launch Services 9,020 
Astroliner E-100 (USA) 2001 Kelly Space and Technology 1,935 
K-1 (USA) 1999 Kistler Aerospace Corporation 2,957 
Pathfinder (USA) TBA Pioneer Rocketplane 2,506 
Roton-C (USA) 1999 Rotary Rocket Company 3,182 
SA-1 (USA) TBA Space Access LLC 5,011 
Space Van (USA) TBA Third Millennium Aerospace Space 4,210 
HOPE-X Spaceplane (Japan) 2001 NASDA 3,007 
Sänger(Germany-ESA) TBA Daimler-Benz Aerospace AG 7,016 
SSTO Spaceplane (Japan) 2010 National Aerospace Laboratory 10,023 
Skylon (UK) 2005 Reaction Engines Ltd. 9,522 
Spacecab/ Spacebus (UK) TBA Bristol Spaceplanes Limited 1,002 

 

It can be seen from Table 10.6 that little effort is being devoted to developing 

reusable launch vehicles for small payloads. 

The Kistler Aerospace K-1 is typical of the new generation of reusable launch 

vehicles, and is perhaps the most developed.  The two stage K-1 is designed to 

significantly reduce the cost of reliably delivering payloads to LEO with an estimated 

cost of $17 million per launch (~$5700/kg)139.  The K-1 is projected to provide rapid 
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launch response and schedule flexibility with the payload integration process 

estimated to be approximately 16 months from launch contract to payload 

deployment140. 

10.3.3 Launch Activity 

The number of launches has remained relatively steady during the last decade.  

Following a flurry of activity in deploying LEO communications networks such as 

Iridium and ORBCOMM, the number of launches has declined in the last two years.  

Table 10.7 shows that the number of launches of commercial payloads has steadily 

increased until it is approximately equal to that of military/government payloads.  It is 

forecast that commercial launches will exceed military/government launches in 2000. 

 

Table 10.7 – Annual Launches141,142,143,144 

Payload Type 1993 1994 1995 1996 1997 1998 1999 2000 
Commercial 11 15 23 24 38 46 44 38 
Military 72 78 57 53 51 41 34 40 
Total 83 93 80 77 89 87 78 78 

 

10.3.4 Summary 

In summary, the existing space transportation infrastructure has satellite 

deployment as its primary mission with communications satellites receiving the 

greatest attention.  While there are efforts underway to develop reusable launch 

vehicles in order to reduce launch costs, such vehicles are being designed around the 

concept of placing medium to intermediate size commercial payloads (or multiples of 

smaller payloads) in LEO or GEO.  It is expected that commercial payloads and 

commercial launches will dominate the space transportation industry in the near 

future and that the number of annual launches will grow steadily. 
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10.4 Transportation Infrastructure Requirements for 
Space-Based Semiconductor Fabrication 

The single biggest transportation requirement difference between 

semiconductor fabrication in LEO and a communications (or other satellite) in LEO is 

that the semiconductor facility has an ongoing requirement for mass to be uplifted 

from Earth to the facility and for mass to be returned from the facility to Earth on a 

delivery schedule.  This flow of material is not required for the current and proposed 

satellites for which the space transportation infrastructure is adapted. 

Note that while the following discussion is focused on semiconductor 

fabrication, it applies to many of the near-term space manufacturing concepts.  All of 

those are concerned with high value/mass products, which in turn means modest 

masses of supplies being sent up and products returned to Earth.  Perhaps the only 

important difference for semiconductor fabrication from many other products is the 

emphasis on a steady, high rate of return of the products to Earth (weekly or bi-

weekly product returns).  This may not be true for all other products. 

One scheme for meeting the requirements of two-way material flow might be 

to have a launch vehicle place a supply capsule into orbit for rendezvous with the 

orbiting fabrication facility.  The supply capsule would off-load raw materials such as 

wafers, masks, and consumables as well as return capsules.  The supply capsule 

would take on used consumable containers and other items such as masks that are no 

longer needed at the facility and do not need to be recovered.  The supply capsule 

would then de-orbit for a controlled burn in the atmosphere.  The multiple return 

capsules would be used to periodically deliver finished wafers to Earth through a de-

orbit maneuver coupled with a soft landing. 

