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Abstract

The equipment used to isotropically etch silicon wafers for MEMS (Micro Electro-Mechanical Systems)
applications is very expensive. Due to this, the amount of growth of this developing technology is limited
to entities with large monetary resources. The goal of this project is to design an alternative piece of
equipment which achieves the same results but at a more economical cost. The introduction of a less
expensive alternative will expand MEMS technology to more people and in turn technology will be able
to progress at a faster rate.



Executive Summary

Professor Nikos Chronis has approached us with the opportunity to dramatically reduce the cost of an
isotropic silicon etcher for use in the MEMS industry. This will allow this equipment to be used in private
research facilities and universities where a large budget is not present. The current system uses Xenon
Difluoride (XeF,) to etch exposed silicon on a pre-masked standard 4-inch diameter wafer. A secondary
goal is to reduce the size of the system to approximately desktop size. The most important customer
requirements for this project are keeping the cost low, safely removing the harmful products of the
reaction (Hydrofluoric Acid, HF), reducing the size of the device, ensuring the uniformity of each etch,
and incorporating a well-controlled valve system. The associated engineering specifications are to
produce a prototype for less than $800, allow no more than 0.01% leakage, keep the design within the
size of Im x 1m x 1m, ensure greater than 98% uniformity, and reach steady state conditions within 2
minutes.

Our chosen alpha design featured a combined etching/expansion chamber to be fabricated out of
aluminum. The top plate, top side, bottom side, and bottom plate were bolted together and sealed with
gaskets between each layer. The system was enclosed within a microwave, which was donated to our
team. A knife valve was placed between the top and bottom sides and used to separate the etching a
expansion chambers. We chose this concept because it was the simplest design and also the most
economical as it eliminated the separate expansion chamber, minimized the number of valves in the
system, and utilized aluminum, which is relatively inexpensive. The final prototype design was altered
slightly from our alpha design. To allow our sponsor to observe the silicon wafer during the etching
process, the top plate was machined from acrylic. The acrylic top plate was attached to the aluminum
top side via epoxy. We also determined the bolts to be too cumbersome to remove each time a wafer
needed to be inserted and instead incorporated a hinge and latch to ease user operation of the system.
The gaskets were replaced by an o-ring due to complications manufacturing them and to provide a
better seal. The prototype did not include the desired knife valve, due to cost and insufficient time for
thorough testing. Finally, the microwave enclosure was found to be larger than needed and was
subsequently replaced with a small electrical box, which housed the valves, tubing, and DAQ. The
bottom plate remained of aluminum and was welded to the bottom side to decrease any potential
leaking.

Our fabrication plan included material specifications for machining aluminum and acrylic on the mill. We
also used the band saw to cut materials to their approximate sizes before milling them. The drill press,
mill, and power drill were used for through holes in the system. We also used the mill to machine a
groove for the o-ring. The chamber was assembled using screws and screwdrivers. The valves were
bolted into the enclosure and Kynar tubing was used to connect them. Our final budget was $880 which
was slightly over our initial goal of $800.

We used compressed air to test our prototype for leaks. A pressure transducer was used to measure the
vacuum pressure that our system could achieve. The chamber was brought to vacuum pressure ten
times and the pressure achieved after 30 seconds of pumping was recorded. The average pressure
reached was -12.4 gauge psi with a standard deviation of 0.06 gauge psi. The optimal operating pressure
for the system is -14.0 gauge psi. Testing revealed a leak in the epoxy seal. This accounts for the lower
pressure and the inability of the system to maintain vacuum. To eliminate this problem, we recommend
machining the entire chamber from acrylic to avoid unnecessary risky seals. We also strongly advise
incorporating a knife valve into the system to increase the seal and the uniformity of the gas dispersion.
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INTRODUCTION

It costs nearly $100,000 to purchase the equipment used to etch silicon wafers used in the MEMS
industry (see Appendix F for system pictures and Appendix G for price quotes). MEMS technologies are
used to make miniaturized circuitry, micro-fluidics devices, micro-sensors, as well as many other
applications. Due to its enormous cost, the equipment necessary to produce these chips is only
accessible to large universities and corporations with large funding sources. In order to increase the
availability of this resource to smaller institutions with less funding, our sponsor Professor Nikos Chronis
has expressed a goal to redesign this equipment in a more economical fashion. With the introduction of
this new, more cost-effective device to the market, the growing MEMS industry will be open to more
ideas and will be able to advance more rapidly.

BACKGROUND INFORMATION

The current system uses Xenon Difluoride (XeF,) as a working gas in an isotropic silicon etching process
to etch 4 inch diameter silicon wafers. In this reaction, XeF, has a high selectivity for silicon. When the
molecule comes into contact with the silicon, it dissociates to Xenon (Xe) and Fluorine (F), where the
Fluorine does all of the etching. See Figure 1, below.
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Figure 1: Cross-sectional view of etching process with XeF, gas.

The process as a whole uses a cycle which repeats until the desired amount of etching is achieved. There
are two chambers that are used: an expansion chamber, where the XeF, gas is taken from a supply tank
to expand to the desired pressure and volume, and the etching chamber, where the silicon wafer is
placed and where the chemical reaction takes place. Figure 2, below, shows this cyclic process. First, the
silicon wafer is loaded into the etching chamber. Nitrogen gas (N,) is then flooded into the chamber in
order to purge the tank of contaminants (such as water vapor, which will combine with XeF, [2] to form
the highly toxic HF [4]). Next, a vacuum of 10™ Pa is established in the etching chamber, while the XeF, is
expanded in the expansion chamber. Once both of these tasks are achieved, the working gas is sent into
the etching chamber and begins to etch the silicon. After a task-specific amount of time, the reaction
products are evacuated to a fume hood and the process repeats.



Figure 2: Cyclic process for gas flow in silicon etching cycle.

Within the etching chamber, a dispersion system is employed in order to maintain uniformity of etching.
This is simply a plate with several holes through which the working fluid must pass before reaching the
wafer..

We have identified three main challenges for this project: budgeting, dispersing the etching gas
uniformly, and maintaining vacuum seal. Under the current budget of $800, it will be difficult to
incorporate all the features of current market products and expensive components. For initial cuts, our
team has proposed reducing the number of costly valves in the system, with the possibility of using
three-way valves as well as less expensive plastic valves. We will also eliminate the cost of an onboard
computer by designing the system to be compatible with any computer that has LabVIEW. Lastly, the
use of an external vacuum port will allow the system to connect to any existing vacuum pump. To
maintain etch quality and uniformity, we are concerned with the even dispersion of the etching gas,
XeF,. To disperse the gas evenly we must maintain a high vacuum environment and consider different
dispersion plate designs. Maintaining the vacuum seal is very important for product safety as well as
quality. Leakage of the etching gas XeF, is potentially hazardous to the system operator as it forms
hydrofluoric acid (HF) when exposed to moisture in the air [2, 4]. Also, a bad seal will result in an
increase in pressure, which affects the etching rate and the etching uniformity. We will be using a dry o-
ring to seal the etching chamber. The currently used etching chamber and o-ring seal on the Xetch
machine is provided below in Figure 3.



Figure 3: Etching chamber of Xetch machine

CUSTOMER REQUIREMENTS AND ENGINEERING SPECIFICATIONS

After receiving our project description and meeting with our sponsor, Professor Chronis, we established
a list of customer requirements and engineering specifications to meet these requirements. A Quality
Function Deployment (QFD) chart was then created in order to decide which of these requirements and
specifications are most important. Furthermore, benchmarks were used to determine the importance of
each requirement.

Customer Requirements

The customer requirements for the product we are designing were established by what our sponsor
requested. After meeting with our sponsor, it was determined that our etching machine needed to
be/have:

Well-controlled valves

Desktop size

LabVIEW compatible

Uniform dispersion

Viewing window

Maximal etching speed

Safe disposal of reaction wastes via hose/tube
Minimal leakage

Accepts standard wafer sizes

LN WNPRE

Out of these requirements, having well-controlled valves, uniform dispersion, and a combination of
safely disposing the reaction waste and minimal leakage were the most important. Without well-
controlled valves, the user will not be able to correctly etch any sort of design on a silicon wafer. Also,
the Xenon difluoride (XeF,) must be evenly dispersed onto the silicon wafer in order to have an even



etch depth. Lastly, the safety of the user is the most important. Any leakage of XeF, may cause it to react
with the moisture of the air, causing the formation of hydrofluoric acid (HF). Any exposure with HF is
hazardous and deadly. Therefore, minimizing leakages and having a safe disposal system is crucial.

Engineering Specifications

From our list of customer requirements, engineering specifications were produced to give each
requirement a specific quantity. From this process, we were able to produce a list of engineering
specifications that our design must satisfy:

1. Reaches a steady-state condition within 1 minute
2. Maintains a vacuum pressure of 10™ Pascal

3. Contained within 1 x 1 x 1 meter cube

4. Costs less than $800

5. Reaches required pressure within 2 minutes

6. Works properly at room temperature (152-302 C)
7. Leaks less than 0.01%

8. Securely handle a 4 inch diameter wafer

Benchmarking

We evaluated two benchmarks: the Xetch el and X3 systems. From each system’s manufacturer’s
specifications, we assigned values to evaluate if they met the aforementioned customer requirements.
The el system was determined to meet all of the customer requirements except the extraordinary cost
of the system. Our design should meet or exceed all of these requirements as well and be significantly
lower in cost.

QFD Chart Organization

After determining the customer requirements and engineering specifications for our etching machine, a
QFD chart, located in Appendix D, was developed. The customer requirements were listed on the left
side of the chart while the engineering specifications were listed on the top of the chart. Each customer
requirement was weighted based on importance with a value between 1 through 10. In the center of
the chart, the strength of relationship between each requirement and specification was determined
with scores of 1 (weak), 3, or 9 (strong). At the very top of the chart (the “roof”), the correlation
between each engineering specification is evaluated. Also, it was established whether each engineering
specification is needed to be maximized, minimized, or set as a target. Our design and benchmarks were
then scored from 1-5 on how well they satisfied each of the customer requirements. At the bottom of
the QFD chart, the target or limit values and difficulty of each engineering specification were
determined. From all the values inputted into this table, the maximum relationship values,
weight/importance, and relative weight of each specification were calculated.

CONCEPT GENERATION

In order to produce a wide variety of potential designs for the economical silicon etching machine, our
team first divided the machine into seven primary functions. Then two brainstorming sessions were
held. The first focused on the generation of numerous ideas without regard to design/concept
evaluation. The second session focused on narrowing these ideas and combining them into six complete
designs.



The functions that were chosen for our system are as follows:

1.

NouswnN

Etch Silicon

Evenly Disperse Etching Fluid
Enclose System

Create Vacuum

Control Moisture Level

Load Wafer
Control/Monitor Leakage

Function 1: Etch Silicon

This function is critical to the operational goals of the machine and is the most basic of functions. During
the brainstorming sessions, we did not constrain this function by enforcing the use of only chemical
etching or the use of only XeF,. The following concepts are those which the team had chosen after the
extensive brainstorming session.

1.

Use of any halogen as an etching agent (i.e. Chlorine or Bromine). Since Fluorine is the principle
etching agent in the current system, as mentioned in the background section, we hypothesized
that the use of a pure halogen may be equally as effective. If successful, it would also be more
efficient on an etching potential versus etching fluid mass basis.

Use of lasers. In this concept, a tactile mirrored surface would be vertically positioned over the
wafer and a laser(s) would shine onto the surface. The array of mirrors would be programmable
in order to achieve the desired etched pattern.

Use of current etching fluid, XeF,. To maintain a realistic design concept, the original system
etching fluid was included as a concept. Although not listed here, we also discussed the use of
different states of the etching fluid, for example, Xenon Difluoride as a saturated liquid.

Function 2: Evenly Disperse Etching Fluid

This function is critical to customer requirements. It is very important for MEMS applications that the
quality and evenness of the etching process be very high. All relevant sketches and drawings are
presented in Appendix .

1.

Diffuser: In this concept an array of mini-diffusers will be positioned between the etching
surface and the inlet of the working fluid. The fluid will pass through the narrow end of the
diffuser and exit through the larger portion thus scattering the fluid. The specific positioning of
the diffusers will allow for an even dispersion of working gas onto the etch surface.

Multiple inlets: In this concept, the working gas will be passed through several inlets which are
all parallel to the etching surface and positioned circumferentially around the etching chamber.
This will allow the working fluid to enter from all directions, thus eliminating the time delay
associated with allowing the fluid to enter from only one side of the chamber.

Fan: This concept uses the idea that the introduction of turbulent flow will result in a more even
dispersion of the working gas. In this concept, the fan would be positioned vertically above the
etching surface, and the working fluid would enter from the chamber side wall near the fan
blades.

Diffuser and mesh: This concept simply combines the first concept of a diffuser array with the
addition of a mesh in order to more evenly disperse fluid. In this concept, the gas would first
pass through the mesh to break it from a streamline flow. It would then pass through the
diffusers as described above.

Tactile mirrored surface: This concept is paired with the laser concept from function 1 and was
described previously.



Function 3: Enclose System

This function is important for safety as well as usability reasons. If the mechanism is not properly
enclosed, then it would be much more difficult to detect any leaks which would lead to highly dangerous
situations (as described previously). All relevant sketches and drawings are presented in Appendix I.

1.

Plexiglas: In this concept the user will be able to have full view of the etching process while it is
in operation. In addition, the system will be fully enclosed and capable of directing unwanted
waste chemicals to a nearby fume hood. In this concept, Plexiglas will be joined with metal
elbows and covered with a gasket material to prevent leakage.

Microwave casing: This concept arose from the access the team was given to an old microwave.
It already has an enclosure as well as a window with a door. This would allow for easy access
and viewing of the etching process as well as the enclosure and ventilation of any dangerous
gases which may be formed.

Riveted sheet metal: This concept is similar to the Plexiglas concept however the containment of
the internal workings of the mechanism will be composed of pieces of sheet metal which are
joined by rivets. There will additionally be a gasket material added over the joints to prevent any
leakage.

None: This concept would expose all components of the mechanism with the assumption that
the entire operation would take place under the safety of a fume hood. All the components
would be attached to a rigid plate underneath.

Function 4: Create Vacuum

This function is critical to mechanism efficiency and safety. If the etching chamber does not maintain
proper vacuum pressure, the concentration of etching fluid will be lower resulting in lower etching
efficiencies. Additionally, if the chamber is not properly evacuated, moisture may be present in the
system which will result in the formation of hydrofluoric acid (as mentioned previously).

