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ABSTRACT ABSTRACT

Abstract

Thin films are a ubiquitous resource within condensed matter research at nanoscopic scale.
This thesis outlines a custom substrate heater for use in physical vapor deposition of thin films for
laboratory use. This heater sandwiches the substrate between two ceramic heat sources to reduce
radiative heat loss and more easily bring it to thermal equilibrium.

vii



1 INTRODUCTION

1 Introduction

The Bumm research group within the Homer L. Dodge Department of Physics and Astronomy
studies condensed matter physics, specifically surface physics at the nanometer scale. This re-
search relies heavily on being able to study matter at a molecular scale, and thus requires unique,
highly specialized scientific equipment and manufactured components. For our group, this in-
cludes scanning tunneling microscopes, supercomputers, and thin films. Recent advancements in
supercomputing and microscopy have made direct measure of nanoscale properties in thin films
achievable, and thus a priority for the Bumm research group’s work. Subsequently this has made
thin films a vital resource. Thin films are nanoscopically thin materials made up of finely con-
trolled layers of deposited matter. Thin films are a useful research subject for the study of surface
physics, which is an essential science for the further miniaturization of transistors. The break-
through which led to the invention of the metal-oxide-semiconductor field-effect transistor, or
MOSFET, was the controlled growth of thin layers of SiO, on silicon wafers using thermal ox-
idation and the surface physics which governed this reaction. The MOSFET lead directly to the
microchip revolution and then the digital revolution[/1]. Less than a decade after the MOSFET the
first thin-film transistor was created, which was [2]].

Many suppliers produce thin films for research use, but the ability to produce bespoke films
on-site can be more cost effective while also allowing for unique film compositions that suppliers
can’t provide.

XXXmention example of tarnishing silver? Could be funny to note that silver sulfide on a candle-
stick can be wiped away whereas silver sulfide on a thin film would penetrate the entire film (If
accurate)

Degree of Vacuum Pressure Range (Pa)

Low 10° >P> 3.3x10°
Medium 3.3x10° >P> 107!
High 107! > P> 10~*
Very High 1074 >P> 10~7
Ultrahigh 1077 >P> 1010
Extreme ultrahigh 1010 >P

Table 1: A table delimiting what degree of vacuum corresponds to what pressure range

Of the ways to produce thin films, thermal deposition within a high, or ultra-high, vacuum is
very simple, assuming one can produce such an extreme environment. In fact, the process is so
simple that even Edison was able to perform various depositions within vacuum, filing patents
in 1880 and utilizing gold deposition in a process of strengthening phonograph masters for mass
reproduction from 1901 to 1921 [4]]. The ubiquity of this process partially contributed to the im-
petus for this project as a Varian 3118 vacuum chamber was inherited by Dr. Bumm and thus
provided the base, and most expensive component, of the necessary equipment. Despite being
manufactured decades ago, it was fully compliant with ConFlat® components, offering a starting
point to design around for thin film manufacture.

There are multiple steps



1 INTRODUCTION

Blah blah commercial components exist for thin film deposition, but we wanted a custom one be-
cause it could be better and/or more robust, offering a dedicated solution to substrate heating
which outshines the generic stuff

Commercial solutions exist but they are expensive and don’t offer exactly whhat we want
Commercial shutters encompass many tasks but are not generally this ?good?

As we know, "Nature abhors a vacuum," so good equipment and techniques are needed
to create one [3]]



2 DESIGN OUTLINE

2  Design Outline

The needs of this system, including its intended and potential applications, were the first con-
siderations of this design. Additional consideration was given to the intrinsic limitations which
come with vacuum applications, and how the behavior of substances can dramatically change un-
der vacuum.

Thermal evaporation is an effective physical vapor deposition (PVD) process specifically be-
cause of the benefits a vacuum environment can provide. The vacuum maximizes the rate of
evaporation by keeping the surrounding environment unsaturated and the vapor pressure the sole
source of gaseous pressure. All of these considerations are based off of most thin films needing to
be metallic, and the incredible energy required to liquefy metals.