The launch payload for the semiconductor fabrication facility is determined by 

the raw material requirement, payload ability of the return capsule that delivers 
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finished goods, the production rate, and the frequency of launch.  The return payload 

is determined by the mass of the finished wafer, the production rate, and the 

frequency of return deliveries. 

10.4.1 Raw Material Requirement 

The raw material requirement is the mass of material required to produce the 

finished goods (fabricated wafers) within the period between launches.  Such 

materials includes the raw wafers, the lithography masks, the consumables (gases and 

solids), and consumable containers.  For a semiconductor facility using the reference 

process flow to produce 5,000 finished, 200 mm diameter, standard thickness wafers 

per month, the raw material requirements are shown in Table 10.8 based on the  

modeling of Chapter 8 and Chapter 9.  For the three device types, MPU, DRAM, and 

ASIC, with the production characteristics shown in Table 8.1, the raw material 

requirements per wafer mwafermatl are shown in Table 10.9. 

 

Table 10.8 – Mass of Raw Materials 

Item Mass (kg) 
Wafer Mass 0.0368 
Gas Mass per Layer 0.000304444 
Solid Mass per Layer 3.50602E-05 
Mask Mass 0.092 

 

 

Table 10.9 – Raw Material Requirements per Wafer 

Device Type Raw Material Mass per Wafer (kg) 
MPU 0.053 
DRAM 0.049 
ASIC 0.054 
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10.4.2 Payload Ability of Return Capsule 

In order to deliver finished goods from an orbiting semiconductor fabrication 

facility, it is necessary to have a means of transporting material from orbit to Earth.  

Section 8.9 Transportation described two possible cases: a synchronous mode in 

which the supply launch vehicle returns to Earth with the finished goods completed 

within the latest resupply interval, and an asynchronous mode in which the supply 

launch vehicle provides both raw materials and return capsules to the facility.  Such  

return capsules would be capable of transporting a certain number of finished wafers 

from orbit back to Earth.   

The return capsule payload ability can be described by the capsule payload 

fraction  fpayload.  This value, which expresses the mass fraction of the total return 

mass that consists of payload, can be used to describe both synchronous and 

asynchronous transport modes:  an fpayload value of 100%,  indicating that all of the 

return mass is payload, would be used to describe the synchronous mode; an fpayload 

value of less than 100% would be used to describe the asynchronous mode.  The 

lower fpayload, the heavier the return capsule for a given payload mass. 

10.4.3 Production Rate 

The production rate rw is the number of finished wafers produced in a given 

period.  This rate determines the raw material mass which must be transported to 

orbit, as well as the mass of finished wafers that must be returned.  

10.4.4 Frequency of Launch 

The higher the launch frequency, the shorter the period between launches of 

material and return capsules to the semiconductor fabrication facility.  For a given 

production rate, a shorter period means that less payload is required to be launched. 
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The ability to fabricate lithography masks at the orbital facility has an 

important effect on the frequency of launch.  For masks that are generated on Earth, a 

new mask set must be launched for each new design.  New wafer design turnarounds 

of three weeks, required by customers for ASIC devices (the base production case 

considered), would lead to launches of new mask sets at no more than three week 

intervals.  However, for an orbital facility with the ability to fabricate masks on site 

(using electron beam direct write equipment for example), the launch frequency 

would not be not dictated by the customer design turnaround time.  Except for the 

equipment needed to generate the masks, there is no difference in the mass of 

supplies required for such orbital mask productions.  On-orbit mask production is not 

assumed in the base model in this work. 

10.4.5 Frequency of Return Delivery 

The higher the return delivery frequency, the shorter the period between use 

of return capsules.  Devices such as ASIC’s have short lead times and customer 

requirements are for delivery within two to six weeks36 from order placement.  

DRAM’s and MPU’s are produced in larger production runs and have less stringent 

delivery requirements.  For a given production rate, a shorter return period means that 

less payload ability is required for the return capsule. 

10.4.6 Maintenance and Servicing 

While it is envisioned that the processing equipment in a space-based 

semiconductor fabrication facility would be fully automated, it is recognized that 

periodic, manned visits are required for preventive maintenance145 and servicing.  

