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Abstract

Carbon nanotubes (CNTS) are an advanced material with properties that show promise to
advance technologies in various fields due to their unique mechanical, thermal, and electrical
properties. In the field of electronics, CNTs provide a new route to manufacturing high
performance transistors with exceptionally small channel lengths due to their incredible charge
transport characteristics. To realize these next generation transistors, advances in manufacturing
highly aligned, densely packed arrays of CNT films at scale is a necessity. Here, two solution-
based deposition methods are explored and evaluated in terms of their film quality and
scalability.

First, several imaging techniques used to quantify film quality are explained. Two novel
methods for quantifying alignment from polarized optical microscopy (POM) images are
explored. Extracting information from POM images is desirable because large areas of films can
be evaluated for uniformity without the need for extensive imaging. The first technique involves
rotating a sample and taking images at several rotation degrees. By dividing each image into sub-
regions and evaluating the intensity as a function of rotation angle, alignment maps can be
generated, and film quality assessed quickly. The second method involves taking a single POM
image and evaluating intensity as a function of position. Information about alignment can be
extracted from the frequency and amplitude of the resulting intensity plot.

Next, the method Tangential Flow Interfacial Self Assembly (TaFISA) is explained, and
several changes to the apparatus are described. The effects of changing flow rate and lift rate are
explored, and it is found that flow rate has a more significant effect on film quality than lift rate.
According to this analysis, lower flow rates result in a higher number of smaller directional
changes, while a larger flow rate produces films with fewer, but more drastic directional
changes. Finally, demonstration of near full wafer coverage (~90%) is demonstrated on a 1x2 cm
substrate.

Chapter 4 introduces a novel method for solution-based, shear-induced alignment, called
oscillating shear alignment (OSA). By oscillating a substrate with a sinusoidal velocity while
submerged in CNT solution, high shear rates act to align CNTs with the oscillation direction.
Effects of varying the frequency and amplitude on alignment are explored, and it is found that
both higher amplitudes and frequencies increase alignment, however frequency appears to have a
larger impact on alignment. The effect of CNT length on alignment is then explored, and it is
found that alignment is a strong function of CNT length, and major benefits in terms of
alignment are achieved above 1.5 um. Finally, the relationship between concentration, exposure,
and resulting film density are explored, and it is found the cavity concentration has a greater
impact on the resulting density but shows diminishing returns at high concentrations. It is
demonstrated that repeating multiple depositions on the same substrate is another route to
increase alignment.



Table of Contents

1.0
2.0

3.0

4.0

Introduction
Materials and Methods

2.1
2.2

2.3

Substrate Preparation

Imaging techniques

2.2.1 Scanning electron microscopy
2.2.2  Atomic force microscopy
2.2.3 Polarized optical microscopy
Image processing and analysis

2.3.1 Rotating polarizer analysis

2.3.2 Intensity map analysis

Scaling and Engineering Tangential Flow Interfacial Self Assembly

3.1
3.2
3.3

3.4

Background

Deposition Apparatus Improvements
Results and Discussion

3.3.1 Full wafer coverage

3.3.2 Effect of flow rate and lift rate
Characterizing and controlling the stability of the liquid-liquid interface
3.4.1 Introduction

3.4.2 Experimental apparatus

3.4.3 Flow characteristics

3.4.4 Data collection and analysis

3.4.5 Results and discussion

3.4.6 Methods to increase front distance

Oscillating Shear Induced Alignment

4.1
4.2
4.3
4.4

Background
Fluid shear model
Deposition apparatus

Data collection / procedure



5.0

45 Results and discussion

Summary and Outlook



1 Introduction

Carbon nanotubes (CNTS) are at the forefront of materials science research, yielding
exceptional mechanical, thermal, and electrical properties that hold promise in a variety of fields
such as energy, medicine, electronics, and aerospace [1-3]. Their unique one-dimensional
structure, built from a cylindrical monolayer (1 atom thick) sheet of graphene, allows their
electrical properties to be tuned to behave as semiconductors by manipulating the “roll-up”
direction, or chiral vector [4]. It is for this reason, along with their exceptional ballistic charge

transport properties, that CNTs are being explored for applications in transistors.

Carbon nanotube field effect transistors (CNFETS) have the potential to improve the
performance and efficiency of semiconducting electronic devices. Logic devices constructed
from highly aligned and densely packed arrays of CNTs will outperform similar Silicon based
devices by 5 to 20 times in charge transport, efficiency and switching speed. [5-8]. The excellent
properties of CNFETSs can only be realized with densely packed, highly regular aligned arrays of
nanotube films that are deposited on a substrate upon which FETs can be constructed. Several
solution-based approaches have successfully created these nanotube arrays, including shear
alignment [9], evaporative self-assembly [10], directed evaporation [11,12], DNA directed
assembly [13], dimension-limited self-alignment [14], as well as the Langmuir Blodgett and

Schaffer methods [10,15].

While all these methods show promise, significant advances in processing methods and
technology are necessary to manufacture the high-quality arrays of CNTs demanded by

CNTFETSs. The present work aims to better understand, improve, and expand upon solution-



based alignment methods in regard to cost, ease of use, repeatability, and scalability. The present
work is organized into three sections. First in section 2.0, the methods used to prepare the
substrates is outlined, then the imaging and data collection techniques used to measure alignment
and packing density are explained. Characterizing and quantifying alignment and packing
density on a large scale is tedious and time consuming, and two methods based on polarized
optical microscopy are presented which help to analyze large (millimeter scale) areas of CNT

films quickly.

Section 3.0 focuses on improvements to the Tangential Flow Induced Self Assembly
(TaFISA) deposition process developed by Jinkins [16]. First, improvements to the physical
deposition apparatus are described, then several results are explored concerning the effects of ink
flow rate and substrate lift rate on deposition quality, as well as efforts to achieve near full wafer
coverage. Finally, challenges facing the scaling of TaFISA, mainly the issue of pooling and

sinking of the CNT ink, is explored and remedied.

In section 4.0, a novel method based on substrate-wide confined shear alignment [9] is
introduced and the deposition apparatus explained. Applying fluid shear to solution of CNT ink
is a known method to induce alignment with the flow direction. The method presented here,
called Oscillating Shear induced Alignment (OSA), involves oscillating a substrate with
sinusoidal motion within a cavity of CNT ink, producing bi-directional oscillating shear which
acts to align CNTSs. Results concerning relationships between frequency, amplitude, CNT length,
concentration, and exposure time and the variables of interest, mainly degree of alignment and

packing density, are discussed and the potential for future work is presented.

2 Materials and Methods



2.1 Substrate Preparation

In order to fabricate electronic devices exploiting the exceptional characteristics of single
walled, semiconducting carbon nanotubes (CNTSs), they must be deposited on a high quality,
semiconducting substrate on which the device can be built. For the experiments described here,
single crystal, p-type, SiO, wafer with thermal oxide thickness ranging from 90-120nm is used.
This substrate has proven to yield high device performance and a thin thermal oxide layer allows
for clear imaging with high contrast when compared to a wafer with a thicker thermal oxide. All
substrates are received from University Wafer in 50mm or 200mm diameter. In many cases, the
substrate is cleaved into smaller pieces for smaller scale testing. Cleaving is done by scribing a
small line in the direction of the cut and using a specialized hand tool to cleave it along the

desired line.

Often experiments require surface treatments to engineer the interaction and deposition
with CNT solutions. For the experiments described here, this includes exposure in an ultraviolet
light / Ozone (UV-03) cleaner. The ozone radicals bond to any organic residue on the surface of
the substrate, and can be easily removed after rinsing in DI water, producing a near-atomically
clean surface [17]. For experiments involving deposition of a liquid crystal onto a substrate, the
contact angle of the substrate must be controlled to ensure a high-quality deposition. This always
begins with a UV-Oz treatment to clean the surface and bring the contact angle to 0 degrees.
After this, the sample is exposed to hexamethyl-disilazane (HMDS), either in the vapor or liquid
form. This builds a self-assembled monolayer to the surface, and by varying exposure time, the

contact angle can be controlled.



2.2 Imaging Techniques

Analyzing the surface of the substrate after deposition process requires several imaging
techniques to fully characterize the density, alignment, and uniformity of the deposited Carbon
Nanotubes (CNTSs). These images can be analyzed qualitatively without much post processing, or
with the help of computer programs images can be characterized quantitatively for a more
rigorous comparison. This section provides an overview of the imaging techniques used to

characterize the films of deposited CNTSs.

2.2.1 Scanning Electron Microscopy (SEM) —

One of the most useful tools for imaging individual carbon nanotubes at high magnification
is the scanning electron microscope. In SEM, the sample is placed in vacuum and a focused
beam of electrons is targeted at the sample. Electrons are then ejected from the surface and
measured by several detectors surrounding the sample. SEM allows for imaging of small features
at high magnification (100x — 50,000x). Viewing individual CNTSs requires high magnifications

(> 5000x), resulting in a tradeoff between imaging area and resolution.

Three similar SEMs were used throughout the subsequent experiments and analysis,
provided by the University of Wisconsin — Madison’s Nanoscale Imaging and Analysis Center.
Listed in order of most to least frequently used, they are the LEO 1550VP, Zeiss Gemini450, and

Zeiss LEO 1530.