1.

Single Pump: This concept was conceived to mimic the current design. Our sponsor can also
provide us with an adequate vacuum pump.

Cryogenic ion pump: This type of pump is ideal for creating high vacuum levels (very low
pressure), however it is very large and expensive.

Multiple pumps: This concept was generated to achieve the vacuum more quickly.

Function 5: Control Moisture Level

The control of moisture level is a very important safety function of the device. If moisture enters either
the vacuum or expansion chambers then the formation of the highly toxic hydrofluoric acid will form.
This presents a safety and health risk to the user and must be prevented.

1.

Hydrometer: This sensor will be placed within the expansion and etching chambers in order to
detect the presence of water vapor. If there is vapor present, the system will continue to purge
until it has been evacuated (as determined by the sensor readout) and then proceed to the next
step in the process.

Heat wafer: This concept involves heating the silicon wafer to a temperature which would cause
any liquid water on the wafer to vaporize. Then the vapors released would be evacuated by an
inert gas.

Purge with inert gas: This is the current method of moisture and byproduct removal.

Function 6: Load Wafer
This function will affect the usability and efficiency of the machine. The goal is to create a loading
mechanism which is easy and safe for the user as well as maximizes efficiency of the etching process,
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especially when multiple etched wafers are to be manufactured. All relevant sketches and drawings are
presented in Appendix I.

1. Mechanical arm: This concept involves using a mechatronic device to lift the upper portion of
the etching chamber during wafer loading and then seal the two pieces again once the user has
loaded the wafer. This would maintain consistency of the seal to prevent leakage from the
etching chamber during operation.

2. Cartridge/Magazine: This concept features a cylinder which holds multiple wafers at one time.
The wafers are progressed in the cartridge by a spring loaded back stop. The opening in the
etching chamber has a seal and mechanical stops around the perimeter in order to prevent the
working fluid from reaching the remaining wafers in the cylinder.

3. Tray loader: This concept uses the technology used in a compact disk drive in a laptop or
computer. The user presses a button which ejects a tray with a slot into which the user may
place a wafer. The button is then pressed again and the tray will be sealed within the etching
chamber again.

4. Clamp with hinge and airtight seal: This design features a hinging upper portion to the etching
chamber such that the user may unlock the clamps and then lift the top of the chamber in order
to load the wafer. The top is then replaced and the clamps are locked. A seal would be present
between the two halves of the chamber in order to maintain a seal between the two portions
while the clamps are locked.

Function 7: Control Leakage

This function is critical to the safety of the user and those working around the operation of the machine.
If any of the working fluid, XeF, were to escape, the formation of hydrofluoric acid could occur due to
the water vapor naturally present in the air.

1. PH sensor: This concept would place a PH sensor just outside the mechanism casing. If a leak
were to occur, hydrofluoric acid would be produced thus creating an acid environment just
outside the machine. If the sensor detects a rise in the ambient PH, the process will stop and all
fluids will be evacuated to the fume hood immediately. The user will also be notified.

2. Inject dye: This concept involves coloring the working fluid with a dye as it enters the expansion
chamber. Then photovoltaic sensors located on the outside of the system will detect if any of
the dyed gas escapes. As with concept 1, if any leak is detected, the system will turn off and
immediately evacuate all chambers to the fume hood.

CONCEPT EVALUATION AND SELECTION

Evaluation

In this section, we will evaluate each design concept separately by function. We felt this was most
relevant as we are focusing on improving several components of the system and not on redesigning the
entire system. The concepts that show the best performance for each function will then be combined
into the final system design.

Function 1: Etch Silicon

From our design concepts, we considered several methods of etching the silicon wafer: use of another
halogen gas, use of lasers, and use of the current etching gas Xenon Diflouride (XeF,).
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The use of a different halogen that reacts with silicon could potentially be cheaper than the XeF,,
however, since there are time and monetary constraints the cost of researching and developing another
halogen gas as a new etching fluid would be too expensive.

Lasers would eliminate the need for tanks and a valve system. However, the systems they would
eliminate would not make up for their own complexities. One of these added complications would
include manufacturing a highly complicated tactile mirrored surface. This would entail using hundreds of
micro actuators to control the respective mirror array. In addition, the controls involved in coordinating
the mirrors to achieve a desired etch pattern would be highly sophisticated and temporally taxing.

The current etching gas is already an established technology that is known to have successful results. It
is available for purchase and is already accepted in industry and academic sectors alike. However, this
gas is known to be dangerous, especially when in contact with water vapor, like those present naturally
in the atmosphere.

Below, Table 1 p. 12, is a Pugh chart comparing each concept to the customer requirements and
weightings used in the QFD. From this technique, it is clear that the security offered in the XeF, will
outweigh the potential, yet unknown benefits of the other two concepts.

Customer Weighting Halogen Laser Xenon

Requirements Difluoride

well-controlled 9 1 0 1

valves

desktop size 8 0 0 0

uniform dispersion 9 0 0 0

viewing window 1 1 1 1

maximal etching 4 0 0 0

speed

safe disposal of 10 0 0 0

waste products

minimal leakage 9 0 0 0

standard wafer size 9 0 0 0

low cost 10 -1 -1 0
TOTAL 8 -1 18

Table 1: Pugh chart of function 1, etch silicon

Function 2: Even Dispersion of Gas
The concepts developed for the even dispersion of gas include: a diffuser array, a fan, tactile mirror (for
use with lasers), mesh, and multiple inlets.

A diffuser array would allow the gas to be expanded in an array which would evenly distribute the gas
over the wafer. This design differs from the current diffusion plate in that it features conical holes (with
a narrow diameter flow inlet and a large diameter flow outlet) in comparison to cylindrical holes. This
will present a slight manufacturing level of difficulty.

The fan would be used to disperse the gas as it flows in from a direct line. This would be simple in that
there would be little manufacturing involved in the actual fan as it would likely be purchased. The
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difficulty with this concept would be the electrical input leads needed to control the fan. Since the fan
will need to be operational in vacuum, we would need to incorporate air tight electrical connections.

The tactile mirror, as mentioned in the previous section, would allow the system to be small (since it
would not require tanks and valves), however the implementation of this type of technology would be
involved in regard to mechanical fabrication as well as control implementation.

The mesh would be inexpensive to incorporate into the design. However, we have not tested this and
we do not know how effective (or ineffective) it would be in practice.

Multiple inlets would be used in conjunction with a diffusion plate in attempt to eliminate some of the
transient causes of unevenness associated with having only one inlet. This would require more
manufacturing time; however, this would not be beyond the scope of our machining capabilities.

The Pugh chart below, Table 2, outlines the strengths and weaknesses of each concept as compared to
the customer requirements previously outlined. The selected concept for fabrication is the diffuser
array.

Cus.tomer Weighting Diffuser Fan Mirror Mesh Multiple
Requirements Inlets

well-controlled 9 0 0 0 0 0

valves

desktop size 8 0 0 0 0 0

uniform dispersion 9 1 -1 1 0 1

viewing window 1 0 0 0 0 0

maximal etching 4 1 -1 1 0 1

speed

safe disposal of 10 0 0 0 0 0

waste products

minimal leakage 9 0 -1 0 0 0

standard wafer size 9 0 0 0 0 0

low cost 10 1 -1 0 1 -1
TOTAL 23 -28 13 10 3

Table 2: Pugh chart of function 2, even dispersion of gas

Function 3: Enclose System
The concepts developed to enclose the system are: Plexiglas, microwave casing, riveted sheet metal,
and no enclosure.

The Plexiglas enclosure would allow for a high amount of user visibility during the etching process;
however it is an expensive material.

The microwave casing from a broken microwave is large enough to accommodate the tanks and valve
system and it also has a door with a viewing window already built in. The microwave will need to be
modified slightly to incorporate a vent to the fume hood. This will present minimal manufacturing
challenges.
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Riveted sheet metal will offer a similar structure to the microwave casing; however it will require
additional costs and manufacturing time.

No enclosure assumes that the device will be operated in a fume hood at all times. While this may help
to evacuate any leaks, it offers no primary protection to the user against highly caustic and toxic fumes
which may be produced if the device malfunctions.

The Pugh chart below, Table 3, outlines the strengths and weaknesses of our concepts as compared to
the customer requirements given previously.

Ref]isgtzmz:\ts Weighting Plexiglas Microwave R,:;’s::;j None
well-controlled 9 0 0 0 0
valves
desktop size 8 1 1 1 1
uniform 9 0 0 0 0
dispersion
viewing window 1 1 1 -1 1
maximal etching 4 0 0 0 0
speed
safe disposal of 10 0 1 0 0
waste products
minimal leakage 9 1 1 1 -1
standard wafer 9 0 0 0 0
size
low cost 10 -1 1 -1 1

TOTAL 8 38 -2 10

Table 3: Pugh chart of function 3, enclose system

Function 4: Create Vacuum
The functions developed for creating a vacuum in the etching chamber are as follows: single pump,
cryogenic ion pump, and multiple pumps.

The use of a single pump will minimize both cost and size, which are two primary customer
requirements. The single pump may increase etching time and efficiency by a small amount.

The use of a cryogenic ion pump, while increasing etching time and efficiency, will add a significant
amount to the cost and size. The use of multiple pumps will result in similar benefits as well as
disadvantages.

The Pugh chart, Table 4 p. 15, outlining the strengths and weakness of our concepts is given below.
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Customer . s Single Cryogenic Multiple
Requirements Weighting Pump lon Pump Pumps

well-controlled 9 0 0 0

valves

desktop size 8 1 -1 -1

uniform dispersion 9 0 1 1

viewing window 1 0 0 0

maximal etching 4 1 1 1

speed

safe disposal of 10 0 0 0

waste products

minimal leakage 9 0 1 1

standard wafer 9 0 0 0

size

low cost 10 1 -1 -1
TOTAL 22 4 4

Table 4: Pugh chart of function 4, create vacuum

Function 5: Control Moisture Level
The concepts generated for controlling moisture level in the system are: using a hydrometer, heating
the wafer, and purging with an inert gas.

A hydrometer will monitor the relative humidity within the enclosure and thus a control sequence could
be implemented in which the system would be purged of its contents until the hydrometer read a
negligible amount at which point the cycle would proceed. The addition of the hydrometer will add
another amount of complexity to the control scheme as well as increase cost.

Heating the wafer will only change the state of water which may exist on the wafer from liquid to vapor
which does not address the problem. In addition, it will add an unnecessary amount of complexity and

cost to the system.

Purging the system with an inert gas will remove all contents within the tank, thus eliminating any water
vapor present, assuming that the source tanks have not been contaminated.

The hydrometer and purging with an inert gas both scored highly and both will be incorporated into the
final design. The hydrometer will be used as an output for the user to verify that no harmful fumes are

being produced and the inert gas will be incorporated into the system and controls.

The Pugh chart below, Table 5 p. 16, compares our concepts with the customer requirements
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Customer I Heat Purge with
Requirements Weighting Hydrometer Wafer Inert Gas
well-controlled 9 0 0 0
valves
desktop size 8 0 0 0
uniform dispersion 9 1 1 1
viewing window 1 0 0 0
maximal etching 4 1 1 1
speed
safe disposal of 10 0 0 0
waste products
minimal leakage 9 0 0 0
standard wafer 9 0 0 0
size
low cost 10 1 -1 1
TOTAL 23 3 23

Table 5: Pugh chart of function 5, control moisture level

Function 6: Load Wafer
The concepts generated for loading the wafer are as follows: mechanical arm, cartridge, tray loader, and
a clamp, hinge and seal system.

The mechanical arm will maintain a consistent and uniform seal with each exchange of wafer, by virtue
of the design. However, this design would introduce a great deal of unnecessary cost and complexity.

The cartridge concept would allow for multiple wafers to be loaded into the system at once. This would
increase the efficiency of the process; however, it would also introduce a greater amount of complexity
as well as would require additional space in the design.

The tray loader would also provide an efficient loading method, however the method by which the seal
would be implemented would be difficult and complicated. Additionally, incorporating any kind of motor
to drive the tray in and out of the etch position would add cost and complexity.

The clamp, hinge, and seal concept is simple and robust. It will allow the user to change wafers one at a
time and will be easily sealed after switching wafers from the chamber. In comparison, it is inexpensive
and simple from a manufacturing standpoint.

The Pugh chart below, Table 6 p.16, shows a comparison of these concepts with our customer

requirements. The clamp, hinge, and seal concept will be implemented in our alpha design for its simple,
robust, and cost-effective aspects.
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Customer . Mechanical . Tray Clamp, Hinge,
Requirements Weighting Arm Cartridge Loader Seal
well-controlled 9 0 0 0 0
valves
desktop size 8 0 0 0 0
uniform 9 0 0 -1 1
dispersion
viewing window 1 0 0 0 0
maximal etching 4 0 0 -1 1
speed
safe disposal of 10 0 0 0 0
waste products
minimal leakage 9 -1 0 -1 1
standard wafer 9 -1 -1 1 1
size
low cost 10 -1 -1 1 1
TOTAL -10 -1 -3 41

Table 6: Pugh chart of function 6, load wafer

Function 7: Control Leakage
The concepts for addressing the risk of system leakage are injected dye and PH sensor. If the etching gas
comes in contact with water, hydrofluoric acid will form.

The dye would allow the user to visually determine if the system is leaking. However it may be
cumbersome to inject the dye after expanding the XeF.,.

The PH sensor would allow the user to detect any hydrofluoric acid present in the system. It may
introduce an additional expense; however safety is paramount to the effective usage of the equipment
so additional costs would be appropriate. The Pugh chart below, Table 7, determined that the PH sensor
was the most effective option for our system.

Customer Weighting Injected PH
Requirements Dye Sensor

well-controlled 9 0 0
valves

desktop size 8 0 0
uniform dispersion 9 0 0
viewing window 1 0 0
maximal etching 4 1 1
speed

safe disposal of 10 0 0
waste products

minimal leakage 9 0 1
standard wafer size 9 0 0

low cost 10 1 1

TOTAL 16 25

Table 7: Pugh chart of function 7, control leakage
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CONCEPT SELECTED: ALPHA DESIGN

To select the best design concept, a Pugh chart was used to compare each concept across each function
and determine which concept best met the specific criteria outlined in the customer and engineering
requirements. The following sections will detail which concept excelled in each function and why. In the
Pugh chart, a (+1) was given if the criterion could be satisfied effortlessly, a (0) was given if the criterion
may or may not be satisfied, and a (-1) was given if the criterion could not be satisfied easily. See
Appendix J for CAD model images of selected concept.

