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Abstract

Semiconductor microchips are high vaue 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 feasbility 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 economicaly

feasble. The outcome is a synergistic, orbital-based methodology for micro-



fabrication capable of building and deivering commercidly 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
commercid facilities. However, optimization of process parameters and consumable
requirements is shown to decrease the cost of orbital fabrication dramaticaly.
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 thisthesisis of an introductory nature, intended to provide the

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



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 technica and economic factors are examined to determine the viability
of a gpace-based semiconductor fabrication facility. It is postulated that orbital
fabrication of silicon devices may be more economicaly 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 $5,000'.

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 2001*. The equipment utilized in semiconductor fabrication is expensive,

" all amounts shown in US dollars (USD)
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requiring large capita 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 materia for microfabrication is usualy 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 typicaly
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,
specidlized 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 equipment®. 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 consumables’.

Many semiconductor fabrication processes operate in a rarified vacuum
environment, with gas pressures significantly below that of the atmosphere®. 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.

Weafer fabrication in a vacuum environment, such as found in Earth orbit, is
inherently clean but requires changes in some basic processes. Liquid chemica-
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
gpace 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 caculate 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 severa devices (eg. 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 alow the handling of large
slicon wafers in a low gravity, vacuum environment usng 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 externa
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 alow both attractive and repulsive forces
to be generated. The use of multiple circuit loops located on the backside of the
wafer alow for forces generated at individual circuit loops to be combined to create
trandationa and rotationa 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 slicides 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 doctora 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 previoudy
seldom studied transportation needs, combined with the process modeling estimates
on consumables and equipment, to create a first pass economic anaysis 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 critica. Thus, a semiconductor fabrication facility
that has the capability to accept customer designs in electronic format and create the
finished wafer from stockpiled materids 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 aternative 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 anaytic 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 functiona 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 smulation 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 terrestriadl 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, asis 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.



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 commercia 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 materia 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 globa industry has
developed to support the fabrication of silicon semiconductor devices. The most
widespread device technology is dlicon-based complementary meta oxide
semiconductor (CMOS) and thisiis forecast to continue for the foreseeable future®.

A dilicon 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.

P DOPED REGION
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1
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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 parald for many
wafers, or individualy for a single wafer. The type of eectronic 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.
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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, al 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 nm logic chip is produced on 40
different workstations using 215 steps’.

Figure 2.2 shows the typical sequence of steps to deposit and pattern a single
layer on awafer. 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 al semiconductor devices are
based and, as shown in Figure 2.2, is usualy 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

Chemica vapor deposition is able to fill small, high aspect ratio gaps as well
as uniformly coat a surface with a wide variety of films’. In the chemica vapor
deposition process, the materia to be deposited is contained within a carrier fluid
(usually a gas) that is flowed over the wafer substrate. An energy source (hest,
microwaves) forces a chemical reaction at the wafer surface causing the material to
be deposited. The materia 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 chemica vapor deposition (LPCVD) is a popular method for
CVD and is used for depositing a wide range of materids, particularly for
polycrystaline 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 materia 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 parale plate reactors, hot wall batch systems, and cold wall systems® and,
to deposit high quality films at low temperatures, remote plasmas have recently been
introduced. A typica PECVD system can operate at throughputs of up to 65 wafers

per hour®.
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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 meta 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 |ess 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 (SIOy) 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 closaly
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 amost universaly used for patterning in existing
commercia 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

Almogt al existing patterning systems use a photo sensitive liquid polymer
(photoresist) that is applied to the surface of the wafer. The thin coating (1 nm
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 chemica 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 usudly at a larger scale than the fina image to
minimize diffraction effects. A specia machine, caled 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 hour™®.

2.3.2.2 Electron Beam Direct Write

Usualy used to generate the high precison masks, the electron beam direct
write process creates a pattern by directing high energy electrons (25 — 50 kEV') 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 kEV*?) 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 commercia 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 resist™. In such a process,
a bi-layer resst material is deposited on the surface of the wafer using sputter
deposition. This resist is then patterned by a combination of therma exposure and
etching to creating an inorganic pattern on the wafer. Following conventiona
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. Materias 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. Materias 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 materia 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 awet 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 al affect the amount
and uniformity of material removed.

Wet etching may be used for isotropic material remova (uniform removal in
all directions) or anisotropic materia remova (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 minima 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 chemica 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
gpecies 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 lon 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 lon 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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lon 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
commercia silicon fabrication processes, ion implantation has become the standard

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

2.3.4.1 lon 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 closaly
controlled through monitoring of the ion current, and ion beams with energy levels of
10 - 200 KEV** are common. Medium current implanters (0.5 — 1.7 mA) are
generaly single wafer machines, while high current implanters (10 mA or more) are
most often batch processing systems™.

lon implantation alows fine control over the doping distribution of the
substrate. It does require relatively expensive equipment and a high vacuum level™,
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 glicides to a low resigtivity
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 therma 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
transfer'’. 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 individua 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 electrica 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 till 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. lon 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 1965'®. 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, metalic 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 geometries™. In addition, environmental restrictions on water use and the cost of
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waste treatment are forcing the semiconductor industry to seek aternative cleaning
methods?®%.

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 genera, 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 al 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 variations®. 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 mgor steps used to fabricate a simple

3,24

complementary metal oxide semiconductor (CMOS) devic This device has

eight levels and requires eight masks.
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Table 2.1 - Steps in Fabricating Typical CMOS Device

Step Process Step Process
1  Clean wéfer. 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  Etchsilicon nitride. 40 Develop photoresist.
15  Strip photoresist. 41  Etchoxide.
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 #38)
26  Apply photoresist. 52  Develop photoresist.
27  Pattern P-channel drainsand 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 individua 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
smplify 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 parale 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 time®.

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 a a time.
This alows for more rapid pumpdown cycles when vacuum environments are
desired. It aso reduces the amount of reactant needed for CVD applications. Finaly,
thermal processing is greatly speeded up by the small chamber size.

2.4.3 Cluster Tools

Co-location of severa 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 module?’. The programmability of the cluster tool alows 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 flows®. Optimization of the cluster design and wafer
visitation schedule can dramatically improve throughput, increasing the performance-

cost ratio of cluster toolsin comparison to other types of tools™.

2.4.4 Mini Environments

The development of cluster tools alows the creation of mini environments.
Such a mini environment is a clean room within a clean room® 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



Chapter 2. Semiconductor Processing 28

times are eiminated of reduced. Mini environments can speed overal 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 (mm?) ! 340 — 800
Maximum number of wiring levels®> 7
Maximum number of Masks Levels™ 24
Minimum feature size (nm) > 140-230
Minimum turnaround time (weeks) 6
Process CMOS

Value per finished wafer (200 mm)>*  $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 amost
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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251 MPU

Microprocessors are found in a wide range of eectronic 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 commercialy available MPU’s have 28 million transistors

and operate at speeds up to 933 MHZ™.

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 chip®..

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 weeks™.

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 2011%".

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 years®, 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 month® 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 production®. 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%)%.

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 average™ by large fans

The fabrication processes require supplies of extremely pure gases, chemicals,
and de-ionized water”®. 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 Characteristics®

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

Additional site - Dedicated central utility plant

facilities
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 - $1.7 billion (fabricator and utility plant construction,
investment 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 area™. 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 equipment™®,
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2.7 Conclusions

This chapter has presented an overview of the fabrication of semiconductor
devices on silicon wafersin commercia facilities.

Semiconductor fabrication is the manufacture of electronic devices, and
severa 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 devicesincluding 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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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
aslow 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 Eath. 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 thess.

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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agood 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 aso 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 silicon™.

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 107 t0 10°® torr™®
Possible Wake Vacuum Level 1022 to 10 torr™
Ambient Population O ~10° particlesiem®*®
Ambient Population H ~10° particleslem®*®
Ambient Population He ~107 particleslem®*®
Energy of Atomic Oxygen on Ram Edge 5 ey

Atomic Oxygen Flux on Ram Edge 10" particles/cm? ol
Solar radiation 1371 W/m?
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 facility®.
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The prospect of space industrialization based upon processes utilizing the
unique environment of space have been extensively debated. However, in amost al
instances, it was found that processes in which microgravity was required could be

duplicated on Earth for much less expenditure®®".

Thus, crystal growth and other
initially attractive processes have not been commercidized in space. However,
semiconductor fabrication in orbit would make use of severa native environmenta
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” to 10® 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%? - 10™ 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 levelsof 10 torr during molecular epitaxial growth processes’?4>23>*,

Table 3.2 - Process Vacuum Requirements

Process Process Vacuum LEO Vacuum
Process Type Level Req'd (torr) Sufficient
LPCVD Deposition 1x 10 v
PECVD Deposition 6x10° v
Plasma Etch Removal 6x10° v
lon Implantation  Doping 1x10° v
lon Milling Removal 1x 103 v
Sputter Deposition Deposition 1x 10* v
Evaporation Deposition 1x 103 v
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It can be seen from Table 3.2 that the vacuum available in LEO is sufficient
for al common semiconductor fabrication processes. Prior to processing, equipment
is typically pumped to a base vacuum level of 107 to 10°® torr in order to reduce

contamination®. 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 arflow rates in
contemporary clean rooms, air handling systems are actualy very efficient
transporters of chemical contamination®®.

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.

Additiondly, 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 hermeticaly sealed container between processes in order to reduce particle
contamination®’.  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 amosphere™. 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 collison with an oxygen atom yielding 5 eV of impact energy.
This energy is near the bonding energy of many molecules and alows chemica
reactions to occur with a wide range of materials a low ambient temperatures™.

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 oxygen™.

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 orbita
fabrication facility would not have this constraint and the process equipment could be
arranged in unique, three dimensiona 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 aresult, the processes
developed for commercia semiconductor fabrication have been optimized to take
advantage of this environment.

In a high vacuum, microgravity environment, the optimum processes are
likdy 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 mechanica grips, vacuum pickups, and

conveyer systems for wafer transport and fixturing.

3.4.1 Lithography

Conventiona 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 partialy 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
industry®®. Research on the application of this process to semiconductor fabrication is

currently underway®®®. 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 smulated 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'’s™.

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 auminum
oxide (AIOx) or a bismuth and indium compound (Biln) 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 layer™.

In this system, a bottom layer of amorphous carbon or other similar materia is
sputter deposited on the wafer, followed by atop layer of athermal sensitive material
such as AIOx 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 al 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 AIOx resist process is that it is much less sensitive than current organic resists,
requiring exposures of 40 mycm? compared to 10 md¥cm? with regular resists. This
makes it difficult to use in current exposure systems. However, new classes of
inorganic therma resists, such as Biln, 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 AIOx 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 AIOx process and those being
developed by SFU, indicate that vacuum-compatible lithographic processes are

readily possible and may even provide advantages over conventiona 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)
existinit.

It is estimated that wafer cleaning processes account for 2,500 to 5,600 liters
of water per wafer®.

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 chemicas for bulk anisotropic etching of
slicon.

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 streams?.

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 plasmaions 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 alow cost cleaning process that efficiently utilizes the available resources of
LEO.

Plasma etching, another dry process, is smilar to plasma cleaning. In a
plasma etching system, the plasma selectively removes certain materiads 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 chemistry®.

lon 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 aternative
dry processes are aready in widespread use. Such dry processes can be readily
adapted to space-based semiconductor fabrication and offer the advantage of greatly

reduced requirement for consumabl es.