2.2.2 Atomic Force Microscopy (AFM) —

AFM allows for a more thorough analysis of the substrate surface, with quantitative

information on surface height and roughness. AFM utilizes a small, cantilevered tip which



oscillates at high frequency and physically taps the surface of the sample. This signal is then
converted to a physical measurement of the surface. AFM allows for high magnification
measurements of the surface (> 5000x) to visualize the surface morphology. Often it is of interest
to deposit only a single layer (monolayer) of CNTs on the surface, as opposed to several layers
on top of one another which can often be difficult to detect on SEM. With AFM, valuable

information about stacked layers of CNTs can be measured.

2.2.3 Polarized Optical Microscopy (POM) —

Polarized optical microscopy utilizes a simple optical microscope and polarized light to
exploit unique optical properties of the sample surface. Light from a source is polarized in a
single plane before reaching the surface, where it is either transmitted or reflected from the
surface, where the sample can alter the direction of polarization of the light. This reflected or
transmitted light is then passed though another polarizer (an analyzer) into the eyepiece or
camera. Based on the spatial orientation of the sample with respect to the polarizers, differences

in intensity and color can be seen on the resulting image [18].

POM of CNT films exploits the birefringent properties of densely packed, well-aligned
films of rod-like nanoparticles, which display a birefringent property when exposed to polarized
light [19]. This means incident light is split into two rays, (ordinary and extraordinary) which
differ from the incident light polarization angle by an angle determined by the alignment
direction and optical properties of the sample. Depending on the configuration of the polarizer,
analyzer, and sample, the image can be adjusted to increase contrast in areas where there is high
density and alignment to give a sense of alignment on a large scale (mm) as opposed to on a

micro (um) scale. This technique yields information on alignment, density, and uniformity. Put



simply, a region that appears either very bright or very dark (depending on the position of the
analyzer) may indicate good alignment and high density, while a region that isn’t affected by the

analyzer angle would indicate very low density and/or poor alignment.

2.3 Image Processing/Analysis

Raw images from the SEM, AFM, and POM can be used qualitatively without much post
processing. To better guide the experimentation process, computational methods are used to
extract quantitative information on alignment, density, and uniformity of the sample. This

section describes the techniques used to extract that data efficiently.

2.3.1 Rotating Polarizer Analysis

The birefringent property of densely packed, aligned rod-like nanoparticles can be further
exploited by measuring intensity of a received signal through cross polarized light as a function
of polarization angle. In many instruments it is common for the crossed polarizers to rotate about
a fixed location above a sample, but these instruments are often much more expensive that those

with fixed optics.

The same effect can be achieved by rotating the sample under fixed polarizers, with the
drawback of having to pay great attention to centering the rotation axis about the center of the
image. An aluminum adapter was fabricated to accept a Thor Labs rotating stage, and a small
locating tool was turned on the lathe, making it easy to attach and remove from the optical
microscope. Small steel clips were also fabricated with the waterjet for holding the sample in

place during imaging.



During operation, images are taken through a range of 180° at increments of 5 or 10
degrees. In MATLAB, each image is rotated back by its respective rotation angle, ensuring they
are aligned with one another. Next, each image is divided into a grid of subregions with
dimensions (100x100um), and the intensity of each region, measured at each pixel, is averaged.
This way, subregion intensity is measured as a function of the polarization angle. Intensity is
correlated with regions of high density, alignment, and uniformity. By assuming a dominating
direction of alignment, in this case along the horizontal axis, intensity will peak when the
polarization angle is oriented at 45° to the horizontal. This way, the angle of alignment can be
determined by measuring the location of peak intensity of each subregion. A map of the
dominant averaged intensity is then overlayed on the original image. Figure 1 shows several

images taken at different rotation angles and corrected to maintain consistent orientation.

Figure 1: Images taken at the trailing edge of the wafer at varying sample rotation angles. Alignment tends to follow

the curved lines

From inspection it can be seen that different regions along the horizontal become more
intense at different rotation (polarization) angles, creating a “wave” of high intensity that moves

from left to right across the sample. The intensity as a function of position is displayed on the left



in figure 2 below, where each curve represents a region bounded in red in the right side of figure
2. Each region peaks at a different position and has a different maximum intensity. The relative

position shift indicates changes in alignment direction while the difference in intensity indicates
either a change in CNT density or degree of alignment, where a very densely packed and highly

aligned region would be the highest intensity.
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Figure 2: (Left) Image intensity as a function rotation angle for different sub regions. (Right) Resultant alignment

map for the sample shown in figure 8 and in the plot to the left

The calculated alignment direction is displayed on the right side of figure 2. It is clear that
the arrows follow the streamlines visible on the POM images. Due to the averaging effect of
each region, and imperfect positioning of the substrate during rotation, this method is not
incredibly accurate, but rather gives a fast and easy method to generate alignment maps of large

regions without the need for high magnification SEM or AFM imaging.
2.3.2 Intensity Map Analysis

A single polarized optical microscope image, with the polarizer and analyzer adjusted to

show high contrast in the film, can provide useful information about the image intensity as a



function of position. The size, periodicity, and relative intensity of the individual regions are
used to quantify the density, alignment, and uniformity of the film on a millimeter scale. A

typical sample image is shown in figure 3 for analysis.
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Figure 3: Polarized Optical Microscopy Image of a CNT film on a SiO2 substrate produced with TaFISA. Axes are

in units of pixels.

Prior to analysis, the image is discretized into a grid of “sub-images”, each of which is a
collection of several pixels, in this case, 3x3 pixels. An average intensity value is obtained for
each sub-image along a line, usually taken parallel to the flow direction. This can be repeated to
create a map of the intensity across the entire image but is visualized more easily when observing
the intensity across a single line of sub-images. To account for the intensity bias of the

microscope, the input image is blurred to reduce noise, and the difference in intensity of the
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averaged and raw image is plotted as the quantitative metric. Figure 4 shows the image after

averaging with a large window.
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Figure 4: POM image of TaFISA film with averaging applied

This method of averaging was shown to smooth the resulting intensity map, eliminate
edge artifacts, and reduce noise. It is worth noting that for large features, this averaging
technique will reduce the resulting signal for large regions but will exaggerate the effect seen
near the edge of significant intensity changes. This effect can be seen in figure 5, where 2 large
peaks are seen around the dark region between 0.35 and 0.7 mm, but the area between them
returns close to 0. This method is ideal for analyzing small local features, not features with a size
comparable to the averaging window. The resulting intensity map taken at y = 1050 is shown in

figure XX.
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Intensity as a Function of X-Position

40 T

30, > i 1 Le= 250 um

ol Lp= 500 pm ‘ - e || |
e f [ I Il “ - | | .‘ N N I
=l | VUL Lo=10-50 um | |, YT W Y .

20— ] ] I . ! n ‘ 1 _

-30 ) | I Peaks/mm:87

|

-40
] 05 1 15 2 25

X-Position (mm)
Figure 5: Intensity versus x-position along the horizontal direction at y= 1050.

From figure 5 it is clear the topography of the sample is not very uniform. There are
many jagged peaks with small amplitudes, and fewer large amplitude peaks with a larger
separation. There is a wide range of peak-peak distances over this range, from 10 — 500 um. This
suggests that there may be some large regions with a dominant alignment direction, within which

there exist smaller regions which change direction more frequently.

In order to confirm this analysis, several SEM images are taken in the general area of the
POM image shown in figures 4 and 5. Figure 6 shows these SEM images with the local regions
of uniform alignment direction highlighted in green, with their associated approximate
dimensions labeled. At this scale, the size of the locally aligned regions falls within the expected
range suggested by the POM intensity map, indicating this method provides accurate and

valuable information about the size and frequency of the locally aligned regions of CNTSs.
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Figure 6: Selected SEM images from a TaFISA film. Regions of local alignment are highlighted in green with

associated dimensions labeled

While the above analysis generally confirms that this method is able to resolve the size
and frequency of the locally aligned groups of CNTs, a more rigorous analysis is desired to link a
given region’s alignment, direction, and density to an intensity signal. In the following analysis,
a TaFISA sample is patterned using electron beam lithography to create a map that allows a

region as small as 10 pm? to be located on both POM and SEM.

Figure 7 shows a POM image of a gold pattern laid over a film deposited using TaFISA.
This particular film was chosen because it is not very uniform and has frequent changes in
alignment direction that can be detected using POM intensity analysis. The entire bounding box

is 100 um, while each of the 8 labeled squares is 10 pm.
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Figure 7: POM Image of TaFISA film with gold pattern overlaid

Evidently there are three major distinct colors identifiable in figure 7; green, yellow, and
black. From the colors alone, it is not possible to identify a direction of alignment. However,
when paired with an SEM image of the same region, specific colors and intensity can be inferred
to share a common alignment direction for a given polarization angle. It is also worth noting that
the bright / dark regions are dependent on the polarization angle of the microscope’s polarizer. A
different polarization angle would highlight different common regions and thus different

alignment directions.

