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One of the main issues with deposition of these types of films is the labor
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to hours for deposition. The laborious processes hinder the application of these
techniques for the fabrication of more complex film structures such as functionally
graded films.
The need for a programmable and more flexible process inspired the research
and development for a laboratory scale system that could deliver the precursor
solutions on-demand. The system features an in-situ mixing capability that is ideal for

the fabrication of functionally graded thin films. The prototype system presented in
this work is currently called multiple solution delivery system. This system was
originally envisioned to be paired with a spin coater such thata researcher could
program recipes in the system and spin coater, start operation and leave the system to
deliver the solutions when necessary. This would allow the researcher to spend time
on other, more cognitively challenging endeavors while the deposition took place. It
would also relieve the researcher from the duty of preparing several solutions of
different concentrations as the system could mix solutions to create a delivered
solution of different concentrations for different layers.
After intensive research into available systems, and several rounds of
discussion on the system requirements, it was decided that a custom system was most
appropriate. A design process was used to design the system. A syringe pump based
delivery system was chosen for the ease of varying reservoir size and resolution of
dispensing. The system went through multiple revisions, pre and post construction.
The final embodiment was calibrated, further tested for mixing and paired with a spin
coater for thin film deposition. Documentation, in the form of a component list,
operations manual and commented code, was also prepared and is presented.
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A Multiple Solution, Laboratory-Scale Delivery System and its Applications
1 Introduction
Researchers around the world use various solution-based deposition techniques
to deposit thin films with multiple layers that typically require multiple rounds of
deposition. Some such techniques include successive ionic layer adsorption and
reaction (SILAR), and layer-by-layer (LBL) deposition.
One issue with the deposition of these films is the labor intensive nature of the
process. For example, recently published work on a spin SILAR method required 80
cycles of deposition in order to get a 40 nm thick film of ZnS with an average growth
rate of 4.1 A/cycle [1]. In the paper, ZnS is proposed as a Cd-free buffer layer for
CIGS solar cells. In this application, a layer of 20-150 nm seems to be typical with a
thicker buffer layer within that range potentially offering better cell performance [2].
Using the spin SILAR method shown by Han et al, in order to get a buffer layer of 100
nm, one would have to perform more than 200 cycles. Each cycle consists of
depositing solution A, rinsing with water, depositing solution B, and rinsing with
water again. While each cycle may only take a minute or so, depositing 200 cycles in
this manner would require a researcher to stand with a spin coating system, dispensing
solutions for hours. The spin SILAR method offers reduced rinsing solution waste,
potentially higher quality films and elimination of the possibility of contamination
when compared to traditional SILAR. This method is worth investigation and an
automated system to assist in the deposition process would be of great help.
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A second example is that of a functional gradient thin film material. In this
case the total deposition time may not be as long, however many functional gradient
material films require multiple solutions of varying concentrations. When preparing
these films via spin coating, a researcher generally prepares several different solutions,
one for each concentration needed. Then each layer is deposited. This process not
only is labor intensive in preparing several solutions, but can be wasteful as a larger
volume of solution is prepared than is needed for deposition due to mass balance
resolution and in order to assure proper mixing. This technique could benefit from an
automated system that allows the researcher to perform in-situ mixing of solutions
during deposition.
It is examples such as these that inspired this thesis. The objective of this work
was to develop a multiple solution delivery system suitable for the described
deposition techniques. This thesis is an overview of the research and development
process for the multiple solution delivery system. It includes the experience of
mentoring and managing a student, background information about the deposition
techniques described above, as well as spin coating, an overview of the design
process, the finished design and a description of tests performed with the finished
prototype.
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2 Mentoring and Management
While not evident or explicit in many thesis projects, mentoring and
management are skills that graduate students greatly benefit from learning. Many
engineering graduate students go on to management positions. Unfortunately, many
engineering graduate students get little experience in managing people while in
graduate school. This is especially true of Master’s students who are in graduate
school for a relatively short period of time. The author was fortunate enough to
manage multiple students while performing this work.
The author also explored several references on effective management,
coaching, and feedback and assessment during her time working on this project
[3][4][5][6]. The author’s philosophy on mentoring and management is based around
helping individuals feel valued as well as understand the value of the work they do,
which is supported by literature [6]. The author believes that if individuals do not
know what good performance looks like, or have an idea of where they are compared
with where they should be, they will struggle immensely to improve performance and
often to no avail. This has been tied to the manner and directness with which feedback
is given [7]. It is those, as well as many other, concepts that have guided the author’s
actions in mentoring and management.
One of student the author had the opportunity to mentor was a high school
student who directly worked on the prototype. The intern worked with the author for
approximately one year.

4

The author and intern had daily discussions about progress and priorities.
During these discussions the intern was given feedback on current performance and
expected performance. When current performance and expected performance did not
match, a discussion ensued about how to improve performance. One aspect of that
discussion included the author asking the intern what she could do to help him work
better and more effectively. The author and the intern discussed effective working
methods and the importance of the work being done.
Some instances required the author to be away for a conference or meeting.
Anecdotal support of the effectiveness of discussions between the author and intern
was observed. Initially in his employment, the intern had a difficult time focusing on
the tasks at hand and an even more difficult time focusing when left on his own. Later
into his employment, he showed signs of self-motivation such as voluntarily emailing
the author on days of her absence to update her on his current work and progress for
the day.
The intern kept a record of what needed to be done and the priorities. He also
kept a record of his time and tasks accomplished on a daily basis. Throughout his year
of employment, he also had a few opportunities to present his progress to the lab
group via a single PowerPoint slide per meeting. In addition, as part of his ASE
internship experience, he created a poster about his experience and progress in this
project.
The intern’s role in this project was to do a great deal of the actual code
writing while working with the author and getting direction from the author for overall
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design, purpose, and tasks. The intern also contributed to the operations manual as
well as hardware design. In cases where the intern made choices on hardware, he was
tasked with writing justification documents; then the intern and the author would
discuss the options and a final choice was made. Initially the intern did not like the
idea of writing justification memos, but after a discussion about the importance of
careful documentation and potential necessity for purchasing, writing comparison and
justification memos became a more automatic task for him. An example justification
memo is included in Appendix 1 with permission from the intern.
Finally, while not evidence of actual effectiveness, the intern’s perception of
his position at Oregon State University and his interaction with the author is described
in a “letter of recommendation” from the intern regarding the author. This letter is
shown in Appendix 2.
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3 Background
Potential applications discussed here for the multiple solution delivery system
are primarily film deposition related. Some aspects these techniques have in common
are that they are generally thin film based, deposited via solution, and film creation
takes place on a spin coater. It is for this purpose that spin coater theory is presented
below, followed by a discussion of the background and purposes for the main
techniques presented here, functionally graded materials via layer-by-layer and
successive ionic layer adsorption and reaction (SILAR).