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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6417 As semiconductor

materia flow loop serving equipment bays within the facility
fabrication is a highly reentrant process, this results in substantia 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 automaticaly 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 manua 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 individua 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



Chapter 3. Space-Based Processing 46

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 mechanica grips does not presently exist and has
been identified as a critica link in redizing 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 trangport 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 materias
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

Trangportation 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 launches®™.

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 materias to the facility, but
finished goods are returned to Earth asynchronoudly, in small return capsules.

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

Table 3.3 — Transport Logistic Functions®

Item Earth to Orbit  Orbit to Earth
Manufacturing egquipment/facility Onetime

Power supply Onetime
Millwright/construction crew Onetime Onetime
Raw materials Recurring

Support expendabl es/consumabl es/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 partstool, waste products, and optionaly,
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 externaly (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 Functions®®

Item Use
Manufacturing equipment Continuous
Millwright/construction crew  Onetime

Raw materials Recurring
Finished goods Recurring
Maintenance crew I ntermittent
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
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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 spacecraft®. 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 rgjection (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 Functions®®

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 electrica 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 environmenta

control as well as attitude and altitude stabilization.

Table 3.6 — Energy Logistic Functions®

Item Electricity Chemical Solar
Process heat v v
Process el ectromagnetics, potentials, emissions v
Process equipment v
Process control and data management v
v
v

<

Housekeeping
Attitude/Altitude control

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. Obvioudy, such a facility must be capable of performing al 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 fina inspection and packaging of the completed device does not
benefit from space-based fabrication as the packaging is a materia 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 devices®. 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 type®.

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 chargesin
the gate oxide, it can be shown that, in the absence of an applied dectric field, awafer
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 production®’.

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 aso 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.

Manufacture of Raw Materials Manufacture of
Wafer Blanks Mask Blanks
Material Fabrication of
Deposition Mask*
Lithographic
Patterning

l

Material Removal

l

Doping

l

Thermal
Processing

l

Cleaning

l

In-situ Inspection

Processing
Complete?

Final anneal

. . Interprocess Transport
Testing/Inspection

Packaging
* optional, may be done
Fini§hed . on Earth or in
Electronic Device space-based facility

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.



Chapter 4

Warfer 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/s” perpendicular to
the wafer and 0.16 m/s? 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 aternatives for lithography and wet processes in such an
environment, but no aternatives for wafer handling that do not utilize mechanica

grips. While semiconductor fabrication is feasible with wafer handling systems using
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mechanical grips, the potentia 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.
Mechanica 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 environment®™. 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 externa 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 control®. Similarly, quasi-static displacements can be
accomplished by imposing small forces.

Similar systems are used in other applications: a magneticaly levitated
automated contact analytical probe tool”®, mag-lev stage for a lithography DSW
stepper™, and a magnetically levitated wafer carrier”. 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

e

4
[/

o O
O o

il

fife

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 processing”,
coupled with the inherently clean vacuum environment, alow 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 alow 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
trangport 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 smplest 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.

Figure 4.2 — Wafer Holddown Mode



Chapter 4.  Wafer Handling Using Electromagnetic Levitation 58

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 paralel 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.

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 awafer 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 materia, 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 goa 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 36gor88g
Wafer Holddown Mode

Maximum Vertical Acceleration 1m/s?
Vertical Positioning Mode

Nominal Positioning Height 0.001 m (1 mm)
Maximum Vertical Acceleration at Nominal Height 0.1 m/s’
Horizontal Positioning Mode

Nominal Positioning Height for Wafer Transport 0.001 m (1 mm)
Maximum Vertical Acceleration at Nominal Height 0.1 m/s’
Maximum Horizontal Acceleration at Nominal Height 0.1 m/s’

Although al 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 al models are described briefly below.

The magnetic field B in a materia with permeability mdue to magnetic field
H is defined (in MK S units) by ™

B=nH=m(l+c)H (4.1)

The magnetization M in a linear isotropic media with magnetic susceptibility

c inamagnetic field H is defined by™

M =cH (4.2)

The force F exerted on a particle with charge g moving in direction v in a

magnetic field of strength B is described by

F=qv' B (4.3)

For a conductor with current i flowing aong length | in a magnetic field of

strength B, the force F exerted on the conductor is described by

F=il' B (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

F =ilB (4.9)

In al cases, the direction of F is perpendicular to both the conductor and the
magnetic field B.
The magnetic flux Fg measures the number of magnetic lines that pass

through a surface S enclosed by a conductor and is defined by”®

Fe=¢B-dS (4.6)

A conductor experiences an induced emf e in the presence of a changing

magnetic flux according to Faraday’s law of induction®

dF
dt

(4.7)
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In a closed loop conductor, the induced emf e givesrise to a current i based on

the resistance R and inductance L of the conductor as defined by

: di
e=iR+L— 4.8
it (4.8)

Each point Py in a conductor carrying current i contributes dB to the magnetic
field at a point P;. Letting r define a distance vector from Py to Py, dB is caculated
by the Biot Savart law’’

_a&m, oidl” r 9
£4p g |rf (49)

dB

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, B, and B,, can be calculated by
integrating (4.9) around the current loop.

CURRENT LOOP

Figure 4.6 — Current Loop Coordinate System

For points (r, z) that lie along the z axis, the result is™

B.(z) =0 (4.10)
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and

.2
BZ(Z):L

2(&2 + 22)3/2 (4-11)

However, for points not on the z axis, the calculation of radia and axia

components of the magnetic field B is more complex”

miza® o« (4k+3) ér’a’y’

= 412
Br(I’,Z) 4U5 kZO(k!)z(k+1) S4U48 ( )
and
5 (rzy= Mgy €207 (4k+2p roa® (dk+ 3 ra’ o (413)
I VRN (%) VRN (1 (9 }-ZVE |
U in equations (4.8) and (4.9) is defined by
U=(?+22+a?)"? (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 dliptic integrals

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.

~ CONDUCTOR LOOP
TYP OF 4

@ WAFER

Figure 4.7 — Wafer with Embedded Conductor Loops

Each of the identica 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 dl 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 criteriafor 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
Enax maximum induced EMF in wafer 1 volt
f maximum solenoid current waveform frequency 10 kHz
m permeability of vacuum environment 4p x 107 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
sope 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



Chapter 4.  Wafer Handling Using Electromagnetic Levitation 67

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.

45.1 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 c.

+gm

d CORE
S
7

S N TURNS

-gm

Figure 4.9 — Multiturn Solenoid with Core

The external magnetic field Bs is the sum of the magnetic field B, due to the
current loops alone and the magnetic field By, due to the magnetization of the

ferromagnetic core

B, =B, +B, =m(H, +H,) (4.15)
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The radial and axia components of the magnetic field By due to the solenoid
without the ferromagnetic core are calculated by

By, (r,2)=8& B, (r,z+nd) (4.16)

By, (r,2) =& B,(r,z+nd) (4.17)

To smplify the calculation of the external magnetic field By, of the solenoid
with the ferromagnetic core, it is possible to replace it with a distributed, fictitious
magnetic charge of +qy, that is assumed to lie a each end of the solenoid on the z
axis.

The magnetic charge over a closed surface is zero and the magnetic charge gm

for a surface S is calculated by®

Gy = QM - dS (4.18)
S

For a long solenoid, the normal component M, of magnetization M only
occurs at the ends of the solenoid and the magnetic charge dqgn, for each piece of

surface area dA on the end is calculated by®

dg, =-M,dA (4.19)

The normal component M, of M a the ends of the long solenoid is

approximated as

M. =—B,, (4.20)
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using equations (4.1), (4.2) and (4.17) and the total magnetic charge qn a each end is
calculated by

0, =- dVI ndA (421)

A single, fictitious magnetic charge dgm, in space at point Py gives rise to a
magnetic field dB, at a point P;. Letting r define a distance vector from Py to Py, the
magnetic field for each solenoid end Bpeng is calculated by®

_m.r _-Cc.r
Bmen __(I dqm __(f B sz .
d 4p r|3 4p r|3 0 (422)

and the magnetic field B, due to the magnetization of the ferromagnetic core is the

sum of the magnetic field Bieng for each end of the solenoid

my ¥ B, (4.23)

The final magnetic field due to the solenoid is the sum of By and By,

B,=B,+B, =B, +B, +B (4.24)

Mo

Appendix A contains a program listing of the functions BrMultiLongCore and
BzMultiLongCore defined using equations (4.15) to (4.24) to model the radia and
axial components of the external Bs field of a long solenoid with a ferromagnetic

core.
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45.2 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)
I length 0.01 m (10 mm)
a radius 0.001 m (1 mm)
R resistance 0.0196 ohms
C 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 4000%,

The radial component B, and axial component B, 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 (¢ » 2000) and

without a ferromagnetic core (¢ = 0).

10 + z =0.0005

0.003

0 0.002 0.004 0.006 0.008 0.01
r(m)

Figure 4.10 — Radial B Field for Reference Solenoid with ¢=2000
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Figure 4.11 — Axial B Field for Reference Solenoid with c=2000
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Figure 4.12 — Radial B Field for Reference Solenoid with ¢c=0
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Figure 4.13 — Axial B Field for Reference Solenoid with c=0
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To determine the force F produced by induced current i. in the conductor loop
due to the external magnetic field Bs, a complete cycle with period p ismodeled. 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 F; is calculated from equation (4.5). The average axia force

F, iscaculated by

F, =% t (4.25)

The instantaneous solenoid power Ps required to produce current is is
calculated by

. di
P=i’R +L — 4.26
S S S S dt ( )

Assuming that the inductive power requirement is balanced by external

capacitors, the average power consumption P, over acomplete cycleis calculated by

P.=— g, dt (4.27)
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 1x10*s
lsmax maximum solenoid current 16 amps

(dig/dt)max  maximum rate of change of current 320000 amps/s
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45.3 Simulation Results

For a wafer ring centered on the coil with an axia 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 i,

the instantaneous axial force F;, and the instantaneous power requirement Ps.

-10 +
-15 +

i, (amps)
i, (amps)

-20 +

25 +

-18 -30

0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Cycle Phase (degrees) Cycle Phase (degrees)

Figure 4.14 — Solenoid Current for Figure 4.15 — Eddy Current for Single
Single Solenoid Model Solenoid Model
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Figure 4.16 — Axial Force for Single Figure 4.17 — Solenoid Power for Single
Solenoid Model Solenoid Model
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The results of this ssimulation for a single solenoid are shown in Table 4.5.

Table 4.5 — Single Solenoid Simulation Results

Symbol Description Value
F,  averageaxid force 3.33x 10%N
P. average power consumed 1.81 watts

The low average axia force is due to the very small phase shift developed
between the externa magnetic field Bs and the induced eddy current i.. The time
constant of the wafer conductor loop is only 1.82 x 10® 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 externa solenoid assemblies are different.
As al four conductor/solenoid assemblies are identical, only a single assembly,
shown in Figure 4.18, is model ed.

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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2 MM DIA. SOLENOID 2 MM DIA. SOLENOID
IRON CORE IRON CORE
25 TURNS 50 TURNS
TYP OF 22

WAFER EDDY CURRENT LOOP
9 MM ID X 11 MM OD X 10 MICRONS THK
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SIDE VIEW

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 c.