Section 3.5 Logistics of Space-Based Manufacturing described the needs associated 
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with equipment maintenance, including transportation and accommodation of service 

personnel. 

The frequency of equipment servicing is governed primarily by the reliability 

of the equipment.  This system reliability is commonly expressed in failures per unit 

time or its inverse, mean time between failure (MTBF)146.  For a system, such as a 

semiconductor fabrication facility, the failures of non-redundant, individual pieces of 

equipment are summed to calculate the number of failures per unit time.  The MTBF 

of the facility is the inverse of the summed failures.  In practice, different types of 

equipment have different failure rates and the failure of redundant pieces of 

equipment may only slow production rather than cause a complete halt. 

To provide a comparison, some semiconductor processing equipment types 

and failure rates are shown in Table 10.10.  It should be noted that some of these 

MTBF times include the requirements for regular, planned maintenance servicing, not 

the repair of failed equipment.  For example, the advanced lithography systems must 

have gas added to the excimer laser light source roughly every 350 hours of 

operation.  Such maintenance servicing is much more amenable to robotic operation 

than true repair of failed components in a systems.  Thus, when using the MTBF's, 

the possibility of adding robotics to improve the MTBF's must be part of the overall 

fabrication satellite design. 

 

Table 10.10 – MTBF of Some Processing Tools 

Equipment MTBF (hours) 

dual-arm atmospheric robot capable of handling 
200mm (eight-inch) and 300mm wafers 

75,000147 

SMIF tool for loading and unloading semiconductor 
wafer cassettes into the process equipment 

6,000148 

300-mm low-pressure CVD cluster tool 400149 

advanced lithography tools, stepper plus track 325150 
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It is beyond the scope of this thesis to determine detailed reliability 

predictions for the space-based semiconductor fabrication facility.  However, if it is 

assumed that all equipment has the same MTBF pmtbfequip and that the failures occur 

randomly, a simplified model of the reliability of the fabrication facility can be 

constructed.  In this model, the predicted maintenance period pmaint is equal to the 

mean time between failure of the entire semiconductor fabrication facility, which in 

turn is dependent on the number of pieces of critical (non-redundant) equipment nequip 

and the MTBF of the equipment pmtbfequip. 
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Figure 10.1 shows the predicted service interval pmaint based upon the quantity 

of critical equipment and the equipment MTBF. 
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Figure 10.1 – Service Interval Requirements for 
Critical Equipment Numbers nequip 
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It can be seen that the service interval is small for equipment with MTBF’s 

less than 10,000 hours, resulting in frequent on-orbit servicing using either robotics or 

personnel. 

The equipment requirements shown in Table 8.6 for the base production case 

of 5,000 ASIC’s per month indicate that there are 12 critical items of equipment out 

of a total of 122 pieces leading to a service interval of 35 days for equipment with 

10,000 hour MTBF and 87 days for equipment with 25,000 MTBF.  The ratio of 

critical equipment to total equipment (10% in the example) is expected to remain 

constant with increasing production rates and for other devices types (MPU, DRAM) 

as the majority of the equipment is comprised of multiple, parallel tools for deposition 

(CVD, sputter) and etching (plasma).  

While it is noted that the above model greatly simplifies the complexities 

associated with reliability prediction for a space-based fabrication facility, it does 

highlight the need for equipment with large MTBF’s.  Many of the present tools used 

for semiconductor fabrication do not have the high MTBF’s required to allow 

unattended processing in a space-based facility, and the development of such tools is 

required to reduce the need for frequent manned launches for system maintenance 

purposes.  It is clear from the reliability results that periodic maintenance of the 

facility (perhaps coincident with the delivery of raw materials) will be required.  

10.4.7 Modeling Launch and Return Capsule Payload Requirements 

Using equation (8.12), the mass of the return payload mdown can be determined 

from the rate at which finished goods are required rdown and the return period pdown.  

Substituting production rate rw and the mass of the finished wafer mwafer into (8.12) 

for rdown yields the number of wafers ndown produced in the return period and the mass 

of the return payload. 
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 ( ) waferdownwaferdownwdown mnmprm *** ==  (10.2) 
 

As the mass of the deposited thin films is negligible (totaling less than 1% of 

the wafer mass), the mass of the finished wafer can be assumed to be equal to the 

mass of the raw wafer.  In such a case, Figure 10.2 shows the return payload mdown 

requirement for production rates rw from 1,000 to 10,000 wafers per month and return 

periods pdown up to 100 days. 