Figure 8 shows three SEM images of selected regions A, C, and H from figure 7. These

images have been traced to highlight the dominant alignment direction and the regions that
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correspond to a common alignment. Specific angles are not measured or quantified, but rather
large-scale changes in direction are highlighted here. In this analysis, the dominant alignment
direction is in the horizontal direction, so the two regions are approximately split into those that

have a positive angle (yellow) and a negative angle (blue). Regions that don’t have a strong

apparent alignment direction are left unmarked.

Figure 8: SEM images of regions A, C, and H labeled in figure 7

Comparing figures 7 and 8, it is clear that the regions highlighted in yellow, with a
positive alignment direction approximately match the yellow regions in the POM image.
Conversely the blue regions with a negative alignment direction correspond to the green regions
in the POM image. By inspection, the dense, dark regions in the SEM images with a high
concentration of CNTs correspond to much more intense regions in the POM image, as more
light is refracted from these regions. In the POM images, the dark regions appear to correspond

to areas with low density and without a strong dominant alignment direction.

Region A is cropped, and a similar intensity analysis as described above is applied.

Figure 9 shows region A with a horizontal line across the scan direction, with the corresponding
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intensity plot as a function of x-position below. The edge regions are cropped to avoid artifacts

from the edge of the image.
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Figure 9: Region A with corresponding intensity plot

Following the horizontal line in figure 9 and counting yellow, green, and black areas
yields 10 distinct regions, each indicated by either a peak or a trough on the intensity map. Dark
regions, or troughs in the plot, correspond to areas where direction changes, or where there is an

interface between the yellow and blue regions outlined in figure 8. This makes sense given the
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SEM image of A identifies 4 locations of changing alignment direction, where different regions
meet. This implies 4-5 regions of uniform alignment should exist. Inspection of figure XX
suggests there are 4-5 distinct regions, confirming the analysis is generally accurate. Although
this this analysis is imperfect, it gives a very fast and reasonable estimate for the uniformity of a

CNT film.

The method presented here thus proves useful in identifying the frequency and size, and
relative density of regions with a common alignment direction in a CNT film. More work is
needed to better quantify and measure the alignment direction and density, and correlate these
with intensity and frequency, but this work provides a sound foundation for the validity of using

pixel intensity to measure alignment in CNT films.
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3 Scaling and Engineering Tangential Flow Interfacial Self-Assembly

3.1 Background

Tangential Flow Interfacial Self-Assembly (TaFISA) is a novel method that utilizes
liquid crystal formation at a liquid-liquid interface to align two-dimensional arrays of CNTs [16].
Scaling up the deposition area and improving the consistency of this technique is the focus of

this chapter. A simplified schematic of TaFISA is shown in Figure 10.

Substrate

N\

CNT Ink

—Barrier

er Reservoir

Interface

Figure 10: Simplified TaFISA Schematic

The process utilizes a thin channel created between two parallel substrates that is partially
submerged in a water reservoir. A needle inserted into the channel delivers a solvent with
dispersed carbon nanotubes (referred to as CNT ink) that flows on top of the water. As the CNT
ink is injected, surface tension interactions between the water and the ink leads to the formation
of a 2D nematic liquid crystal at the solvent-water interface. Nanotubes migrate from the bulk

solvent (shown in red in figure 10) to the water-solvent interface. This liquid crystal confines the
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nanotubes into densely packed, locally aligned arrays. With the addition of flow through the
channel, viscous shear at the channel walls acts to align the CNT groups with the flow direction,
creating a globally aligned nanotube film at the interface. As the substrates are lifted from the

reservoir, the film is deposited onto the substrate at the ink/water interface [16].

The foundational work on TaFISA demonstrates densely packed, highly aligned arrays of
CNTs primarily on relatively small substrates (< 3 cm ). Although experiments were
demonstrated on larger substrates (up to 10 cm), depositions proved to be more consistent and
robust on smaller scales. The work in this chapter describes the efforts made to improve the
deposition process, increase repeatability, and better understand the interface behavior, as well as

to scale the process up to achieve full wafer coverage on a 2.5 wafer.

3.2 Physical improvements

Several iterations of the experimental apparatus were designed and fabricated, but for

simplicity, only the most recent, and best performing apparatus is described in this section.
Barrier Retaining Fixture

One of the most significant improvements to the TaFISA system is the inclusion of glass
barriers onto which the target substrate is secured. In the classic configuration, the substrates
themselves act as the barriers. Using larger glass plates as the barriers benefits the process in
three ways; (1) Allows for in situ monitoring of the interface during the deposition process, (2)
allows use of a wide range of wafer sizes and shapes, and (3) provides space for the flow to
develop and exit the channel without disturbing the deposition near the wafer. Figure 11 shows
the experimental setup with the interface visible through the glass. Note the needle positioning

fixture (left), 3D-printed plate fixture (upper middle), and the aluminum and glass plates (center).



19

Figure 11: TaFISA Experimental Deposition Apparatus

A two-part aluminum fixture was designed and fabricated to hold the glass plates
vertically from the linear stage which lowers and raises them from the trough. Between the
aluminum and glass is a PTFE spacer designed to maintain a consistent spacing between the
plates. The glass plates, as well as the PTFE spacer can be removed quickly and easily by
loosening two thumb screws between experiments. This way, a large quantity of glass plates can
be cleaned and prepared in a batch and swapped quickly for efficient depositions. Various PTFE
spacers can be used to engineer the channel geometry. For example, section 3.4 explains how a
small taper to the channel improves flow stability. Different combinations of PTFE spacers can

easily be used to achieve the desired taper.

The external surfaces of the aluminum components have been machined with a small
groove which accepts a spring-loaded ball-plunger. Four of these ball plungers are threaded into
a rigid 3D printed fixture which attaches to the linear stage. With this addition, the aluminum

fixture holding the plates can be removed from the stage with minimal effort, without the need
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for tools, and replaced without sacrificing positional consistency. This makes the deposition

process more efficient, simpler, and more easily repeatable for the operator.
Needle Positioning Fixture

One of the most critical variables in the TaFISA process is the needle positioning in the
channel. In order to achieve good flow, the needle must be centered exactly in the center of the
channel, held at a consistent 10-15° angle, and must be able to move perpendicular to the
barriers. Between trials, the needle is often removed and cleaned, so it is important that the

needle can be removed and inserted into this fixture without the need for re-adjustment.

Several methods were explored to achieve this, but the most effective solution is shown
in figure 12. Here, a combination of angled fixtures, linear stages, and custom waterjet-cut
aluminum components suspend a small PTFE block which holds the needle in place. The PTFE
block can pivot to alter the needle angle and lock in place. The linear stages are angled such that

the needle can be moved in the direction of the width of the channel and along the height.

Figure 12: TaFISA needle positioning fixture
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The “horizontal” needle position can be centered by performing a “touch-off” on either
glass plate. The needle can then be moved by half the width of the channel using the precision
linear stage. The vertical needle position is also critical to the TaFISA process, and since the
water level often changes slightly between experiments, a standard reference is necessary to
achieve repeatable placement. The simplest method is to use the water itself. Using a Keithley
conductivity probe, with one end attached to the stainless-steel needle and the other submerged
in the water trough, the needle can slowly be lowered until it touches the water surface, after
which the height can be adjusted relative to the water surface. A probe with very high sensitivity
is necessary, as the water used in these experiments is of high purity and has a resistance of ~14

MQ.

With the improvements explained here, the needle position relative to the water surface
and channel walls can be completely controlled, a critical step in creating a robust and deposition

apparatus.

Constant Water Level Device

In classic TaFISA, the substrates are the only portion of the apparatus submerged in the
water. This fact, along with the smaller deposition areas associated with classic TaFISA, means a
very small volume of water is displaced by the substrates. With the addition of thicker and larger
glass plates as well as larger deposition areas, the amount of water displaced is significant.
During a deposition as the plates are removed, the water level in the reservoir drops and often
times loses contact with the needle. Given TaFISA’s sensitivity to variables such as needle

placement, a method a maintaining the water level in the reservoir was required.
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A constant water leveling device, a modified siphon, was fabricated from an acrylic tube,
rubber stoppers, along with glass and copper tubing according to the design described in [20].
Figure 13 shows the water leveling device and its components. Once the siphon is established
between the reservoir and the device, a steady supply of water enters through the top and
continues to drain as long as the water level in the reservoir remains constant. As the plates are
inserted or removed, the water level in the trough rises or falls, and a pressure difference exists
between the reservoir and the siphon, which can either remove water or supply water to the
reservoir. This device provides a passive solution where small changes in water level are

adjusted for, effectively maintaining a constant water level throughout the deposition process.

Figure 13: TaFISA water leveling siphon
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3.3 Results and Observations

3.3.1 Effect of flow rate and substrate lift rate on film quality

The delicate process occurring at the three-phase contact line in TaFISA is sensitive to
many independent variables. The CNT ink flow rate and the substrate lift rate are suspected to be
particularly important in the liquid-liquid interface dynamics, the formation of a liquid crystal at
the interface, and the transfer of this crystal to the substrate. Evidently it also appears these
variables may be coupled, where only a balanced combination of flow rate and lift rate yield the
desired results. This section briefly explores the effect of flow rate and substrate lift rate on

resulting film quality.