Etching Gas/Mechanism

To match the current system, the desired final design uses the bottled XeF, to etch the silicon wafer and
bottled N, to purge the system. The current Xetch system uses a small internal tank of XeF, and our
design will incorporate similar sized bottle and connection to the valve system.

Gas Dispersion

We determined that some of the different dispersion mechanisms could be easily combined and used
together. The Pugh chart for the gas dispersion function determined that in the final design, a diffuser
and multiple inlets would be used together in orders to create more uniform flow through the holes and
over the silicon wafer. The multiple inlets of XeF2 into the etching chamber will also create more
uniform gas flow above the nozzle and avoid dead zones in the etching pattern.

System Enclosure

The microwave was kept as a definite possibility since it has a sealing door and ventilation system
already installed. It also has a nice array of buttons and place for LCD screen to allow for user input
directly on the machine (instead of using an external computer). The structure is very similar to the
riveted sheet metal enclosure and is already in our possession, so both were kept as strong possibilities.

Vacuum Formation

After discussing with an Xetch technical representative and reviewing the machine’s manual [5],
multiple pumps was not chosen since the current pump is more than strong enough and adding an
additional pump will only further complicate the complex valve timing and flow control system. Lastly,
to stay within the cost reduction of the current system, a cryogenic system was not further explored
along with an expensive ion pump (capable of 107 Pa vacuum pressure [1]). The Pugh chart for the
vacuum function reflects these considerations.

Well Controlled Valves

In all concepts except for the laser design, each system used an etching fluid with the flow controlled by
a series of gate valves. In the current Xetch system, the valves are operated by compressed air which
was decided early on to be substituted for electronically controlled valves by the customer. Our
selection for electronically controlled valves was limited to a couple types of valves: solenoid poppet,
bonnet sealed and diaphragm sealed. Although the specific valve selection is still underway, each design
was assumed to have the same type since each can operate at the same pressures and flow rates.

Moisture Control

Since the XeF2 etching fluid produces highly dangerous HF acid when in contact with water (even vapor
in atmosphere), H,0 management is especially important in the final design. The current system uses a
thermal management system for the expansion chambers and thorough N, purge between loading and
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unloading the wafer. A similar dry, high purity N, purge system and cycle will be used in the final design.
In addition, a hydrometer mounted to the outside enclosure will monitor the humidity of the ambient
air to alarm if the enclosure is an unsafe humid environment (no AC or dehumidified Lab environment).

Wafer Loading Mechanism

Minimal leakage is a two-fold important customer requirement since it limits the risk of HF exposure and
improves the etching speed and quality. To meet this requirement, a simple hinged and latched o-ring
seal was chosen similar to the current etching chamber used in the Xetch machine. Pins will also hold
the wafer above the vacuum and have milled notches that form the perimeter of the standard 4” wafer.

System Leakage

As mentioned previously, minimal leakage is highly important. Since HF is the primary product to
minimize and safely ventilate, a PH sensor will also be installed into the enclosure around the etching
chamber. This was chosen over the injected dye method since it can actively monitor this PH level and
record large spikes over time.

Initial Project Plan

Our goal for this project is to construct an economical, isotropic silicon etching machine by the Design
Expo on April 15" 2010. The most critical challenge for this project will be designing a gas flow system
than can be fully controlled via LabVIEW software and is contained within the $800 system budget. This
initial alpha design phase should be completed before the second design review (DR2) on February 18"
2010. From feedback in DR2 and further progress on the LabVIEW interface and electrical schematic,
this alpha design will be reviewed and modified where necessary to produce a final design before DR3
on March 18", 2010. This final design selection will then be fabricated and assembled to produce an
alpha prototype before DR4 on April 1%, 2010. This alpha prototype will then be tested and evaluated
based on the previously stated customer requirements in time for the University of Michigan Design
Expo on April 15". A more detailed project plan including specifics from the problem analysis below can
be found in the Gantt chart, attached in Appendix E.

Detail Project Plan (DR3 to Expo)
The project plan has been slightly modified since DR2 and is stated below (time considered: DR3 to
Design Expo, April 15 2010).

In the following week (DR4 progress report), the previously stated components will be ordered and
shipped. The McMaster parts should arrive within the week if 2-3 day shipping is selected. During this
shipping period, the LabVIEW program can be further improved and then DAQ/electrical layout can be
started. The microwave enclosure is well stripped and cleaned, but the other panels can be sanded and
prepped for paint. Holes for the fume hood vent and XeF2 access port (tentative) can be drilled as well
the top panel. Lastly, the entire enclosure inner cavity can be cleaned. When the raw chamber materials
are received, fabrication of the chamber will start.

The fabrication of the chamber will closely follow the previously mentioned fabrication plan. If
everything goes according to plan and depending on availability of the water jet or laser cutting
machine, this can be completed in 3-4 days and final assembly can start. If the solenoid and other flow
components arrive during this fabrication process, they can be arranged in the enclosure and the tubing
can be cut to length between the valves. The Swagelok fittings will only be clamped tight and sealed
once all components are in place, but the tubing can sit loose in the valves and fittings till then. Lastly,
the valves can be connected to the electrical layout and the DAQ.
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After assembly and before the design expo, three main quality tests will be performed to evaluate our
prototype: (1) burst/crush/leak test (pressurize chamber/lines) (2) working fluid distribution test
(oxidation of plate), and (3) LabVIEW software validation (flow control and valve timing). If the valves do
not open/close at the correct time, the pressure in each chamber will not be correct and the silicon
etching process will not complete. This timing along with volume and pressure measurements of the
expansion chamber will also be measured to determine recommended etching times for a certain depth.
The uniformity of the gas dispersion will also be evaluated using the oxidation of the plate to determine
if the gas flows over the wafer.

FINAL CONCEPT DESCRIPTION

The design of the prototype is very similar to the final concept design. It will consist of all the main
components in the final design except for the knife valve and an extra gasket. A diagram of the etching
chamber is shown in Figure 4. The etching chamber will now only consist of one enclosed volume
instead of two. The input gas will not expand to a specified pressure before the etching process in our
prototype. This prototype design will also test one question that was brought up early in the design
phase: “Is the expansion chamber necessary?” With this method, the XeF, will naturally diffuse from the
chamber inlet over the silicon wafer. The XeF, flow will be shut off when the chamber pressure reaches
the expansion pressure under normal operation (a more detailed testing method will be discussed in a
later section). The removal of the knife valve will also affect the LabVIEW program that is controlling the
system. Two smaller changes to the system consist of the clamping system on the top lid and the XeF,.
Instead of using a clamp and pins, there will be bolts used instead. The chamber will be constructed so a
hinge and clamp could be added at a later date if desired. Also, there will be no XeF, container in the
system enclosure; instead the system will run with an inert gas inlet.

L.
Figure 4: 3D model of prototype etching chamber

Removing the knife valve will not greatly affect the feasibility of our design during testing. Without the
knife valve, it is not possible to test if the valve will keep the lower segment of the chamber in vacuum
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while the upper chamber is expanding the entering gas. However, it is possible to test if the chamber
can maintain a vacuum pressure and expand the gas to the correct pressure during the process.
Changing the clamping system will not affect testing, and XeF, will not be used during testing.

The reason that the knife valve is being removed in the prototype is because of cost and limited
availability. The total cost of the entire design is $875.60 + shipping. However, the initial price quote of
the knife valve, $674.41, may be questionable due to the size of the actuator needed to run it. Other
domestic vendors that supply similar or smaller valves cost $2000-$3000. Therefore, the cost of the
valve alone will be greater than the rest of the components combined. It would be reasonable to test
out the entire system without the knife valve because if our experiments indicate that the knife valve is
not needed, money will be saved.

ENGINEERING PARAMETER ANALYSIS

This section details the methods used to determine the appropriate material fracture toughness, K., and
the thickness, t, for the etching chamber in order to prevent break and crush. We explored three
materials: aluminum, polycarbonate, and polymethyl methacrylate (acrylic). A safety factor of 4 was
used throughout all calculations. The material properties were taken from the CES Edu Pack software
and are listed below in Table 8. [6] For our system, we require the minimum thickness, t, to be less than
or equal to 0.25 in.

Property Units Aluminum Polycarbonate Polymethyl Methacrylate

Young’s Modulus, E psi 9.86x10° 0.29x10° 0.325x10°
Yield Stress, oy, ksi 4.35 8.56 7.8
Fracture Toughness, K, ksi in’2 20 1.91 0.637
Poisson’s Ratio,v @ - 0.32 0.391 0.384

Table 8: Materials considered for fabrication and their respective properties

Leak-Before-Break Criterion

In choosing an appropriate material to manufacture the etching chamber from, it is important that the
structure will first leak before it breaks. This is to reduce the severity of the failure and allow time for
the user to detect the problem and correct it accordingly. Using Eq. 1 [7] below, we calculated the
fracture toughness, K¢, for each material. From Eq. 2 [7] we calculated the stress intensity factor for the
materials and by Eqg. X3 [7] determined if they would leak first before breaking. In the calculation, B, the
crack length, was taken to be the thickness of the material we are using (0.25 in.).

Eqg. 1

2
K, = —ovna Eqg. 2
The chamber will not leak if: K; < K¢ Eq.3

The results of these calculations are recorded below in Table 9.
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Units Aluminum Polycarbonate Polymethyl Methacrylate

K, ksi in*/2 2001.1 1.96 0.637
K, ksi in*/2 331.7 331.7 331.7
Meets K;<K, ksi in*/2 yes no no

Table 9: Results from Leak-Before-Break analysis

Cyclic Fatigue Analysis

Our sponsor, Professor Chronis, specified that the silicon etching machine should operate for three
years, etching an average of three etchings per work day (assumed 5 days per week). Thus, the system
must undergo 2340 cycles. An S-N curve (log(N) vs maximum stress) for each material was used in
conjunction the specified number of cycles to determine the stress that will cause failure after N
specified cycles. The values of stress for Aluminum and Polycarbonate are tabulated in Table 10, and
the S-N curves can be found in Appendix S. If the hoop stress (with a safety factor of 4) is less than the
failure stress, the material will not fail under fatigue. The hoop stress was calculated using Eq. 4, where

P is the pressure, r is the internal radius, and t is the thickness.
Pr

o= Eq. 4
Units Aluminum Polycarbonate
S-N stress MPa 400 37.9
Hoop Stress MPa 1.82 1.82
Meets Hoop ksiin?  yes yes
Stress<S-N stress

Table 10: Results from Cyclic Fatigue Analysis

Crush Analysis

We also determined the minimum wall thickness, t, of the etching chamber to ensure that the structure
would not crush under a vacuum pressure of 1.45x 10 psi. Using Eq. 5 [8] we calculated the minimum
wall thickness of the chamber for each material, where OD is the outer diameter (5 in.), E is Young’s
Modulus, P is the pressure difference (100 psi), and v is Poisson’s ratio. The results of these calculations
are listed below in Table 11.

_ 1-v? 1/3
t—OD[P(ZE )] Eq. 5

Units Aluminum Polycarbonate Polymethyl Methacrylate

Min. Thickness, t inches 0.069 0.003 0.221

Table 11: Results for minimum wall thickness for crush analysis
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Engineering Decisions

The results of our calculations show that while all three materials fall within our desired wall thickness of
0.25 inches, only the aluminum meets the leak-before-break criterion. In addition, both aluminum and
polycarbonate satisfy fatigue requirements. After further discussion with our sponsor, Nikos Chronis, we
decided to manufacture the base plate from aluminum and the top lid from polymethyl methacrylate
(acrylic) to allow for viewing of the wafer during the etching process. We justify using this material for
the top lid because only the forces acting upon the lid need to be consider, which are due to the
pressure difference. Since the pressure is much smaller than the yield strength of this material (1.4x10
kpsi vs. 8.56 ksi) the acrylic can be used for the top portion of the etching chamber.

CFD Analysis
After our initial design selection for DR2, our sponsor mentioned he would like to combine the
expansion and etching chamber into one unit to minimize the amount of XeF2 used per cycle since some
fluid is left in the lines after expansion. We then proposed three intermediate concept designs for the
etching chamber to meet this concern, provided in Appendix L. Each had a different flow path and gas
dispersion method. In order to objectively analyze each, a 3D CAD model was created of the fluid
contained within each design in order to perform an idealized CFD analysis of each. After these
simulation and further discussion with Professor Kurabayashi, it was determined that this analysis would
only apply to the purge and possibly evacuation phase of the etching cycle. The etching and expansion
portion would be out of the ideal gas regime and would require a more sophisticated Monte Carlo
analysis. Eq. 6 below shows this gas mean-free path calculation, which for our conditions is 35.26 m. This
is clearly out of the size range for the chamber so the previously performed CFD analyses are not
applicable under the extreme vacuum pressure.

kgT

l = VZndZp Eq. 6

From the CFD analysis and mean-free path calculation, it was determined that a dispersion plate with a
diffusive hole pattern may not be the best way to disperse the XeF2 gas evenly. Instead, a more
immediate gas release method was considered such as a rotation butterfly or shutter valve and a sliding
gate or knife valve. Details on each of these valves can be found in the following section.

In Appendix C is the design analysis of the economical etching machine. Three major topics about the
final design are discussed:

1. Materials selected from a functional performance aspect

2. Materials selected from a environmental performance aspect

3. Manufacturing process and analysis for real-world production

It is important to keep these three topics in mind. Not only does the final design have to work properly,
it must also be designed for low environmental impact, as well as for easy production in relatively large
guantities. If the final design fails in one of these analyses, it may be unbeneficial to produce the
product, and another design must be developed. Passing all three requirements ensures the probability
of developing a successful final product.