 

0

200

400

600

800

1000

1200

1400

0 10 20 30 40 50 60 70 80 90 100

Period between Returns (days)

R
et

u
rn

 P
ay

lo
ad

 (
kg

)

r w  = 10,000

7,500

5,000

2,500

1,000

 

Figure 10.2 – Return Payload Requirements for the 
Production of rw Wafers per Month 

 

The return capsule mass is determined by the capsule payload fraction  fpayload  

and the return payload mass mdown 
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The launch payload mass mup is determined by the period between launches 

pup, the mass of the return capsule mcapsule, the number of wafers ndown produced in the 
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return period, the raw material mass per wafer mwafermatl, and the period between 

returns pdown.  
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For the base production case of 5,000 wafers per month, Figure 10.3 to Figure 

10.5 show the launch payload requirements for ASIC, MPU, and DRAM devices for 

a range of capsule payload fractions.  It is interesting to note that there is little overall 

difference in the payload mass requirements between device types, but that the return 

payload carrying ability per unit mass of return capsule has a very large effect on the 

launch payload mass. 
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Figure 10.3 – Launch Payload Requirement for ASIC’s 
(5,000 WPM) for Capsule Payload Fractions fpayload 

 



Chapter 10. Infrastructure 245 
 

 

0
1,000

2,000
3,000

4,000
5,000
6,000

7,000
8,000

9,000
10,000

0 50 100 150 200 250 300 350

Period between Launches (days)

L
au

n
ch

 P
ay

lo
ad

 (
kg

)

f payload= 25%

50%

75%

100%

 

Figure 10.4 – Launch Payload Requirement for MPU’s 
(5,000 WPM) for Capsule Payload Fractions fpayload 
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Figure 10.5 – Launch Payload Requirement for DRAM’s 
(5,000 WPM) ) for Capsule Payload Fractions fpayload 

 

10.4.8 Launch Vehicle Requirements 

It was shown in the above sections that launch vehicles are required for two 

purposes: to deliver replacement parts and service personnel, and to deliver raw 

materials and return capsules. 
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The launch vehicle for service personnel is manned and must necessarily 

return the maintenance crew to Earth.  The launch vehicle for raw materials and 

return capsules is not required to return to Earth.  While it is possible to combine the 

two functions into a single launch vehicle that delivers personnel and materiel to the 

station and returns personnel and finished goods, such a compromise limits the 

frequency with which finished goods can be returned. 

For the base production case of 5,000 ASIC wafers per month, Figure 10.1 

shows that equipment servicing is required every 30 to 90 days, depending on 

equipment reliability.  If this servicing is performed by service personnel, then a 

manned launch is required.  Alternatively, the use of tele-operated robotics on the 

fabrication facility may allow the servicing to be conducted remotely, reducing the 

manned launch requirement.  The use of interchangeable equipment modules would 

facilitate remote, tele-operated servicing at the expense of lifting greater equipment 

mass to orbit. 

For the base production case, finished goods are required every 2 to 6 weeks.  

If it is assumed that raw materials would be launched every 30 to 90 days and that 

between such flights finished goods are delivered by return capsule, then the launch 

payloads would be from 300 to 2,500 kg depending on the characteristics of the 

return capsule. 

A review of the current and proposed launch vehicles in Table 10.5 and Table 

10.6 shows that several launch vehicles capable of delivering small payloads of raw 

materials to LEO are available or under development. 

10.4.9 Other Infrastructure Options 

The transportation options examined thus far have been limited to transport 

to/from the Earth.  While it is outside the scope of this thesis to speculate on the 

development of a manned presence in space, it is possible that such a presence may 
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change the assumptions used to determine launch and return payload and frequency 

requirements. 

Specifically, if there is a manned presence in orbit, that periodic servicing of 

the semiconductor fabrication facility which cannot be conducted through tele-

operated robotics, may best be accomplished by personnel already located in orbit.  