In the classic TaFISA configuration, it was found through experimentation that a flow
rate of 4 mL/min, and a substrate lift rate of 40 mm/min yield the most highly aligned, uniform
films [16]. The effect of flow rate is studied from 0 to 4 mL/min, and several lift rates are
studied, from 7 to 100 mm/min. Several conclusions are made about ink flow rate; For example,
alignment improves with increasing flow rate, up to 4 mL/min. Similar results are seen with 8
mL/min, but substantially higher flow rates of 16 mL/min diminishes ordering and introduces
more defects [16]. It was proposed that flow instability and turbulence are the explanation for the
decreased film quality. This result appears intuitive and is supported by the fact that in this

configuration, the flow begins to transition to turbulence at flow rates near (10 - 12 mL/min).

The combined effect of flow rate and lift rate, however, is a unique relationship that has
not yet been studied explicitly. Here, an isolated experiment is designed to evaluate the coupled
effect of ink flow rate and substrate lift rate. Three flow rates (4, 6, and 8 mL/min) paired with

three substrate lift rates (40, 60, and 100 mm/min) are tested for a combined 9 unique conditions.
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To minimize the effect of substrate and CNT ink variation, three flow rates were tested
on a single substrate in a single run at a fixed lift rate. This way, three separate regions exist on a
single substrate with identical surface and ink preparation and can be directly compared. Tests
are conducted using a programmable Nexus 3700 syringe pump to deliver a specified volume of
ink at a prescribed flow rate with continuous substrate motion. This procedure results in a
substrate with three separate 2 cm regions each with a unique combination of substrate lift rate

and flow rate.

Figure 14 shows selected images taken along a single line parallel to the flow direction
for each combination of lift and flow rate. Figure 15 shows images for 8 mL/min at a
substantially higher lift rate of 200 mm/min. Figure 16 shows a plot of image intensity as a
function of x-position along the flow direction for the images on the far right in figure 14. This
intensity analysis, explained in section 2.2.2, provides quantitative information about the
uniformity and periodicity of the bright and dark regions present on POM images of TaFISA
samples. Pairing this analysis with SEM images can provide valuable information on the film on

a larger (mm) scale.



6 mL/min 160 mm/min

8 mL/min 120 mm/min

6 mL/min 120 mm/min

Figure 14: POM images taken along the flow direction for various flow rate and lift rate combinations

Figure 15: POM images taken along the flow direction for 8 mL/min and 200 mm/min
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6 mL/min 160 mm/min 8 mL/min 160 mm/min

Intensity as a Function of X-Position

6 mL/min 120 mm/min 8 mL/min 120 mm/min

Figure 16: Intensity as a function of x-position for various flow rate and lift rate combinations

From figures 14 and 15, several conclusions can be made. The first is that even small
differences in substrate lift rate and ink flow rate have a significant effect on the resulting film
quality. While depositions at lift rates of 120 and 160 mm/min produce relatively uniform films,
an increase in lift rate to 200 mm/min results in no deposition. One possible reason for this may

be the instability, or the stick-slip motion, of the 3-phase contact line. The 3-phase contact line
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between the water, chloroform CNT ink, and air must translate smoothly over the substrate in
order to deposit an organized film. It can be shown through observation of the interface that high

lift rates result in more irregular motion of the 3-phase contact line.

When looking at figure 16, several quantitative values are of interest. The most obvious is
the average amplitude of the intensity oscillations. For a lift rate of 160 mm/min, the average
amplitude falls within £10 intensity units for both flow rates. For a lift rate of 120 mm/min, the
amplitude increases to £32 intensity units. This means that there is a greater change in brightness
between neighboring regions, meaning that the bright regions are brighter, and the dark regions
are darker, relative to one another. Regions of bright and dark are misaligned with each other,
and their intensity depends both on degree and direction of alignment (uniformity) as well as
packing density. A high amplitude likely means that the regions are more densely packed and/or
more well aligned locally than a low amplitude counterpart. It is assumed that a consistent low
amplitude signal implies that the regions are well aligned globally, and do not change direction
significantly. Note that this is only because the intensity value shown on the plot is normalized
by the average intensity of the overall image. Excluding this step, a well-aligned film would
appear uniform and bright. It is also worth noting here that a low amplitude signal could also
result from a sparse and non-uniform film, (which is later confirmed with SEM images). The
frequency of oscillations gives information about how often the regions change direction and

gives a measure of the global alignment.

With this information, the high amplitude, lower frequency signal of the lower lift rate
implies local groups of dense, highly aligned NTs that change direction roughly 32 times every

millimeter. The lower amplitude, high frequency signal implies a more uniformly aligned film,
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with less drastic changes in alignment, but a higher number of small oscillations, on the order of

45mm™,

Evidently it appears from this data that substrate lift rate has a more significant impact on
film quality than lift rate. When isolating the effect of lift rate however, it can be argued that a
lower flow rate produces a slightly higher number of directional changes. This could be due to
the fact that at higher flow rates, there is greater viscous shear which acts to align the liquid

crystal with the flow direction.

3.3.2 Demonstration of near full wafer coverage

One of the more promising aspects of the improved TaFISA apparatus is the flexibility in
regard to where the needle can be placed relative to the substrate. In classic TaFISA, the target
substrate is used as a barrier, so the needle must be placed over the substrate, as shown in figure
17. This restricts the deposition area to only the portion of the substrate that is below and beyond
the needle. Additionally, there exists a “developing” region, denoted in yellow where it is
suspected the liquid crystal formation is established. In this region (which is found to be roughly
2 cm, depending on process conditions) no film is transferred to the substrate, until it begins to
establish with a striped pattern until it becomes uniform. This means in the classic configuration;
a significant portion of the target substrate has little to no deposition. The uniform region,
colored dark blue, is the high-quality film, and ideally, the entire wafer will be a continuous,

uniform film.
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Needle Uniform region
Developing region

Substrate

Figure 17: Classic TaFISA deposition configuration and corresponding POM images

The new TaFISA apparatus utilizes a sacrificial barrier onto which the substrate is
secured. This way, the needle can be placed within the sacrificial glass barriers, leaving room
above and ahead of the substrate where the film can be established with the goal of producing
full wafer coverage. A visual is provided in figure 18 to demonstrate the difference in these
configurations. It is worth mentioning that full wafer coverage versus partial coverage is a
significant step in improving the process, as the entire substrate can be utilized to make devices,

rather than only a fraction of the substrate.
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¥ Allows for
complete
wafer
coverage

ommmm

Classic TaFISA
configuration

Figure 18: Schematic of needle placement comparison with classic TaFISA (below) and Plate TaFISA (above)

With the current apparatus, it is possible to achieve roughly 90% coverage depending on
the substrate size. Figure 19 shows the size and placement of the clamp, a waterjet-cut 0.5 mm
thick stainless-steel clip, on a 2” diameter circular wafer. It is clear that any area under or beyond
the clamp is negatively affected. Still, this method allows for the highest percentage of coverage

demonstrated in TaFISA.

Figure 19: 2" circular wafer clamped on polished aluminum sacrificial barrier
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It is worth noting that other methods exist for securing the wafer to the substrate without
sacrificing any area, but they were deemed out of the scope of this experiment. The most
promising method in an industry setting is most likely utilizing a small hole in the glass barrier
under the substrate and applying a negative pressure to secure the wafer. This concept was
explored using a venturi tube, and a waterjet-cut piece of glass. By applying a positive pressure
at the inlet of the venturi tube, a negative pressure is created near the converging section of the
nozzle, which is attached to the hole in the glass. Since the glass and substrate are nearly flat
surfaces, the seal created is sufficient, and no gasket material is necessary. The entire fixture can
be submerged in water without leaks. In future versions of TaFISA, where 100% wafer coverage

is the goal, this method is recommended.

Using a flow rate of 4 mL/min and a substrate lift rate of 40 mm/min, a deposition on a 2
X 4 cm rectangular substrate was carried out with the needle configuration described above.
Figure 20 shows a map of the substrate and POM images of the resulting film. Evidently, the
film appears very uniform and bright, with minimal dark regions. This indicates that the film is
uniformly aligned and dense across the substrate. Images near the top and far edges of the
substrate also confirm the film transferred neatly onto the substrate without adverse edge effects.
Using the intensity analysis described above, the uniformity can be compared to the samples

analyzed in figure 16 of section 3.3.1.
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Developing

Figure 20: Schematic of needle configuration and wafer coverage, with corresponding POM images

Figure 21 shows the intensity as a function of position, when compared with figure 16,
the amplitude is much smaller, indicating a more uniform alignment across the substrate, with
fewer large changes in direction. The frequency (peaks / mm) is much higher, indicating that
there are many small changes in direction across the substrate, but generally, the alignment has a
strong global direction indicated by the small amplitude. The higher frequency signal could also
be an artifact due to the method here being sensitive to noise. It is possible in future work that a
method to decrease the threshold for a “direction change” be increased to exclude very small

changes in direction.
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Intensity as a Function of X-Position

- Intensity

25

Peaks/mm:133

X-Position (mm)
Figure 21: Intensity vs. x-Position of the POM image shown in bottom right of figure 20