Thermal evaporation and deposition requires both a source to evaporate and a substrate to ad-
sorb the gaseous particles. This project dealt with the substrate, more specifically the assembly
required to maintain the highest quality adsorptive environment, one which kept all areas of the
substrate uniformly heated, and thus predisposed to even, predictably thickening thin film pro-
duction. This system also needed to heat efficiently, as the preferred temperature range for depo-
sition frequently reaches 1000°C XXXcitationsOnDepositionValues. At this temperature range
it is very easy to incidentally emit enough heat to damage or even crack the enclosing glass bell
jar. Keeping in mind that even a low vacuum environment severely reduces convective heat trans-
fer, and it’s easy to see how thermal runaway posses a serious risk to the operative capacity of the
setup.

2.1 Water-Cooled Walls

Almost all of the system’s components are encompassed by the thick copper walls which makeup
the outside of the 'box’. Because of the potential hazards posed by the system’s radiated heat, the
high thermal conductance of the copper makes it ideal as a sink material. Additionally, copper’s
machinability mean that more complicated manufacturing operations can be employed, and spe-
cial capabilities can be leveraged.

Figure 1: The 3D model of the heater’s walls, with transparency enabled such that the water-
cooling lines are visible



22 Lid 2 DESIGN OUTLINE

This design employs a significant amount of cooling through the use of stepped waterlines,
made by through holes drilled in the center-line of each wall with plugs affixed to the entrance
and exit holes. This water removes the escaped heat of the ceramic heaters, preventing that heat
from escaping into the rest of the chamber. This is made necessary by the balancing act required
by thermal deposition within a vacuum. While the substrate and the source need to be heated,
sometimes to temperatures exceeding 1000° C, heat elsewhere within the chamber can pose sig-
nificant obstacles. Off-gassing is the process of a solid releasing gas trapped within it, and poses
a constant maintenance challenge within vacuum environments. Atmospheric pressure can pro-
vide an equilibrium of force to trap the gas, but its absence within the vacuum leads to an initial
release of gas which is handled by the roughing pump. But the application of heat allows for fur-
ther off-gassing, as Gay-Lussac’s law can tell you the pressure of a gas, even that trapped within
solid bodies, is proportional to temperature, so the application of heat results in an increased pres-
sure of the trapped gasses, and thus a further release in order to maintain an equilibrium with the
vacuum. For this reason it’s important to apply heat at the roughing stage, before any deposition
takes place, to maximize the off-gas removed by the comparatively bottomless roughing pump.
But because it’s impossible to remove all of this gas, it’s essential to minimize any unfocused
heat within the chamber, in turn minimizing the off-gassing. An additional danger heat poses for
this setup is the potential to thermally shock and shatter the glass bell jar which encompasses the
top of the chamber. As one might imagine, the chamber’s integrity is a foremost concern when
working with a vacuum chamber.

A discussion of the methods used to calculate the needs of this system is found in section 4.2,
and the CFD modeling techniques used to validate this design is the subject of chapter 5.

2.2 Lid

While vacuum chambers have an immense number of applications, this one will only be used
for thin film depositions for the foreseeable future. This means that it needs to be as simple and
quick as possible to replace the substrate, once the desired film has been deposited and collected.
This system addresses that need by mounting the substrate holder to the lid of the setup, so that
only one face of the "box’ need to be removed to access the substrate holder, and it’s the top-
most face to boot. The lid contains a slot within the lip which is sized to ease prying the lid off
the box’s top.