FINAL PROTOYPE DESIGN DESCRIPTION

The proof-of-concept design that was produced contains an etching chamber on top of a 3-valve system,
which is enclosed in a plastic enclosure. The etching chamber is split into four different pieces. An
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aluminum cylinder is welded on top of a solid, square aluminum plate. A hole is drilled through the
aluminum plate for the evacuation of any gas in the etching chamber. There is a groove that is
machined into the rim of the cylinder, for which an O-ring is placed into the groove. On top of this
cylinder is another aluminum cylinder with an acrylic plate joined onto it with epoxy. The acrylic plate
has three holes drilled into it. The holes are for the humidity sensor, pressure sensor, and the gas inlet
tube. The two plates are connected to each other via two hinges, and two latches. Inside the plastic
enclosure, there are three valves screwed securely on the enclosure. In order for the Kynar tubing to
connect to the valves, each valve has a Swagelok adapter attached to it. Kynar tubing from two of the
valves are connected to a pipe tee. The outlet tube from the previous tee and a relief valve are
connected to another tee. The outlet from that tee is then connected to the acrylic plate. The tubing
from the aluminum plate is then connected to the third valve, which is connected to the vacuum pump.
The solenoids from the valves, along with the power switch and emergency stop button, are connected
to a DAQ, which is then connected to the laptop which is controlling the system. An image of the final
prototype is below in Figure 5 (a) and an electrical diagram in Figure 5 (b).

Figure 5: (a) Image of final prototype

2 analog
i analog : [XeF2 Tank
ignals i solenoid valve

signal in
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Figure 5: (b) Updated electrical diagram
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Execution of Design Prototype

The final design prototype was altered slightly from the Alpha Design; a complete list of engineering
change notices is provided in Appendix B. The alterations were due to modified customer requirements
as well as compensation for ease of use and ease of assembly. The first change was the use of a clear
acrylic material as the top piece of the device, rather than aluminum, as originally planned. This change
was initiated by our sponsor’s request post-DR3 to have a viewing window to which a microscope could
be attached in order to monitor the etching process. Because this change was made, we were unable to
weld both the top and bottom plates to their respective cylindrical sections. This was the later source of
a leak.

The second major change that was made was the incorporation of a pair of hinges and latches instead of
six bolts and two completely separate pieces. This change was made in order to increase the ease of use
of the device. If the device were manufactured into two separate pieces, the user would need to loosen
and tighten six very thin, very long bolts each time he/she wished to exchange a wafer in the device. In
addition to reducing user friendliness, this method would cause increased wear on the bolts which were
to be used, likely resulting in early fatigue of the device. Because the design was changed to use hinges
and a latch, it also made more sense to incorporate an o-ring seal between the mating faces at the joint.
So, instead of using gaskets between each layer, the bottom two pieces of aluminum were welded
together and the acrylic top plate and lower cylinder of aluminum were fastened with epoxy resin.

Before validation began, our prototype had one latch in the front of the device and two hinges across
the back. During pressurization testing, we became aware of a leak between the mating surfaces. This
problem was due to an uneven aluminum surface, which was resolved with sanding the surface smooth,
and due to a gap caused by the play in the hinges. In order to resolve the second issue, a second latch
was added to the back side of the device, between the two hinges. The implementation of the electrical
and controls went as according to plan, no changes were made.

The last change that occurred between the prototype and Alpha design was modification of the
enclosure used. In the Alpha design it was proposed that a microwave casing be used to house the
electronics as well as the XeF, tank and pump. Instead, a much smaller plastic electrical box was used as
the enclosure. This change was made in order to incorporate an enclosure which required less
modification as well as allocated a more appropriate amount of space for the amount of hardware it
was to contain. The enclosure in the prototype allows the user to keep the XeF, tank as well as the
pump external to the system. This allows for easier regular maintenance of the device (switching out
tanks) as well as reduces the size of the device. An outlet line comes out the back of the tank to connect
to the Nitrogen supply, albeit a tank or a wall line.

PROTOTYPE FABRICATION PLAN

Please refer to Table 12 on the following page which describes the manufacture process for each part.
Following the manufacture plan is a flowchart of a detailed assembly plan. The parts will be
manufactured in the order in which their components and materials arrive. We expect to receive
materials from McMaster-Carr and local hardware stores first. Thus, the first component to be
manufactured will be the expansion/etch chamber. Since we intend on manufacturing the device to
accept a knife valve at a later date, we will machine the chamber with some amount of flexibility in
order to accommodate for variation in the actual valve received within supplier tolerances. Lastly, to
fabricate everything correctly and safely, the additional safety report details components and processes
that will require extra attention to detail and special safety considerations.
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Part

Description

Starting
Material

CEss
Mumber

Process
Description

Mill plate into 57x5"

Machine Used

Mill with .25 end

Feed/Speed

Safety Measures

i S— il 1500 rpm mormal mill safety
= =
— -
2 Face surface M"hmr:_r{;ilas end 1500 rpm mormal mill zafety
Alumninum . 0.375" - 1,/32" Drill .
3 .
1 Bare Plate Plate 3 orrill hole bt L1000 rpm mormal mill safety
5"x5"x0.25"
4 Tap hole 3/B" NFT By Hand Mormal tapping safety
5 orrill pin holes orrill bit: 0,125 1000 npm Marmal mill safety
i Size toapprox 1"
.-S.I_Lln'lnun' . i PP Band Saw 1500 rpm Mormal band saw safety
2 Bottomside  |UDIE, OD: 5 neEht
- ID: 4.5" Face top and Mill with 0. 25" end L
height: 2" Z bottom mil 1500 rpm mormal mill safety
; Weld parts
Baze Plate + Aluminum _ . . .
3 Eittom Side components 1 t:ugsthlsr Tis welding Mf& normal welding safety
[Bob]
Alurninum . ]
. Mill O-ring Groowe e e
4 Bottom Side T”t;lg‘_g;:;?: = 1 with :N?rr‘j:hins rﬂlllxx'nr;ri?;lls" end 1600 mormal mill zafety
s _m Marv)
height: 2 I !
i Size to approx 5"
AI_UW'HUW . i FP Band Saw 1600 rpm Mormal band saw safety
5 Topside Tubing, OD: 5 hizight
ID: 4.5" Face top and Ml with ©0.25" end o
height; 2 2 batbom mill 1500 rpm mormal mill zafety
Cut plate into rough .
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Table 12: Detailed initial manufacturing plan
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Chart 1, below, is a flowchart of a detailed assembly plan. Based on FEMA analysis as well as failure
analysis, we are confident that the components of our design will not fail before, during, or after
assembly (which will take place in the Undergraduate Machine Shop), barring unusual circumstances
(such as accidental dropping of parts etc.) All manufacturing will take place in the Undergraduate
Machine Shop supervised by Bob Coury on the first floor of the GG Brown building. CAD drawings of all
parts to be manufactured are in Appendix J.

Connect tubes to solenoid
valves and route tubing

Fasten/Assemble emergency

Screw on hinges and latches TR G [

onto top and bottom lids

Place O ring into bottom

side groove

enclosure, screw in
feedthrough and pressure
sensor

Connect XeF, and N, tubing
to ports in chamber

through ports in enclosure
and connect to respective
tanks and pump

Connect purge and
emergency purge tubing to

enclosure

Connect vacuum pump
tubing through port in
chamber

Connect controller and all
wires

Bolt etching chamber and
valves onto enclosure

CHART 1: Assembly flow chart

VALIDATION RESULTS

Initial Validation Plan

Our primary concern in relation to device failure risk is any failure which results in leakage of the
working fluid into the humid atmospheric air. As previously mentioned, this will readily cause the
formation of hydrofluoric acid (HF), which is extremely dangerous and can result in death.

Due to the danger of using XeF,, all validation testing during the course of this project will be performed
with inert gases, such as air. It is expected that further testing may be performed after the completion of
this project with real working fluids under the supervision of trained clean room personnel and within a
vented fume hood/room. All testing is anticipated to take place in an area equipped with a fume hood.
This location has not yet been determined.

Burst/Crush/Leak Test: This test will assess the failure of the etching expansion chamber assembly. A
LabVIEW program separate from the actual control program will be written in order to effectively and
efficiently perform this test.

The assembled subsystem will be connected to an input gas line (likely air or N,) and a vent line as well
as the vacuum pump to be used as during normal operation. The system will be submerged completely
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in a tank of water. The system will be cycled between maximal pressure and operational vacuum for 100
cycles. The system will be monitored over this time to assess if any bubbles escape the tank (leakage) or
if any mechanical or material failures arise (such as cracks or holes). Also observed will be all joints
connecting tubing to the chamber. It is assumed that these junctions are representative of joints
connected to valves (as the electric valves cannot be submerged in water without damaging the
solenoid).

TO BE NOTED: The use of molecular nitrogen is acceptable to be used in leak test since its molecular size
is smaller than that of XeF, and thus it would leak more readily.

Working Gas Distribution Test: This test will initially test the validity of eliminating the expansion
chamber (use without knife valve). Since the use of the actual working gas is highly dangerous at this
stage in the design process, a safe oxidizing agent, such as molecular oxygen, will be used. In this test, a
substance of similar shape to a wafer but of a readily oxidizing agent will be inserted into the chamber.
The system will run as it would for silicon etching; however, the oxidizing agent will replace the XeF..
After the cycle has run, the material will be inspected for uniformity of oxidation on the surface of the
material. This will be repeated 10 times in order to collect enough data for statistical measurements and
conclusions to be drawn.

LabVIEW Software Validation: Early in development (just after sensors arrive in-house), the LabVIEW
software will be edited by all team members in an effort to debug the program. After this has been
completed, the software will be tested on the assembled mechanism connected to inert gases with no
wafer present. The pressure will be monitored and cycles will be timed by the team in order to ensure
that the user inputs are executed properly. This process will be repeated 5 times with 5 different
time/pressure configurations.

The software will also be tested for safety. For instance, the team will input an unattainable pressure
into the interface and ensure that the system responds properly. The emergency stop button and
humidity sensor safety features will also be tested to validate the safety protocol on the machine
(discussed in detail in the safety report).

Final Performed Validation and Results

In order to validate that our prototype works, we ran a couple different tests on it. Our initial test was
to run compressed air into the system to check if there were any leaks and if all the electrical
components were working properly. The valves that were connected to the air source and to the
vacuum pump were open, while the third valve was closed.

The second test checked if the etching chamber could withstand and hold a vacuum pressure. The
pressure inside the etching chamber while the vacuum was running was measured. Also, the time it
took for air to leak back into the etching chamber while the vacuum was off and valves were shut was
measured. From the results of these two tests, it was concluded that the prototype is not completely
sealed at the top etching chamber between the acrylic top and the aluminum cylinder. This problem
can be solved by combining these two pieces into one part and fabricating the entire top part from one
large block of acrylic, which is discussed later in this report.
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There were several limitations to these experiments. One limitation was measuring the vacuum
pressure in the etching chamber. The pressure sensor that was originally used was not working
properly, so an external sensor was used. Also, the leak prevented the etching chamber from both
reaching and maintaining a complete vacuum pressure. Another limitation was the calibration of the
temperature and humidity sensors. Both sensors were outputting a voltage instead of temperature and
humidity. The result from the maximum achieved vacuum pressure is provided below in Table 13.

The other tests outlined in our initial validation plan were not performed largely due to the presence of
a leak. Until a new prototype can be constructed (for example out of one uniform piece of acrylic),
these tests cannot be performed.

Trial Vacuum Pressure After
30s (gauge PSl)

1 212.32

2 -12.36

3 -12.38

4 -12.42

> 123

6 -12.42

/ -12.44

8 -12.44

9 -12.44

10 -12.46

AVERAGE -12.398

STANDARD
DEVIATION 0.055337349

Table 13: Pressure results from vacuum tests

DISCUSSION

Design Improvements and Future Work

Due to time and cost constraints and issues encountered during the manufacturing process of the
prototype, we have produced a number of recommended design improvements. We will address
improvements for the following system components:

1. Etching/Expansion Chamber
2. System Control Program

To minimize expenses, we selected aluminum as the material for the etching/expansion chamber. We
welded aluminum tubing to an aluminum plate to create the bottom half of the e chamber. Because a
viewing window was necessary clear acrylic was attached and sealed to an aluminum tube using epoxy.
To avoid potential leaks from this sealing process, we recommend machining the entire chamber from
acrylic.
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We also suggest integrating a knife valve into the system to further improve the seal between the
etching and expansion chambers. This steps needed to incorporate this valve will be explained in detail
in the evaluation section below.

For the prototype we utilized LabVIEW as our system control program. Although our program runs
smoothly, we suggest, as further work, that an Arduino onboard chip be incorporated into the system.
This would allow the etching machine to be self-functioning and eliminate the need for an external
computer and for the user to own LabVIEW. This would also require the integration of an LCD touch
screen for user inputs into the system.

Self-Evaluation

One of the many problems encountered during prototype fabrication was the inconsistency in
dimensions of the purchased bulk materials used to create the etching chamber. The aluminum tubing
did not have an equal wall thickness all the way around the tube thus making the inner wall and outer
wall not perfectly concentric (or within tolerance). This would have created a problem with the gasket
and bolt sealing method and was one of the major reasons we switched to the o-ring seal instead, as
discussed previously. McMaster did have the option to have ground materials which have a much closer
tolerance to the advertised nominal dimensions. In hindsight, this may have been a preferred choice
however at the time this was viewed as too costly of an option. The main take-away from this
encountered problem was to create a design that is not highly constrained to loosely tolerance parts
(i.e. o-ring seal instead of concentrically placed gasket).

Another problem our group came across was the difficulty of sealing the etching chamber in both over-
pressure conditions (purge part of cycle) and vacuum conditions (etching and expansion part of cycle).
Most seals are good in one condition and not the other, so finding a seal that can coexist in both was a
challenge. The gasket method mentioned previously may have been an optimum choice, however
limitations including difficulty in removing the wafer, uneven chamber wall thicknesses, and size of bolts
required proved this method unfeasible. The o-ring method seemed to be the easiest method to
incorporate into the Alpha design from DR3 (originally using gaskets) and accommodate the recently
updated chamber opening mechanism: dual hinge and latch method.

Not only was the interface between the two halves of the chamber a sealing issue, but the epoxy
interface between the top lid and top side piece created another place for air to leak in or out. Gluing
two dissimilar materials together in pressure or vacuum applications has an undesired effect between
bond strength and interface seal: both affected by the surface condition of the two pieces. When gluing
two surfaces together, for bond strength it is desired to have two rough surfaces so the glue can seep
into the imperfections and have a stronger hold on each piece. However, for interface sealing it is
desired to have two smooth surfaces that are flush with each other so air cannot leak through the
imperfections and pores in the surface of the material. To remedy this situation, it would be optimal to
construct the entire top piece of the enclosure out of one piece of acrylic and seal that the surface of the
knife valve with o-rings. The design for this is discussed in detail below in the recommendations section.