3.1 Spin Coating Theory
Spin coating is used in many industries and has been for several decades. It is
a routine step in semiconductor processing, application of antireflection coatings[8],
magnetic disk coatings, flat screen display coatings, and DVDs and CD ROMs[9].
Spin coating was used to apply a paint coating in the early 1900’s [10].
Spin coating is a process by which a solution is dispensed on a substrate and
the substrate is spun until a uniform film is created. The static dispense spin coating
process consists of four stages [11]:
1. Deposition - Solution is dispensed in the center of the surface of the
substrate shown in Figure 1.
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Figure 1. Spin coating stage 1
2. Spin-up - The spin coater is started and acceleration of the substrate
occurs until it reaches a desired rotational speed, shown in Figure 2.
Solution is thinned in the center of the substrate and thickened near the
edges due to the presence of excess. Then fluid thins to a point where
the viscous shear drag balances the rotational acceleration. In some
cases the acceleration rate is ramped due to the affect this can have on
the film.

Figure 2. Spin coating stage 2
3. Spin-off – Fluid thinning occurs dominated by viscous forces, shown in
Figure 3.
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Figure 3. Spin coating stage 3
For stage 2 and 3, more so stage 3, the film thickness is described by the
first spin coating model by Emslie et al, referenced here via
Meyerhofer[12] and reiterated in Middleman and Hochberg[13]. This is
shown in Equation 1:
(1)
h is the film thickness
ho is the initial film thickness
 is viscosity
 is angular velocity
 is density
t is time
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This assumes no evaporation, uniform initial thickness (h=ho at t=0 for all
r), neglected gravitational and Coriolis forces, cylindrical symmetry,
velocity in the r direction, no slip boundary condition at the wafer surface,
and no shear stress at the free surface. Equation 1 was derived from a force
balance and the continuity equation.
4. Evaporation – Thinning occurs due to solvent evaporation shown in
Figure 4.

Figure 4. Spin coating stage 4
During this step the previous model is no longer valid as evaporation takes
place. Evaporation causes change in viscosity of the film fluid as well as
change in thickness due to solvent loss. Meyerhofer presented a model to
account for evaporation that is solution dependent, and requires viscosity
values for different concentrations of solution as well as evaporation rate
[12]. Others have presented models as well to account for evaporation loss
and even the addition of heat [14][15]. These are best left to be explored
by the particular system and fluids being used.
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In many cases a coated substrate requires an annealing process to further
harden or cure the film. In the case of photoresist for semiconductor processing the
coated substrate goes through an exposure process.
The dynamic dispense spin coating process is a little different because
dispensing of the fluid occurs while the substrate is spinning rather than while the
substrate is stationary. Dynamic dispense has gained favor in semiconductor
processing [16]. Some texts combine stages 3 and 4 into one stage considering it a
“spin to final film thickness and film drying” stage [16].
Spin coating is used to deposit a variety of films, some of which are
functionally graded materials made via layer by layer and SILAR films.

3.2 Functionally Graded Materials from Layer-by-Layer
Functionally graded materials are used for several different purposes including
thermogenerators, dielectric films for capacitors, composite electrodes for fuel cells,
photovoltaics, ceramic actuators, samurai swords. Some additional areas of
application for functionally graded materials include the following: thermal barrier
coatings, metal to ceramic bonding, joining technology, metal cutting and rock drilling
tools, corrosion protection, gear wheels, optical and optoelectronic applications, piezo
and ferroelectricity, and biomaterials [17]. Patents have even been issued for
functionally graded materials methods of making such materials and their
analysis[18][19][20][21]. The basic definition of a functionally graded material is a
material in which there is a “spatial gradation in structure and/or composition, tailored
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for a specific performance or function.[22]” Figure 5 demonstrates a schematic form
of two functionally graded materials.

Figure 5. Functionally graded materials, Left-constructive Righttransport based
Functionally graded materials have been grouped into two categories:
constructive and transport-based [23]. These categories are based on the process by
which they are made. For the prototype considered in this work, the constructive type
of functionally graded materials is of more interest. Constructive functionally graded
materials are made by building layer upon layer of different composition, this
technique is also known as layer-by-layer.
Several methods are used for deposition of constructive functionally graded
materials: chemical vapor deposition, physical vapor deposition, lamination, thermal

12

spraying, electrotransport, chemical reaction[24], chemical bath deposition, as well as
many more.
Spin coating is a method used to produce some functionally graded materials
and has advantages of low cost, low waste, and tight control on film thickness as well
as deposition conditions. An automated system for in-situ mixing of solutions for the
purpose of creating functionally graded materials is appealing due to the
reproducibility aspect as well as the decreased labor in preparing and depositing
several solutions.