Figure 2: The heater’s lid, isolated from the rest of the CAD assembly
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2.3 Actuated Heat-Sink

Every aspect of this design focuses on improving the usability for thin film deposition, and that
includes improving the duty cycle of the setup. The heat sink’s role is to expunge lingering heat
once a deposition has completed. Without this component, one would have to wait up to several
hours for all of the heat to safely dissipate from the heater’s interior, due to the combination of its
insulating properties and the lack of convective heat transfer. This heat sink gives the operator a
shortcut, offering the heat a direct conductive path from the alumina to the copper exterior, and
better yet the heat wicking water lines. But actually actuating this heat sink offered a challenge.

In atmosphere, oftentimes what appears to be conductive heat transfer is heavily supplemented
by the convective layer. This means that, while two bodies may appear to be touching, the surface
area in contact maybe be very small. In this case, there’s an apparent need to align two axes in
three-dimensional space to achieve the highest quality contact. This can be difficult when manip-
ulating equipment outside of a vacuum chamber, never the less within one. So to compensate, our
actuation scheme takes advantage of the indiscriminate compressive force of a spring.

Much like an active high switch, when the spring isn’t displaced it presses the solid cylinder of
copper, the sink, against the alumina

Figure 3:
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2.4 Shutter-Cart

The traditional shutter of vacuum setups is the basis of a surprising number of components.
This is at least partially because by its simplest definition, a surface which can be voluntarily
moved in-and-out of the way of the deposition source, a shutter can accomplish the vast majority
of desired operations. The simplest shutters allow technicians to precisely control the amount and
quality of adsorbed material, by preventing deposition until a steady flow is achieved and only
allowing deposition for the desired amount of time, thus controlling the number of layers. In a
similar respect, by placing an electrified quartz crystal on a shutter one can measure the deposited
material by the damping of the quartz’s vibrations as its mass increases with deposited material.
By intermittently shuttering the deposition source one can slow the deposition rate proportionally
to the shutter’s uncovered portion.

The bottom shutter is essentially a mirrored and compressed version of the system lying above
it. This is another utility-minded choice. A totally passive shutter would only maintain a barrier
between the evaporating source and the adsorbing substrate. This barrier allows the operator to
finely control the amount of deposited material in the thin film. However, it does nothing else.
Our shutter has greater purpose behind its design.

Heat transfer within a vacuum is complicated by the inherent absence of a conductive fluid.

In atmospheric conditions, one might think of a pan set upon a hot-plate as an example of ther-
mal conduction. In reality, much of that transfer was accounted for by the incredibly thin layer

of air maintained between the pan and the hot-plate, which can be presumed to be in an imper-
fect degree of contact due to minor irregularities in each surface. This simplification is generally
unaddressed in daily life, with limited exceptions such as the use of thermally conductive paste
replacing the layer of air in the interface between computer components and their respective cool-
ing accessories. Such pastes are an inappropriate solution for this setup, as their off-gassing and
effective temperature range are both nonstarters.

XXXNote: citation for Gallium Dr. Bumm mentioned?

Figure 4:

Instead of relying on a layer of fluid to facilitate effective heat transfer, this design emphasizes
the radiative application of heat to the substrate. While the substrate is affixed to the top ceramic
tightly to provide some conductive transfer, the Shutter-Cart’s heater’s radiative heat effectively
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doubles that which’s provided by the above heater. In this way the substrate is hopefully brought
to the desired temperature, and an equilibrium, in a more uniform manner, which provides a more
desirable surface for the intended deposition to adsorb onto.

Starting from the outside and working in, the copper walls function identically to those of
the top, allowing a reservoir for remnants of escaping heat. Then layers of tantalum insulate the
heater from radiative heat losses, reflecting that heat back at the heater to help it build in temper-
ature. Finally a duplicate alumina heating block radiates heat directly at the substrate above. In
this way the substrate is heated from both of its sides, and approaches its desired heat sooner as
a result. Of course, all of these components contribute to the overall weight of this piece of the
system, but that’s why the rails have been made so accommodating.
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2.5 Rails

The complexities of this heater design bely a much greater effectiveness of the system as a
whole, but the benefits do come at significant costs. One of the largest design sacrifices made
was that of weight. While an ordinary setup’s shutter could weigh less than XXX, ours weighs
nearly 7 pounds, over 3 kilograms. This is a trivial amount when manipulated outside the cham-
ber, but when hung above thousands of dollars of equipment within a sealed container replicating
the conditions of space, it’s another proposition entirely. Therefore, instead of merely mounting
the shutter on a rotary feedthrough, the entire shutter is mounted to a cart, which sits upon two
rails which are mounted to the system’s overall support frame, which is affixed to four separate
mounting rods inside the chamber.