Although some design changes were unavoidable, such as the sealing method due to inconsistencies in
material dimensions, one in particular could have been anticipated. In DR3, the top and bottom sides of
the enclosure were fastened to the lid and base plate using 3/32” cap screws. It was mentioned by our
sponsor after review that a hinged and latched enclosure would be preferred. If this were established
and emphasized early on, a more exact and secure hinge mechanism could have been designed rather
than creating one from scratch in the machine shop. Also more robust hinges could have been
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purchased in advanced and incorporated in the design if this was accounted for earlier in the design
process. The current hinges are sufficient for the current prototype, but they still have some “wiggle” in
them which creates an opening and closing of the enclosure that is not perfectly stable.

Another design change that could have been anticipated was the wafer holding method using the Acetal
pins. This material was chosen over aluminum so it would not scratch the wafers during placement and
removal. It also is very nonreactive with a variety of chemicals. Although the pins were only 1/8” in
diameter, it was designed to have a notch milled out to create a ledge to place the wafer pins. This
would be slightly difficult with a rigid material but not impossible. However, upon receiving the Acetal
rod material, it was more flexible than we had anticipated and could not withstand the forces associated
with milling a notch. Therefore, instead of having the wafer placed on a ledge on each of the six pins, it
was decided to create two circular patterns of pins to hold the wafer. The inner ring rests under the
wafer and provides solely vertical support. The outer ring rests just outside the outer diameter of the
wafer contains the wafer over the inner ring, providing a horizontal constraint. This design could have
been accounted for in the beginning and was much easier to manufacture rather than milling a notch in
a small pin.

Another unforeseen problem that eventually limited our validation testing was the pressure sensor
ordered. On McMaster’s website, the analog pressure transducers are not labeled as gauge or absolute
pressure sensors and are just denoted by their pressure range (i.e. 0 — 25 psi, not psig or psia). Since the
0 reference value was not specified, we were left to interpret this on our own. In hindsight, we should
have figured this to be psig since this is the most common application however, calling McMaster to
specify a psi absolute sensor may have been a better route to order this sensor. Instead this was
ordered along with many other items and the mistake was not realized until the sensor arrived.

After it was determined this sensor was for gauge pressure applications, we order the appropriate
device, but the absolute series sensors had a two week build-to-order delay. Due to this, the sensor
arrived after validation testing and the design expo presentation. Our sponsor was able to provide us
with a substitute sensor that was sufficient for testing with a digital readout.

RECOMMENDATIONS

As mentioned previously, the knife valve was an expected addition to be introduced to the system after
the prototype was completed. With this significant addition, the etching enclosure must be slightly
modified. The base plate can be used as is however an adapter plate must be fabricated to connect it to
the ISO-F flange on the knife valve. This adapter plate consists of 8 equally spaced M8 bolts pattern with
a 145mm central pattern diameter. The top lid is to be re-fabricated from one piece of inch thick acrylic
and this will be fastened to the top of the knife valve with the same bolt pattern. A full assortment of
updated CAD models for the existing prototype and future additions can be found in Appendix B.

The knife valve found in Appendix P is powered by a pneumatic actuator, controlled by an electronic
solenoid with both a position indicator and single acting closing spring. This solenoid control and
position indicator can be simply added into LabVIEW and connected to the DAQ with the DIN 7 pin
output. This addition along with adjusting the torque to be equal for both the tubing and fitting to
chamber connections will eliminate all the possible areas for any gas to leak in or out of the system. The
final stack-up of the etching chamber can be seen below in Figure 6 (a) and (b) for both and top and
bottom view.

31



’[—N
»

Figure 6 (a): Bottom View of Explosion of Recommended Final Design
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Figure 6 (b): Top View of Explosion of Recommended Final Design

As shown in the images above, the knife valve is relatively large compared to the current enclosure. In
order to properly support this addition, vertical supports must be added to the inside of the enclosure
so the weight of the chamber and knife valve does not crush or deform the plastic system enclosure.

This can be accomplished with four round stock pieces of either aluminum or PVC in the center of the
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enclosure. Each end can then be bolted to the top and bottom of the enclosure and threaded into the
center of the support. The placement will be dependent on the available space around the solenoid
valves and electrical wires or gas plumbing.

Another addition that must be reconstructed is the hinge and latch mechanism. Since the additions to
the current enclosure are relatively large and complex, and exact model of the hinge and latch brackets
were omitted since these will have to be design and fabricated after the new chamber is completed.
However, a few design considerations are provided below.
e To have a more robust hinge, on single centerfold hinge that stretches the length of the
chamber will provide and stronger opening mechanism.
e Hinge brackets can still be fastened to the top lid and base plate but need to extend out to
provide enough clearance for the knife valve.

CONCLUSION

To fulfill all of the customer requirements and engineering specifications for our project, we
brainstormed many different ideas for our etching system. The system was first broken down into
different functions and different ideas for each function were developed. A morphological chart was
then generated containing different system designs using these ideas. Also, a desired design was
produced using the best and most suitable options for each function. From these designs, a Pugh chart
was then created to judge each system and to determine if it satisfied each customer requirement. It
was confirmed from this chart that our desired design was the best out of all possible designs. It was
determined that our system will have:

Xenon Diflouride (XeF,) as the etching gas

Elimination of the expansion chamber and simplified dispersion method

Sheet metal as the system enclosure with polycarbonate as the top viewing plate
A single pump to evacuate the gas

A hydrometer and nitrogen purge to remove moisture from the system

A hinge and clamp with an air tight o-ring seal

Two-way valves combined with the existing layout

NouhswnNneE

The aluminum etching/ expansion chamber was cut on a band saw to the approximate size, and then
machined within a tolerance of £0.01 of an inch. The aluminum base plate was welded to the bottom
side and then a groove was machined into the top of the bottom side for the o-ring seal. Epoxy was
used to attach the acrylic top plate to the aluminum top side. The chamber was then assembled using
bolts to attach the hinges and latches.

The electronic layout of the system was designed based on the voltage and current requirements of
each component (solenoid valves, sensors, and DAQ). The details of this layout are described in a prior
section. The controls for the project were designed using LabVIEW.

We used compressed air to test our prototype for leaks and the ability to maintain vacuum. A pressure
transducer was used to measure the vacuum pressure that our system could achieve. The chamber was
brought to vacuum pressure ten times and the pressure achieved after 30 seconds of pumping was
recorded. The average pressure reached was -12.4 gauge psi with a standard deviation of 0.06 gauge psi.
The necessary pressure for the system is -14.0 gauge psi.
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Our validation activities also revealed a leak in the epoxy seal. This accounts for the lower pressure and
the inability of the system to maintain vacuum. To eliminate this problem, we recommend machining
the entire chamber from acrylic to avoid using epoxy as a seal between acrylic and aluminum. We also
strongly advise incorporating a knife valve into the system to increase the seal and to optimize the
uniformity of the gas dispersion.
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APPENDIX A: Bill of Materials

Item ' Quantity = Source | Catalog Number ~ Cost Contact
Electrical 1 Omega PFT2NPT-2CU | $60.00 Omega.com
Feedthrough

2-Way Valves | 3 Omega SVv3502 $114.00 ea | Omega.com
PVDF Tubing | 8 ft McMaster-Carr | 5390K34 $3.44 ft McMaster.com
Swagelok 2 McMaster-Carr | 50385K46 $10.55ea | McMaster.com
Adapter (3/8”

NPT)

Relief Valve |1 McMaster-Carr | 8088K14 $23.98 McMaster.com
Swagelok 2 McMaster-Carr | 5272K196 $6.63 McMaster.com
Adapter (1/2”

NPT, NPTF)

Swagelok 6 Ace Hardware | N/A $3.95 ea Acehardware.com
Adapter (1/4”

NPT)

127x127x1/4” | 1 McMaster-Carr | 9246K13 $19.00 McMaster.com
Aluminum

Sheet

Y47 thick, 12”7 | 1 McMaster-Carr | 9056K551 $47.31 McMaster.com
Length, 4.5”

ID Al Tube

Pressure 1 McMaster-Carr | 3196K999 $153.82 McMaster.com
Gauge

Humidity 1 Precon HS2000V $29.95 Precon.com
Sensor

Emergency 1 Omron A22E-MP-01 $42.22 Omron.com
Stop Button

Swagelok Tee | 2 McMaster-Carr | 5272K252 $13.51ea | McMaster.com
Fitting

Acetal Rod 4 ft McMaster-Carr | 8497K11 $0.38 ft McMaster.com
12”7 x 12”7 x 1 McMaster-Carr | 4615T51 $18.86 McMaster.com
72" Acrylic

Latches 2 Ace Hardware | N/A $5.95 Acehardware.com
Hinges 2 Ace Hardware | N/A $3.99 Acehardware.com
Plastic 5 Ace Hardware | N/A $1.29 ea Acehardware.com
grommet

Vacuum Tube | 1 McMaster-Carr | 4518K481 $19.68 McMaster.com
Fitting

VacuumRing |1 McMaster-Carr | 4518K621 $6.28 McMaster.com
Vacuum 1 McMaster-Carr | 4518K711 $7.00 McMaster.com
Aluminum

Wing-Nut

Electrical Box | 1 Doug Verner N/A Donation N/A

Electrical 1 Doug Verner N/A Donation N/A

Wires

Bread Board |1 Doug Verner N/A Donation N/A

DAQ 1 John Baker N/A Rental N/A
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APPENDIX B: Description of Engineering Changes Since DR3 (Change
Notices)

NOTE:

Outside left as square instead of circular (57x 37).
* 6 bolt holes omitted: instead top side piece was
epoxied to the top hd.
¢ Materal change: alummum to %7 acrylic (for
visibility).

WAS

IS

i

Part name: Chamber base

Engineer(s): Team 23 (whole)

Project Mng: Prof. Katsuo Kurabayashi
Sponsor:Prof. Nikos Chronis

NOTE:

#  QOutlet port relocated to bottom center.

* Wafer pin assortment changed to 2 patterns of 4 on
the outside and 6 on the inside (dimensions given in
CAD drawing).

* Bolt and gasket seal replaced with -048 o-ring groove
centered in thickness (dimensions given in CAD
drawing).

* Base plate kept square for easy clamping in vice and
TIG welded on inside seam to bottom side.

WAS

Part name: Chamber base

Engineer(s): Team 23 (whole)

Project Mng: Prof. Katsuo Kurabayashi
Sponsor:Prof. Nikos Chronis
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APPENDIX C: Design Analysis Assignment from Lecture

1. Material Selection Assignment (Fundamental Performance)

Introduction

Our proposed design for an economical silicon etching machine is broken up into 4 main sub-systems:
etching/expansions chamber, system enclosure, gas plumbing, and electrical connections. Since the
etching/expansion chamber system contained the most fabrication and construction time, it was
selected to perform the materials selection analysis (functional performance). The first section contains
the analysis for the aluminum base and bottom side part while the second section contains the analysis
for the acrylic top plate. These two pieces were viewed as the two most critical components of the
etching/expansion chamber. A final prototype photo is provided below in Figure 1.

Figure 1

COMPONENT ONE: Base Plate and Bottom Side Part

Function
The top acrylic plate and top side part has one main function for our etching machine: Maintain
structural integrity while also maintaining pressure and vacuum environments within the chamber.

(1) Provide visualization to the user
An important customer requirement to the successful operation of the etching machine is the ability of
the user to view the progress of the etching process. Thus, a transparent material, acrylic, was used in
order to allow the ability to view the inner workings of the chamber during operation by use of a
microscope or simply the human eye.

(2) Maintain structural integrity while also maintaining pressure and vacuum environments

within the chamber.

Since leakage is a critical design issue, it is very important that the system maintains structural integrity
during its working conditions.

Objective

(1) Maximize failure stress, minimize mass
Constraints

(1) Minimal purchase thickness (1/16”’), Maximum working pressure of 25 psi gauge.
Index

(1) M=0¢/p (maximize M)
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Material Indices
Incorporating the above stated functions, objectives, and constraints, the following material indices
were produced in Table 3 below.

Function Objective Constraint
Structural Integrity Maximize failure stress, Minimal purchase M= o¢/p
minimize mass thickness, maximum (maximize M)
working pressure of 25
psi gauge

Top Material Choices (from CES)

Using the CES material software, five chamber materials were identified that meet the above
constraints: High Carbon Steel, Low Alloy Steel, Stainless Steel, Aluminum Alloy, Copper Alloy. Raw
material pricing is provided as well in the table below.

High Carbon Steel 0.328-0.361
Low Alloy Steel 0.366-0.402
Stainless Steel 2.96-3.25
Aluminum Alloy 0.697-0.766
Copper Alloy 1.43-1.58
Final Choice

Using the CES software and factoring in material costs, AISI 6061 aluminum was chosen as the material
to construct the base plate and bottom side part. Its high strength to weight ratio in both yielding and
fracture make it an ideal candidate for pressure and etching chambers. Although it is relatively
expensive compared to standard steels, the size of the aluminum tubing and base plate made this piece
able to fit into our budget of ~$800.

COMPONENT TWO: Top Acrylic Plate and Top Side Part

Function
The top acrylic plate and top side part has two main functions for our etching machine: (1) Provide
visualization to the user and (2) Maintain structural integrity while also maintaining pressure and
vacuum environments within the chamber.

(3) Provide visualization to the user
An important customer requirement to the successful operation of the etching machine is the ability of
the user to view the progress of the etching process. Thus, a transparent material, acrylic, was used in
order to allow the ability to view the inner workings of the chamber during operation by use of a
microscope or simply the human eye.

(4) Maintain structural integrity while also maintaining pressure and vacuum environments

within the chamber.

Since leakage is a critical design issue, it is very important that the system maintains structural integrity
during its working conditions.
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Objective
(2) Maximize transmittance of light through the material with a minimal index of refraction.
(3) Maximize failure stress, minimize mass

Constraints
(2) Thickness specified (t=0.5"), Optical Quality required, Refraction Index in the Optical Quality
range (~1.5)
(3) Minimal purchase thickness (1/8”), Maximum working pressure of 25 psi gauge.

Index
(2) No index for this objective
(3) M=0c¢/p (maximize M)

Material Indices
Incorporating the above stated functions, objectives, and constraints, the following material indices
were produced in Table 3 below.