3.3 Successive Ionic Layer Adsorption and Reaction
Successive Ionic Layer Adsorption and Reaction (SILAR) is relatively low
cost as it is solution based. It is also simple and can be used to deposit a large variety
of materials. SILAR is used for photovoltaics, light emitting diodes, laser screens,
thin film transistors and more [25][26][27]. SILAR was first reported by Ristov et al
and named by Nicolau in 1985 [28].
The SILAR method is used for making molecular and atomic layers of
material. Films can be made by stacking up multiple layers. Figure 6 is a schematic
diagram of the general concept.
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Cation Solution

Anion Solution
Rinse

Cation

Cation solution Anion

Rinse

Reactive Anion

Figure 6. SILAR Steps Left - Cation adsorption, Second - Rinse, Third - Anion
Adsorption and Reaction, Right - Rinse
This process is described by Mitzi [29]. In the first step cations are adsorbed on
the surface of a substrate and the complementing anion in the cation solution forms a
monolayer to balance the charge. In the second step the substrate is rinsed and this
leaves a single layer of cations with a single layer of complementing anions. The third
step covers the cation-covered substrate in the reactive anion solution. The reactive
anions diffuse through the outer layer of complementing anions to react with the
cation layer, thus displacing the complementing anion. Not shown in the diagram are
the complementing cations from the reactive anion solution. Finally, the substrate is
again rinsed and now has a layer of reacted material consisting of the original cation
and the reactive anion. The process is repeated several times to get well controlled,
thicker layers of a target film.
SILAR is traditionally performed by dipping the substrate into different
solutions. This can be done manually and automatically. A schematic of an automatic
SILAR system is shown in Figure 7.
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Figure 7. Traditional SILAR Apparatus
Spin coating SILAR, also referred to as spin SILAR is a relatively new
technique, with only a couple publications found by the author regarding this method,
all from this year [1][30]. This method combines the concept of SILAR with the
deposition techniques of spin coating. The cation solution is dispensed on a spinning
substrate, and then a rinsing solution is dispensed followed by the anion solution and
again a rinsing solution. This cycle is repeated several times until the desired
thickness or number of cycles has been reached. In one article that used spin SILAR
the rinsing steps were omitted altogether and the authors boasted denser more uniform
films than could be achieved with traditional SILAR [30]. This method has
advantages over traditional SILAR in minimizing the rinsing waste as well as faster
processing while still producing a smooth, uniform film [1]. In addition, spin SILAR
removes the possibility of cross contamination as substrates never come into contact
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with the solution reservoir. In both cases of spin SILAR, the deposition was
performed manually and required tens of deposition cycles.
These processes could benefit from a system that can provide automated
dispensing of the required solutions such as the multiple solution delivery system
prototype presented in this work. This would allow the researchers to invest their time
into more challenging activities than standing next to a spin coater and dropping
solutions every 20 seconds or so for tens to hundreds of cycles.
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4 Design Theory and Design
4.1 Brief Design History
Evidence of design has been observed for as long as the archaeological history
of humans.[31] It is present in artifacts found from homes and shelters, weapons,
clothing, etc. Design is evident in the ancient Egyptian pyramids the earliest of which
was built around 2600 BC [32] , the journals and products of Leonardo da Vinci
(1452-1519 AD [33]), and even man-made structures and stone tools from as long ago
as about 2 million years [34]. Today, design is not only a concept we explicitly use,
but a concept we research and even teach in courses. Design applications encompass
almost any product available on the market today from clothing, automobiles, homes,
to processed food and even some raw fruits and vegetables through genetic
engineering. While methods may change from application to application the process
looks similar throughout. It includes understanding what is needed, sorting out a
solution to the presented need, building that solution and testing it in some form.
Design can be simple or very complex. Design is often open-ended and ill-structured.
A detailed description of the design process used in this work is described in the
following sections.

4.2 Design Philosophy
The author believes that a product design process generally involves multiple
prototype iterations of the design process before a market ready product is produced.
From the author’s experience, three prototype loops seem to be adequate for this
product design process. The first loop, often termed an alpha or breadboard prototype
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is generally a rough system to establish a proof of concept. The second loop, often
termed a beta or brassboard prototype, is a more refined system, closer in form to the
final, market-ready product, but often still has bugs and issues. The final prototype,
perhaps considered a commercial prototype is a prototype that very closely resembles
the final product, with incorporated solutions to bugs and issues from previous
prototypes. In some cases, such as when customer needs are misunderstood or change
based on the results of prototype exposure, or when the market changes enough to
mandate new benchmarks, additional design loops are necessary. A design loop is
identified by a significant change in design or a complete redesign process. The
prototype presented in this work is a solid alpha prototype. In this work a pre-alpha
prototype was also constructed based on incomplete understanding of customer needs,
thus requiring a longer design process.
The design process used in this work is a combination of several components.
The author has some limited prior experience in product design and multiple texts
were referenced [35][31][36]. This process consists of several components:
understanding customer needs, product scoping, product teardown, establishing
engineering specifications, concept generation and selection, concept realization and
verification, design for manufacturing and assembly, and documentation. Although
these steps are presented in an order, several iterations were performed and the exact
order performed may not match the order presented.
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4.3 Understanding Customer Needs
For the prototype discussed here, this includes surveying literature,
interviewing potential customers, examining the operation environment of the system
and interpreting the needs of those potential customers.
The first round of understanding customer needs, which corresponded to a prealpha prototype was incomplete in this work. It consisted of a brief survey of the
literature and a very brief discussion with labmates and Dr. Chang. The first round did
not include fully understanding the potential applications, nor did it include detailed
conversation with potential customers. The needs understood from this first round
included the following:


Ability to deliver 3 solutions to a substrate



Programmable recipes

The second round of understanding customer needs which corresponded to the
alpha prototype was much more complete. It included a semi-structured interview
with a potential customer, Dr. Chang. This interview process was one of the most
important steps in understanding customer needs. It was not until that interview and
discussion that a deeper understanding of the customer needs was gained. In addition
to the interview, lab group members were verbally surveyed in a group meeting
regarding their needs in research and the potential applicability of this system to their
work. This deeper understanding included the following needs:


Computer independent



Ability to deliver at least 3 solutions
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Ability to mix up to two solutions



Can deliver solutions according to a programmable recipe that would
be suitable for SILAR and gradient deposition



Cannot be damaged by liquid solutions

This second round included a much deeper investigation of potential
applications and direct identification of research methods and techniques for which the
prototype would be applicable. Further investigation of literature on the noted
methods provided a more clear definition and refinement of the recipe aspect of the
customer needs in Table 1. Quantitative values for some of these aspects were
gathered as well and used in engineering specification.
Table 1. Recipe Needs
Need
Repeat cycles
Save recipes
Multiple steps per recipe
Delay time in between
steps
Able to set step duration
Able to set step
dispensing volume
Multiple solutions
dispensed at one time
Large reservoir volume
High resolution