As equipment maintenance will be a requirement for all types of orbiting 

manufacturing facilities, it may be feasible to maintain a manned, central depot of 

spares in orbit to service all such facilities.  Such a central depot would reduce the 

number of manned launches required by the above model to maintain the 

semiconductor fabrication equipment and would allow a more rapid response when 

repair/replacement of facility equipment becomes necessary. 

10.4.10 Summary 

It has been shown that the existing space transportation infrastructure has 

satellite placement as its primary goal and the space industry has not yet developed 

the means to deliver to and return mass from orbit on a routine basis.  Examination of 

the transportation requirements for a semiconductor fabrication facility located in 

LEO indicate that frequent launches of material will be required to support the base 

production case of 5,000 ASIC wafers per month.  The use of a lightweight, small 

return capsule is shown to reduce the number of ground-based launches required to 

meet customer delivery schedules.  

10.5 Other Infrastructure Requirements for Space-
Based Semiconductor Fabrication 

The objective of this thesis is to perform a preliminary review of the 

feasibility of fabricating semiconductor devices in orbit.  While it is outside the scope 

of this thesis to review all factors of the space and semiconductor industries for 
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suitability to supporting a space-based microfabrication facility, two areas do deserve 

mention: insurance and equipment development. 

10.5.1 Insurance 

Launch insurance is designed to protect the customer from loss of payload 

during transportation to orbit, and forms one of the primary components of 

transportation cost.  For commercial satellites, the cost of launch insurance is 

estimated to be approximately 25% of the combined cost of constructing the satellite 

and transporting it to orbit151.  Insurance costs are based upon the track record of the 

launch vehicle and support infrastructure, and the quality of design, manufacturing, 

inspection, and payload integration of the vehicle. 

Statistical methods are used by insurance underwriters to determine risk.  

These statistical methods are based upon a sample of homogenous space events, such 

as identical launch vehicles and payloads at a given launch facility.  The smaller the 

sample size and the wider the variation of launch parameters, the greater the statistical 

uncertainty. 

The space insurance industry exists today to insure satellite payloads destined 

for orbit.  Typically, such insurance does not come into effect until three to six 

months before launch, leading to a financing bottleneck during the construction of the 

satellite152.  In addition, no insurance facility exists at present to cover the risk of 

transporting  finished goods from orbit back to Earth.  Such insurance would have to 

cover not only the loss of finished goods and the return capsule in the event of 

disaster, but also the cost of customer penalties, such as failure to deliver product 

according to an agreed upon schedule. 

The requirement for new launch and return vehicles suitable for small 

payloads is expected to result in high transportation insurance costs initially.  

However, as the frequency of launches and retrievals for a space-based 
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semiconductor fabrication facility is expected to be high, and the payloads identical, it 

is likely that a statistical database will rapidly be developed, leading to high statistical 

confidence levels which will reduce the insurance costs. 

Some important differences between the semiconductor supply missions and 

current satellites would affect the insurance costs.  For satellites, the value of the 

systems themselves is very large ($50 million to more than $1 billion), their 

complexity is high, the time to order a replacement is long (measured in years), and 

their revenue stream is long lasting (a satellite may generate revenue for 5 to 10 

years).  This makes a single loss very costly.  By comparison, the semiconductor 

fabrication supplies are of modest value (a week's worth of supplies is less than $1 

million), they are of low complexity (the supplies themselves have few working parts 

although replacement equipment would have more complexity), it is easy to get 

replacements ready for launch, and their revenue stream is short term (at most a few 

months).  This makes the cost of vehicle failure much closer to the price of the launch 

than with existing satellites.  These factors are expected to reduce insurance risk and 

costs on resupply flights to the semiconductor facility. 

10.5.2 Process Equipment Development 

New process equipment will be required for space-based semiconductor 

fabrication.  The development of this equipment poses two concerns for existing 

manufacturers of commercial fabrication equipment: is the market for the equipment 

large enough to warrant to cost of development, and can evolutionary techniques be 

used to migrate from existing equipment designs to space-based equipment designs? 

If the market for space-based processing equipment is limited to a single 

orbital facility, the owner of that facility will likely bear the full cost of the equipment 

development as there is no market for other sales.  In this case, it can be expected that 

the equipment will be purpose-built for the single client and will have high costs 
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when compared to the volume sales of Earth-based equipment .  In contrast, if a 

viable space-based fabrication market is perceived by equipment manufacturers, then 

the cost of development will be recovered over multiple sales, reducing the cost of 

each piece of equipment. 