The magnetic field B, for the solenoid circle is the sum of the magnetic fields

B, for each individual solenoid

B. =4 B, (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 devel oped.

The dipole model of the solenoid is based upon the fictitious magnetic charge
gm that was described in Section 4.5.1.

From equation (4.15) it is shown that the externa magnetic field B is
comprised of the magnetic field By that is due to the solenoid alone without a core,
and the magnetic field B, that is due to magnetization of the core.

With a lumped magnetic charge Qmena replacing the distributed magnetic
charge in equation (4.22), the magnetic field Bmena due to the magnetic charge is
calculated by
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— rT]thmend r
Bmen - T3 429
o (.29
The magnetic field By can be approximated by a lumped magnetic charge
Omoend ON €ach end of the solenoid. This approximation is exact for the far field, but
has errors near the end of the solenoid. The magnetic field Boeng due to the magnetic

charge on asingle solenoid end is caculated by

— rT‘l)quend L

B =
Oend 4p |r|3 (430)

The magnetic charge gmoend IS assumed to arise from a uniform axial magnetic

field By, across the end of the solenoid

q = M (4.31)
Omend n]) .
The approximation of the magnetic field B is the sum of the magnetic fields
produced by the lumped magnetic charges on each end of the solenoid

BS » BOZ:O + BOZ:I + Bmz:O + Bmz:l (432)

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 e, of the axial and radial components of the magnetic field. Equations (4.33)
and (4.34) show how the error fraction e, is calculated.
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Srdipole SFsolenoid

e, = (4.33)

STsolenoid

— SZdipole - SZsolenoid
€, = (434)

SZsolenoid

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 radia distances from the
solenoid. At typical radia distances used in the model (0.002 m), the error in the
calculated magnetic field is approximately 10%, leading to smilar 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.

15 +

05+ =2

-0.5

0 0.001 0.002 0.003 0.004
r(m)

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 radia and axial

components of the external B, 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)
I length 0.01 m (10 mm)
a radius 0.001 m (1 mm)
R resistance 0.0196 ohms
C magnetic susceptibility 2000

Each solenoid in the outer solenoid circle has the characteristics shown in
Table4.7.

Table 4.7 — Outer Solenoid Characteristics

Symbol Description Value
N number of turns 50
d conductor diameter 0.0002 m (0.2 mm)
I length 0.01 m (10 mm)
a radius 0.001 m (1 mm)
R resistance 0.163 ohms
C 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 radia component B, and axial component B, of the reference circular
solenoid array magnetic field B for an inner solenoid current is; of O amps and an
outer solenoid current is, of 4 amps for each solenoid in the circle is shown in Figure

4.20 and Figure 4.21.

z =0.0005

10 + 0.001
0.002
5 €

0.003

B.r (T)
o

-10 +

-15 } } } }
0 0.002 0.004 0.006 0.008 0.01
r(m)

Figure 4.20 — Radial B Field for Reference Circular Solenoid Array

0 0.002 0.004 0.006 0.008 0.01
r(m)

Figure 4.21 — Axial B 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 i, applied outer solenoid current is,, the

induced eddy current ie, the instantaneous axial force F,, and the instantaneous total
power requirement P.
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Figure 4.22 — Solenoid Current for Figure 4.23 — Eddy Current for Circular
Circular Solenoid Array Solenoid Array
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Figure 4.24 — Axial Force for Circular Figure 4.25 — Power for Circular

Solenoid Array 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
F, average axial force -0.055N
P, 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 F, and power consumption P, .
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Figure 4.26 — Axial Force Variation with  Figure 4.27 — Axial Force Variation with
Axial Distance Power Consumption

It is seen that the direction of axia 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 F, and the average
radia force F. exerted on the conductor loop in the wafer for a range of

displacements r and z.
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. -0.08 +
Z 011 Z 015
4 012 1 Iy
-0.14 - 0.2 1
-0.16 0.25 | z =0.0005
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Figure 4.28 — Axial Force due to Figure 4.29 — Radial Force due to
Circular Solenoid Array Circular Solenoid Array

It is seen that for the current waveform shown in Figure 4.22, the average
axia force F, is negative, indicating that the wafer is attracted to the solenoid
assembly.  With this same waveform, the average radial force F,, for positive

displacements of r, is negative. The negative radia force provides a centering action

on the wafer.
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However, in order to maintain the wafer a constant distance z from the

solenoid assembly in the presence of external axial disturbances, both positive and
negative axial forces F, are required. Positive axia forces are generated by shifting

the phase of the outer solenoid current i, by 180°.

20

isir iso (amps)

0 45 90 135 180 225 270 315 360
Cycle Phase (degrees)

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
F, average axial force -0.062 N 0.062N
F. average radial force -0.022N 0.022N
P, average power consumed 259 W 259 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 axia forces also cause negative
radial forces. Thus, assuming that the external axial disturbance on the wafer requires
equal applications of positive and negative axia forces to maintain a specified axia

distance, the net radial force applied to the wafer is zero.

4.7 Recto-linear Solenoid Array Model

The fina 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 externa solenoid assemblies are rectangular
solenoid arrays. As al 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 axia forces could be generated using the Circular Solenoid
Array Model, it was not possible to generate net radial forces. The radia forces
produced in the model were a result of wafer radial offset only, and aternated
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 radia forces on the wafer conductor loop,
independent of wafer offset. It is also reasoned that with individual solenoid control,

the solenoid array, previoudy circular, can be generadlized 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 c.
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The magnetic field B, for the linear solenoid array is the sum of the magnetic

fidds B, for each individual solenoid

BI = é BS (435)

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 externa B, field of arecto-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.

CURRENT LOOP Ty,

Figure 4.32 — Forces and Torgues on Current Loop

Letting F, designate the instantaneous force at a point on the eddy current
loop due to the external magnetic field B, and the current i, the total instantaneous
force F (with components F,, Fy, and F,) acting through the center of the eddy current

loop is calculated by integrating F, around the loop
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1.
F = o O 0 (4.36)

However, the action of a force F, acting through a point that is not at the
center of the eddy current loop causes atorque T.

Designating Fy,, Fyp, and F,, as the components of F, acting through a point
(%, y, z) from the origin of the eddy current loop, the components of the instantaneous

torque T are determined by®*

Ty =axF,-a vk, (4.37)
sz = é Xsz - é ZI:xp (438)
Tyz = a szp - a Zpr (439)

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

liesin the x-y planeyields

Ty %@(chosq- F,,Snc g (4.40)
T, %‘(FpCOSQ)dq (4.41)

b (o .
Ty EO(Fpan)dq (4.42)
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The average forces and torgues are calculated by integrating over the period p

of a complete current waveform cycle

S
P =0
_ 17
F =T oF,dt
P =0
p
F, =1 Jdt
P =0
1 p
T, =— Ot
P =0
_1°
@ = d—xzdt
P =0

4.7.2 Simulation Parameters

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

All solenoids in the reference recto-linear solenoid aray 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)
I length 0.01 m (10 mm)
a radius 0.001 m (1 mm)
R resistance 0.0196 ohms
C magnetic susceptibility 2000

The solenoids were grouped into three categories:. Internal, External, and
Unused. Current waveforms is; and i, 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 Externa

solenoids marked.

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 externa solenoid current. For a centered wafer with

an axia displacement z = 0.001 m, Figure 4.34 to Figure 4.37 show the applied inner
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solenoid current i, applied outer solenoid current is,, the induced eddy current i, the
instantaneous axia force F,, and the instantaneous total power requirement P, for the

reference recto-linear solenoid array.
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Figure 4.34 — Solenoid Current for Figure 4.35 — Eddy Current for Recto-
Recto-linear Solenoid Array linear Solenoid Array
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Figure 4.36 — Axial Force for Recto- Figure 4.37 — Power for Recto-linear
linear Solenoid Array 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
F, average forcein x direction 0.00 N
F, average forceiny direction 0.00N
F, average axial forceinz direction -0.0205N
T, average torque in x-y plane 0.00N
T, average torque in x-z plane 0.00 N
T, average torque in y-z plane 0.00N
ﬁ average power consumed 6.7 wetts

The results indicate that the recto-linear solenoid array is capable of providing
asignificant 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 F, and power consumption P, .
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Figure 4.38 — Axial Force as a Function  Figure 4.39 — Axial Force as a Function
of Distance of Power Consumption

Figure 4.39 shows the linear relationship between applied solenoid power and
axia 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 F,, F,, F, and the

averagetorques T, , T, T_yZ exerted on the conductor loop in the wafer for arange of

displacements x for z = 0.001 m.
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Figure 4.40 —Force on Wafer Conductor Figure 4.41 — Torque on Wafer
Loop Conductor Loop

It is seen that for the current waveform shown in Figure 4.34, the average
axia force F, is negative and varies between —0.020 and —0.026 N for the range of x
displacements shown. The negative axia force indicates that the wafer is attracted to
the solenoid assembly. With this same current waveform, the average radial force
F, , for positive displacements of x, is negative. This negative radial force provides a
centering action on the wafer.

While torques T,y and Ty, remain zero with increasing displacement x, torque
Ty 1S seen to reach amaximum 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 axia disturbances,



Chapter 4.  Wafer Handling Using Electromagnetic Levitation 94

both positive and negative axial forces F, are required. Positive axia forces are
generated by shifting the phase of the outer solenoid current i, 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=0.001m

Reference Phase Shifted

Symbol Description Waveform Waveform
F, average forcein x direction -0.0072 N 0.0072 N
F, average forceiny direction 0.00 N 0.00 N
F, average axial forcein z direction -0.023 N 0.023N
T, average torque in x-y plane 0.00 N-m 0.00 N-m
T, average torque in x-z plane -24x10°N-m 2.4x10°N-m
T, average torque in y-z plane 0.00 N-m 0.00 N-m
P average power consumed 6.7W 6.7W

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 aso 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 axia disturbance on the wafer requires equal applications of positive and
negative axia forces to maintain a specified axia 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 externa solenoids or by

otherwise causing an imbalance in the externa magnetic field.



Chapter 4.  Wafer Handling Using Electromagnetic Levitation 95

The smplest method to cause such an imbalance is by disabling an Externd

solenoid, thereby converting it to an Unused solenoid, as shown in Figure 4.42.

DISABLED

EXTERNAL
Uﬁ SOLENOID

Figure 4.42 — Disabled External Solenoid

Figure 4.43 and Figure 4.44 show the average forces F,, F,, F, and the

average torques TXy T, TyZ exerted on the conductor loop in the wafer for arange of

displacements x for z = 0.001 m using the imbalanced solenoid array shown in Figure

4.42.
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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 axia 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 Moddl 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 Law®

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.
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Table 4.14 — Summary for Circular Solenoid Array Model

Symbol Description 200 mm Wafer 300 mm Wafer
F, clamping force (z = 0.0005 m) 0.063 N 0.063 N
a, clamping acceleration (z = 0.0005 m) 1.74 m/s? 0.72 m/s*
F, axial force (z = 0.001 m) 0.054 N 0.054 N
a, axial acceleration (z = 0.001 m) 1.50 m/s? 0.62 m/s*
F. radial force (z = 0.001 m) 0.000 N 0.000 N
a, radial acceleration (z = 0.001 m) 0.00 m/s® 0.00 m/s®

Table 4.15 — Summary for Recto-Linear Solenoid Array Model

Symbol Description 200 mm Wafer 300 mm Wafer
F, clamping force (z = 0.0005 m) 0.058 N 0.058 N
a, clamping acceleration (z = 0.0005 m) 1.61 m/s? 0.72 m/s*
F, axial force (z = 0.001 m) 0.069 N 0.069 N
a, axial acceleration (z = 0.001 m) 1.91 m/s? 0.85 m/s®
F. radial force (z = 0.001 m) 0.0056 N 0.0056 N
a radial acceleration (z = 0.001 m) 0.16 m/s® 0.069 m/s’

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 axid
and horizontal forces. Table 4.16 lists the applicability of the three ssimulation models

to the desired modes of operation.