Spin SILAR
Directed
X
X
X
X

Functionally Graded Material
Directed

X
X

X
X

X
X
X

X
X
X

The majority of recipe needs are overlapping between the two target film
types, with some discrepancy between them in reservoir size and resolution. With this
information gathered, the next step was to survey competitive products.
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4.4 Product Scoping
This includes surveying competitive products in SILAR equipment, spin coater
accessories and syringe pumps. A summary of each is given in the following
discussion.
SILAR equipment was investigated as a competitor for the spin SILAR
method. While the traditional SILAR equipment does not generally include a spin
coater, it is certainly a competitor for the proposed prototype for the SILAR technique
in general. Traditional SILAR methods have the disadvantage of either using copious
amounts of rinsing solution to maintain clean solutions or being at risk for cross
contamination. There is some suggestion that spin SILAR may produce higher quality
films[30], although this claim is in need of further exploration. The only
commercially available traditional SILAR equipment found by the author is
manufactured by Holmarc Opto-Mechatronics PVT, LTD and is summarized in Table
2. However, several researchers have constructed their own automated equipment
[37][38][39][40].
Table 2. SILAR Products
Company
Holmarc Optomechatronics
PVT. LTD

Website
http://www.holmarc.
com/silar_controller.
html

# of Dips
1-1000

PC Required?
Yes

Other
Variable
temp 1050C

Spin coater accessories were also investigated. Table 3 shows a summary of
that investigation.
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Table 3. Spin coating accessory products
Company

Website

Accessory
Name

Prog? Need PC? Max Steps Reps?

http://www.che
mat.com/chema
Chemat Scientific
KW-4AD
N
tscientific/Spin
coater.aspx
http://www.scs
coatings.com/p
Multi
SCS Coatings
arylene_equip
Dispense
Y
ment/spinSystem
coaters.aspx
Laurell
http://www.laur
Process
Technologies
Y
ell.com/full.asp Controller
Corporation
http://www.hea
Headway Research
HDP98 Fluid
dwayresearch.c
Sort of
Inc
Dispenser
om/
Ultra T
http://www.ultr
Automated
Semiconductor at.com/backgro
Y
Dispense Arm
Equipment
und.htm
Cee® 200X
Precision Spin
http://www.bre
Coater
Brew Science, CEE werscience.co
Y
(Probably
m/
very
expensive)

# of
# of
Recipes Channels

Delay

N

NA

N

NA

1

NA

N

20

N

30

4

Empty step

Optional

51

N

20

Optional

1

N

1?

1

NA

Optional

8

N

8

5

Empty step

Y

250,000

50

Empty step

Onboard
Unlimited
PC

Up to 8 Empty step

In general, spin coating accessories do not advertise repetitions, although you
can individually program multiple cycles step by step. The system available from
Brew Science CEE is quite inclusive but also most likely costs much more than many
researchers can afford. Most spin coater accessories are programmable with a limited
number of steps, programs and dispensing channels or solutions.

In addition, spin

coater accessories reinforce the need for computer independent control in the system
presented in this work, as most offer that option.
Finally, syringe pumps were investigated. Five syringe pump companies and
their products were found, all of which only allowed for control of a single syringe
pump pusher via computer independent control. Some individual syringe pumps
could be programmed simultaneously via computer control for multiple channel
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dispensing or programmed through individual manual program input. Computer
control allowed for up to 100 pumps to be controlled simultaneously [41]. Two
products, one from Chemyx and another from KD Scientific [42] offered looping. The
Chemyx pump only offered a syringe size range from 0.5ul to 10mL, not quite large
enough for a SILAR deposition [43]. All computer independent options appeared to
be control of a single syringe pusher regardless of the number of syringes one could
place in the pump. In general the syringe pumps offered tens of programs with tens of
steps per program. The lack of elegant computer independence is the main drawback
for just using syringe pumps for the applications discussed.
Information from all product scoping was compiled and used in combination
with customer needs information to set engineering specifications.

4.5 Product Teardown
This component is not necessary in all product design, but was used in this
prototype design for the alpha prototype. In general, product teardown includes
disassembly of competitive or comparable products for better understanding of their
operation.
Once the syringe pump concept was chosen, a single syringe pump
manufactured by KD Scientific was disassembled. Some key understanding gained
from this disassembly process includes a realization of the simplicity of the system,
ideas for holding syringes securely while dispensing takes place, and a better
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conceptual understanding of the mechanical linkages that connect the motors to the
syringes. A flow diagram of mechanical linkages is shown in Figure 8.

Motor

Motor
shaft

Gear

Gear
box

Gear

Screw
drive
shaft

Threaded
pusher
block

Syringe
plunger

Figure 8. Mechanical linkages in syringe pump
In addition, while other products were not physically disassembled, user
interfaces of a laboratory spin coater, furnace and syringe pump, as well as other
laboratory instruments, were analyzed for menu flow. These are tools often used in
the laboratory by the same researchers that will use the system designed in this work.
A user interface similar to current systems, although not identical due to varied
functionality, will allow the potential user to more easily interface with the prototype
presented.

4.6 Establishing Engineering Specifications
These are the minimum requirements of the system as decided by
benchmarking using the customer needs, product scoping and required product
function. The engineering specifications required for this prototype system were
compiled from literature and product scoping and some are listed in Table 4.
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Table 4. Engineering Requirements Summary
Requirement Spin SILAR

Functionally
Graded
Materials
Small to
medium
(ones to tens
of mL)

Products

Prototype
Requirements

Wide
range
for
syringe
pumps
Wide
range
for
syringe
pumps
+/0.35%
for
syringe
pumps

0.05 mL – 60 mL
per syringe for
alpha w/ expansion
to incorporate
larger sizes in beta
0.1 mL/s to 1
mL/several minutes
for the alpha,
expected faster
options for beta
+/-2.5%, changed
to +/-5% for the
alpha with expected
higher in a beta
with precision
screw drive
20 for the alpha
with potentially
more for the beta,
depends on further
customer testing
15

Volume
range

Large (tens to
hundreds of
mL)

Flow rate
range

Short
(1mL/seconds)

Resolution
in dispensed
volume

+/-10% - +/50% as reported
by authors
using spin
SILAR [1]

Range of
number of
steps

4

1-??