New commercial processing equipment designs benefit from previous 

generations of product.  The path of improvement in semiconductor processing 

equipment has been evolutionary rather than revolutionary.  However, the all-dry 

process flows developed in Chapter 6 require equipment that does not currently exist 

and revolutionary equipment designs.  Such design leaps involve increased risk 

leading to higher equipment cost. 

One method to mitigate the risk inherent in the development of new 

equipment for a space-based processing facility is to have the equipment developed 

for commercial Earth-based processes.  The challenges of next generation lithography 

(NGL) may favour the dry, inorganic resist process, and increased environmental 

pressures may lead to the use of dry cleaning processes to decrease water and energy 

use.  The development of these processes and subsequent commercial use on Earth 

would greatly reduce the risk associated with developing space-qualified equipment 

for an orbital facility. 

10.6 Conclusions 

This chapter has described the infrastructure requirements for a space-based 

semiconductor fabrication facility with emphasis on transportation, insurance, and 

new equipment development.  A launch and return capsule payload model was 

constructed for use as the basis in determining the suitability of existing and proposed 

space transportation vehicles for a microfabrication facility located in LEO. 

It has been shown that while several existing or proposed launch vehicles are 

suitable for transporting raw materials to LEO, there is no existing means of meeting 
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the frequent, two-way mass transport requirements of an orbital microfabrication 

facility. 

The base production case of 5,000 ASIC wafers per month was found to 

require servicing every 30 to 90 days, depending on MTBF of the equipment.  If 

manned flights were used for servicing, then it was shown that launches would be 

more frequent than raw material requirements alone would dictate.  However, the 

exact costs and frequency would depend on the service mode used (on-orbit personnel 

or tele-operated robotics against manned service flights). 

A return capsule, capable of delivering finished wafers from orbit to Earth, 

was found to reduce the need for launches while still meeting delivery schedules of 2 

to 6 weeks. 

The infrastructure for the insurance of payloads to and from orbit was found 

to be inadequate, and it was suggested that the lack of statistical models for two-way 

mass transport would result in high early insurance costs.  However, the very 

different nature of resupply flights from that of current satellite launches, may make 

the insurance costs much lower than existing launch insurance. 

The development of specialized processing equipment for use in space was 

found to involve significant risk as new processes and new equipment were 

simultaneously required.  It was suggested that the adoption of the dry processes 

required for space, by commercial fabrication facilities on Earth, would reduce the 

risk and cost of space equipment development.  
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Chapter 11  

Conclusions & Suggested Further Work 

11.1 Conclusions 

Space-based microfabrication requires the implementation of semiconductor 

fabrication processes in a space environment.  Sequential application of patterning, 

deposition, etching, and doping processes to a silicon wafer can be used to produce 

many different types of electronic devices, on Earth or in space. 

While the near-Earth space environment offers several advantages such as low 

particle counts, native vacuum, atomic oxygen, and microgravity, it also poses 

difficulties for conventional processing.  Alternatives to several Earth-based 

processes must be developed in order for such processing to be feasible.  In addition, 

in order to maintain the inherently clean environment of space, non-contact wafer 

transport within the fabrication facility was shown to be practical. 

A wafer handling scheme based upon electromagnetic levitation was 

developed.  Numerical simulations indicated that wafer handling in such a system 

was possible at power levels suitable for a space-based facility.  Use of such a system 

could reduce mechanical contact between wafers and transport equipment, resulting 

in less wafer damage and particle scatter than mechanical grips. 

A detailed process flow model was developed in order to provide information 

on consumable use, energy use, and process times.  Comparison with published 

results indicated that the model was in general agreement with industry averages. 

Alternative processes were developed for space-based microfabrication.  

These dry processes were found to be compatible with a vacuum, microgravity 

environment and not only eliminated the problems associated with processes 
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involving liquids, but also resulted in significant energy savings and reductions in 

consumable mass.  Numerical models of a dry lithographic process using an inorganic 

resist and a dry cleaning process incorporating a combination of plasma etching and 

ion milling were added to the process flow model. 