The region analyzed in figure 21 is inspected using the SEM in order to confirm the
conclusion that the film is uniform and globally aligned with the flow direction. Figure 22 shows
SEM images which indicate relatively uniform alignment across the sample. Small “waves” are
present, as well as liquid crystal defects, which decrease the uniformity of the film, and may
contribute to the high frequency signal shown in figure 21. The directional changes are small
however, and the alignment here can be quantified to fall between +/- 15 deg. Counting the
number of directional changes in figure 22 on the left yields roughly 10 changes across the
image, which is about 100 um in width. This equates to a change in direction roughly every 10
pum, or about 100 changes in direction every millimeter. Although this is a rough estimate, it adds
validity to the “peaks/mm” metric attained from the intensity analysis because it is on the same

order of magnitude as the number of direction changes identified in the SEM image.
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Figure 22: SEM Images demonstrating a uniformly aligned CNT film

Figure 20 also shows an incomplete region in yellow beyond the clamp holding the
substrate. This makes sense, because the clamp, while thin (0.5 mm) still disrupts the flow in the
channel, and inhibits either the liquid crystal formation, or its transfer to the substrate. A
different clamping method, (such as suction mentioned above) would remedy this issue. It is also
clear from figure 20 that there is a small developing region near the needle-edge of the substrate.
This was assumed to be caused by the needle being placed too close to the substrate. The
developing region is roughly 2 cm in length, and in this case the needle was placed roughly 1.75
cm from the substrate edge, which may explain the small region of incomplete film present on
the substrate. Still, this is a significant improvement, and suggests full wafer coverage is

attainable with minor additions to the apparatus.
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3.4 Characterizing and controlling the stability of a dynamic stratified

suspended liquid

Section 3.4 is adapted from Prussack, B.A., Foradori, S.M., Droplet formation in
dynamic stratified liquid-liquid systems for solution-based deposition methods. ASME Journal of
Fluids Engineering. (2023). B.A.P and S.M.F performed all experiments, B.A.P drafted the

manuscript.

3.4.1 Introduction

The incredible quality of the highly aligned and densely packed films achievable with
TaFISA are demonstrated by Jinkins, and in sections 3.3.1 and 3.3.2. Films with alignment
within £6° and packing densities near 100 NT/um are achievable repeatably on a relatively small
scale. While this is a major step in improving CNT film deposition quality, in order for a method
such as TaFISA to be adopted by industry, the process must be scalable to larger substrates. In an
industry setting, silicon wafers are received in standard sizes that range from 2.5 cm in diameter
to 30 cm. The steps to process these wafers are time consuming and expensive, so treating large
areas at scale is much more efficient than individually preparing a high number of smaller
substrates. After preparation, the large wafers can then be cleaved into smaller sections
depending on their application. Thus, it is preferred that TaFISA can be applied to large

substrates to take advantage of manufacturing at scale.

Previously, TaFISA was carried out on small sections of substrates, cleaved from full
Si0O; substrates to conserve expensive nanotube ink. Isolated experiments ona 10 x 6 cm

substrate demonstrate approximately 60% coverage, or roughly 30 cm? where the film is uniform
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[16]. While this is an improvement over the small-scale tests, it is preferred to increase percent

coverage as well as total film area in order to further demonstrate scalability.

There are many challenges facing the transfer of a large continuous, uniformly aligned
liquid crystal film to a substrate, including liquid crystal phenomena, maintaining ordered flow,
and controlling stick-slip motion of the three-phase contact line. Perhaps the most detrimental is
preventing the pooling and sinking of the dense CNT ink while it is confined within the channel.
A large substrate requires a longer channel length which the ink must travel before exiting into
the water reservoir. The ink slows due to viscous friction, and eventually collects in a pool within
the channel. As this pool grows, it overcomes the supporting surface tension forces and drops
through the water interface, disrupting the deposition completely. Typical pooling behavior is
shown in the sequence of images in figure 23. Even a single pool can ruin an entire deposition, as
once it forms, the ink continues pooling and dropping and the organized flow within the channel
is lost. Understanding, modeling, and preventing this pooling behavior is the focus of this

section.

Lok M
wwwyﬁ

Figure 23: Evolution of droplet formation in the TaFISA channel

3.4.2 Experimental Apparatus

The experimental apparatus used to study this effect is shown in figure 24. It differs
slightly from the apparatus shown in section 3.2 but is functionally very similar. The apparatus

utilizes two aluminum frames which hold removable glass barriers that act as the channel. The



37

transparent glass plates allow the behavior of the liquids in the channel to be observed during the
deposition process. Parameters such as needle insertion height, ink film thickness, and water
level variations and vibrations can be observed and measured. The aluminum frame is connected
to a linear stage that lifts the fixture from the water trough at a controlled rate. The process is
sensitive to the water level height in the channel. Therefore, as the plates are lifted from the

trough a water leveling device is used to maintain a constant water level in the trough.

Figure 24: Experimental apparatus. From left to right: (a) the water leveling device, (b) floating stationary post, (c)

aluminum plates, (d) linear stage, (e) glass barriers, (f) sacrificial target substrate

The needle that delivers the ink is held in place using an aluminum post fixed relative to
the plate motion; a series of holes in the post can be used to position the needle at various angles
relative to the water level. The post fits within a small recess between the aluminum plates with
the needle positioned between the glass barriers. The post acts as a barrier to prevent backflow of
the CNT ink out of the channel, directing all of the ink flow through the channel. The post is

mounted to an independent and manually controlled linear stage that allows for accurate control
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of the needle height position relative to the water level and ensures that the needle remains

stationary as the plate is lifted from the water.

3.4.3 Flow Characteristics

The issue of pooling and sinking ink must be addressed in order to allow an ink flow to
be established through the entire length of a long channel in a consistent and controllable
manner. To scale TaFISA and other solution-based processing methods to larger wafers, it is
important to develop a general understanding of the behavior of the fluids involved (CNT ink
and water) within the channel and the impact of various operating parameters on the achievable

front distance (i.e., the distance that the CNT ink travels before pooling).

The flow within the channel in TaFISA can be classified as a stratified flow of
immiscible liquids between parallel plates. In this case, the lower fluid phase is a deep reservoir
of stationary water. The upper fluid is a higher density layer of liquid flowing through the
channel; this flow is bounded on three sides but remains open to the atmosphere above.
Research on similar stratified gas-liquid and liquid-liquid flow has focused on internal pipe flow,
primarily with the less dense fluid on top [21]. The primary focus of these prior studies is the
characterization of the interface that separates the two fluids and the prediction of pressure drop
and liquid hold-up. Few studies have been done on stratified liquid-liquid flow between parallel
plates and those that do exist focus on situations in which the less dense liquid is supported on a
higher density subphase. For example, the work by Keulegan [22] focuses on the interface
behavior in this situation, specifically the formation of waves and the resulting mixing that
occurs as a function of the flow rate. This study shows that the flow velocity, fluid density, and

viscosity all play a substantial role in the interface behavior.
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Another area of research that is relevant to the pooling and sinking behavior observed
during TaFISA is the gravitational stability of liquid lenses that are supported on a liquid
subphase. Research in this field primarily focuses on the wetting/spreading behavior of lower
density liquid lenses on a higher density subphase, with few studies discussing the opposite case
[23,24]. Other studies investigate the stability of water droplets and solid cylinders suspended on
a liquid subphase [25,26]. Results from these studies show that interfacial surface tension forces
and contact angles play a significant role in the stability of the suspended liquid; however, none
of these works address the details of pooling and sinking of the upper fluid. Additionally, this
prior work has been carried out on static systems and does not consider the dynamic forces that
arise in a flowing situation. To the authors’ knowledge, the stability of a dense liquid film
flowing over a less dense liquid subphase between parallel plates has not been previously

investigated.

This study is divided into an experimental section in which the experimental procedure
and data collection process are described. The data are then presented, and some observations are
identified in order to motivate the subsequent analysis. The results and discussion section
investigates the dominant forces associated with the stratified flow that exists within the channel
and identifies relevant dimensionless numbers that are used to define a critical condition where
pooling behavior is likely to occur. This critical condition is used in the context of a simple
model to develop a correlation for front distance. Finally, the results from the correlation are

used to suggest methods for increasing front distances for longer channel widths.

3.4.4 Data collection and analysis



40

The pooling and sinking behavior of a suspended, high-density liquid supported on a
lower-density liquid and flowing in a thin channel is studied using the experimental apparatus

developed for TaFISA that is described above and shown schematically in figure 26.

Connection to Linear Stage

Aluminum Fixed Post

Frame

Glass Plate

Syringe Pump

Needle

Figure 25: Schematic of experimental apparatus with the near plate and barrier omitted

The channel is created between two 10 cm square glass plates that are separated by
spacers that control the channel gap. The glass plates are held in an aluminum frame which is
attached to a motorized linear stage. The plates are partially submerged vertically in a trough
filled with clean, ~14 MQ water. The water contact line is visible through the transparent glass
plates. The ink (chloroform) is introduced into the channel through a 1 mm inner diameter needle
that is held in a post at the entrance of the channel. The needle is held at a 5° angle from the
horizontal and centered in the channel. The chloroform flow rate is controlled using a Nexus
3700 syringe pump. The data collection process starts by partially submerging the plates in
water, after which the needle height is set using a linear stage to move the post vertically. A flow

rate is selected, the syringe pump is activated, and ink flow is initiated. The behavior of the
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interface is recorded using a Dino-Lite Basic AM2111 camera. During each test, either the ink
front reaches the end of the channel and exits successfully, or the front slows and pools before
the exit. In the latter case the front distance (i.e., the distance between the point the ink exits the
needle and the point that it pools) is recorded. After each run, the plates are fully removed from
the trough with the linear stage and the ink is allowed to evaporate from the plates and the water

surface. The plates are then re-inserted, and the process is repeated for the next test.