Function Objective Constraint Index
Visualization Maximize transmittance Thickness specified, No index
Optical Quality
Required, Refraction

index ~1.5
Structural Integrity Maximize failure stress, Minimal purchase M= o¢/p
minimize mass thickness, maximum (maximize M)
working pressure of 25
psi gauge

Top Material Choices (from CES)

Using the CES material software, five chamber materials were identified that meet the above
constraints: Acrylic (PMMA), Polycarbonate, Polypropylene, Cellulose polymers, Polylactide. Raw
material pricing is provided as well in the table below.

Material Price USD/lb

Acrylic (PMMA) 72.4-76.2
Polycarbonate 1.66-1.83
Polypropylene 55.6-56.8
Cellulose polymers 61.2-81.2
Polylactide 75.5-78
Final Choice

Using the CES software and factoring in material costs, acrylic was chosen as the material to construct
the top plate and AISI 6061 was chosen for the top side part (for the reasons discussed which rationalize
the material for the bottom side part). The Acrylic was chosen for its high yield stress and optimal optic
qualities as well as its use in the current market model. Since it is currently being used for the same
function, we have confidence that it will work equally as well in our system. In addition, acrylic was
chosen due to its immediate availability during our manufacturing period.
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Although the acrylic of the thickness necessary for the application is more expensive than using a
material like the aluminum used for the bottom plate, the necessity of a viewing area during the etching
process made the acrylic a necessary choice.

2. Material Selection Assignment (Environmental Performance)

The results of the DFE are shown at the end of this section (p. X). From the results, it was determined
that between aluminum alloys and stainless steel, stainless steel has the lowest impact on the
environment. Between acrylic and polycarbonate, polycarbonate has the lowest impact on the
environment. So, it would be recommended that in the future, a more environmentally friendly
material be chosen in place of an aluminum alloy, such as stainless steel.

200000 160000
180000 140000
160000 120000
140000
w 120000 100000
€ 100000 80000
* 80000 60000
60000 40000
40000
20000 20000
0 i 0 = T T 1
Air Raw  Waste Air Raw Waste Water
B Aluminum Alloy  ® Stainless Steel B Acrylic ® Polycarbonate

In addition, there could be improvements in several other areas: New Concept Development, Physical
Optimization, Material Use Optimization, Distribution Optimization, Impact Reduction During Use, and
End-of-Life Systems Optimization.

To improve within new concept development, we recommend the use of recycled aluminum/acrylic for
the chamber to save on energy from production and resources. Also, as mentioned previously, an
alternate material to aluminum should be considered. Machining the enclosure from all acrylic may be a
feasible option. The knife valve is also a recommended improvement to increase the quality of the seal,
which would reduce the amount of harmful chemicals released into the environment.

To physically optimize our system, we recommend optimizing the chamber dimensions such that no
extra material is used. Also, the pipe/valve layout should be optimized in order to minimize the amount
of tubing needed and the size of the enclosure to be used.

To optimize our material use, we propose to utilize only one material for manufacturing of the
etching/expansion chamber. This was mentioned previously in the suggestion of using acrylic
exclusively.

To optimize production, we propose to manufacture more than one system at a time which would
minimize the amount of wasted materials. For our prototype, we needed to order more material than
was actually used in the implementation of the device. Additionally, we recommend using optimal
cutting angles and speeds during full production to minimize the amount of harmful particulates
released into the air during the manufacturing process. Finally, we again propose the use of acrylic

40



exclusively in order to avoid the dangerous emissions associated with the welding of aluminum.

To optimize distribution, we recommend ordering all materials from one company at the same time to
minimize the amount of packaging needed as well as the ecological impact associated with delivery.

To reduce our environmental impact during mechanism use, we recommend that the user regularly
check that the machine maintains a good seal, to avoid hazardous leakage to the ambient. In addition
we also recommend the user always operate under a fume hood for both personal and environmental
safety.

Finally, to optimize end-of-life systems, we recommend maximizing the amount of recyclable materials

used in the production of the device such that when its operational life is over, it can be dismantled and
recycled.
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Manufacturing Process Selection Assignment

The production volume for the economical etching machine would be approximately 25-50 per
year. This machine is designed for colleges, research facilities and small MEMS producer
companies/suppliers. Simpler versions of machines may be sold at a lower price. These “one-
off” machines may not include a lower quality/cheaper vacuum pump or knife valve. The knife
valve may be removed for simpler experiments. This may increase the production volume to
100-250. However, it is most likely that each consumer that decides to purchase one of these
machines would only buy a maximum of two.

The two materials used for these components are acrylic and aluminum. The acrylic will be used
for the top plate and the aluminum will be used for the base plate + bottom side component.
Both of these pieces will require the use of the mill. The only major difference between the
milling process milling/drilling speeds will be different. The acrylic will require a slower miller
speed because it is brittle and it may melt during milling process. There will be an addition
process for the aluminum component. The plate and bottom side pieces will needed to be
welded together. The reason why the top plate and top side parts are not combined in to one
component is because acrylic cannot be welded onto the aluminum top side piece. That is why
it was proposed that the future design of the top plate and top side part are to be made by one
block of acrylic. This would eliminate any chance of leaking between these two parts.

Neither of the components will need to be heated treated or have any type of coating applied to
them. The location and diameter of each hole that is drilled into the top plate can have a
relatively poor tolerance because the holes will be threaded and their locations are not very
important. The hole in the bottom plate can also have a relatively poor tolerance because of
the same reasons. The O-ring groove on the cylindrical piece will require a good tolerance
because it is a major component in preventing the etching chamber from leaking. Also, careful
machining is required because the groove is located on top of the %” thick wall of the cylinder.
The diameters and locations of the holes for the pins will also need a good tolerance.
Interference fits are needed to keep the pins securely placed onto the base plate. The locations
of these holes/pins are also important because they will keep the silicon wafer from moving
during the vacuum/etching process.
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APPENDIX D: QFD diagram
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: Gantt Chart
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APPENDIX F: Current Xetch System Pictures
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APPENDIX G: Xetch el and X3 system quotes

X3
- Price: Model X-SYS-3B: 6" system, Us $157,500
Model X-SYS-3C: 87 system, Us 190,000
v Delivery: 12-14 weeks after receipt of customer down payment for Xetch®
w Incoterms: FOB Ex Works
v Tems: 30% with order

60% on shipment Net 30 days,.
10% Met 30 days, after final verification test

v Other Provisions:
Final payment will be due immediately if, due to reasons not in
KACTIX Inc.'s control, final verification test in not completed 30
days after shipment.

Operation of the Xetch requires purchase of two xenon difluoride
source bottles that are not included with the system. Please
contact XACTIX for help in finding a supplier of xenon diflucride.

Customer order is non-cancelable once down payment has been

received.
v Options:
Part Number X-CO-SW-X3-AR Advanced Recipe Package 52,950
Part Mumber  X-CO-SW-X3-AM Adv. Experimentation/anufacturing Package %2950
Part Number X-CO-SW-X3-EN Ethemet-based remote system control $9,750
Part Number  X-U-X3-1U Imaging Upgrade 519,500
Part Number  X-U-X3-CF MFC Controlled Continuous Flow 519.500
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Price: ¥-SYS-EXP Xetch e1, base configuration Us $97,500
University Discount - US $20.000
Net Price Us $77,500
Delivery: 12 - 14 weeks after receipt of customer down payment.
Incoterms: FOB Ex Works
Terms: 30% with order, via telegraphic transfer to our bank account
70% at shipment, by way of an imevocable guaranteed lefter of
credit drawn on a US Bank. All bank charges to be paid
by customer.
Other Provisions: Customer order is non-cancelable once down payment has been
received.
Operation of the Xetch &1 requires purchase of one xenon
difluoride source bottle that is not included with the system.
Contact XACTIX for help finding a supplier of xenon difluoride.
Options:
Part Number X-CO-SW-X-AR Advanced Recipe Package $3,850
Part Number X-CO-SW-X-AM Advanced Experimentation Package $3,850
Part Number X-U-EXP-TS Touch Screen Upgrade $1,900
Part Number X-U-EXP-MO Microscope Option $8,900
Part Number X-U-EXP-IU Imaging Upgrade (requires Microscope Option) 522,400
Part Number X-U-EXP-PG Process Gauge Upgrade $4,500
Part Number X-U-EXP-HT Heating Upgrade $6,600
Part Number X-U-EXP-CF MFC Controlled Continuous Flow 522,600
Part Number VABO031 Thin Metal Lid with View Port $5,200
Part Number X-U-EXP-INST Installation individually quoted.
Part Number X-U-EXP-SUP On site warranty and post warranty service is

individually quoted.
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APPENDIX H: Group Bios

Amanda Herrick

Known as Mandy, she is a Michigan native from East Tawas. She fell into the engineering
pathway after a positive experience at an engineering summer camp and due to her skills
in math and science. After a negative experience with organic chemistry, Mandy switched
from biomedical engineering to mechanical engineering. After graduation this spring with a
~ B.S.E in mechanical engineering, Mandy plans to continue work at her current place of
employment, University of Michigan Transportation Research Institute (UMTRI) for a year, before
applying to graduate programs in either Industrial Design or Sustainability Systems. Mandy has also
considered applying to the Peacecorp or Teach for America before pursuing another degree. Besides
engineering, Mandy is involved in the Student Sustainability Initiative and also enjoys pursuing her
interests in piano, drawing, sailing, design, and traveling.

Jason Kloess

Jason Kloess is from Rochester Hills, Michigan. Both of his parents work at the General
Motors Tech. center and have had a significant influence on his choice for an engineering
career path. After graduating from Stoney Creek High School and General Motors
Technical Academy, he attended the University of Michigan’s Engineering program. During
the summer of his second year, he conducted research at Oakland University in Auburn
Hills with Professor Xia Wang on flow patterns within bipolar plates of PEM fuel cells. An article was
submitted and accepted to the Journal of Power Sources on the improvements of Bio-Inspired flow
patterns on these bipolar plates. The following summer, he participated in a student internship at the US
EPA: NVFEL specifically in the Advanced Technology Division improving the filtration system of the
hydraulic hybrid UPS delivery vehicles. Currently he is conducting research with Professor Volker Sick on
photo analyses of flame retardant materials. He will graduate in April and hopes to continue into a
Masters Degree of Mechanical Engineering in the Energy and Environmental Sustainability program. He
also enjoys playing guitar and collecting records and sneakers.

Sarah Verner

Sarah Verner is originally from Sterling Heights, MI. She chose Mechanical Engineering based
on its versatility and her love of math and physics. After graduating with her Bachelor’s
Degree, Sarah plans to attain her Master’s Degree in Biomedical Engineering through the
SGUS (Sequential Graduate Undergraduate Studies) program. After completing her MSE, she
will either attend medical school or obtain a PhD in either Biomedical or Mechanical
Engineering. In addition to engineering, Sarah enjoys drawing, painting, creative writing, tutoring math,
and playing the violin. In the near future, she hopes to get her pilot’s license, spend a year living on a
sailboat, and obtain her MFA in creative writing.
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John Wang

John Wang is from Northville, MI. He became interested in Mechanical Engineering because
math and science were his strengths in high school and his father currently is one. After
graduation, he plans on finding a job in the Mechanical Engineering field, and plans on
working for his masters or MBA after several years of working in the field. His interests
consist of sports, videogames, music, and watching TV.
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APPENDIX I: CONCEPT SKETCHES

Function 2: Gas Dispersion

Diffuser + Mesh

Multiple Inlets
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Function 3: System Enclosur

Plexiglas
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Function 6: Wafer Loading Mechanism
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Tray Loader
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System Layout and Valve Reduction
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APPENDIX J: CAD MODEL IMAGES OF ALPHA CONCEPT

Etching chamber Lid + Diffuser Plate

Etching chamber Bottom + Wafer Holding Pins
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System Enclosure and Component Placement
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APPENDIX K: CFD Fluid Models and Flow Results

Simulation Performed: COMSOL Multiphysics

-Steady state Navier Stokes equations
-GMRES solver, 10e-6 convergence

-Inlet flow velocity =1 m/s.

-Outlet pressure = 0.0001 Pa

-Fluid temperature = 300 K
-No slip wall condition

Models and Results

1. Open upper chamber design
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3. Lift plates
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APPENDIX L: Intermediate Flow Distrubtion Designs Report

Introduction

In this brief report, four designs are presented that address the suggested design changes during the
meeting held on Thursday February 18, 2010. After each design has been discussed, a simple and
cursory risk assesment is performed. This paper selects two primary designs with which the team is most
comfortable. We would like to discuss these two concepts (as well as the additional two, if necessary)
durnig our meeting on February 19, 2010.

PRESENTATION OF THE DESIGNS
DESIGN 1: Existing design + channels in lid

This design is similar to the final design presented in DR2 with the exception of a few modifications to
the upper lid of the etching chamber. Instead of having a large bored opening connected to the inlet
lines, the flow of the working fluid is destributed by 1/4” channels that run underneath each hole in the
diffuser plate (shown in green in image 2).

The current images show the flow coming in from the side and then making a 90 degree turn to flow up
to the diffuser plate. This could be replaced with just a vertical hole coming from the top of the main lid
but this will be constrained by space in the enclosure and flexibility of the inlet line. The cross section in
image 4 shows this turn as well as the cross section of the diffuser plate holes.

Two subtle design features:

(1) — Each of the six branches stemming from the center of the plate are connected by two circular
channels that go around the entire plate. This was created to connect all the holes in the
diffuser plate and potentially eliminate dead zones in the flow pattern. Further modifications to
the flow pattern will be added when a CFD model of the current design is completed and
analyzed (within the next week).

(2) —The hole in the center of the diffuser plate was omitted to prevent flow of the gas from only
traveling through this hole and not spreading out through the entire chamber. This will also
prevent only the center of the wafer being etched and not any detail around the outside.

In assembly the diffuser plate will be sealed to this top half in order to prevent leaks aroung the outside
of the diffuser plate and top half interface surface. This will be achieved with some sort of adhesive or
caulking that’s not reactive with the XeF, or HF.
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IMAGE 1

IMAGE 2
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IMAGE 3

IMAGE 4

DESIGN 2: Twisting Dual-chamber with Teflon gasket
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As seen in the sketches below, this design embodies the concept of twisting two similarly machined
disks in order to open and close a set of diffusion holes (close by misalignment and open by alignment).
In between these two disks (and affixed in some fashion to one of the disks) will be a gasket made of
Teflon (in order to make the friction during the twist motion as small as possible as well as to improve
the goodness of the seal between the two disks). The bottom disk will have gear teeth around its
circumference. This will be used to turn the disk with a mated pinion gear. The pinion gear will be
driven by compressed Nitrogen flow. The bottom chamber (which is connected to the large geared
surface) must also be seated on rollers or some kind of minimal friction surface as it must rotate with
the gear freely.