Comparisons of simulation results between three reference process flow 

models indicated that space-based semiconductor fabrication used much less material 

and energy per processed wafer and that processing cycle times were faster than 

equivalent Earth-based fabrication.  

Extension of the reference process flows, derived for a 12 level CMOS device, 

to other devices allowed a series of production cases to be examined.  Operating cost 

per wafer was determined to be a reasonable metric with which to compare economic 

feasibility of a commercial, space-based microfabrication facility.  For a base 

production case of 5,000 ASIC wafers per month, using a series of key assumptions, 

it was determined that, as of 1999, Earth-based fabrication was about 50% less 

expensive than space-based semiconductor fabrication.  However, by examining the 

sensitivities of input parameters such as process equipment cost (which is changing 

significantly with time), transport mass, and transportation cost, it was found that 

optimizations in the space-based production model could be made.  These 

optimizations indicated that space-based fabrication costs could be decreased to 58% 

that of an advanced, future Earth-based facility when trends of increasing process 

equipment costs and decreasing orbital transport costs are considered. 

Transport cost to and from orbit was found to be a critical factor in 

determining the economic viability of a space-based microfabrication facility.  After a 

review of the existing transportation infrastructure, an asynchronous mode transport 

scheme was proposed in which finished wafers were transported from the orbital 

facility to Earth in small return capsules.  Transport cost and payload models for the 
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asynchronous transport mode highlighted the requirement for lightweight return 

capsules with large payload ability. 

A space-based manufacturing facility does not operate in isolation, but 

requires a support infrastructure in order to function.  A review of the existing space 

transportation infrastructure indicated that present and proposed launch vehicles were 

not directly suited to the frequent, two-way mass flow of raw materials and finished 

goods required for a space semiconductor fabrication facility.  In addition, 

examination of the MTBF of typical semiconductor processing equipment indicated 

that service flights to supply either manned or robotic maintenance requirements 

would be necessary in order to keep the facility operating.  Insurance was found to be 

a key part of space transportation and an assessment of insurance underwriters 

methods indicated that insurance costs would be high for initial shipments until a 

statistical database of material launches and returns was developed. 

It was proposed that the development cost of space-based processing 

equipment could be reduced if the dry processes required for space, such as thermal 

lithography and dry cleaning, would become the standard on Earth in commercial 

fabrication facilities.  It is possible that factors such as better process control plus 

water and energy savings may be compelling, even on Earth.  If such processes are 

implemented in commercial facilities, then much of the development cost for space-

qualified versions of the equipment is eliminated. 

In summary, this thesis has examined the feasibility of fabricating silicon 

semiconductor devices in orbit on a commercial basis and concludes that while the 

processing is technically feasible, it is difficult to compete economically with Earth-

based facilities today.  However, it is found that space-based semiconductor 

fabrication can be economically favourable provided that the processes are carefully 

optimized and the cost of transportation to and from orbit is reduced. 
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11.2 Suggested Further Work 

This thesis has touched upon many areas in which there is little or no 

information available.  These areas must be further developed in order to fully 

determine the feasibility, both technical and economic, of space-based semiconductor 

fabrication. 

11.2.1 Process Modeling and Experimentation 

The process flow modeling of this thesis is the first modestly detailed 

comparison of the wet earth, dry earth, and dry space processes.  These models need 

to be confirmed with more detailed modeling and experimentation.  For example, 

only two process flows (a 3 level device and 12 level CMOS) have been simulated.  

While the consistency of the results indicate that these process flows can be 

reasonably extrapolated to additional levels, complete 20 and 30 level process flows 

should be fully simulated. 

In addition, several methodologies in the dry processes have been proposed 

that need experimental verification.  For example, it has been assumed that in a 

vacuum environment, without the need for continuous pumping, many processes like 

sputtering can be done with just the required pressure of gases (such as argon), rather 

than maintaining a continuous flow of gases.  This needs to be experimentally 

confirmed.   

Furthermore, the potential savings in equipment mass and power has been 

only briefly studied.  Conservative models of space-based equipment were derived 

through the method of functional decomposition.  Future work should include a 

detailed redesign of several process tools (such as a CVD system, a plasma etch 

system, a sputter system, and an ion implantation system) to study the savings in 

mass, volume, cost and power. 
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11.2.2 Electromagnetic Wafer Handling System 

The scope of this thesis was limited to a first-pass feasibility analysis.  