In this way, the shutter will always be supported, no matter what systems might break. Addi-
tionally, this strictly dictates the motion of the shutter, given the operator precise and rapid con-
trol along the length of track.

Figure 5:

2.6 Actuation

Actuation within the chamber became a huge cause of concern as the project went on. At least
two components of the heater assembly needed to me movable from the outside Each proposed
solution came with benefits and drawbacks which needed to be compared in order to decide upon
an agreeable solution. While certain off the shelf solutions addressed these needs, their prices
increase exorbitantly with their capabilities. An effort has been made to reuse existing equipment,
so working within their bounds is XXX.

When considering actuation options it’s important to consider that many solutions for trans-
ferring bases of motion in atmosphere are inappropriate in a vacuum. The friction of imprecise
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gears can cause particulate spikes, heat can be conducted or stored in troubling ways, pneumatic
choices are completely off the table, lubricants and other coatings are often sources of significant
off-gassing, and standard definitions of close or loose fits may rely on the presence of atmosphere
to correctly apply.

Balancing the priorities of a given solution and their accompanying drawbacks is a priority in
this project. Naturally, proposed solutions need to
cart actuation

The challenge of actuating the cart rested on balancing the various desirable features of any
given actuation solution.
heat sink actuation
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3 Mathematical Analysis

3.1 Radiative Heat Transfer Calculations

This step of the thermal evaporator design process is to create an effective substrate heater.

The heater’s effectiveness is to be evaluated based on how evenly it provides a 1000° C face of
an alumina block, with dimensions of approximately 3 by 3 inches, which our substrate will rest
upon; and how efficiently it uses its supply power to reach this temperature.

Simplified analysis began with an assumed shape of an alumina block, 3x3x1 in, with a surface
area of 30 in? (0.0193548 m?2), heated to a steady-state (isothermal) of 1000° C (1273.15 K). We
will initially treat this shape as a sphere of equivalent area.

Using this first rough assumption, we can calculate the approximate power radiated from an
akin blackbody using the Stefan-Boltzmann law (1).

P=AcT* )
Where
P = Power Radiated, W

—5.670373x 1078 Wm_ZK_4, A = Surface Area, m?
T = Absolute Temperature, K

oo 2mk*
C15¢2h3

This initial estimate offers
P=2880 W

This heat loss indicates that we would need to supply that level of wattage to maintain the de-
sired temperature of the block. As this is 4 times the power required by a reasonably priced mi-
crowave, this is not an ideal approximation. It also does not account for losses due to conduction,
and the efficiency (or inefficiency) of the desired heating method, tungsten-rhenium wire, which
radiates heat when amperage is applied, due to its electrical resistance.

The first refinement to make is to assume an isothermal environmental temperature, that being
the temperature of the chamber walls. Starting with 25° C, standard ambient temperature,

P=Ac (Tb‘t)dy - Ts?lrroundings) . (2)

This only reduces the required heat to 2,875 Watts.

Treating the heater and the chamber walls as objects with arbitrary geometry, instead of form-
less concepts, can help narrow down the actual expected wattage. Using what’s called the shape
factor, or view factor, F;_;, for bodies i and j is the first step in understanding the importance of
the physicality of the surfaces.

These are only functions of geometry, and act as coefficients to the terms in the black body
emission calculations (3).