1-51
(unlimit
ed with
PC)

# of recipes

?

?

# of
channels
required to
mix
Delay time
range

1

1, 2

1-30
(250k
w/PC)
NA

1s-2 min
(generally
short)

Range of
number of
repetitions

20 [26] to
1600[44] with
most in the 20200 range

1s-20min
(drying, this
is just an
estimate)
None or low
(<5)

Short to
medium
(~1mL/seco
nds ~1mL/min)
+/- 5% ?

2

At least 30 minutes

SILAR
systems
can do
1-1000
dips

At least 200 for the
alpha with
potentially higher
for the beta
depending on
further customer
requirements
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In addition to the engineering requirements shown in Tsble 4, the system must
also be computer independent, have a multi-line user interface with smooth navigation
through menus and a method for the user to input parameter values. Comparably sized
tools the researcher uses on a regular basis have these user interface features. Once
specifications were set, concept generation began.

4.7 Concept Generation & Selection
In concept generation and selection concepts for the prototype design are
generated and one of them is selected as the concept to pursue. One of the biggest
decisions in this design was the decision of what type of solution reservoir and
delivery system to use.
The pre-alpha prototype consisted of open air reservoirs and pinch valves to
control solution delivery; this was the realization of a previous concept. This system
was not suitable due to the lack of control of solution flow rate and lack of computer
independence. In the concept generation and selection step for the pre-alpha system,
only one concept was considered and selected based on prior work.
While the alpha prototype could have open-air reservoirs, this option as
implemented in the pre-alpha design, was not a good one. Another option was that of
reservoirs and peristaltic pumps. This option is not favorable due to the large cost of
peristaltic pumps and general lack of ease of control of multiple pumps without a
computer. Another option was that of a gas pressurized system with control valves.
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This was an interesting option, but the author has a lack of experience with gas
pressurized systems and there are several factors that may become an issue with these
types of systems. In addition, gas pressurization requires either plumbed compressed
gas or an air compressor. In order to maintain simplicity, this option was abandoned.
Finally, the option of syringe pumps was chosen. The syringe pump option offers a
wide variety of resolution and reservoir volumes at a reasonable cost.
After product teardown of a KD Scientific syringe pump a concept schematic
of the alpha 1.1 prototype was constructed and is shown in Figure 9.

Figure 9. Alpha 1.1 concept
It was decided that a belt and pulley system would link the screw drive to the
motors. Pushers, mounted on the screw drive as well as guide shafts were chosen to
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push the syringe plungers. Various sized pulleys were chosen for testing to establish a
ratio robust enough to push the largest syringe selected.
Once the solution reservoir and delivery options were chosen, the next big
decision was the type of electronic controller to use. Requirements mandated that it
have several inputs and outputs due to interfacing with a user interface, at least three
motors and potential additional features. Some of those features are planned for future
prototypes that might control a spin coater or perform some sort of annealing control.
In addition, the controller had to be reasonably priced and flexible. Options were
compared and the controller that offered a reasonable speed with plenty of
input/output ports was chosen. The chosen controller and accompanying board was
the Arduino Mega. The comparison of controller options considered is shown in
Table 5. While this list is in no way all inclusive of controller options on the market,
it was broad enough for the prototype considered here.
Table 5. Controller Options

From this point, a clearer concept of the electronic hardware and software was
constructed based on the chosen controller. With searching and brainstorming it was
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decided that a solution resistant keypad and multi-line LCD screen would serve as the
user interface. Other user interface options were considered, which included knobs
and dials as well as simple buttons, but the keypad option was chosen due to the
solution resistant option as well as the flexibility in user entry. A power supply was
needed that output 5V for the Arduino Mega and an unspecified voltage for the
motors. Motors were investigated. Based on the code libraries available and
simplicity of wiring, unipolar stepper motors were chosen. For the justification memo
regarding the choice of type of motor, written by the intern involved in this project and
reprinted with his permission, reference Appendix 1. Further investigation in motor
capability and requirements was performed to assure that the specific motors chosen
would meet both software and mechanical needs. Motors requiring 12V were chosen
and the power supply specs were set based on current and voltage needs. A detailed
diagram was constructed of the electronic components, which was refined, an initial
version of this diagram is shown in Figure 10.
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Wiring Diagram Pins on
component – pins on Arduino
Keypad 1 - 10
Stepper 1/1 – 28
Keypad 2 – 2
Stepper 1/2 – 29
Keypad 3 – 3
Stepper 1/3 – 30
Keypad 4 - 4
Stepper 1/4 – 31
Keypad 5 - 5
Keypad 6 - 6
Stepper 2/1 – 33
Keypad 7 - 7
Stepper 2/2 – 35
Keypad 8 - 8
Stepper 2/3 – 37
Stepper 2/4 – 39
LCD 1 - ground
LCD 2 - 5v
Stepper 3/1 – 41
LCD 3 - 3v
Stepper 3/2 - 43
LCD 4 - 31
Stepper 3/3 - 45
LCD 5 - 50
Stepper 3/4 - 47
LCD 6 - 48
LCD 7 - 38
LCD 8 - 36
LCD 9 - 34
LCD 10 - 32
LCD 11 - 22
LCD 12 - 23
LCD 13 - 24
LCD 14 – 25

Darlington
arrays

motor

Keypad

Arduino
Mega

motor

motor

LCD Screen

Figure 10. Electronic schematic (left - pin designations, right - rough schematic of
wiring)
In the alpha 1.2 and 1.3 prototypes LEDs were added as status indicator lights.