However, many of the ideas presented need to be demonstrated and refined.  One 

such idea is the electromagnetic wafer levitation system.  It is suggested that a single 

solenoid prototype be constructed and a set of experiments performed to determine 

the correlation between actual forces and predicted forces on the wafer.  Further 

development would result in a circular array solenoid actuator that could serve as a 

robotic end effector and the eventual implementation of a recto-linear solenoid array. 

In connection with the electromagnetic wafer handling system, the author is 

exploring the use of lasers to assist with the chemical vapour deposition of tungsten 

silicide for the eddy current loops on the backside of wafers.  These conductors are 

required by the proposed electromagnetic wafer transport system and are not easily 

fabricated by conventional means.  The use of laser CVD is expected to result in a 

rapid, direct-write process to form these large conductors. 

11.2.3 New Processes 

Several dry processes have been developed and presented.  The thermal 

lithography process using inorganic resists was based upon available literature.  

However, current work at Simon Fraser University is extending the range of available 

inorganic resists and lowering the exposure thresholds.  It is suggested that future 

work on these resists include developing dry etching processes and eventual testing in 

a vacuum environment. 

The dry cleaning processes, plasma etching and ion milling, are well known 

separately.  However, work needs to be done to ensure that the combination is able to 

effectively clean organics and particles from wafers and is compatible with a vacuum 

environment. 
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The issue of chemical mechanical polishing was neglected in the 12 level 

CMOS model, as it was not one of the process steps.  However, CMP is a common 

process in commercial facilities and must be replicated in space for multi-level metal 

devices.  An alternative to CMP, based on photoablation, was described.  Work on 

developing this process, or other dry alternatives, is required. 

Copper is used as top level conductors in many high-end devices.  However, 

the liquid electroplating process commonly used is incompatible with the space 

environment.  An alternative process, based upon use of a charged copper vapour, 

was described.  Work on developing this process, or other dry alternatives, is 

required. 

11.2.4 Experimental Verification of Vacuum Processing 

Once alternative, dry processes are developed, a demonstration of the process 

flow is needed.  As it is difficult to obtain the resources to demonstrate the processes 

in space, it is suggested that the processes be demonstrated in a large, Earth-based 

vacuum chamber, such as that employed to test space hardware.  Such facilities are 

available with Boeing in Washington State or with the Canadian Space Agency.  An 

initial prototype test could involve placing modified current equipment (with the 

vacuum systems and controls removed) in such facilities and determining operational 

needs for a single process.  Eventually, a full process flow of one level could be tested 

in such a facility.  In such a test, a single wafer could be processed through all of the 

major steps (patterning, deposition, etching, doping) within the vacuum environment.  

The only factor of the space environment that could not be simulated would be the 

microgravity, which is not expected to alter the processing.  The possibility of such 

testing is being investigated.  The analysis of this thesis has supplied the preliminary 

indication of advantages that justifies the continuation of this work. 
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11.2.5 Commercialization 

From a business perspective, successful development of the processes and 

hardware leading to commercialization requires that a consortium be formed that 

brings together at least the two elements of: knowledge of the semiconductor 

fabrication business, and knowledge of space utilization153.  As the development of a 

commercial, space-based semiconductor fabrication facility has an inherent risk in the 

development of new processes and equipment and a long time period requiring major 

expenditures before revenue production154, it is envisioned that such a consortium 

would likely be comprised of several, large multi-national companies from the 

aerospace, semiconductor, and electronics sectors. 

Pending successful testing in a large, vacuum chamber, it is suggested that the 

next step would be the development by the consortium of space-qualified, prototype 

processing equipment to allow demonstration in a space facility such as the Space 

Shuttle or the International Space Station. 

11.2.6 Return Capsules 

Finally, it was found that for frequent, two-way mass transport to space to be 

effective, a lightweight return capsule was required.  It is suggested that such a return 

capsule is a requirement for many types of space manufacturing and that the 

conceptual design of such a capsule be undertaken.  Work required to support such 

development would include determining the allowable stress levels for silicon wafers 

and finished goods packaging requirements. 
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