This design features only two valves; however it must also incorporate a compressor to generate enough
pressure to turn the pinion gear as well as a motor to operate said compressor.
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DESIGN 3: Multiple “Flap” valve design

The system consists of a top (expansion) chamber and bottom (etching) chamber. Situated between the
two chambers are a diffusion plate, patterned with holes, and a thin slotted film. The slots in the film are
aligned with the holes in the diffusion plate. In operation, you would purge the chambers with N, and
then evacuate the top and bottom individually. The XeF, would then be released into the pseudo
expansion chamber and the change in pressure would force the slots open, thus releasing the etching
fluid into the etching chamber. This process would be repeated until the desired etch was achieved.

«

P
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DESIGN 4: Elimination of expansion chamber with diffusion hierarchy

The fourth design combines the expansion chamber with the etching chamber. There are three
diffusion plates that will help to not only evenly distribute the etching gas but also to help eliminate the
transient portion of the expansion of the gas into the etching chamber. Each diffusion plate has
additional holes of smaller diameter as it gets closer to the etching surface. The theory behind this
layering of progressively more complex diffusion plates is that the gas will be allowed to expand
between layers and the fluid will become a uniform mixture by the time it reaches the surface to be
etched. This will eliminate the need for an expansion chamber. An additional convenient feature of this
design is that it only requires two valves and no additional controllers, motors or components from the
original design.

199 ]

———————— XeF2 N2

Etching
3 Diffuser Plates Chamber

Silicon Wafer
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| —
I I Vacuum
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RISK ASSESSMENT:

In the table below, six areas of potential failure were identified (first column). These failures were
ranked on a 1-10 scale where 1 indicates that if the mechanism were to fail in this mode the design
would still be able to function and 10 indicates that failure in this mode would result in catastrophic
failure of the mechanism. Each design was then rated as a 1, 3, or 9. Here 1 indicates that the
mechanism is not likely to fail in this mode, 3 indicates that it may fail, and 9 indicates that it is likely to
fail. The scores were then weighted by their importance rating and then added. A high score in the
Totals row indicates that the design is high risk for failure and a low score indicates that it is a relatively
low risk for failure.

As seen in the table below, designs 3 and 4 have the lowest amount of risk associated with them, and
thus the team is most comfortable pursuing either of these designs. Design 1 would also be a suitable
design as it scored only 4 points worse than design 3. Design 2 has been eliminated due to the
complexity of its inner workings and the time and monetary stresses that it would induce to
manufacture and implement.
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Failure Mode Importance(1-10) | 1 2 3 4
Loss of Seal / Leakage 4 1 9 3 1
Manufacturing Flaws 8 3 9 9 1
Complexity 5 9 9 3 1
Even Dispersion 9 3 1 1 9
Cost 10 9 9 3 1
Material Wear 6 1 9 9 1

Totals

196 306 192 114
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APPENDIX M: CAD Drawings
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APPENDIX N: Parts and Components Data Sheet or CAD Drawings
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"l gt logenoomd o A T o 8
— Orctarinp Exzmple :PFTICPL K Sarmaid Sectymogts, W APT coupte canlar
Erd Timm K e grmoem s o w oaimn, FITE
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-Two-way Solenoid Valves (Omega.com)

OMEGA-FLO® 2-WAY ZERO
DIFFERENTIAL SOLENOID VALVES

SV3500 Serles
Sarts at

114
CELE

» Normelly Closed,
Assisted Lift Design

» \deal for Compressed
Air, Inert Ges, and Water

» Process Tempersture
to 80°C (185°F)
» BW, AC Coils Standard

» 120r14 W, ACor DC
Coils Available

S/-3500 Sories 2-way zer0
derema sdenad vaves ere
marnaly plosed with assisted ii¥:
ves ng Srass sizness
sox consusion and NSA 2nd PA
saa mamane. Thelampersiure
mngefrom-101090°C (14 00
195°F) is ideal for newra meda
such as compressed &, inan
gasas, and water

Asran-reie’ conneciar is suppied
wheschunt A 4" condust pugis
dso evsiste

SPECIFICATIONS
Mo unting Fosition: Any (ooafenatly
Wi S0en0id SyRem Lpaght)
M. Process Temp:«0 w0 0 5°C
{1477 10 195°F) due 20 NER Sura)
T3 FA payrics)
Max Ambdient Temp: Col Dependent
Eoo rmngs on cxis)
Voitage Tolerance: =10%
Opaning Time (msec):

AC and DC:

10020 1000 appronrately
Clasing Time (msac):

AC and DC:

700%0 4000 approxmately
Oyoling Rate: Aopeox 10 %0 20 oo
Duty Cycie: Connuous {100%)

Swariess Swel 300

Swariess Swe 400

Swariess Swe 400

Swasions Swel 300

Shading Ring Copper

Oritice Rt

Seaing Material| MBS ana BA

c5 e

Cail Inrush VA | Hoiding VA

W 14

=W 23

b b 14

“w 27

78

Coll Maiding Matrial:
Back Folyeswr (Class F):
SVECOL1184C svscx;-’.
HACHOHZ SVEOOLE20AC
Back Folyamide (Class F):
SVSCOL.120C, SVEo0 L2400
al12vencolls

Bacx P suonde
(Ciass H): SVECDL 1280-2
Back Epary Resin

(Class H): A1 14 Yaam coils
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B 13" 1" 2y :
12 W 1w g =TS books{.com"
12w | 2re | 5% =TS
[ MOST POPILAR MODELS HIGHLIGHTED !
PrEkELUns
Cails Jﬂ_ﬂ"m_
Orifice | Cv Flow wman [ AC [ DC |
Modal Mo, | Feos | Fios Size | St Faziar | Standard | Opilanal oEl L LI
] = 1t 5] ] 75
B350 B114 E. i-: T BW = e i
T T 1 & ] TE
ST 114 E: g ﬁ 8 W PRI g % —
g | E
s 17 W Ay T B oW T P (R
e i~ z & ] B
- T —',_,. IS 2 W e 5] 200 | 150vant |
T 1" EE] 5] 118 ]
Lo e T T ] i T id W ] o0 | =k
B e # Ritingar b 12 Mot Y il ihree
Accsssoriss
Madsl N, [ _Frice | Deecriotion
Connesiars
= = Samace— et cad i COne
SYaDD E 1 ool | COnreecaor
Cails
BVECOIL115AC BI85 Feclacaart B W ool "o 4105 120 VoS s 50 Hz 15470 (210°F) (Dass )
BVECOIL1ZDC 5 B W oo for 12 Vac154TC (310°T) (0lass )
BVECOILZ4DC 5 B W oo for 24 Vi 1547C [@10°T) {0lass )
BVECOIL-24AC/E0HT % B W oo fov B4 VaoS0Hz 154°C (210°F) (Class B)
BVECOILZZ0AC % W ooil fov EER0 240 VoS00 50 HZi54C @107 ) (0ams F)
BVECTIL115/E0HZ Fo) B Wi ood "o 115 Vaosl Hz 15270 (380°F) (Clams H)
BV 1 2C0IL SVEOHT 1 12 W oo "o 120 Waosd Hz 154°C @107 (Class B
BV 1ZCOILIZ0C = 12 W ool "o 1EWG 1540 (310°F) iCiass )
BV 12COILE40C = 12 W ool for 4G 1540 (3107 F ) (Ciass )
BV 14COILE40C = W ool for 24O 1EE°C (350°F ) (Ciass M
BV 14COIL-EH50- 50T = H W ool o 24WO0E0 1o B0HZ 1E2TC (280°F) (Cass o)
BV 14COIL120C = W ool for 18V G 152G (350°F) (Ciass M
(] . Flunger, and O
VRKG51Z =E Teoalr Mt for SVAS0 and SVES0E
VRKG534 = Segalr Wt for SV3S00 and SVIS04
VRKG505 = Fecalr bt for SIS i
F 30 125 Tetanerce Bock Vil Hardoook H..J

Tl e S i e 2 St il B B 0l ] S gl e ita
Eniempliie SVRS00 L4 st O T it £
SRR L7 b Gy il ST



-Kynar Tubing (McMaster.com)

1-49 Ft. §3.44 per Ft
50 or more $2.62 per Ft

Type

WMaterial

Shape

Cutside Dia

Inside Dia

Wall Thickness

Available Lengths
Reinfarcement

Color

Maximum Pressure
Operating Temperature Range
Performance Characteristics
Vacuum Rating

Bend Radius

Durometer

Tensile Strength

For Use With

Sterilize With

Specifications Met

Tubing

This product matches all of your selections

[ .

Part Number: 5390K34

FDA Specification

USDA Specification

NSF Specification
Compatible Fittings
Chemical Compatibility Link
Caution

3-A Sanitary White PWDF Tubing
PVDF (Kynar)

gingle Line

318" (.3757)

1147 (.257)

1ME6" (.06257)

5,10, 25, and 50 feet
Unreinforced

Semi-Clear White

1668 psi @ 70°F

-20°to +220°F
Abrasion-Resistant, UV-Resistant, Vacuum Rated
28"Hg at72°F

510 (Hard)
2,000-4,500 psi

Alr, Beverage, Dairy, Food, Water
Gas

3-A Sanitary Standard, United States Food and Drug Administration (FDA), National Sanitation Foundation (MSF),
United States Department of Agriculture (USDA)

CFR21 177.2600
USDA Approved
NSF-51
Compression
51805KAC

McMaster-Carr does not guarantee chemical compatibility because many variables can affect the tubing. Ultimately,
the consumer must determine chemical compatibility based on the conditions in which the product is being used.
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-Swagelok to Pipe thd. Adapter (McMaster.com)
Compression Tube Fittings

Pat Mumber SIQE5H4E

18Eadh B0 55 5ach
T or mone 55718 Each

Lhapa

ddapter Typa

lansirial

Mrenal Desail

Amings includa

Compres s lon Sising Type
Eingle=Slsewed &ompression Tyos
Sor Ourside Tubs Diamesar
Spa Thraad

S S

MutTuoe End Thnead
Madmum Pressuns

Cperaing Tempearature Sangs
For Tubing Tepa

Tubing Compaability Nate

ForUsa Wit
Soarilizs Wi
Enmcifcations Mat
Compatibla Rams

WA N E

Adaprer

W la Pips Adapier

Brass

Forgad or bar 5300k pallow bras s

Body, nut, and a Bura sleees (fermie |
Singles Sleerved Compressian
‘Woration < esistan

iy

METE {Drysaal} Mala

iy

BE L UM

1TEpsl @ TFE

30w +ETEE

Bumingm, Sopper, Sieal, Sainlass Sieal
Lisa with 5.aamles s and walded aluminum,
copper, st el, and stainless seel ubing
i, Diesal Fusl, Gasaoline, Lubricars, Gil,
Wyanar

Eomam o toclare |

Mot Raned

Mot B 038 BKEL Bunaed Slones BOIEBEKT L,
Bl e | s o Sl e - KON BERRL

Wbl se n 2 o s 10T (LA ) el
dhemical compadbility becausa many
wariables can atiect the ubing and tubs
{mings. Ulsmataly, e consumer muss
datemmine chamical compaibility based an
e con ditions in which e poduct is being
s,

i
LA FAFTF 1 hrmas, B b
A 1" Trema d g g

MeMASTER-CARR. =racriamer Car Sumoy Compary A1105R%8 nassnad
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-Pressure Gauge (McMaster.com)
Pressure & Vacuum Transducers [Jj
About Pressure Transducers

PraESELTE TANSCOLOEMS (3150 KADWR @5 EGEELNG SENENE NS EREEELNG TaNEmITars
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p.-ﬁgm::nnmn-. gﬂﬂcnl}unpﬂrmmﬂ 2 T34y whars Ty 2an Be
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'rum SoudaTaraLos Mpate praEELrE nga dnd a 4.30
grnl A0 dLSa T Nl 1 0NEND D twiaen PrasaLna @nc ool |5 inear, in
h: cdsa Tn TanscLCa casadmaggral a1 Ops.a 1Ims signdl a1 E0ps i ang
a0 mh sigral a1 100
Mo LM Progcung— T hichas Draseuna d TansILCE San wWithsan s wit oL Tcamans

[CTT—-
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L e
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e F ) .rm i A v
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-Humldy Sensor (Precon.com)

DATA SHEET HS5-2000V

{’_/-A Koo Cmnp:.llﬁ RH & TEMPERATURE SENSOR

Tha innovative HS-2000W Humidity Sensar
combines capacitive-polymer sanging technology
with 2 novel measursmant method, sliminating
the need for temperaturs correction and
calibration by tha ussr. The sansor, which B
calibrated st Precon before shipment, includes 2
tharmistor and circuitry to corredt for tempersturs
and calculats the true ralative humidity. The

sansor providss both humidity and temparsturs Festures

outputs and is sccurate io £ 2%. + RH & Temparaturs Outputs
» Temperature Compensated

The output of the HE-2000V is ratiometric, with + Factory Caloesied

ths output voltags varying from zam to the . Aceursteio + 2%

supply wolage as the measured paramstar + Fieid Repiaceanie

variss from zemo to ful-scale. Forsxampls, sta + Good Stabaty

Excefient Chemical Resistance
Analog Velage Outpul

supply volage of 5.0volis, 50% RH produces 2
2.5 volt output signal on the RH output pin.

+ Low Cost
Tha HS-2000V may be spplied within 2n . o
environmantal oparating temparature rangs of -30° Typical lications
to B5C (standard) or -30%to 100°C (axtendad 'EFE:‘CEQJ;?:LG;W:E;@
rangs modsl HE-2000VE). The tempsraturs output ! S - .
rangs is the sams for both modals (-30%ta 100°C, * C«:.'m. e Rocms. « indictric
linsar from 0 VOC to pow 1 Crtea Soace Maniwing
power supply vaitags ). + Food Eguizmant

_ . . . + Humidifers + Data Logging

he four-pin connection providss for essy +Aulomaten + Refgeration
instsllstion or replacemant in the fisld, reducing the + Environmental Chambers
avarall cost to maintain largs orcomplex gstems. + Laborsiory + Ciean Roema

MAXIMUM RATINGS
Operating Temperature...-30%1 +85°C (HS-2000DD)
-30° 1o +100°C {HS-2000DDE)
NOTE: Both madels
have sama oulput

range {-30°10 100°C)
Storage Temperatme. ... -AF 1o +125°C
Operating Humidity Range..... 0~ 100 percant

Supply Volage
Snidering Tempersiure.