4.8 Concept Realization & Verification
This is the final step for the prototype presented in this work. This step is the
realization of concept to functioning system and verification of the system
functionality. In this step the components were assembled into a prototype.
The pre-alpha prototype required simply ordering parts and assembly. The
assembled pre-alpha prototype is shown in Figure 11. It was never fully tested.
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Figure 11. Pre-alpha prototype
In the alpha prototype, electronic components were ordered from various
manufacturers. A power supply was purchased from Goodwill. The mechanical
components including the syringe pushers, screw drive, pusher guide rods, syringe
holders, guide rod and screw drive securing strip, and motor mounts were all
fabricated by the author using a drill press, chop saw, and hack saw. In the next
prototype, these would be professionally machined. The enclosure for the alpha 1.1
was purchased and modified for component mounting. The alpha 1.1 is shown in
Figure 12.

31

Figure 12. Alpha 1.1 prototype assembly (left - assembly prior to keypad and lcd
screen installation, right - internal components of the system post electronic parts
installation)
After several code changes and mechanical component assembly and
disassembly, it was realized that the alpha 1.1 prototype was not designed well for
assembly. This inspired the alpha 1.2 prototype, in which a second enclosure was
used for the mechanical components which was also modified by the author. In
addition free wires were replaced with ribbon cable and wiring harnesses to improve
electrical integrity. The alpha 1.2 prototype is shown in Figure 13.
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Figure 13. Alpha 1.2 prototype assembly
When moving the prototype into the laboratory environment, space saving was
realized as a necessity. This inspired the revision to the alpha 1.3 prototype. For the
alpha 1.3 prototype, the second enclosure was further modified to incorporate all
components and the first enclosure was abandoned altogether. In addition a more
robust computer power supply was installed to replace the power supply purchased
from Goodwill. The alpha 1.3 prototype is shown in Figure 14.
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Figure 14. Alpha 1.3 prototype assembly (left – external view of system, middle – belt
and pulley system, right – internal view of the system)
After assembly, the system was calibrated.
4.8.1 Calibration
Calibration of dispensed volume was first estimated via calculation. The inner
diameter of each syringe was measured with a ruler. This value, along with the pitch
of the threaded rod, the gearing ratio and the steps per rotation of the motor were used
to calculate volume of solution dispensed per syringe per step. Calculations were
performed for syringes with BD LuerlokTM tips in volumes of 1, 3, 5, 10, 20, 30, 60
mL sizes. A detailed list of syringes for which the system has been calibrated is
available in page 24 of the operations manual, given in Appendix 4.
Calculations were performed by the author as well as a laboratory intern
independently and confirmed to be within rounding error.
The initial calibration factors, in the form of volume dispensed per 20 motor
steps, were then loaded onto the device and tested experimentally. The first round of
experimental calibration was performed by setting a recipe with 2-3 dispensing
volume settings at a time close to the minimum time per setting. Syringes were filled
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with de-ionized water and the recipe was run. Liquid volume was measured in one of
two ways, depending on syringe size and dispensed volume size. For volumes 1-5 mL
in volume a tube with a known inner diameter was used and dispensed volume was
measured by the length of tubing filled by the dispensed volume. For larger volumes,
dispensed volumes were caught with an appropriately sized graduated cylinder.
Results were then used to revise calibration factors and this process was
repeated until the set volume was equivalent to dispensed volume for each syringe.
An example calibration curve, that is the result of 5+ repetitions, is shown in Figure
15.

Figure 15. Calibration curve example

Once a satisfactory calibration factor was found, several tests per syringe were
performed to evaluate consistency in the dispensed volume. In addition, tests were
repeated with multiple channels to verify inter-channel consistency. A plot of
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repetitions of the smallest specified volume for the 10 mL syringe, along with system
specification limits and tolerance/control limits are shown in Figure 16.
Syr 1

0.265

SL

Target

TL

Dispensed Volume [mL]

0.26

0.255

0.25

0.245

0.24

0.235
0

5

10

15

20

25

Sample #

Figure 16. Repetitions on 0.25mL dispensed volume with a 10 mL syringe (green
dashed lines are specification limits, black dashed lines are statistical tolerance limits
and the red solid line was the target volume)
Statistical analysis of this data set suggests that with 95% confidence, 95% of
the population will be found between the tolerance limits shown. The specification of
+/- 5% target volume is shown by the specification limits. The smallest volume per
syringe has the highest error, so at higher volumes the spread in the data is even
smaller and reproducible at better than +/- 5%. The specification was left at +/- 5%
target volume for simplicity as the users have not indicated the necessity of tighter
specifications for this alpha prototype. This data shows that with reasonable
confidence, dispensed volumes will be well within the specified limits of the system
even at the smallest, most erroneous volume setting.
Final system performance specifications are shown in Table 6.
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Table 6. System performance specifications
Item

Specification

Number of channels

3

Max recipes

17

Max steps

24

Minimum dispensed volume

2.5% total syringe volume

Resolution in dispensed volume

+/-5% target volume

Number of channels that can be mixed per
step

Up to 2

Maximum repetitions

254

Additional features

Post step delay

Syringes for which system is calibrated

BD 1, 3, 5, 10, 20, 30, 60 mL

Maximum dispense rate

15 mL/min with 60 mL
syringe

Dimensions

12”w X 12”d X ~9”h

4.9 Design for Manufacturing and Assembly
This component includes in the design process ease of manufacturing and
assembly. While this is not always considered in design, it can be an important aspect
to take into account. In this design, going from alpha 1.1 to alpha 1.2 was the result of
changing the design for assembly. In the alpha 1.1 system, it was very difficult to
access the electronic hardware when changes needed to be made due to the fact that all
of the syringe pump mechanical components had to be disassembled before the
electronic components could be accessed. This was not a good example of design for
assembly or disassembly in this case. However, the alpha 1.2 version was much easier
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to assemble and disassemble due to the separation of mechanical components from
electronic components. In the final version, alpha 1.3, the electronic components and
mechanical components are again housed in the same enclosure, but they are also easy
to separate without interference when one component or group of components needs
accessed. It is the belief of this author that design for manufacturing and assembly is
something that should be explicitly considered in any design process.

4.10 Documentation
Documentation for this prototype design has been accomplished with several
components. The code used to run the system is both available in .pde format, the
original arduino software format, as well as in PowerPoint. A user manual has been
created in Microsoft Word format as well as a prototype data sheet.