Table 4.16 — Applicability of Simulation Models to Modes of Operation

Wafer Vertical Horizontal
Holddown Positioning Positioning
Model Mode Mode Mode
Single Solenoid x x x
Circular Solenoid Array v x x
Recto-linear Solenoid Array v v v

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 aso 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 smple 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 dimensiona array of equaly 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 sdectively 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 F, and F, isachieved or until the wafer is decelerated by opposing

horizontal forces. With position sensing and feedback, a two dimensiona 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 dimensiona linear motor could be used for severa 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 ssimultaneous 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 al wafers would be
individualy 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.

LITHOGRAPHIC STATION
CVD CHAMBER
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STORAGE

WAFER IN
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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 envisoned 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 individua solenoids.
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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 density®® 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 microcontroller®’ responsible for local wafers. Coordination would
be provided by a central controller. Alternatively, neural network techniques

employed for control of unstable magnetic levitation systems™ 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/s® perpendicular to the wafer and 0.16
m/s” paralle 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.
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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 detaled process flow for a typicad 12 level bi-meta CMOS
semiconductor device is specified and used as the basis for smulation of the
fabrication process.

A numerica 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 detalled 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 mode.

5.2 Background

In Section 2.3 Processes, eight types of processes used to fabricate

semiconductors were identified: material deposition, patterning, materia 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, sequentia 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 severa pieces of
equipment. Each process may be applied to a single wafer or to several wafersin a
batch.

A process may be asingle 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 smulate the entire semiconductor fabrication process, severa
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 materia removal).
As individua processes may be performed in different types of equipment, equipment
definitions are aso 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 alow rapid changes and smplify development, al 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 asingle 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 ssimulated 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,
consumabl e requirements by individual type, and power requirements,

The goa of the smulation 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 alow 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
shownin Table 5.1.
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Table 5.1 - Typical Process Definition

Field Tag Field Value Field Units
ProcessName GROW_SIO2
ProcessType DEPOSIT
DepositMatiIName 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
MatlIName N2

Matl1Type GAS
MatllMassFlow  3.7269E-05 kg/s

Matl1VolumeRatio

Matl2Name 02
Matl2Type GAS
Matl 2M assflow 5.32414E-06 kg/s

106

Matl2VolumeRatio

Matl3Name

Matl3Type

Matl3Massflow kg/s
Matl3VolumeRatio

Matl4Name

Matl4Type

Matl4M assflow kg/s
Matl4VolumeRatio

The process definition includes the process name and process type as well as
consumable materia 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 model ed.

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 INTERPROCESSCONVEY OR TRANSPORT
_CASSETTE

Load into furnace  INTRAPROCESSTRANSPORT FURNACE_BATCH TRANSPORT
_BATCH

Grow thermal oxide GROW_SIO2 FURNACE_BATCH DEPOSIT

Unload from furnace INTRAPROCESSTRANSPORT FURNACE_BATCH TRANSPORT
_BATCH

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

DEPOSIT_RESIST
GROW_SI0O2
GROW_SIO2 SPACE
GROW_SI02 WET

atmospheric pressure chemical vapor deposition of phosphosilicate glass
(dielectric)

deposition of photoresist

thermal (dry) oxidation of silicon to form silicon dioxide

thermal (dry) oxidation of silicon to form silicon dioxide in space
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
PECVD_CARBON_SPACE

PECVD_POLYS
PECVD_POLYS|_SPACE
PECVD_SI3N4
PECVD_SI3N4_SPACE
PECVD_SIO2
PECVD_SIO2_SPACE
SPUTTER AL
SPUTTER_AL_SPACE
SPUTTER_ALOX
SPUTTER_ALOX_SPACE

plasma enhanced chemical vapor deposition of amorphous carbon

plasma enhanced chemical vapor deposition of amorphous carbon in
ace

;S)Fl)asnﬁa enhanced chemical vapor deposition of polysilicon

plasma enhanced chemical vapor deposition of polysilicon in space

plasma enhanced chemical vapor deposition of silicon nitride

plasma enhanced chemical vapor deposition of silicon nitride in space

plasma enhanced chemical vapor deposition of silicon dioxide

plasma enhanced chemical vapor deposition of silicon dioxide in space

sputter deposition of aluminum

sputter deposition of aluminum in space

sputter deposition of aluminum oxide

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 filmsin space
PLASMAETCH_POLY Sl 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




Chapter 5.  Semiconductor Fabrication Process Modeling 110

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 sadient characteristics of each piece of equipment are
gpecified in an equipment definition. A typica 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

WeferSize 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

INTERPROCESSCONVEY OR 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/cm?  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 mode 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 processtime
Incremental Process Time sec  total processtime divided by the number of wafersin batch
Process Temperature deg. processtemperature
K
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
wafersin batch
Incremental Wafer Mass J energy used to heat up single wafer
Energy
Incremental Material Mass J energy used to heat up consumables divided by the number of
Energy wafersin batch
Incremental Doping Energy J energy used to dope single wafer
Incremental Process J energy used for processing (i.e. RF plasma) divided by the
Energy number of wafers in batch
MatlIName name of first consumable material
Malt1Type type (GAS, LIQUID, SOLID) of first consumable material
Incremental Matl1Mass kg mass of first consumable materia 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 caculating 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
isused. 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 @ single process step is the sum of the time to
pumpdown the process chamber tpumpdown and the time for processing tprocessing-

t =t

processstep

+ t processing (5 1)

pumpdown
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It is advantageous to calculate the incremental process time Dtyrocessstep fOr
each process step as this directly indicates the amount of time required to process a
sngle wafer. The incremental process time Dtyrocessstep 1S the total process time

torocessstep divided by the number of wafers Nprocessstep 1N the process batch.

t rocessste;
Dt — _processstep (5.2)

processstep
processstep

In many processes, such as thermal oxidation, wet cleaning, diffusing, and
annealing, chemical vapor deposition, an elevated temperature T isused. 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 @ single process step is the sum of the energy
required to pumpdown the chamber Epumpiown, the energy required to conduct the
processing Eprocessing, the energy required to raise the wafers to the process
temperature Eyaer, the energy required to raise the consumable materials to the
process temperature Ematerial, @nd the energy required in that process step to dope the
wafer using ion implantation Egoping.

E =E

processstep

+E +E +E +E

doping (5.3)

pumpdown processing wafer material

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-

E
_ pumpdown
pumpdown n (54)

processstep

DE
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E )
_ = processing
DEprocessing - n (55)
processstep
E
_ wafer
DEwafer - (56)
n processstep
E !
— material
DEmateriaI - (57)
processstep
E. .
_ doping
DEdoping - n (58)

processstep

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 Myrocessstep fOr @ single process step is the sum

of mass m; for each consumable i used.

_ o
mprocessstep - a mi (59)

The incremental mass Dm; of each consumable is the mass required to process

a single wafer and is calculated by dividing the consumable mass m; by the batch size

Nprocessstep-
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Dm, = SR (5.10)

n processstep

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)®. 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 itself*®. 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 102 - 1 torr

High Vacuum 107 to 10° torr
Ultrahigh Vacuum < 10" 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 facility®. The remaining 10% of the vacuum pumps are used to achieve
high and ultrahigh vacuum levels. In a 50,000 sqg. 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:
diding 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 cryopump®™, 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

pressure®%+%,

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
materia 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

Po, the ending pressure P1, and the desired pumpdown time t %

S=

\Y
—In
t

(5.11)

Jﬂﬁ
Q-I-I-O:

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 P¥".

_Q
5= (5.12)
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Within the vacuum industry, pressures Py, P, and P in (5.11) and (5.12) are
often specified in torr, millibar, or Pascals. Modeling for the simulation has generaly
been done with al pressures expressed in Pascals except where industry conventions

for pump ratingsin torr and mbar are used. The conversion between these unitsis:

1 torr = 133.289 Pa (5.13)

and

1 mbar = 100 Pa (5.19)

5.7.1.3 Manufacturers’ Data

Prior to creating a model of the vacuum pumps, a database of characteristics
of existing, commercialy available vacuum pumps was created. Appendix D
contains the entire database, which includes data from 200 combination pumps,
cryogenic pumps, diffuson 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 systems™, 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 al 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 mode.
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Figure 5.2 — Manufacturers’ Data of Vacuum Pump Power
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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) Myoughpump Was modeled

using aleast squares fit of pump speed S to the data.

m =-4.8366725+5.5432651* S

roughpump —

1,000
800 +
600 +

400 +

Pump Mass (kg)

200 +

100

75

50
Pump Speed (I/s)

125

Figure 5.6 — Least Squares Fit of Rough Pump Mass

(5.15)
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The mass of the turbomolecular pump (without accessories) Muyrpopump WS

modeled using a least squares fit of pump speed S to the data.

Mrsopumy = 8:319785- 0.039579* S +3.63x10°° * §2 (5.16)

300
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100 +

Pump Mass (kg)
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0 1,000 2,000 3,000 4,000 5,000
Pump Speed (I/s)

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.

Viugmounp = 0.049031- 0.00322* S +9.43x10°° * 52 (5.17)
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Figure 5.8 — Least Squares Fit of Rough Pump Volume
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The volume of the turbomolecular pump (without accessories) Viirbopump WS

modeled using aleast squares fit of pump speed S to the data.

Virpopumy = 0.000041% S - 4x10°° * §2 (5.18)

Pump Volume (m”3)

0 1000 2000 3000 4000 5000
Pump Speed (I/s)

Figure 5.9 — Least Squares Fit of Turbomolecular Pump Volume

The cost of the roughing pump (without accessories) Croughpump Was modeled

using aleast squares fit of pump speed S to the data.

C o = 3706.858+193.2625* S - 0.09444* S2 (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) Ciurbopump WaS

modeled using a least squares fit of pump speed S to the data.

C =6604.2511+27.81521* S +0.000307* S* (5.20)

turbopump
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$60,000 +

$40,000 -
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0 500 1000 1500 2000 2500
Pump Speed (I/s)

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 a 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 Syorm a a given pump inlet pressure P is related to the pumping speed S
by the manufacturer’s rated speed for the pump Srated-

S =S, S aed (5.21)

norm
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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.

- P - .
S, =0.004826+0.591344* 0.935114° P ©+0.410706* 0.76086 s
1.2
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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 anormalized pump speed curve for turbomolecular pumps.

S.m =1.002665- 24.2936* P + 225.6546* P* - 651.085* P°® +448.7343* P*  (5.23)

norm
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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 aimospheric 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 W for mechanical roughing pumps is the

roughpump

sum of the power required for compression W and the power required to

compression

overcome mechanica losses W divided by the motor efficiency hmotor-

mechloss

W _ Wcompression +W
roughpump — h

mechloss (524)

motor
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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 P, to the internal pressure P;. Internal pressure P; is
dependent on the volume flow rate S, the gas density r through the orifice, the pump
exit pressure Py, and the loss coefficient Ky for the pump orifice. A loss coefficient
K, of 8 x 10° 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.
P3:P0+I’*SZ*K1 (5-25)

Wcompression =S* (PS - PZ) (526)

The power required to overcome mechanical losses is assumed to increase
linearly with the pump speed S. A power loss factor K, of 2 Wh/m®, double that of
Roots-type vacuum pumps, is assumed for a two-stage rotary mechanical pump.