A scale is attached to the plate to allow the front distance to be measured accurately
based on video recorded during the process. The pool typically has a width of roughly 1 cm, and
the pooling location is taken to be the center of the pool. Measurements are only recorded for
tests during which pooling and sinking occur. For tests where the ink successfully reaches the far
end of the channel, a front distance cannot be measured and therefore these trials were not
considered in the data collection. Under some conditions, pooling initially occurs a short distance
from the needle and the location of pooling subsequently slowly moves towards a maximum
value. Under these conditions, the front distance was recorded after the pooling and sinking

location has stopped moving.

The front distance as a function of needle height was initially studied to determine how
sensitive the process is to this parameter. A needle height of zero corresponds to the bottom edge
of the needle just contacting the water surface. Any further movement into the water is taken to
be an increase in needle height. Figure 27 shows the front distance as a function of needle height
measured at flow rates of 4 mL/min and 6 mL/min for a 1.5 mm plate separation. For a given
flow rate, figure 27 shows that the front distance remains constant to within about 0.5 cm
regardless of needle height, indicating that the effect of this parameter is relatively insignificant.

For the remainder of the data collected, a needle height of 0.75 mm is used. This leaves the
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needle partially submerged in water. Above 1.5 mm, the needle is fully submerged which causes

the chloroform to sink immediately after exiting the needle.
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Figure 26: Front distance as a function of needle height for two different flow rates

Flow rates ranging from 2 mL/min to 8 mL/min were used in 1 mL/min increments.
Above 8 mL/min, the flow consistently reaches the end of the channel. Channel gaps between
1.5 mm and 3 mm were tested in 0.5 mm increments. Figure 28 depicts the plates and post from
above. Above a channel gap of 3 mm the post holding the needle no longer occupies the entire
channel gap and a significant backflow of ink out of the channel is observed due to the gap
between the post and plates; as a result, it is not possible to accurately measure the flow rate that
passes through the channel. Below a channel gap of 1.5 mm, there is interference between the
needle and the channel. Each combination of channel gap and flow rate was tested three times

and the results of these three tests are averaged.
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Figure 27: Schematic of experimental setup demonstrating the lower and upper limits of channel widths

The parameters that are held constant in this experiment include the static contact angle
of the plates with respect to water, needle insertion height, needle diameter and needle angle; the
values of these parameters are summarized in Table 1. The static contact angle is measured by
placing a small drop of de-ionized water on a horizontal plate surface. The resulting contact
angle is measured at five locations on the plate surface and these values are averaged. Images are
taken and measurements of the contact angle are carried out using MATLAB. Prior to testing,
the glass plates are rinsed with isopropyl alcohol to remove any large contaminants, then UV
Ozone treated to remove any organic contaminants and to make the surface hydrophilic. This
treatment yields a consistent static contact angle for water that is near 10°. Measurements of the
contact angle before and after the trials show that the contact angle is unaffected by repeated

trials with ink and clean water.

Table 1: Constant parameters

Parameter Value




Solvent / Plate Contact Angle | 10°

Needle height 0.75 mm

Needle angle relative to

horizontal 5°

Needle inner diameter 1 mm

All data are collected in a single session according to the data collection procedure
described in the previous section. Three data points for each channel width and flow rate
combination were recorded and averaged. The raw data are presented in Table 2 and the

averaged values are presented in Table 3. Datapoints labeled “n/a” represent conditions where

the flow reaches the end of the channel, and no pooling occurs.

Table 2: Front distance data for chloroform (cm)

Channel Gap (mm)

15 2 25 3
1] 00 | 05 | 075 | 15
<
% 2 [2] 025 025 05 | 20
£
& 3] 00 [ 05 | 075 | 20
o
2
2 31| 05 | 1.0 | 1.25 | 3.0
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1.0 1.0 1.5 1.5
0.75 | 1.25 | 1.25 3.0
25 3.0 35 | 375
225 | 275 | 35 4.0
2.75 30 | 325 | 4.0
3.0 3.75 | 475 | 5.5
3.5 40 | 425 | 5.25
3.0 3.75 | 45 5

4.5 9.75 6.5 7.5
3.75 5.5 6.5 6.5
4.25 6.0 6.0 7.0
50 | 725 ]| nla n/a
475 | 6.75 | nla n/a
475 | 75 n/a n/a
7.0 n/a n/a n/a
7.5 n/a n/a n/a
6.75 | n/a n/a n/a
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Table 3: Averaged front distance (cm)

Channel gap (mm)

1.5 2 2.5 3

2| 0.08 | 042 | 0.67 1.83

3| 075 | 108 | 1.33 2.50

41250 | 292 | 342 3.92

5| 317 | 3.83 | 450 5.25

6| 417 | 575 | 6.33 7.00

Flow Rate (mL/min)

7| 4.83 | 717 n/a n/a

8| 7.08 n/a n/a n/a

It is apparent that there is some variation in the front distance measured for a given set of
conditions. One possible explanation is inherent inconsistencies in the contact angle (+3°) that
are observed in solid-liquid systems [27]. The uncertainty associated with the measured data is
estimated as twice the standard deviation, which is calculated by taking the square root of the
variance of each group of three data points. The average standard deviation for all datapoints is

found to be 0.26 cm so the uncertainty is taken to be 0.52 cm.

Figure 29 shows the measured front distance as a function of flow rate for several
channel widths. The relationship between front distance and flow rate appears to be

approximately linear for a given channel width. Intuitively, increasing flow rate should lead to a
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larger front distance as more momentum is associated with the liquid leaving the needle which

allows it to resist slowing down and eventually pooling.
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Figure 28: Front distance as a function of flow rate for various values of the channel width

Figure 30 shows the front distance as a function of channel width for various flow rates.

Flow rates of 7 and 8 mL/min were excluded, as there were fewer data points for these high flow

rates since the flow successfully reached the end of the channel in many of these trials. The

effect of channel width is less dramatic than flow rate, but in general a larger channel

corresponds to a longer front distance.
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Figure 29: Front distance as a function of channel width for chloroform

Evidently, increasing either flow rate or channel width has a positive effect on front
distance. To understand this relationship, the forces that govern the flow in the channel are
identified and used to create a simple scaling model describing the achievable front distance in
the subsequent section. This model is used together with the data to develop a semi-empirical

relationship for the front distance.

3.4.5 Results and Discussion

A working model of suspended fluid flow in a thin channel can be used to understand and
optimize the TaFISA process as well as other, similar solution-based materials processing
methods. Such a physics-based model will help to design and scale the process without
expensive trial and error. The dominant force acting to support the suspended fluid layer is the

surface tension force at the ink-glass interface. The force acting to induce pooling is gravity. The
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dimensionless number that compares the ratio of the gravity to the surface tension forces is the

Bond number, which is generally defined according to:

1)

The Bond number is often used to understand the behavior of a droplet or a bubble. However,
the Bond number is also relevant for liquid-liquid systems or for systems considering only a
single fluid [28]. In models of dispersed multiphase fluid flows, the length scale is often taken to
be the dimension of the bubbles, droplets, or particles that are suspended in the flow [29].
However, the situation studied here contains none of these discrete elements and instead the
square of the length scale is replaced by the product of the radius of curvature of the meniscus at
the wall, approximated as the channel width divided by the cosine of the solvent-barrier contact
angle, and the ink layer height, which is proportional to the volume of the liquid that is being
supported. The density is replaced by the density difference between the dense ink and less dense
water, Dr, which is the parameter that gives rise to the gravitational force. A modified Bond

number is defined for this case according to:

Apgwh (2)
20 cos( )

Bo =

where ¢ and 6 are the surface tension and contact angle, respectively, of the supported fluid with
the barrier. The surface tension term is multiplied by 2 because the force is exerted on either side

of the meniscus by both plates.

The modified Bond number provides a criterion for pooling; a critical Bond number of
unity is assumed because in this condition the competing forces are closely balanced [28].