4.10.1 Code Commenting
While the code was being written, code commenting was a secondary priority
to functionality. After a satisfactory version of code was complete, a commenting
PowerPoint file was prepared to describe variables and operations to such a degree
that the code could be interpreted at a later date by future users and edited as
necessary. In addition code in the original firmware files is commented as well.
Original files are available for future users to access as necessary. The commented
code is included in Appendix 3 for reference.
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4.10.2 Operations Manual
The operations manual was constructed in order to allow future users to easily
operate the device. It includes step by step instructions accompanied by demonstrative
images for each operation a user may want to attempt. The manual includes sections
on creating, editing and running recipes as well as creating and editing steps within
recipes. It also includes instructions for loading and unloading syringes, an overall
diagram of the device and location of components. In addition, a complete
components list is included in the operations manual. The complete operations
manual for the multi-solution delivery system is located in Appendix 4.
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5 Additional Tests and Results
5.1 Mixing Solutions
One of the tests post calibration was a test of mixing de-ionized water with
Sigma Aldrich LUDOX TM-50 colloidal silica, 50 wt% suspension in water. The
purpose of this test was show that the mixing and concentration gradients could be
achieved with the system. In order to do this, glass test tubes were dried and weighed.
The syringes used were 10 mL BD syringes for which the system had been calibrated.
Then a program was set with 11 steps shown in Table:
Table 7. Steps used for silica solution-water mixing tests
Syr 1 [mL] Syr 2 [mL] Step Duration [min] Delay After Step [min]
Step 1:

2

0

1

1

Step 2:

1.8

0.2

1

1

Step 3:

1.6

0.4

1

1

Step 4:

1.4

0.6

1

1

Step 5:

1.2

0.8

1

1

Step 6:

1

1

1

1

Step 7:

0.8

1.2

1

1

Step 8:

0.6

1.4

1

1

Step 9:

0.4

1.6

1

1

Step 10:

0.2

1.8

1

1

Step 11:

0

2

1

1
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A portion of the solution during each step was caught in a pre-weighed glass
test tube and the test tubes were massed once again. Test tubes containing solutions
were then dehydrated in a vacuum oven for 12 hours at 50C, at which point all water
had evaporated. The test tubes were weighed once more and mass loss was compared
to calculations made based on expected concentration and mass of silica in the final
solution. This process was repeated and the values were averaged. Further, control
samples of de-ionized water and Sigma Aldrich LUDOX TM-50 colloidal silica, 50
wt% suspension in water that had not passed through the multiple solution delivery
system were also dehydrated. Results are presented in Figure 17.
60%
y = 1.09x
R² = 0.986

Data
50%

Control
Linear (Data)

Actual % Solid

40%

30%

20%

10%

0%
0%

10%

20%

30%

40%

50%

60%

Predicted % Solid

Figure 17. Mixing test results
As can be seen from the results, the predicted solids mass percent versus actual
solids mass percent show a strong relationship with an R-squared of 0.986. There is a
discrepancy between the predicted mass percent and the actual mass percent that was
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seen with samples, but this discrepancy appears to be consistent with the control
solutions that did not go through the system. This may be explained by the possibility
of the commercial solution containing surfactant or some other components that would
not evaporate or exit the test tubes during the dehydration process causing the actual
mass percent to be higher than the predicted mass percent. The solution is a
proprietary solution so actual additional components are unknown.
5.2 Graded Films
In addition to the mixing tests, tests with actual film deposition have been
performed. There are two types of films were deposited in this work. One consisted
of mixing methanol with a RhinoQ Hardcoat solution from Quest Optical through the
multiple solution delivery system and then depositing the solution on a silicon
substrate. The silicon substrate was cleaned pre-deposition via rinsing with acetone,
methanol and de-ionized water. Solution was dispensed on the substrate while in the
spin coater and the spin coater was set to 2000 rpm. Samples were annealed in a
furnace at 120C for 20 minutes post deposition. The thickness of films was measured
via SEM image analysis. The results are presented in Figure 18 along with results
from previous work performed manually with the same deposition conditions by
Seung-Yeol Han. The two methods are in good agreement.
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Film Thickness [nm]

Previous work by SY Han

MSDS Results
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0.8

1

Concentration of RhinoQ HardCoat Solution
1 = 100%, 0.5 = 50% RhinoQ and 50% Methanol

Figure 18. Film thickness as a result of mixing solutions (diamonds are traditionally
deposited films from S-Y Han, squares are films deposited with the multiple solution
delivery system)
The second set of films deposited were films to demonstrate mixing of the
RhinoQ Hardcoat solution with a methanol solution containing silica nanoparticles.
Preparation of the methanol solution containing silica nanoparticles consisted of
dehydrating Sigma Aldrich LUDOX TM-50 colloidal silica, 50 wt% suspension in
water. After dehydration, the remaining granules, shown in Figure 19, were redispersed in methanol and sonicated for 1 hour.
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Figure 19. Dehydrated silica nanoparticles

After sonication, it was evident in the solution that there was methanol with
suspended silica nanoparticles along with settled silica nanoparticles. The methanol
with suspended silica nanoparticles was decanted and a sample was dehydrated to
assess weight percent solids in the methanol solution.
To verify particle size, SEM was performed on a drop of methanol containing
silica nanoparticle solution. An SEM image of the silica nanoparticles from the
methanol solution is shown in Figure 20.