Wmechloss = K2 * S (527)
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 V\'/turbopump for turbomolecular pumps is modeled

using a least squares fit of pump speed S to the manufacturers rated pump power
requirements.
w = 64.5763+1.056991* S (5.28)

turbopump
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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 |, 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 | in cm,
and average pressure P in mbar®®.

_185+d*, 5 121¢d°, | +102*d

I I | +237*d

C

P
— 5.29
= (5.29)

The effective pump speed Serr @ the end of the pipe is less than the pump

speed S at the pump inlet due to the resistance to flow in the pipe®. Large diameter

pipes reduce the losses and enable S to be closer to S.

C*S
C+S

Sey = (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 | 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 Pt to the ending pressure Peng 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 caculated 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.

Epumpdown = dvroughpump * dt (531)

In each time step, avolume of gasdV is removed from the vacuum chamber.

dV =S, *dt (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 gas™

P*V =n*R*T (5.33)

the new chamber pressure Py 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 Peng.

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 ope of the pumpdown curve is very close to that
predicted by (5.11).

* cD 700
M o del

10 +

....... P 1=P 0/exp(S*/V)
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.
N 000”’| l o

Pumpdown Time (minutes)

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 C, 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 caculated by the same type of iterative
procedure described for the single pump system.

ROTARY, ROUGHING PUMP

\\\; \\¥MPWG \\\;
VACUUM CHAMBER TURBOMOLECULAR

PUMP

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 1S Calculated by (5.31). The energy used for

processing Eprocessing 1S determined by the power fidld value W in the Process

processing

Definition record and the processing time toocessing-

—\A *
E processing Wprocessing t processing (534)
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The energy Euwarer Used to heat a wafer from starting temperature Tt tO
process temperature Tprocess 1S Modeled based on the wafer mass Myarer @Nd Specific

heat Cwafer-

Ewafer = mwafer * Cwafer * (Tprocess - Tstart ) (535)

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 Emateriar 1S Used to heat consumables such as gases during CVD
processes or DI water during wet clean processes. This energy is determined by the

mass m; and specific heat C; of each consumable i used.

Ematerial = é_ mi * Ci * (Tprocess - Tstart) (536)

Energy Edoping IS Used to accelerate doping ions during ion implantation
processes. Eqoping 1S based on the area to be doped A, the implant dose per unit area

Dose, the energy of asingleion E;on, and the unit charge of one electron g.

Edoping = A* DOSG* Eion * q (537)

5.7.3 Consumable Use Modeling

The mass m; 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 MassFow field value m, is specified and

the mass m; of consumable i used in the process is determined by the time for

processing torocessing-
mi :mi *tprocessing (538)

5.7.3.2 Batch Flow

For a process that uses a single batch of consumables, the number of moles of
al consumables Dn required to raise the chamber pressure from the base pressure
Poase attained during pumpdown to the process pressure Pprocess 1S calculated through

rearranging (5.33).

Dn = (Pprocess _prase )*V (539)

The number of moles Dn; of consumable i is determined by the VolumeRatio

field value vfi using an ideal gas assumption for all consumables.

Dn; =vf,* Dn (5.40)

The mass m; of consumable i is calculated from the molecular weight MW; and

the number of moles Dn;.
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m, = MW, * Dn, (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 moddl is a sequentia series of individua 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 previoudy been used for modeling
semiconductor fabrication optimization'® 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 flov CMOS12_STD has 386 individua
process steps and isfully listed in Appendix E.

Each process listed in the condensed process flow above is composed of many

individual process steps, each of which isincluded in the model.
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Table 5.17 — Reference Process Flow CMOS12_STD
(12 Level Bi-metal CMOS)

Major Major
Step Process 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  FormP-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

S5 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

Lithography (Mask #1 - NW)

N-Tub Etch

Strip Resist

Screening Oxide

N-Tub Implant

Clean Wafer

Grow thin oxide

Apply photoresist

Pattern N-Well. (Mask #1)

Develop photoresist

Etch oxide

Strip photoresist

Clean Wafer

Grow thin oxide

Deposit N type impurities

Transport to RCA Clean
RCA Clean 1

Transport to RCA Clean 2
RCA Clean 2

Transport to furnace

Load into furnace
Thermal oxide growth
Unload from furnace
Transport to photoresist system
Prebake wafers

Transport to deposit resist
Deposit resist

Transport to softbake
Softbake wafers
Transport to aligner
Expose wafer

Transport to developer
Develop resist

Transport to hardbake
Hardbake wafers
Transport to etcher

Etch oxide

Transport to asher

Strip photoresist
Transport to RCA Clean
RCA Clean 1

Transport to RCA Clean 2
RCA Clean 2

Transport to furnace

Load into furnace
Thermal oxide growth
Unload from furnace
Transport cassette to implanter
Transport to loadlock
Pumpdown |oadlock
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

Caculation 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 NH40H
2 Ar 10 H202 18 02
3 BCI3 11 HCI 19 PH3
4 BF3 12 He 20 PhotoResist
5 C4H8 13 HF 21 PhotoResistDeveloper
6 CARBON 14 N2 22 SF6
7 CF4 15 N20 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 smulation 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 smulation 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 materialsis 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
eguation (5.3).

5.11 Fabrication Simulation Results

The fabrication ssimulation 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 processing”. 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 level ',

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 finish®, 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 smple CMOS process flow (12 level bi-metal)
which does not utilize CMP processes, alarge 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 wafer'%, 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 ssimple CMOS process flow (12 level bi-meta) 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 % 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 Level 2 Level 3 Level 4 Level 5 Level 6
N-well Nitride Channel Stop Gate N-LDD 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 Level 8 Level 9 Level 10 Level 11 Level 12
P source /drain  Contacts Metal 1 Vias Metal 2 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 Level 1 Level 2 Level 3 Level 4 Level 5 Level 6
Category N-well Nitride Channel Stop Gate N-LDD 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 Level 7 Level 8 Level 9 Level 10 Level 11 Level 12
Category P source /drain  Contacts Metal 1 Vias Metal 2 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 ssimulation 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 remova of liquids from the entire process flow is a
requirement to alow 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
trangport 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 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 materia used in wafer
fabrication with the reference process flow constitutes 779 kg or amost 100% of the
consumable material use on a mass basis. Based on this, it is theorized that the
elimination of al liquid consumables would greatly reduce the consumable mass
requirements.

Table 6.1 shows the processes in the reference process flow that use liquid as

aconsumable.

Table 6.1 — Wet Processes in Reference Process Flow

Process Name Description Liquids Used
RCA_SC1 remove organics, particles DIWATER, HF, H202, NH40H
RCA_SC2 remove metals DIWATER, HCI, H202

DEPOSIT_RESIST  deposit organic photoresist PHOTORESIST
DEVELOP_RESIST develop organic photoresiss ~ PHOTORESISTDEVELOPER, DIWATER
HF DIP remove native silicon dioxide DIWATER, HF

A breakdown of the quantities of liquids used with the reference process flow
isshownin 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%
H202 31.88 4.09%
NH40H 17.00 2.18%
HCI 14.88 1.91%
PhotoResist 0.022 0.00%
PhotoResi stDevel oper 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 INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEY OR
Clean

RCA Clean 1 RCA_SC1 WETBENCH

Transport to RCA INTRAPROCESSTRANSPORT_BATCH  WETBENCH

Clean 2

RCA Clean 2 RCA_SC2 WETBENCH

Table 6.2 aso shows that aternatives to liquid photoresist and photoresist
developer must be developed if the goa 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 aresist. 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, dternative 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 aready exist and semiconductor
fabrication facilities are adopting them in a move to conserve water'®®. The
Semiconductor Industry Association predicts that water consumption will need to be
reduced by 40% over the next decade®™. With the construction of the pure DI water
production and chemica waste handling facility estimated to be 15% of the

construction costs for a semiconductor plant'®

, 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
disposal'®,

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 goal'®.

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 wefer.

The need to replicate the functionality of the RCA or smilar 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 CF,; to remove silicon dioxide, and ion milling to remove particles. The process

flow for this dternative, dry cleaning processis shown in Table 6.4

Table 6.4 —Alternative, Dry Cleaning Process Flow

Process Step ProcessName ProcessEquipment

Transport to dry clean INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR
process

Remove organics PLASMAETCH_ORGANICS_SPACE PLASMA_ETCHER

Remove oxide PLASMAETCH_SIO2_SPACE PLASMA_ETCHER

Transport toion mill  INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEY OR
process

Remove metals & ION_MILL SPUTTER_SYSTEM

particles

Compared to the RCA cleaning process flow shown in Table 6.3, the
aternative clean is conducted in two separate pieces of equipment: a plasma etcher
capable of supplying both O, 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.

lon milling requires a high base vacuum and is itself a dow 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 columns'®. The aim
of this effort isto 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 a 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 source™’. The benefit to space-based applicationsiis 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 resist’®.  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 AlIOx (primarily auminum) to AlO,. Developing of the top layer is
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performed by etching of the unexposed auminum materia, leaving the converted
AlO,. The pattern is transferred to the bottom layer by etching the bottom layer
materia through the previously etched opening in the top layer. The top layer of
resist is then removed through an ion milling or smilar 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 AIOx 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 Biln, 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 alow for
improved resolution with the TREOL process, it is not yet in commercia 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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The process flow used by the smulation model for a space-based, dry,

lithographic processis 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 INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEY OR
system

Deposit bottom layer PECVD_CARBON_SPACE PLASMA_CVD_SYSTEM
(amorphous carbon)

resist

Transport to top resist INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR
layer deposit system

Deposit top layer SPUTTER_ALOX_SPACE SPUTTER_SYSTEM

(AIOX) resist

Table 6.6 —Process Flow to Expose Dry, Inorganic Resist

Process Step ProcessName ProcessEquipment
Transport to aligner  INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEY OR
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  INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR
etch system

Plasma etch PLASMAETCH_AL_SPACE PLASMA_ETCHER
unexposed Al

Plasma etch exposed PLASMAETCH_ORGANICS SPACE PLASMA_ETCHER
amorphous carbon

Transport toion mill  INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR
process

Remove top resist ION_MILL SPUTTER_SYSTEM

layer AlOx

Table 6.8 —Process Flow to Remove Dry, Inorganic Resist

Process Step ProcessName ProcessEquipment
Transport to dry clean INTERPROCESSTRANSPORT_CASSETTE INTERPROCESSCONVEYOR
process

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 layersin 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 severd
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 atypica 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 durry consisting of water and an abrasive polishing compound, and a polishing

disk is applied to the surface. The polishing disk is rotated mechanicaly 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 previoudy, wet processes pose problems for a high vacuum,
microgravity environment. Therefore, an aternative 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
aternatives. 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 materia
from an object without heating. The process, caled 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 materid’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 awell-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 smplified
description of the depth of focus of alensis 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 alow the intensity necessary for photoablation to
only occur over avery 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 dightly 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 auminum 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.