O12=A1Fi2(Ep1 —Epy), Epi=0Ty 3)

In the case of a body fully enclosed by the surface of another body, like our approximation as it
currently stands, or a pair of concentric circles, the view factor is F1_» = 1, as all emitted radia-
tion is captured by the enclosing surface. This level of approximation does not account for what

10



3.1 Radiative Heat Transfer Calculations 3 MATHEMATICAL ANALYSIS

fraction of emitted radiation reaches the surface which emits it, F;_;. For the case of two infinite
parallel planes, this is zero. But for 2 concentric spheres, per our approximation, this is a nonzero
fraction. This discrepancy will be accounted for later.

The next assumption is that layers of tantalum foil will be used to reduce the radiative losses
of the block, as this is a standard insulating material in alike applications. In conduction analysis
there’s a concept of thermal resistance, in analogy to electrical resistance, to calculate the reduc-
tion in heat transfer in a system due to the presence of a given material. Though this approxima-
tion is far from accounting for whatever conductive heat transfer may occur, this technique can
still be used to better calculate the radiative heat losses. Before accounting for the emissivity con-
stants, €, and treating the block as being fully shrouded by its foil, then again shrouded by the
chamber walls, it’s obvious from the zeroth law of thermodynamics, that of equilibrium, that the
tantalum foil must reach a temperature between that of the surroundings’ sink, and the block’s
source. In this approximation (before accounting for the emissivity values), every N layer of foil
reduces the heat losses by a coefficient of IJ%N with such a limit that ’infinite’ layers fully elimi-
nate heat transfer, but being impossible in that ’infinite layers’ are simple a continuous solid, and
thus being very effective at conducting heat within itself.

1
P= H—NAGT4 4)

With this coefficient in mind it’s trivial to determine the new radiative heat losses at an N layer of
insulating foil. However, once one accounts for the emissivity values, the foil’s insulating efficacy
is reduced.

Emissivities are a fundamental component of our approximation. These coefficients, repre-
sented with €, work alike to the view factor, except they’re independent of the final geometry.
They’re merely functions of what materials each body is made of, and sometimes what tempera-
ture as well. This step of the analysis will begin with the high-end approximate values for these,
so that the approximation favors overcompensating for the system’s requisite power.

Pulling from the table provided here [http://www-eng.lbl.gov/ dw/projects/DW4229_LLHC_det
ector_analysis/calculations/emissivity2.pdf] we have a number of applicable emissivities.

EALO; — 0.42

8Ta - 0.26
&cw =0.88
For our two body, heater and surroundings, case, this modifies equation 1 such:
/ 4 4 / 1 1
P—=c¢ GA(TbOdy — Tsm.roundings) =1,192W, € = +——1=0.3972 ®))
€ALO;  Ecu

This accountability has already halved the initial expected wattage, without accounting for in-
sulating layers. Continuing, here’s an equation accounting for the decreased wattage per added
layer. Note that this is still an approximation using arbitrary parallel planes of identical area, in-
cluding the planes of the shield layers.

11



3.1 Radiative Heat Transfer Calculations 3 MATHEMATICAL ANALYSIS

R, = Resistance of the emissive body, 1A_—8jb
o . . . 1, 1=
G(Tb4 B 7}4) R; = Resistance of the individual shield(s), 7 + Az,

P=
R,+Ri+Ry+---+Ri+--+Ry+Ry’
b KiHfy  Ri K A s N = The Number of shields being used

1—g

R, = Resistance of the surface, % + 1

(6)
We can simplify this equation significantly by expecting the shields to be made of identical mate-
rial,

R, = Resistance of the emissive body, 1;;”
(o) (Tb4 — T4 Rgnielas) = Resistance of the shield(s), % + %‘fi 7

 Ry+N-Rnicld(s)Rs~
N = The Number of shields being used

R, = Resistance of the surface), % + 1/;:?