44

Figure 20. Silica nanoparticles after redispersion in
methanol
After several hours of sitting statically, silica nanoparticles appeared to
partially settle out of solution. For this reason, the methanol containing silica
nanoparticle solution was sonicated for a minimum of 25 minutes prior to use.
Films were deposited by setting a mixing recipe in the multiple solution
delivery system and pairing with a spin coater with rpm setting of 2000. 10 mL
syringes were used, with tubing connected to an Upchurch Scientific micro mixer.
When the solution exited the micro mixer it dropped directly onto the substrate
surface. After each deposition step, films were annealed at 120C for 20 minutes to
prevent re-dissolving of the RhinoQ Hardcoat material. An SEM image of the
finished product after 5 deposition steps is shown in Figure 21.
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Figure 21. Attempted gradient film
Unfortunately, the author has been unable to distinguish between each of the
mixed concentration layers thus far. However, overall thickness and per layer
thicknesses were calculated based on the previous film thickness correlation of
thickness to RhinoQ concentration. A modification was made to account for the
addition of silica nanoparticles. The estimated thicknesses are shown in Figure 22.
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100:0

Figure 22. "5" Layer film with estimated film thicknesses based on composition
(composition shown is 50% RhinoQ solution:silica nanoparticle solution)
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6 Conclusions
A system suitable for pairing with a spin coater for SILAR and graded film
deposition was designed and developed. The research and development process
included assessing customer needs, product scoping, setting engineering
specifications, product teardown, concept generation and selection, concept realization
and verification, and documentation. Design for manufacturing and assembly was
also considered.
Calibration of the system has been performed for several syringe sizes as well
as tested for reproducibility. This has verified and set the system performance to
include specifications for lowest dispensed volume and accuracy and repeatability of
dispensed volume.
The system has been documented both in coding and operations for the benefit
of future users. This was performed both in code as well as in a PowerPoint file for
code documentation. The user operations are documented in a user manual that
includes descriptions of all steps for operation as well as a general system overview.
Testing has been performed and the system has been shown to function for insitu mixing capability and film deposition. Testing has included in-situ mixing of a
silica nanoparticulate solution with water to verify mixing. In addition, a proprietary
polymer solution was mixed in-situ with methanol and directly deposited to produce
films of varying thickness. Testing was then performed with in-situ mixing and direct
deposition of a silica nanoparticulate solution and the proprietary polymer solution.
Films were analyzed via SEM and are currently being analyzed further.
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7 Future Work
Future work with current samples includes further analysis of the “gradient”
deposited sample via TEM.
Some simple future work to improve the alpha 1.3 prototype includes
implementing an updated stepper library for smoother motor operation and adding
error handling to the code. In addition, more syringe sizes should be added to the
internal library to provide future users with a wider selection.
For further development of this product, a beta prototype should be designed
and fabricated. This beta prototype should build on the alpha prototype while
expanding prototype capability. Some aspects that should be incorporated into the beta
prototype include professionally manufactured components, precision lead screw
drive, custom control board, strain gauge for pushing pressure monitoring, and a
streamlined, more compact enclosure designed in a modular form for ease of adding
additional syringes.
Product potential should be further assessed as well. Financial analysis and a
more in depth market analysis are warranted should this system be further considered
for commercialization.
Future testing work should include additional functionally graded films such as
films deposited via MANDTM. One potential type of film might be a zinc oxide
nanoparticulate film with flower-like base structures and smaller needle-like rods on
top. This might be achievable through changing the pH and residence time of the
reaction in a step-wise manner with the multiple solution delivery system presented.
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In addition experimentation could be explored further with silica nanoparticle
solutions and RhinoQ Hardcoat for the application of anti-reflective coating.
Finally, SILAR deposition should be explored. One obvious film would be the
ZnS SILAR experimentation performed by Seung-Yeol Han [1]. This deposition
should be performed using the multiple solution delivery system and the resultant film
should be compared to films deposited in a more traditional manner.
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Appendix 1: Justification memo from intern to author

Memo
To:
From:
Date:

Debra Gilbuena
Matthew Carlson
September 24, 2010

Stepper motors and Enclosures
There are two types of stepper motors: bipolar and unipolar. Unipolar
stepper motors are slight more expensive on average, if only by a few
cents. However, in this particular size, they cost the same. However,
unipolar offers a few advantages such as less complex and cheaper
controllers, more torque, and integrated transistors. Bipolar motors in our
resolution class offer less torque than their unipolar brethren. Each type
of motor has the same resolution and speed. Unipolar control circuits
require a Darlington array and some wire. Bipolar controllers require a
L293D H-Bridge chip, a few resistors, and two NPN transistors. It is not
that bad if you know what you are doing. However, the unipolar motors
offer a convenience that the bipolar motor cannot match. The unipolar
chip is only a dollar, but the bipolar chip costs $3.25! In our situation, the
unipolar motor is an obvious choice.
There are many resolutions available for stepper motors. As you get
more and more precise, the cost increases immensely. For 1.8-degree
step angle motor, it ranges from 70 to 100 dollars. As you step down it
becomes exponentially cheaper. A 3.6-degree step angle motor is
around $21. A 7.5-degree step angle motor costs around $18 to about
$19. The price continues to drop from there. A 3.6-degree step angle
motor is fine for our project. It provides the best resolution and torque for
the best features-to-cost ratio.
This project needs to be housed in a box of some kind. For our project, I
feel that a console box is the best option available to us. The sloped
surface at the top is perfect for an LCD user interface, as most LCD’s
have a small vertical viewing angle. Having sloped surface on the case
allows the LCD to be pointed at the user. The console design allows the
electronics and control circuits to be placed in the front and the motors to
be placed at the back. At about $67 for the larger size, and $40 for the
smaller one, these enclosures are not cheap. However, they are made of
aluminum and nicer looking than anything we can make. These
enclosures are made in smaller, but we need the larger size to fit
everything inside. At 13”x10”, the smaller size is the right size for what
we need. The larger size would give some nice insurance room, but the
added cost far outweighs the insurance the larger size offers.
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Appendix 2: Letter of recommendation from intern regarding author
To Whom it May Concern,

Debra Gilbuena is one of the hardest working and most focused people I know. She is
also engaging and inspiring. She motivates people around her and the people she
works with to achieve more and to do their best. She also knows when to relax and
when to work. She plans things out to small details and makes sure that this is indeed
the best course of action before committing resources and time to it. She also moves
quickly and is able to adapt to different situations and setbacks; particularly if
something goes wrong. She is always brainstorming possible other courses of action
or trying to see ahead to the next pitfall. As my mentor she has helped me to learn
valuable skills and habits that are going to come in use in the years ahead as I
prepare to go out into the work force. She keeps me focused and on task as well as
attending to her own work. I would not hesitate to recommend Debra to any position
anywhere.

Sincerely,

Matthew Carlson
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Appendix 4: Operations Manual for System
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