Chapter 6.  Optimization of Process Flows 158

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 man parameters of the liquid-based
electroplating process, adry 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 eectroplating process replaces the liquid solution of copper ions with a
charged metal vapor. In this vapor, copper ions and argon gas co-exist. Collisons
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 collisons with argon
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molecules. This stuation has now replicated the stuation found in the liquid
solution, namely charged copper ions with low mean velocity existing a 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 ionsis low, the electric field forces will be able
to attract the ions into deep, high aspect ratio structures such asvias. 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 alowed 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 smulation 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.
Typica 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 materia
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 dramaticaly 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 insde 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 substantialy
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® 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 aso be desgned for rdiability. 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

Vacuum Vacuum  Wafer Process Support Consumable Processing Power

Item Pump System Transport Chamber Structure Delivery Components 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 alowance 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 modd 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.
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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%
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Table 6.12 — Mass, Volume, and Cost for Earth and Space-Based Equipment

Earth-Based Equipment

Space-Based Equipment

Mass Volume Cost Mass Volume Cost
Equipment (kg) (m®) (USD) (kg) (m?) (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 aternatives for conventional wet-based processes. Detailed numerical
models of the alternative processes were devel oped.

To alow comparison between standard Earth-based and space-based
microfabrication, the reference simulation model was extended to include the
aternative 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 smulations 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 smulation 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 smulation run was performed for a dry, space-based process flow. The
reference space process flow CMOS12 DRY_SPACE, fully shown in Appendix 1, is
based on the reference process flow CMOS12_STD with changes to accommodate a
dry cleaning process and a dry lithographic process.

An additiona smulation 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 atypical Earth-based microfabrication facility .

Table 7.1 — Equipment Use for Reference Process Flow CMOS12 STD

Incremental
Process Time 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

Incremental
Process Time

Table

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

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 % 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 alows batches of wafers to proceed in paralel. 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 materias 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 al 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 al 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 al 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-metd
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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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 arange 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 detalled modd 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
commercialy 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 C, is the cost to operate the production facility and includes
allowances for the cost of depreciation of capita items Cy, utilities such as power and
heat rgection C,, maintenance costs Cy,, ongoing costs such as consumable materials
C., 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.

C,=C,+C,+C_+C_+C, (8.1)

The operating cost per unit wafer , is Ssmply the operating cost within a
certain period divided by the number of wafers n,, produced by the facility during that

period.

O
1
0

0 (8.2)

>

SEMATECH, an industry consortium, provides a sSimilar measure of
economic feasibility, cost-of-ownership'®*°, The cost-of-ownership Counership Model

relates the fixed cost of equipment and facilities Crixeq, the variable cost to operate the
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facility Cuariavle, the cost due to yield loss Cyieldioss, the production rate or throughput
Rihroughput, the yield due to mechanical losses during production Ymechioss, and the
utilization of the equipment U.

_ Ciica * Coriane €

ownership — R

var iable

*Y

yieldloss

*U

C

(8.3)

throughput mechloss

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
comparison™*. A common method used by commercid 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. Thisisthe same as
assuming a 100% yield factor for the customers wafers.

Therefore, for an orbital semiconductor facility operating as a silicon foundry
(asisthe 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 avalable to be utilized 100% of the time (no downtime), the

SEMATECH model becomes

_ Cfixed +Cvar iable

C (8.4)

ownership Rthroughpm

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 regection, and

shipping. Therefore, the SEMATECH cost of ownership model reduces to
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Cd+(cc+cp+cr+cs) =~
Cownership = n = Co (85)

w

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 set'?
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
amplified 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
My Wafers per Month 5,000
I Number of Layers 20

Nmaskset Wafersper 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 mm 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 incrementa 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

CMOS Standard CMOS Dry CMOS Dry

Item Earth-Based Earth-Based 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 |

layersisthe layer average shown in Table 8.3 multiplied by the number of layers|.

In order to compare the results of extending the 12 level CMOS averages to

other devices, process flow models of a smple, 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 mm auminum

conductor layer, and CVD deposition of a 1.2 mm 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

CMOS Standard CMOS Dry CMOS Dry

Item Earth-Based Earth-Based 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
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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 n; of equipment of type i is determined by the rate at which
wafers are produced r,,, the number of layers used to fabricate the wafer |, 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, DX, .

- *1* D,

=D (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

r, *1* Dt

n =
' 2592000sec/month

(8.7)
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The normalized process time D, is determined by the sum of incremental
process timeDt ,,esep; fOr type of equipment i and the number of layers I. The

incremental processtime Dt for each process step is defined in (5.2).

processstep

) Dt _
Iji - m (88)

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

CMOS Standard CMOS Dry CMOS Dry
Equipment Type Earth-Based Earth-Based 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 | in a device to determine the amount of
equipment time each wafer requires. This equipment time requirement and the
production rate r, establishes the minimum required quantity of each piece of

equipment.
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Using (8.7) with the base case production parameters of | = 20 and r,, = 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 atime.

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 | = 20, r,, = 5,000

CMOS Standard CMOS Dry CMOS Dry
Equipment Type Earth-Based Earth-Based Space-Based
INTERPROCESSCONVEYOR 5 6 6
WETBENCH 5 0 0
FURNACE_BATCH 3 3 1
PHOTORESIST_SY STEM 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
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equipment. Table 8.7 shows this mass, volume, and cost of al 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

Mass Vol Cost Mass Vol Cost Mass Vol Cost
Equipment Type (kg) (m’) (USD)  (kg) (m’)  (USD) (kg) (m’) (USD)
INTERPROCESS 250 0.5 $500,000 300 0.6 $600,000 225 045 $600,000
CONVEYOR

WETBENCH 2500 20 $9,000000 0 O $0 0 0 $0
FURNACE 1,500 864 $1,500,000 1,500 8.64 $1,500,000 245 1.93 $500,000
_BATCH
PHOTORESIST 2400 64 $6000000 0 0O $0 0 0 $0
_SYSTEM

LITHO DSW 1,500 15 $8400,000 1,500 15 $8,400,000 784 851 $8,400,000
193

DEVELOP 1,200 32 $314287 O O $0 0 0 $0
_SYSTEM

PLASMA 5,100 10.88 $15,300,000 19,200 40.96 $57,600,000 2,204 8.44 $15,912,000
_ETCHER

ASHER 3,500 13.44 $1,400000 0 O $0 0 0 $0
ION 6,000 120 $15,600,000 6,000 120 $15,600,000 325 8.3 $1,690,000
_IMPLANTER

PLASMA_CVD 7,200 15.36 $19,200,000 21,000 44.8 $56,000,000 5,085 19.5 $32,640,000
_SYSTEM

SPUTTER 7,000 56 $14,000,000 23,000 184 $46,000,000 3,390 48.7 $16,320,000
_SYSTEM

RTP SYSTEM 500 4  $800,000 500 4  $800,000 229 273 $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 (m®)  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 $13,835,714 324
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 $13,835,714 324
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 $13,035,714 194
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 4855
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 (m®)  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 20
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 20
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 79
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 12
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 (m®) 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 12
750 10 14 1,973 22 $11,194,000 18

1,000 10 17 2,284 25 $13,030,000 24
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 $76,862,000 244
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 12
500 20 17 2,284 25 $13,030,000 24
750 20 22 2,764 28 $15,954,000 3.7

1,000 20 29 3,367 32 $19,590,000 49

2,500 20 63 6,773 57 $41,326,000 12.2
5,000 20 122 12,486 99 $76,862,000 244
10,000 20 241 24517 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 04
100 30 9 1,493 19 $8,270,000 0.7
250 30 14 1,973 22 $11,194,000 18
500 30 22 2,764 28 $15,954,000 3.7
750 30 32 3,678 35 $21,358,000 55

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 afirst 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 rgection 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
CMOS Standard CMOS Dry CMOS Dry

Item Earth-Based Earth-BasedSpace-Based
Cleanroom Volume Ratio 1050% 1050% 200%
Cleanroom Height (m) 3 3

Cleanroom Area Cost”® (USD/m?) $16,146 $16,146

Cleanroom Volume Cost (USD/m?) $100,000
Cleanroom specific mass (kg/m°) 130 130 10
Non-cleanroom facility mass ratio 1000% 620% 200%
Non-cleanroom facility volumeratio 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 sizes®. 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

Mass Volume Cost104 Mass Volume Cost
Functional Item (%) (%) (%) (%) (%) (%)
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%
Gasaarm 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% 100.009% 100.00% 61.98% 61.98% 61.98%

Based on the key assumptions shown in Table 8.11 and the equipment

guantity 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

Process Cleanroom Non-Cleanroom
Wafers Equipment
per Volume Mass  Volume Area Cost Mass Volume Cost
Month Layers  (m°) (kg) (m®)  (m%) (USD) (kg) (m?) (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 $2,828917 683,319 5256 $3,875,616
1,000 10 51 69,206 532 177 $2,865,084 692,055 5324  $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 5324  $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
25000 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 $2,828917 683,319 5256 $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 $4,787572 1,156,428 8,896  $6,558,974
1,000 30 98 133,770 1,029 343 $5538,032 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

25000 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

Process Cleanroom Non-Cleanroom

Wafers Equipment

per Volume Mass Volume Area Cost Mass  Volume Cost
Month Layers (m°) (kg) (m®)  (m?) (USD) (kg) (m?) (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 415385 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 515551 3,966 $2,924,079
2500 10 122 166,312 1,279 426 $6,885,243 1,030,764 7,929 $5,846,238
5000 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 415385 3,195 $2,355,961
500 20 61 83,183 640 213 $3,443,752 515551 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
2500 20 215 293,393 2,257 752 $12,146,373 1,818,388 13,988 $10,313,447
5000 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
2500 30 308 420,611 3,235 1,078 $17,413,155 2,606,858 20,053 $14,785,454
5000 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

Process Cleanroom Non-Cleanroom
Wafers Equipment
per Volume Mass Volume Cost Mass Volume Cost
Month Layers  (m°) (kg) (m?) (USD) (kg) (M) (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 1411 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
25000 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
25000 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 reected
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through heat exchangers to either the atmosphere (cooling towers) or to alocal water
source. In space, al electrica 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
externa 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/KW™3.  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
asolar cell, and similar mass, volume, and cost characteristics have been assumed for
the model.

On Earth, waste hest is transferred to the environment through some form of
heat exchanger. One common method of transferring process heat is to use aliquid 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-permesble
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 electrica 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 overal
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 technology™®. The specific cost and mass of space-based heat

regjection 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
Mass  Volume Cost Mass  Volume Cost

Item (kg/kW)  (m*/kW) (USD/KW) (kg/kW) (m*/kKW) (USD/KW)
Power Generation Equipment 0 0 $0 10 0.04 $100,000
Heat Rejection Equipment 359  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 rgjection ratio is the amount of
heat that must be rgected from the facility as a percent of the process power
requirement, and it can be seen that a conservative value of 100% (al 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

Earth- Space-

Item Based 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 electrica 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 | = 20 layers and r,, = 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

CMOS Standard CMOS Dry  CMOS Dry

Item Earth-Based Earth-Based 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 (m?) 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 (m?°) 212 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/ Mass Cost Mass Cost Mass Cost
Month Layers (kg) (USD) (kg) (USD) (kg) (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 5400  $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
25000 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 5900  $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
25000 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 facilities'™, and it is seen from the process equipment, facility, and

summary cost tables that the model aso reflects this fact.