Substituting in the desired values to (7), and using the simplified assumption that all of the insu-
lating layers will have the same surface area as the alumina block, the respective values are

_ 1oy -2
Ry, = A0, — 71.35m
1 1—én -2
G(Tb4_7;4) Ri = Z+ ASTZ = 198.6m

= ; 3
R,+Ri+--+Ry

N = The number of shields being used

_ 1, I-&cu -2
R, = A+A€Cuu_ 7.0m

Putting these values into a table, seen below, it’s evident that the insulating layers provide dra-
matic returns on heating efficiency.

Number of layers | Expected Wattage Wattage decrease
0 1895 N/a
1 536 —1359
2 312 —224
3 220 -92
4 170 -50
5 138 —31

This approximation has yet to account for the necessary increase in area each enveloping surface
must accommodate, since parallel planes may all hold identical areas, but spheres encompass-
ing one another must get progressively larger. This will yield further claimed efficiency gains in
our approximation, as is evident from the surface area variable in the resistance terms of (6), (7),
and (8). Of additional note is that this approximation would appear to suggest that infinite layers

12



3.2 Water Flow Heat Transfer Calculations 3 MATHEMATICAL ANALYSIS

could completely stop the transfer of heat, and violate thermodynamics in doing so, however it’s
trivial to note that the case of infinite layers would simply be a solid and continuous volume of
tantalum, and thus conduct heat rather effectively.

3.2 Water Flow Heat Transfer Calculations

The first step in calculating this system’s rudimentary cooling needs is to use a steady-flow

energy balance equation.
Qin + ‘/Vm + Zm@ = Qout + Wout + Zme
in out

Many of these terms can be eliminated off the cuff. The only energy introduced is the heat, Q;,,
of the heating element, and the kinetic energy and work done by the cooling line is negligible,
leaving only Qou:- From the radiativeheattransferXXX calculation it can be assumed that less
than 600 Watts of power will be used to heat the alumina, so this will be used as an overly safe
upper bound on the heat which needs to be removed from the system. Lin Hall is equipped with
chilled water lines to supply the cooling needs of the building’s equipment, so this is our chosen
cooling fluid. Because these lines were designed to support multiple applications of similar scale,
their limitations will not need to be considered, as later analysis will prove.

Moving forward with these simplifications, we get the following form,

Qin = Cp,avg (Toutlet - Tinlet) 1
Because the cooling system is oversized, the outlet temperature of the water will be kept to a
minimum of 10° C above the inlet, rather than maximizing the cooling potential of the water.
Solving this equation provides a 7z value of 14 cm? /s, or 0.84 L/min. To simplify further cal-
culations this will be rounded up to 1 L/min. This volumetric flow rate will be used moving for-
ward.

The next design choice was to pick an appropriate VCR fitting for the given thickness of the
copper walls. The corresponding pipe diameter will determine the cross-sectional area of the
fluid at any given point, and thus determine the flow velocity. This is an important quantity, as
it will later help determine the Reynold’s Number, and thus the measure of turbulence within the
pipes. The more turbulent the flow, the better the heat transfer, as more of the fluid is exposed to
the outer walls. The Reynold’s number also depends on the fluid density, dynamic viscosity, and
hydraulic diameter of the line. The hydraulic diameter is the same as the line diameter, so it’s also
dependent on the choice of VCR fitting. All of these factors were tabulated, then correlated to
the pressure drop each line would experience. While it’s expected that Lin Hall’s chilled water
will be sufficient, the variables at play correlate to magnitudes of difference, and higher pressure
systems hold higher risks in vacuum. The Haaland equation

L = —1.8log

| (547) R

was used to approximate the friction factor, f, which was used to calculate the major losses in
each possible line through the Darcy Weischbach equation,
Ap p {v}’

T

13
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With all of these in mind, the potential pressure drops (as normalized for a single meter’s length)
were tabulated, and from these it was determined that 0.18 inches, which reflects the nominal
1/4" VCR standards, was the ideal ID of the line. The model of the heater’s walls was then mod-
ified to accommodate the lines, with three rows along three of the walls, and two on the wall
which contains the VCR connectors. The geometry of this updated model was then used for vali-
dation inside the ANSYS Fluent Computational Fluid Dynamics (CFD) modeling process, which
is discussed in the next chapter.