Situations dominated by surface tension have Bo < 1 while those dominated by gravity have Bo
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> 1. Equation (3) can be rearranged and simplified to solve for the maximum film thickness that

a given interface can support, or the critical thickness where the fluid layer becomes unstable:

3 2 o cos( 9)

erit

(3)

Apweg

It should be noted that this definition is physically meaningful for channel geometries and
films that result in a continuously curved meniscus (i.e., one in which the radius of curvature is
directly related to the gap width). The capillary length is a fluid property that predicts the
behavior of menisci by relating gravity and surface tension forces [30, 31]. The assumption that
the meniscus is curved is reasonable at small channel widths, where the radius of the resulting

meniscus (w/2) is smaller than the capillary length, given by:

L=[-2 (4)
¢ A pg

where Ap is the difference in density between the solvent and air. The capillary length for
chloroform is 1.35 mm, indicating the model becomes less valid at channel widths greater than
2.7 mm. At larger channel width, the solvent tends to spread to form a flat layer that behaves
differently from a continuously curved meniscus. To account for this change in interface shape
that occurs for large widths, the parameter w in Eq. (3) is replaced with the minimum of twice
the capillary length and the channel width. Thus, at large channel widths, where the interface
shape no longer changes drastically with gap width, the radius of curvature is determined by
twice the capillary length divided by the cosine of the contact angle. Equation (3) is modified

accordingly:
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The supported ink layer is flowing on top of a water sub-phase. The actual film thickness
is governed by the flow rate of the injected fluid and its velocity according to continuity. The
fluids that are used as the solvents are incompressible and therefore continuity dictates that the
volumetric flow rate at any point in the channel is constant. Thus, the supported fluid layer

thickness htiim is given by:

0
By =—— (6)

w v

where w is the gap width and v is the average (or bulk) local velocity. Figure 31 shows an
exaggerated image that will result from the slowing liquid front (due to friction) causing a
growing ink layer in the channel; eventually, the critical film height is reached, and the supported
fluid begins to pool. The distance between this pooling location and the injection point is

referred to as the front distance, L, and should be maximized to allow larger deposition areas.

Suspended fluid
layer

/

Supporting Fluid

Figure 30: The supported fluid layer slows as friction acts to decelerate the front which causes its height to grow;

eventually the critical height is reached which causes pooling to occur
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The location where the ink is injected is x; and the film thickness at this location (hy) is
equal to the diameter of the needle at the start of the channel. The location downstream where
the ink will pool is x2 and the film thickness at this location is the critical film thickness. The

front distance, L, is the difference between these locations:
L =X,— X, (7)

The conservation of energy equation is applied between points x1 and x» along a
streamline in the channel separated by distance L, assuming that the flow is steady, and the fluid

is incompressible.

+2,+H, (8)

As the fluid flows, viscous friction forces with the walls of the channel and the liquid-
liquid interface act to decelerate the fluid. These losses are captured by the parameter Hs, the
head loss due to friction. The channel is open to the atmosphere, so P1 and P2 can be assumed to
be equal. The vertical height change is assumed to be small so the elevations z; and z2 are also

assumed to be equal. Therefore, the energy balance can be simplified to:

2 ’,2
_I: -+ H (9)

The head loss due to friction is approximated using the Darcy-Weisbach equation for

pressure head loss in a pipe [32], where fq is the Darcy-Weisbach friction factor.

”

L V(,wg‘-
~ e 10
Hf f &, 2 ( )

The velocity used in Eq. (10) is the average bulk velocity in the channel (the average of the

velocities at locations 1 and 2):
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vl—i-v2
- (11)

v(wg
2

Equations (6) through (11) can be simplified and rearranged to solve for the front distance

normalized by the channel width:

L 4 1 1 1 1 71-1
e — 12
w fd|:h'12 h 2]{"11 hm‘r] (12

crit

For laminar fully developed flow, the friction factor will be inversely proportional to the

Reynolds number:
fo=o (13)

where k is a constant that depends on the channel geometry. For example, for fully developed
flow between parallel plates k = 96 when the Reynolds number is defined based on the hydraulic
diameter [32]. The Reynolds number used here is defined using the channel width, w, as the

characteristic length:

Re=le =¥ (14)
Hh

where | is the dynamic viscosity of the supported fluid and vayg is the average velocity given by

Eq. (11). Substituting Egs. (13) and (14) into Eq. (12) and simplifying yields an approximate

relationship for the dimensionless front distance:

2 _
L 22ryr1 1 [4 1}' (15)
w k”‘sf h?* h 2

1 crit

For simplicity, the right side of Equation (15), less the constant k, is called the pooling

parameter, P:
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PzQﬂJf[ L 12][%+ hl ]—1 (16)
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Next, the relationship between dimensionless front distance and pooling parameter is

examined using the experimental data and a correlation is developed for front distance.

A variety of organic solvents can be used to disperse nanoparticles in solution to facilitate
transfer of particles to a substrate. Therefore, front distance data were also collected for
chlorobenzene using the same method described above. The same range of flow rates were tested
with channel widths of 1.5 and 2 mm. The properties of chloroform and chlorobenzene are given

in Table 4.

It is worth noting here that it is assumed that the properties of the bulk fluid are not
significantly affected by the addition of nanoparticles, in this case single wall carbon nanotubes
(SWCNTSs). A typical concentration of SWCNTSs for TaFISA is 100 pug/mL, which corresponds
to a percentage by weight in chloroform of 6.7%. Literature suggests that surface tension of
solutions containing multiwall CNTs (MWCNTSs), which are larger in diameter and length, only
slightly affects the bulk fluid surface tension. In the case of Ref. [33], a 5 wt. % addition of
MWCNTSs corresponds to a 1% decrease in surface tension of the bulk ethylene glycol solution.
Regarding other fluid properties such as dynamic viscosity, the addition of nanoparticles may
have a significant effect. The work by Xiaoke demonstrates that with 5 wt. % addition of
MWCNTS, the viscosity of the base fluid (water) increases by 22 times. This effect is likely

sensitive to other factors such as the base fluid, the nanoparticle size, and the presence of a



55

stabilizing agent to maintain individualization of the nanoparticles [34]. In the author’s
experience, experimentation with the addition of 100 pg/mL of SWCNTSs has not demonstrated a
significant deviation from the results shown here. It is likely that in other systems with different
base fluids and nanoparticle types and concentrations, the nano-particle concentration will have a
significant effect on the fluid properties. The dimensionless front distance measured for both

chloroform and chlorobenzene are plotted as a function of the pooling parameter, P, in Fig. [X].



Table 4: Fluid properties and friction factors of the test fluids

Chloroform | Chlorobenzene | Water
1.0 kg-
Density (p) 1.5 kg-m 1.1 kg-m™3
m-3
Dynamic 1.0
0.55 mPa-s 0.80 mPa-s
viscosity (W) mPa-s
Static
Contact 10° 10° 10°
Angle (6)
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Figure 31: Dimensionless front distance as a function of Pooling parameter for chloroform (black) and

chlorobenzene (red)

Notice that the data for each fluid collapse separately with an approximately linear

relationship. ldeally, the data for both fluids should collapse to a single line since the model

considers fluid properties. This suggests that the friction factor coefficient, k, may not be

56



57

identical for both fluids. Therefore, it is worth evaluating the assumptions made about the
friction factor k in Eq. (13) to confirm that they are appropriate. The use of a single k value
assumes that the flow in each case is laminar and fully developed. Even for high flow rates, the
Reynolds number for both fluids remain in the laminar regime. To evaluate the assumption that
flow is fully developed, the hydrodynamic entry length for internal flow [35] is computed

according to:

X~ 0.06Re D, (18)

where D is the hydraulic diameter.

By inspection of Eq. (18) and the fluid properties, chlorobenzene becomes fully
developed more quickly than chloroform, by approximately a factor of two. Therefore, it is
reasonable that the friction factor parameter k will be smaller for chlorobenzene than it is for
chloroform, where the hydrodynamic entry length is a significant fraction of the channel length.
The geometry associated with the flow in this experiment does not conform to a typical, confined
internal flow and therefore it is not possible to precisely predict the k values based on literature.
Here, the friction factor k absorbs the effects of unknown factors such as the impact developing

length in this unique channel geometry.

Using the data in Figure 32, it is found that the most appropriate value of k for
chlorobenzene is ke = 10 whereas the friction coefficient for chloroform is ke = 20. Note these
differ by a factor of 2; this difference may be related to the difference in fully developed length
explained by Eqg. (18). Using these parameters, the measured dimensionless front distance as a
function of the ratio of the pooling parameter to the friction factor parameter k, Eq. (17), is

shown in figure 33. Also shown in figure 33 is the best fit and +15% deviation lines.
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Figure 32: Front distance normalized by gap width as a function of the pooling parameter for chloroform and

chlorobenzene

Using these values of the friction coefficient, the data for both fluids collapsing to a
single line. Over 80% of the data fall within £15% of the best fit line, suggesting a strong
relationship between dimensionless front distance and the pooling parameter divided by the
friction coefficient. It is worth noting that at low flow rates the effects of friction and surface
tension are relatively high, and these are less controllable, leading to a lower degree of certainty,
as seen in figure 33. The best fit line yields a correlation for front distance as a function of gap

width, pooling parameter, and the friction coefficient:

L=w [1.61 (g)— &14] (19)

Pzva[ L 12][%+ hl ]—1 (16)
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Equation (19) describes the relationship governing the front distance for a supported fluid layer
flowing between parallel plates, and is dependent on the channel geometry w, a dimensionless
pooling parameter P, and the friction coefficient parameter k, which equals 10 and 20 for
chlorobenzene and chloroform respectively. Recall the pooling parameter, defined in Eq. (16) is
a function of fluid properties, the initial fluid layer thickness, hy (or more simply the inlet
diameter), and the critical fluid layer thickness, herit which is determined using the modified
Bond number. The correlation simplifies the complex relationship between the buoyancy,
surface tension, gravity, and friction forces as they affect the front of a flowing suspended fluid.
It also helps to identify the impact of parameters such as channel width and flow rate on pooling
behavior. Understanding these relationships is an important step in scaling solution-based
materials processing methods that rely on liquid-liquid interfaces, such as TaFISA. The next
section applies the correlation to make predictions about front distance and to suggest methods

for avoiding pooling.