8.9 Transportation

Efficient transportation of equipment, raw material, and finished goods
represents the single greatest chalenge 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 satellites'*>**® 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 materia from orbiting
facilities.

Estimates for the current cost of launching mass into low Earth orbit range
from $10,000 to $22,000 per kg**’. Compared with the estimated transportation cost
of $4 per kg for transporting material from North America to Europe*'®, the cost of
gpace 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



Chapter 8.  Operating Cost Modeling 198

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 anayses, this model
will deliver the roundtrip total transportation cost as a function of the incremental
launch cost ($/kg). The total transportation COSt Croundtriptotat 1S 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 C,p, the cost to
return goods down to Earth Cgown, the mass of materials launched at a single time my,,
the mass of finished goods returned to Earth at a single time mgown, and the mass

fraction of raw materials that are finished goods fgownmat-

C, C
— p d
Croundtriptotal - * f + m e (89)

up downmatl

down

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 massis 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 materias 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
periodicaly 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 fyayioad 1S €xpressed as the mass fraction of
the total return mass that consists of payload (i.e. a fyayioad Of 0.4 implies that 40% of
the massis 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 feapsue 1S determined by the capsule cost Ceapsule, the mass of the
capsule payload Mpayioad, the number of times that the capsule can be reused nyses, and
the incremental launch cost per unit mass cy,. A fractional capsule cost of O indicates

a completely reusable return capsule.

C

f _ capsule

capsule % %
mpayload nuses Cup

(8.10)

Given that launches are periodic events, it is useful to relate the period
between launches pyp and the period between finished goods returns pgown by @ non-

dimensiona launch fraction fiaunch.

fIaunch = pdown (811)
Pup

It is obvious that the mass of finished goods returned per return capsule Mgown
is related to the rate at which finished goods are required rqown (assumed equal to the
facility processing rate expressed in mass per unit time) and the period between

finished goods returns pgown.

mdown = mpayload = I’down * pdown (812)

Fixed costs play a large role in determining the overal transport cost. The
non-dimensional fraction frixq IS the ratio of fixed cost to retrieve a single return

capsule Crixeadown t0 the fixed cost to perform a single launch Cixedup.

C

_ fixeddown

f. =
fixed C

(8.13)

fixedup
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Having defined (8.10) through (8.13), the roundtrip total cost of (8.9) can be

rewritten as

é 1 1 l:l éflaunch + ffixed l:l
Croundtriptotal = §f + f + fcapsule - ]'l;l* Cup + e: * l;l* Cfixedup (814)
@ ' downmatl payload 0] & Tsown ~ Paown O

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 R; and R, gives

= (Rl + Rz)* Cup (8.15)

Croundtriptotal

R; isanon-dimensional ratio that represents incremental costs.

1 1
Rl = + + fcapsule -1 (816)

f f

downmatl payload

R, is a non-dimensional ratio that represents fixed costs. It is related by the

launch fraction fiaunch, the fixed cost fraction fiveq, and a non-dimensional fraction of

f|Xed |aunCh CO$S fupdown.

C ixedu
Fondoun = (8.17)

updown —
Cup * mdown

RZ = (flaunch + ffixed )* fupdown (818)
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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 Ry versus fgownman t0 demonstrate the relationship
between capsule payload fraction fyayi0ad @nd mass fraction of raw materials that are
finished goods for a feapsue Of O (completely reusable return capsule). For typical
semiconductor fabrication applications, fgownman 1S 0.5 or greater and it is proposed
that fpayi0ad Of 0.5 is attainable, resulting in an Ry value of approximately 3.

15

f =0

capsule

13 -

11 A

R:

f 0.2

payload =

downmatl

Figure 8.1 — Non-Dimensional Ratio of Incremental Orbital Transport Costs

Figure 8.2 shows the relationship of fypdown (NON-dimensional fixed cost per kg
of finished goods) and launch ratio fiaunch (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 R,. More surprising is the scale of dependence of R, on fypdown. FOr
typical semiconductor applications, it is envisioned that fixed launch cost Cyixea may
be $10,000,000 per launch, incremental launch cost ¢, is $1,000 to 5,000 per kg, and
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Mgown 1S 100 to 500 kg per return, resulting in an R, value of 7 to 100. Note that this
is larger than the R; value of 3 calculated above, indicating that the roundtrip total
transport cost Croundtriptotal 1S 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 incrementa launch cost. This allows the complexities of the transport model to
be neglected in downstream economic analyses as al 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 C, 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 C4, ongoing costs such as consumable materias C,
power C, and hest rejection Cp, shipping costs for raw materials and finished goods

Cs, aswell 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 itslife. Thislost vaue is shown as an expense and
adds to the operating cost of the manufacturing facility. Depreciation can be
smplistically 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 instalation of the equipment. However, depreciation costs are
based on the installed costs of the equipment, thus the cost of transportation and
installation must aso 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
CMOS Standard CMOS Dry CMOS Dry

Symbol Description Earth-Based Earth-Based Space-Based
Cp  Transportation Cost (USD/kg) w118 $4 $5,000
finstan  Installation Cost (% of first cost) 15% 15% 0%

fiep  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 equipment’, 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 industry”. Use of a longer
timeframe would result in alower depreciation rate and lower depreciation costs.

The depreciation cost Cy is determined by the capital cost of the equipment
and facility Cequiptaciity, the mass of the equipment and facility Mequiptacitity, the
transportation cost per unit mass c, the installation rate finstan, and the depreciation

Cd = fdep * (Cequipfacility * (1+ finstall) + mequipfacility * Cup) (819)

The total installed capital cost of the equipment and facility Ciotatequipfacitity 1S

Ctotalequipfacility = Cequipfacility * (1+ finstall ) + mequipfacility * Cup (820)

8.10.2 Utilities

On Earth, utility companies provide the power and water used for processing
and heat regjection. In space, all such energy and mass must be provided localy 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 utilitiesis 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

CMOS Standard CMOS Dry  CMOS Dry

Symbol Description Earth-Based Earth-Based Space-Based
Power Generation Operating Cost
C  (USD/KW-h) $0.05 $0.05 $0
Heat Rejection Operating Cost

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 Cyq .

Section 8.7 described the modeling of power and heat rejection requirements
and the capital equipment needed to support them. The ongoing utility cost C, of
providing power and heat rejection are determined by the amount of power P and heat

rejection H required and the cost rates c, and ¢, to provide that amount.

C,=P*c, +H*c, (8.21)

8.10.3 Maintenance

Equipment maintenance is the ongoing cost to ensure that the equipment is
operationa 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

CMOS Standard CMOS Dry  CMOS Dry
Symbol Description Earth-Based Earth-Based Space-Based

Annua Maintenance (% of total

While maintenance cost for Earth-based facilities is well established™, 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 Cy, is determined by the maintenance rate fmaine and the

total installed capital cost of the equipment and facility Ciotatequipfacility-

Cn= fmaint * Ctotalequipfacility (822)

m

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

CMOS Standard CMOS Dry  CMOS Dry

Symbol Description Earth-Based Earth-Based Space-Based
Cqas  Gas Cost (USD/kg) $3.713 $3.713 $3.713
Ciiguia  Liquid Cost (USD/kg) $0.000100™1° $0.000109 $0.000109
Ceoig Solid Cost (USD/kg) $14.74%%° $14.74 $14.74
Cuater Wafer Cost (USD each) $50 $50 $50
Cmask Mask Cost (USD each) $2000™%* $2000 $2000
Mys  Gas Mass (kg/level /wafer) 0.00698 0.00730 0.000304
Miquia  Liquid Mass (kg/level/wafer) 64.93 0 0
Meiig  Solid Mass (kg/level/wafer) 2.827E-05 3.506E-05 3.506E-05
Muater  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 C. for a given period (such as a year) is determined
the production rate r, the number of device levels |, the number of wafers per mask

Set Nnaskset, aNd the appropriate consumabl e costs and masses, al in consistent units.

Cc = (mgas * Cgas + mquuid * Cliquid + msolid * Csolid )* I * I’w

m_ . *r *I| (8.23)

* mask w
r,t——

n

+m

wafer
maskset

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 al
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 fina 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

CMOS Standard CMOS Dry  CMOS Dry
Symbol Description Earth-Based Earth-Based Space-Based

_ Total Transport Cost
Croundtrlptotal (USD/kg fInIShed gOOdS) $O $O $15,000

In a space-based semiconductor fabrication facility, the mass of finished
goods is a large fraction of the total mass of raw materias, leading to a roundtrip

shipping cost that is approximately three times that of the incremental launch cost cyp.
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The shipping cost is determined by the total roundtrip shipping cost
Croundtriptotal, the mass of a finished wafer myarer (assumed to be the same as the raw

wafer with thin film masses neglected) and the production rate ry,.

C,= Croundtriptotal * mwafer * I’w (824)

S

8.10.6 Operating Cost

To finish, the operating cost C, is determined by substituting (8.19) to (8.24)
into (8.1). The operating cost per unit wafer  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
economicaly 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
sengtivity anaysis 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 wafersmonth 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 al 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
CMOS Standard CMOSDry  CMOS Dry

Symbol Description Earth-Based Earth-Based Space-Based
Cq Depreciation Cost (USD) $29,257,844  $51,694,501  $47,706,695
Cy Utilities Cost (USD) $1,155,834 $70,576 $0
Cn Maintenance Cost (USD) $14,628,922 $25,847,250  $23,853,348
Ce 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

0 Operating Cost per Unit Wafer $961 $1,504 $1,955
(USD/wafer)

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 Wafers CMOS Std. CMOSDry CMOSDry Dry Space/ Dry Space/
per per Earth-Based Earth-Based Space-Based Std. Earth Dry Earth
Month Layers Mask Set (USD/wafer) (USD/wafer) (USD/wafer) (%) (%)
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%
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Table 9.3 — Operating Costs and Operating Cost Ratios continued

Operating Cost Operating Cost Ratio
Wafers Wafers CMOS Std. CMOSDry CMOSDry Dry Space/ Dry Space/
per per Earth-Based Earth-Based Space-Based Std. Earth Dry Earth
Month Layers Mask Set (USD/wafer) (USD/wafer) (USD/wafer) (%) (%)
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%
25000 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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Operating Cost

Operating Cost Ratio

Wafers Wafers CMOS Std. CMOSDry CMOSDry Dry Space/ Dry Space/
per per Earth-Based Earth-Based Space-Based Std. Earth Dry Earth
Month Layers Mask Set (USD/wafer) (USD/wafer) (USD/wafer) (%) (%)
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 (I = 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 a a constant vaue.