2399 Brother Elvd, + Mamphis, TN 38133 - Phone (901)388-8137 « www.preconusacom
Pagel
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-Emergency Stop Button (Omron.com)

Emergency Stop Switch (22-dia./25-dia.)

5w,

A22E

Install in 22-dia. or 25-dia. Panel Cutout

Dot op ening machanism fa opan S cioud when e comact

+Sariaty 00k MECHANISM paErens opa@ing 8Tos.

» Emmy mouring and memoval of Switch Blads using a lewer.

»Mour threa Switch Uniss in seies 50 improve wiang o delency
{with nordightad Switch Uniss, Ses Units can be mounted far
muldiple comacss).

*Fingarprotecion mechanism an Switch Unit powvided = &
stanciard Seatune.

wirssall using either nound, or fodosd cimp SeTminals.

sCilmsint arr? 10 19SS {noneisgied modals) 1965 Jignied modals)

i, iock plane is prordced s & standard feacune %0 ensune e e
ol box and switch am not sasily sepamced.

S e b A e o | et et
& inthe Pabdettss Saictan Sy Sitaboifa e X032}
vl e b Sty Fececioee’ o pege 12

Model Number Structure

Model Number Legend (Completely Assembled) s zce s e e nocte e St o Uns, Lams
(8 i rrcct i en L e St

. g M ] g 1 Ligt Saurcs o n
Facductionink =

Ficr | ighinct _miE_Hm I Fur [ ey
L Lighisd & - — #  pEETan - sEE TR B [Swich wih negrae
- & =0 & oD ==
"-'F"ﬂ“"'ﬂ-'-q:‘ﬂ ws 12WRONE0 e —

= ] [ LT Tt T
or fm e (M) e 4 RSO 5 _fpesTho-smeTe
[ m [rEsTaG

Wt vatage mE

T
5 e Bl Code | Dt an | dparaing emge
Code | s e an 1 [T T
WF | Madur i o]

e
o - i ey i WA LE D

0
s | imw

50 dm
L] M

Fishdris fer-raaad

=—pthia,
L AT

80 |
= | Smw

50 dm . .
L Bt F hd

rr
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Crdering Information

List of Models (Completely Assemb
Hon-lighted Maodals

led)

=
St el Siler of

Sentmet Configumtien b
EET T SRETE RIS
P Lo PP ']

AZIEE SFET-MOSPETNE B2 EAA-T1

TR RIS NPT
=TT . N
Larga Pt pud BT Rzze e
AamtE WETLERET NS | Azeam

TG - ]

.;:-:---c SRET e
Tt FEL DR L |mBEie
AzES eETr AzEm

DPET PR [azmEize

THETrE aEEEm e

ERET G sazE &

SPET-OSRET N B2 IEAATT -

EFET-rC T =

OFETAC - BPET.ND  |somsmciae

TELFral BIZEAAT1 e
B-dia s . SFET-rG Lrr L)

Lirga Puscc Turm-rme
- SFET-MOSPETNE BREL

TR Ry 2w
L. it =y BT A3 &L
Sl B din-iac K- it 1
AT2EEH SFET-MOERET NG BRREER-1

TR RIS R
o mac SFET-NE B2 2R
i o e
e T SFET-MOERET N B IR AN
AZIEE

[erare P
e wkh K Sk carbfsiban
Mot T e S e i e e e s e s 'wﬂr;::: . Sorkiet yosr SARCHN ras ramertEt v
2 T Somatien Unt of A28 woazt macei wih 0SS mdsaten @ oed. (Frm an grines mirs @ et wh
With EMOVEMS Indication {non-lighted)
E

Sentect Senfigurstien St Mol ol cf cap
S T . SRET RIS &

BN Irdesn FET L SPET T | AAZEALIIENG =

EPET el BRREALIEMD =

DFETAC - SPRT-ND | AR2E-MHIZ-EM0 &

THETNG AITEAWIRENT -
fra ¥ ERETA AITEANTIENE =
Hrra— - BPET.MEERET. NS A22EA11-EME

TG AITEAWIREME

CRETAC - SPET.NG | damsaciasuk s

THETrE AT ALTIEME &

e e wih erwan Sk orrtficaan
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Lamp

LED
Azzawaoe LED light Mt ecitage Nedal
= AazaEn
-
ﬁ Mad | Sancand | 12 VALNDE Bggaem
TR WALIC EZF-zamm

Mzt B v gttt gty e t 2222428

Fizd e s
Az on Flatac v tage el
. 2233
[ ITTEE]
2 WA 2324
130 Wl A1
Beribch | Standard Load)
WiThoul Volta ge Raduztion Unit
Samntcatzn [T L
Azpearance
Biteh Rehmn Wz ey iz e eEny
Gontacta Mcdal Mccal
TN A23-31 M RT3
For atandard loada | SPET-MO - SRETME| A2 BIT-T T
OFETMNG B BT BEE_GITN
AT Vol ga Redustion Unit
Samatcatce T —— Uightad (220 VAC)
Azpearance =
Bwitch AcHicn Momantery Momantery
= Mcdal Mcdal
TN ATI I TNTT ATI_-1ATE
Poe atandaed lcada | SPET-MO - SREToME | Aza - T ATI_-1 1T
D=ETME BT AN BITOTN-TR
Mot W e g et @ Vot ge Fladucton U rs e e 22228 28
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-Swagelok “Tee” Fitting
Compression Tube

Fittings
Ban Mumber SETIH2S2

513 51 Each

Compres sion Fwng T
DoublesEleweed Compmssion Tipa
For Cumsid e Tubs Diam e

Tuba 'Wall Thickn ess

M Tube End Thread

Maimum Pressura

Uiparing Temparature Rangs

For Tubing Troa

Tubing Compaibilisy Mase

For Usa ‘Wi
Eamnilizm Wit

Epmcidcanons Mat
Compaibla Rems

AR NG

Taa

Teae

Brass

Farged or bar stock yellow brass
Bodyand mut with front and back sles s
{double farmes)

Dioub ISl erand Ciom pres sian

Yo Lok

£

Q.03

B &30 UME

100 psi @ T2*F

w0 no #4004 F

Goppar

Usa with saamie ss copper wubing hat
meats A5TA A58, BTS, or BAS
Compatble wit Swagelokil, Padoar e
Lok, and Letlak §mings.

M, Diees ol Fusl, Gasaoline, Hydmulic Fuid,
ail, Watar

Mot Rlated

Mot Rlated

Ciap dor Tubing: 52 72K142, Sap for Aming
E2T2K1 32, Mut K27 2K122. From: Slewe
E2TZH102, Back Sl SITZHK112
Woiaster<C arm doa s ot guaraTss
chamical companbility bacausa many
wariable s can atieot fhe wubing and ube
f=ings. Uismately, S consumer must
determina chamical compaibility basad
an e condi@ares in winich e prod uc? is
baing usad.

McMASTER-CARR. =201 ncttaaneSam Sogei Compary. AIFighs radsnias
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APPENDIX O: Vacuum Pump Information and Data Sheet

Vacuum pump specs

Model #: IDP3B11
Serial #: LP1002L809
Pump len? #: LPB002593
Op. Voltage: 121V

Base Pressure: 0.08T
Retention Pressure: 3.00T

Varian IDP-3 Dry Scroll Pump

IDP-3 Scroll Pump

Caaaa
‘\ N 59

Peat pumang speed

Urninase presure
Macreum et gressare
Naoreum autiet presse
et correction

Ecrust comnection

1 atmasphess 10 paigl

14 atrongteres |65 pagl
HWIG KF fonge

Ferale V& NPT

|93 men heixie barty praaded]
NWIG K7 azapter pronsdad
Ferrole V" NPT

S0 4L 141 to 104

B35t Conton adapaes
3% 2024t cornection
Arbsert agenting

1empeature

S100age tempetature <20 to 60 *C | -4 1o 1807
Netor rating 016 harseponer (012 W)
SUpp'y pawver 1 phase « YO VWL, 5060 Ha,

NEWAL, 60 K2

220-240 VAL, 50-80 iz

Mator thenmad protecton
Fotaton speed

Futoeratic
1200 AN 31 G0 e
2600 RPN a1 S0 M

Cooing Hrcoaed

Wegnt a5 ng

Shizping wrignt 1054p (23 1ks)

Frstrctioes Rooonssve, oplove, or
partutes baarring gaies

Leak rae <1x 10€ s3-cclee hdun

Nokz lewed (per 150 11207) 55 cBAl

Ni2tion lowd 3 nkt 15 mrejwc

foer 150 10316-1)
Corgionos
Serni 53-N4, ard ReHs

@ He - w0 m, 36 mih, 210
S0 H2 - 50 \re, 30 medYw, LES'
350 101 12y (313 101 rrir)

Contoors wih CE CSA, CSATTUS

ldv-,—f—avm%w

[ 1DP3 Scroll Pump vs. Rotary Vene |

« The o b wdwikogy ol the D73 chrinans e pesdiing of o
CovieRntion i I sadaxs vyuien o of ol sl or ks ris i

work svvorewel

> Nakeesywce of e 1063 Dy Sosld Pamg inquises ony 3 sinple.
! 15 sed change 26 companred 10 oF chedhs, Ahanges, and

dprid

> The 100-5 Ovy Scrcdl Pursg Sces not depend o e pasience of

su¥oet ofl toprevest wagiag

The IDP-3 &3 compact, high
PRIMINCS Sry pusMp Tra1 PIoMas
alfordable cil-free vauure and ey
wystem integration, and & sutdhke
foc o wide vaniety of appkcstons
The DP-3 empioys & ingvaliee
hermetic design nowiich tre mater
ard bearngs are cutsds th: wactuam

spae, alowng Al isclanion of at
pamped qeses, Ddreering 3 1obust
pumzing speed of G0 \'m and 3 very
bow tone pressure of bess than 250
meliTeer, the IDP-3 proradies &l the
abaantiges of Varian's patered scrol
pamp technolegy n 3 compoct,
lghtaeght, cont-ctfectve package

Ideal Vacuum Praducts. LLE

24018 Phoenix Ave. NE
Albuguergue. NM 87107
Phone: (505) 872-0037

idealvac.com or pchemlabs.com
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PUMPING SFEED CRUERING INFORMATION

e Deserigtion Part Kamber
o — ICP-3 oy vwoouum pamrg, 1 P 220 WAL S0B0Hz  DP3ADL
» ' IDP-3 dey vacuum parrp. 1 Ph 115 WAT, 60 He 180
oi—! ICP-3 dry voruum pamm, | P, 100 VAC SOEOMZ  IDP3C01
ox 1BP-3 doy vascum prarmp with opticess! bowr meder, o1an
in .' P s 1 P, 220 VAL 5060 Wz
w e — 8 —tt IDP-3 dhoy v um prarrp with ool bowr meser. oEan
2% '} AT 1P, 115VAL 50 b
. ; IDP-3 dey vatuum parrg with opticral hour reter, eIt
B | 1P, 100VAC, 5060 Wz
B ' H Tip sl bt ILPITS
.-'.1 : Aepacement module 10#3
S : 1 < Y
Tor
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APPENDIX P: Sliding Gate/Knife Valves

Company Part Number

Description

Price

(if available)

HTvavle Pz973* Electric sliding knife valve $674.41
(China)
VAT 09140-PE44 * Sliding, high vacuum $2160.00
(USA, Switzerland)
10840-PE44 * Sliding, ultra high vacuum $2493.00
16240-PA41* Rotary pendulum valve $3082.75
ITT
(USA)

XS150-DN100°

Pneumativ, precission high vacuum

1. HTvalve PZ Series

-E- - G

¥
00
B
{

.05

ot L8

@w
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2. VAT Series 091

3. VAT Series 108

4. VAT Series 162
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5. ITT XS150
F
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APPENDIX Q: LabVIEW Diagram

yisw Project Operate Tools Window Help

@ ‘ 13pt Application Font

Fle Edit

1=
~[f=-]Es

.

Front valve

[

vacuum vakve

0

back valve

o

STOP

Psl gauge

temparature
5

¥
3675
data 3

e

Boolean

Amplitude

Tirme

voltage NG

humidity
0=

Amplitude:

v2

data 2

o
Boolean 2

Time

voltage 0 [EENG

Pressure
25+

votage_1  [RNG

DAQ Assistant

* data

4 errorin
» stop (T)
v

error ouk 4
task out H

DA Assistantz

data
errorin

skop (T)

&rror ook

task out

v

oubput 2

output 3

Boolsan 3
T Time:
@ ‘ 13pt Application Font |+ ||=;.v|
Pressure
PSI gauge
stop 1{7\-:

data 3

crrrreree (173

temperature

DAQ Assistantt
DAQ Assistant3 data ¥
i data efror ouk L
v errorm stopped ¥
v stap(Ty baskoot ¥
a P erorin
errorout ¥ Prumber of sample
task out L 4
r stop (F}

3

mm,ﬂg;‘m

data 2

1122 Heetherees

humidity

Boolean 3

Boolsan
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APPENDIX R: XeF, Purchasing and Containers

Product Detail MSDS Certificates of Analysis
CAS Number 13709-36-9 SIZE PRICE QUANTITY
MDL Number: MFCD00040538 2g $1 58.00
Molecular Formula: FaXe
10g $630.00 |
Molecular Weight: 169.30
Chemical Formula: XeF2 Add to Add to Cart
Color and Form: white .
o5 Get a Bulk Quote Request!
Note: Packaged in PFAFET bottle.
Stability: store cold
Safety: Hazardous
Physical Characteristics: melting point 128-130°C , density 4.32
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APPENDIX S: Chamber Material Properties
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Figure 7. S-N Diagram for the Solid Polycarbonate Specimens

Kin, Y.B., Fatigue Failure Analysis of Polycarbonate Transparencies in Different Environamental
Conditions, Purdue Research Foundation, Department of Engineering, December, 1994.
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