14
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4 CFD Analysis and Validation

Using this updated model, the flow was simulated using ANSY'S Fluent.
This analysis substantiated the earlier estimations, confirming that at steady state the pipe flow
would keep the temperature of the outer walls below 40° C throughout

ANSYS

2019R3

L
[ 0.045 0,090 (m)
1

0.0225 0.067

Figure 6:

XXX

test
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test
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5 USE, TROUBLESHOOTING,
AND FUTURE APPLICATION

S Use, Troubleshooting, and Future Application

5.1 Intended Use Procedure

The heater’s design, and the provided procedure, is focused on use within our existing setup.
However, the majority of procedures should be universal, or at least easily adapted, as vacuum
chamber setups for PVD broadly operate on alike principals.

WHILE OPEN TO THE ATMOSPHERE

To access the substrate’s mounting point, all a user will need to do is remove the lid from the
assembly. This is more complicated than most lids, but still eminently doable. First, one needs to
ensure the heat sink hardware has been properly secured. Briefly disconnecting it from its actuat-
ing assembly, where it’s connected to a feedthrough, should be enough to do this. Next, one will
need to free the lid by setting aside the lid tightening hardware. This can be accomplished by first
removing the eight screws securing the four pieces of lid tightening hardware, and then the four
pieces of hardware itself. A screwdriver can then be used to pry the lid off of the walls which it’s
resting on, using the slot designated for prying. Every effort should be made to lift the lid verti-
cally, to keep the lid’s stacked layers of tantalum foil from hitting those of the walls. Once the lid
is clear from the rest of the assembly it can be inverted, revealing the alumina block where the
substrate can be clipped into place. Following these steps in reverse order, one can reinstall the
appropriate components and then prepare for the sealed procedures.

WHILE SEALED

Before the roughing pump is enabled, the user will need to ensure all components are in their

appropriate places. The following checklist should generally be observed:

* The shutter-cart needs to be placed directly beneath the assembly.

* The heat-sink-block needs to be displaced so that it’s not removing heat during the warming-
up process.

* The cooling lines should have water flowing through them.

These steps ensure not only that the alumina and substrate are efficiently heated, but that radiant
heat isn’t inadvertently released into the chamber, possibly damaging it.

Having verified these steps, the heater can be safely initialized during the roughing process.
It’s important to begin heating while roughing, as the heat will cause various pieces of equipment
to off-gas, and these gases are best handled by the roughing pump. The goal of this pump down
procedure is to absolutely minimize the gas captured by the cryo-pump. Cryo-pumps condense
gases using extremely cool liquids (such as liquid helium or nitrogen) and "trap" the gases (now
deposited as solids) for the duration of operation. However, the cryo-pump can become saturated,
or "full", and cease removing gases from a vessel, once its cooled surface is obscured by enough
deposits. Roughing pumps generally remove gas to the surroundings, and don’t face this limi-
tation. They’re instead limited by the pressure they can exert on the chamber, never being able
to reach the higher levels of vacuum required for sufficiently advanced deposition. As such, it’s
imperative to begin heating during the roughing process, so that the majority of off-gases can be
removed by the roughing pump.
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5 USE, TROUBLESHOOTING,
5.1 Intended Use Procedure AND FUTURE APPLICATION

Once the heater has reached a steady-state at its desired temperature, and the deposition sources
are evaporating at a sufficient rate, the shutter-cart can be moved out from under the assembly
and the thin film deposition can begin. Once the film has
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6 CONCLUSION

6 Conclusion
This design process has sought an elegant, improved solution to the numerous challenges posed

by substrate heating within vacuum environments. The resultant assembly contains dozens of
components and weighs
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