The smal 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 (I = 20, Nmaskset = 250)
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Figure 9.3 — Operating Cost of Dry Space-Based
Process for ASIC Devices (I = 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 devel oped 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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9.3 Sensitivity Analysis

The preceding section has shown that the space-based microfabrication
process modeled is not able to economicaly compete directly against the two
modeled Earth-based processes for the base production case. In order to be
commercialy 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. Findly, 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 sendtivity anaysis. A
sengitivity 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/hesat rejection items
shipping/install ation/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
dot, 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 moddl. 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
guestion: 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 commercia 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 sendtivity anayss 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) 124386 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



Chapter 9. Operating Cost Results 222

300%
< 250% -
< Dry Space/Std. Earth
o
= 200% -
@
é 150% - Dry Space/Dry Earth
o
£ 100% -
g
S 50%
o (1]

0% ‘ ‘ ‘ ‘ ‘ ‘

0 0.01 002 003 0.04 005 0.06 0.07
Raw Wafer Mass (kg each)

Figure 9.7 — Wafer Mass Varied

250%

Dry Space/Std. Earth
200% -
04 -
150% Dry Space/Dry Earth

100% -

50% -

Operating Cost Ratio (%)

O% T T T T
0% 10% 20% 30% 40% 50%

Depreciation (% per year)

Figure 9.8 — Depreciation Varied

250%

Dry Space/Std. Earth

200% -

150% - Dry Space/Dry Earth

100% - ///

50% -

Operating Cost Ratio (%)

0% ‘ ‘ ‘ ‘
0 5,000 10,000 15,000 20,000 25,000

Total Equipment & Facility Mass (kg)
Figure 9.9 — Space Equipment & Facility Mass Varied



Chapter 9. Operating Cost Results 223

300%

250% - Dry Space/Std. Earth

200% -

150% - Dry Space/Dry Earth

100% -

50% -

Operating Cost Ratio (%)

0% ‘ ‘ ‘ ‘ ‘
50% 75% 100%  125%  150% 175%  200%

Total Equipment & Facility Cost Ratio (%)

Figure 9.10 — Ratio of Space-Based to Standard Earth-
Based Equipment & Facility Cost Varied

250%

200% -

150% - Dry Space/Std. Earth

100% - Dry Space/Dry Earth

50% -

Operating Cost Ratio (%)

0% ‘ ‘ ‘ ‘
100% 200% 300% 400% 500% 600%

Total Equipment & Facility Cost Multiplier
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 severa 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%'% to 20%"* per year rate of equipment and facility cost escalation, the
gpace 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, agpproximately 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
eguipment continues to provide a cost benefit to space-based microfabrication.

As the space-based microfabrication process has been modeled using
standard, commercialy 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 therma 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’*?*, then
Table 9.6 shows that space-based microfabrication could be a very commercialy
viable venture. NASA has publicly committed to reduce launch costs below $2,200
per kg by the end of 2010™%.
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Table 9.6 — Eight Cases to Improve Operating Cost Ratio

Operating Cost Ratio

Standard Dry

Case Earth Earth
Base Case 203% 130%
Casel 112% 2%
Asin 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
Case2 105% 71%
Asin Case 1 but

Earth process equipment cost increased by 10%

Space process equipment mass decreased by 10%
Case3 99% 71%
Asin Case 1 but

Earth process equipment cost increased by 20%

space process equipment mass decreased by 20%
Case4 98% 69%
Asin Case 3 but

total transport cost to space reduced to $2000/kg
Case5 92% 65%
Asin Case 4 but

wafer mass decreased to 25% of original mass

launch cost to space reduced to $500/kg
Case 6 91% 65%
Asin Case 5 but

mask mass decreased to 50% of original mass

total transport cost to space reduced to $1250/kg
Case7 101% 58%
Asin Case 1 but

Earth and space equipment and facilities cost multiplied by 600%
Case 8 100% 58%
Asin Case 7 but

Completely reusable supply ship

Total TransportCost to space = $1000/kg
ShipRate to space=$1000/kg
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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 years'®, 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 years'?°,

A smplified 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 anayss, 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 microfabrication™. 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 alow 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 senditivity anaysis, 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 initia

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 equivaent al 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.

Trangportation 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 materia and for servicing of equipment.
It will dso 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
industriaization 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 aso
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
economicaly 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 anaysis 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 aso 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
equivaent, shipping insurance, is well known and plays an integra part of globa
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 alow the
commercialization of the space-based semiconductor fabrication concept.

Findly, 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 terestrial, commercia fabrication

facilities.

10.3 Existing Space Transportation Infrastructure

The space industry generates $75 billion annually*?’

. 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 Categories*?®

Percent of
Sector Space Industry
Ground Equipment 30%
Services Using Satellites 51%
Space-based Manufacturing ~0%
Satellite Manufacturing 12%
Space Transportation Services/L aunch V ehicle M anufacturing 7%

10.3.1 Orbits and Satellites

The space transportation infrastructure has evolved from its space program
roots to service the requirements of both commercia 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 Orbits*?°

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, i rcular, sat(?lllte 35,800 km
remains stationary over point on Earth’s surface
ELI elliptical orbit varies

The bulk of the satellites launched (61%) are used for communications
purposes asis shown by Table 10.3.

Table 10.3 — Total On-Orbit Operational Satellites™*°

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
coverage'®. Most often, several of these small satellites are placed into orhit 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 FM 13 to FM20) placed into orbit by a Pegasus
XL launch vehicle on August 2, 1998"!. However, Iridium has proved to be a
commercia 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 Launches'®

Percent of Total Launched

Satellite Size  Satellite Mass (kg) from 1994 to 1998
Microsat 0to 90 11%
Small 90 to0 910 37%
Medium 910 to 2275 21%
Intermediate 227510 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, athough many are
proposed™****, Table 10.5 shows the payload capacities of many available rocket
launch vehicles.

Table 10.5 — Payload Capabilities of Existing Launch Vehicles****’

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, Medium (2,275 to 5,454 kg)
Long March 3, Molniya, PSLV, Titan 2

Ariane 4, Atlas 2A, Atlas 2AS, Delta 3, H2, Long March 3A, Intermediate (5,454 to 11,364 kg)
Long March 2E, Soyuz

Ariane 5, Long March 3B, Proton, Space Shuttle, Titan 4B, Sea  Heavy (>11,364 k)

Launch, Zenit 2
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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 LEO™®.
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 structuresin LEO.

The development of many new launch vehicles is in progress. The expected
growth in commercia space transportation from $7.5 billion in 1997 to $15 billion in
2007%*" 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 devel op reusabl e space transportation systems.

Table 10.6 — Payload Capabilities of Proposed Launch Vehicles'*®

First Planned Payload to
Launch Vehicle Designation Launch Manufacturer 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 AccessLLC 5,011
Space Van (USA) TBA Third Millennium Aerospace Space 4,210
HOPE-X Spaceplane (Japan) 2001 NASDA 3,007
Sanger(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)**. 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

deployment™°.

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 commercia payloads has steadily
increased until it is approximately equal to that of military/government payloads. It is

forecast that commercia launches will exceed military/government launches in 2000.

Table 10.7 — Annual Launches'*"!#2143144
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 8 77 89 87 78 78

10.3.4 Summary

In summary, the existing space transportation infrastructure has satellite
deployment as its primary misson 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 commercia 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 periodicaly 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 materia 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 Myarermar @€ shown in Table 10.9.

Table 10.8 — Mass of Raw Materials

Item Mass (kg)
Wafer Mass 0.0368
GasMass 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 fpayioad. 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 fyayi0ad Value of 100%, indicating that all of the
return mass is payload, would be used to describe the synchronous mode; an fpayioad
value of less than 100% would be used to describe the asynchronous mode. The

lower fyayi0ad, the heavier the return capsule for a given payload mass.

10.4.3 Production Rate

The production rate r,, is the number of finished wafers produced in a given
period. This rate determines the raw material mass which must be transported to

orhit, aswdll 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 modd 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 weeks® 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 envisoned 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 maintenance'® 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

16 For a system, such as a

time or its inverse, mean time between failure (MTBF)
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 fallure 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 75,000
200mm (eight-inch) and 300mm wafers

SMIF tool for loading and unloading semiconductor 6,0001%
wafer cassettes into the process equipment

300-mm low-pressure CVD cluster tool 40010

advanced lithography tools, stepper plus track 305190
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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 pmwrequip aNd that the failures occur
randomly, a smplified 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 pPrttequip-

1

"gree 1 0 10.1
1 pmtbfequip [//]

pmaint -

Figure 10.1 shows the predicted service interva 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 atotal 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 mgjority of the equipment is comprised of multiple, parallel tools for deposition
(CVD, sputter) and etching (plasma).

While it is noted that the above mode greatly smplifies 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 alow
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 mg.wn Can be determined
from the rate at which finished goods are required rgown and the return period pgown.
Substituting production rate r,, and the mass of the finished wafer myaer into (8.12)
for rgown Yields the number of wafers ngown produced in the return period and the mass

of the return payload.
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mdown = (rw * pdown )* mwafer = r]down * mwafer (102)

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 equa to the
mass of the raw wafer. In such a case, Figure 10.2 shows the return payload Myown

requirement for production rates r,, from 1,000 to 10,000 wafers per month and return

periods pgown UP to 100 days.
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Figure 10.2 — Return Payload Requirements for the
Production of r, Wafers per Month

The return capsule mass is determined by the capsule payload fraction fpayioad

and the return payload mass Mgown

mdown

19 (10.3)
é f payload a

The launch payload mass my, is determined by the period between launches

m =

capsule

Pup, the mass of the return capsule Mcapsute, the number of wafers ngown produced in the
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return period, the raw material mass per wafer Myarermatt, and the period between

I’eturnS deWFI .

* *
pup (mcapsule+ndown mwafermatl)

m,, = (10.4)

up
pdown

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
arange of capsule payload fractions. It isinteresting 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 fpayioad
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Figure 10.4 — Launch Payload Requirement for MPU’s
(5,000 WPM) for Capsule Payload Fractions fpayioad
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Figure 10.5 — Launch Payload Requirement for DRAM’s
(5,000 WPM) ) for Capsule Payload Fractions fyayioad

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 personnd 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 severa launch vehicles capable of delivering small payloads of raw

materialsto LEO are available or under development.

10.4.9 Other Infrastructure Options

The trangportation 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 aready located in orbit.
As equipment maintenance will be a requirement for al types of orbiting
manufacturing facilities, it may be feasible to maintain a manned, central depot of
gpares in orbit to service al 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 goa 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 devel opment.

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 orbit*

. 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 identica 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
satellite™®®.  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 initialy.

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 statistica
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 al-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 trangportation vehicles for a microfabrication facility located in LEO.

It has been shown that while severa existing or proposed launch vehicles are

suitable for transporting raw materials to LEO, there is no existing means of meeting



Chapter 10. Infrastructure 251

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 mechanica 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 genera 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. Numerica 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 alowed a series of production cases to be examined. Operating cost
per wafer was determined to be a reasonable metric with which to compare economic
feasbility 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
sengitivities 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 devel oped.

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 commercia facilities, then much of the development cost for space-
qualified versions of the equipment is eliminated.

In summary, this thess has examined the feasibility of fabricating slicon
semiconductor devices in orbit on a commercial basis and concludes that while the
processing is technically feasible, it is difficult to compete economicaly 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 smulated.
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, severa 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 experimentaly
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 feashility anayss.
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
glicide 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
avacuum 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 chemica 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 commercia facilities and must be replicated in space for multi-level meta
devices. An aternative 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 aternative process, based upon use of a charged copper vapour,
was described. Work on developing this process, or other dry aternatives, is

required.

11.2.4 Experimental Verification of Vacuum Processing

Once dlternative, dry processes are developed, a demonstration of the process
flow is needed. Asit isdifficult 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, afull process flow of one level could be tested
in such afacility. In such atest, 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 smulated would be the
microgravity, which is not expected to ater 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.



Chapter 11. Conclusions and Suggested Further Work 258

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 utilization'. 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 production™*, it is envisioned that such a consortium
would likely be comprised of severa, 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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