3.4.6 Methods to improve front distance

The objective of the experimental and modeling work in this study is to understand the
behavior of a dynamic front confined in a thin channel and to identify methods that can be used
to increase front distance. Figure 34 shows the front distance as a function of gap width for
various values of flow rate predicted by the correlation given in Eq. (19), overlayed with

experimental data.
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Figure 33: Correlation results from Eq. (17) and data for chloroform front distance as a function of the channel

width for various values of flow rate

The correlation predicts an inverse parabolic relationship between front distance and
channel width until the channel width becomes larger than 2L, at which point front distance
begins increasing linearly. This relationship can be explained conceptually by the balance
between friction and surface tension forces. Small channel widths lead to much higher losses due
to friction that act to quickly decelerate the front and encourage a growing fluid layer. As
channel width increases, losses due to friction are less significant and the front can move more
easily through the channel. As channel width increases further, the surface tension forces remain

relatively constant, and the fluid behaves as it would on a featureless water surface.

The practical application of the model lies in its ability to predict the general trends that
are observed as flow rate, channel width, and fluid properties are varied. For example, if a given
deposition method requires suspended flow across a 10 cm substrate, figure 34 can be used to
select a flow rate and channel width combination favorable to the deposition parameters. This

example case would suggest a flow rate near 7 mL/min and a channel width near 4 mm.
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Solution based deposition methods like TaFISA often depend heavily on the fluid
conditions during the deposition process. This usually means operating within the laminar flow
regime in order to avoid turbulent eddies near the interface, which can lead to poor deposition
quality [16]. It follows that in many cases higher flow rates are undesirable, despite being one of
the simplest methods to increase front distance. For example, an 18 cm substrate might suggest
flow at 10 mL/min in a 5 mm channel width to reach the desired front distance. These conditions
result in a Reynolds number nearing the transition to turbulence which would be undesirable, and

lead the user to select a lower flow rate, 7mL/min, and larger channel width, such as 7 mm.

For conditions where laminar flow is critical, the model helps identify other methods of

increasing front distance. For example, the critical film thickness given by Eq. (5):

_ 2 o0 cos( ) (5)
erit ™ A P8 min( W,ZL(‘)

suggests that increasing the contact angle can increase the critical thickness drastically, which
might point to a surface treatment in order to improve front distance. If possible, it also suggests
using a lower density solvent, a higher density liquid subphase, or a solvent with a small

capillary length.

Another promising method of increasing front distance is to add an additional stabilizing

term to the energy balance given in Eq. (9):

=—+H 9

In this equation, the water surface is assumed to be flat so that the vertical height change
may be taken as being insignificant. However, an additional favorable potential energy term

could be used to increase front distance. Using the laws of capillary rise between parallel plates
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[36], a downhill slope can be induced by using a tapered channel that expands in the flow
direction. Near the channel entrance the meniscus is pulled up to higher elevation, which

introduces a height differential Ah into the energy balance:
% + Ah= 2 +H (20)

This height change can be expressed in terms of the density, pw, contact angle, Gw.air, and surface
tension, ow,air Of the supporting fluid (water) with respect to air. The law of capillary rise

between parallel plates is applied [36]:

20 20 20

Ah= W, air Cns(aw'.w'r] _ wLalr COS( 0» .m'i) — WL alr COS( Ou .ah) (L _ L] (21)

ph‘_pﬂfi') 8 W] (":J u'_p(rfr) 8 “‘2 (pw _'0(.’”') £

Even a small taper added to the channel results in a relatively significant potential energy
term. Table 5 shows several combinations of channel widths, where w1 is the width at the
injection point and w- is the width near the exit of the channel, and the associated height change
Ah. For context, the initial velocity head (i.e., the kinetic energy term) in Eq. (20) for a flow rate

of 8 mL/min is only 0.43 mm.

Table 5: Spacer Values and Ah

wi(mm) | wy(mm) | Ah(mm)

1.5 1.5 0
1.5 2 2.0
1.5 2.5 3.3
1.5 3 4.1

1.5 3.5 4.6
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The effect of tapering the channel width was examined experimentally through tests with
chloroform. Measurements were made using a channel width near the needle of 1.5 mm that
increased to 2.5 mm at the exit, corresponding to a Ah of approximately 3.3 mm. Front distance
is measured and overlayed onto the constant channel width results that were shown in figure 33;
these additional results are shown in figure 35. The dimensionless front distance and pooling
parameter for the taper are each calculated using the average channel width of 2 mm for these
data. For a given flow rate and average channel gap, the tapered channel provides a significant
improvement on front distance, allowing the use of lower flow rates and channel gaps for a given

channel length.
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Figure 34: Front distance normalized by gap width as a function of the pooling parameter over friction factor for

chloroform with a straight and tapered channel
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The model presented here allows for front distance to be scaled to larger values, which
opens the possibility for methods such as TaFISA to be scaled up to larger wafers. An
understanding of the physics governing stratified flow within the channel formed between
parallel plates helps to define the practical working conditions of solution-based materials
processing methods as well as to understand various methods for increasing front distance, such

as altering fluid parameters, channel width, and channel geometry.

3.4.7 Conclusion

Solution-based deposition methods represent a promising route to depositing wafer-scale
arrays of aligned CNTs for high speed and low power semi-conductor electronics. Especially
promising are solution-based methods that exploit the formation of a 2D nematic liquid crystal at
the liquid-liquid interface between water and nanoparticles dispersed in an organic solvent to
achieve high packing density and alignment. These methods also present unique challenges that
become significant as the process scales, such as the pooling and sinking behavior described

here.

The work presented here develops a simple, semi-empirical model that identifies the
significant forces governing suspended stratified flow between parallel plates and offers a
correlation to predict front distance given a system geometry and fluid parameters. This model is
shown to be accurate for multiple fluids to within about +15% of the experimental data. This
correlation can be used to select experimental parameters such as flow rate, channel width, and
channel geometry to achieve a desired channel length when scaling solution-based deposition
methods. It also suggests an optimal solution space to aid in the design of solution-based

materials processing methods where fluids of differing densities are used in contact with one
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another. Finally, the model was used to identify a method that substantially increases front

distance through the introduction of a minor taper to the channel.

The model can be improved to account for changes in channel geometry (e.g., a sudden step
change in the channel), changes in channel angle (arranged at 45° with respect to gravity as
opposed to vertically) or changes in injection angle. The model could also be improved with
further testing using more organic solvents with an apparatus that can test at higher flow rates
and channel widths. As solution-based deposition methods for depositing aligned arrays of CNTs
and other nanoparticles grow in scale, a deeper understanding of the forces governing the
stability of a supported fluid layer will become even more important in the design of reliable,

efficient, and practical methods.
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4  Oscillating Shear Induced Alignment (OSA)

4.1 Introduction

As modern field effect transistors become smaller, they approach a minimum size beyond
which their performance is significantly reduced, effectively enforcing a limit on the size and
overall efficiency of these critical devices [37]. Semiconducting single-walled carbon nanotubes
(SWCNTSs) provide a promising alternative for next-generation field effect transistors (FETS).
SWCNTSs boast exceptional charge transport properties at small channel widths beyond those
currently achievable by the MOSFET [5-8] and can be processed in solution; CNTs are
incorporated into an organic solvent solution to form a CNT “ink” which can be easily

manipulated and deposited onto a target substrate to form a uniform thin film of CNTs.

In order to exploit the full potential of SWCNTSs for thin film electronics, they must be
deposited in uniformly aligned and densely packed arrays which act as the foundation upon
which FET devices are constructed. A poorly aligned film has many crossing CNTSs that
introduce nanotube-nanotube junctions which act to increase resistance. A low packing density
means fewer charge conducting pathways which causes poor on-current and mobility. Thus,
controlling alignment and density is the primary challenge facing the adoption of CNTFETS in

industry [38].

The cost, time, and effort necessary to produce uniformly aligned and densely packed
arrays of CNTs with consistent quality is a major barrier to producing CNTFETs on a larger
scale. Many methods exist to deposit randomly oriented films of CNTSs, such as drop-casting
[39], spray coating [40], and vacuum filtration [41], but these films are unsuitable to make to

make a high number of quality devices. Several solution-based methods have been demonstrated
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to deposit aligned arrays of CNTSs, such as shear alignment [9], evaporative self-assembly [10],
directed evaporation, [11,12], Langmuir Blodgett and Schaeffer methods [15], among others.
While these methods are promising, none have been proven to solve the issues of cost,
scalability, and control over alignment and density that is required for manufacturing high-

performance devices on a large scale.

Viscous shear as a method for aligning elongated nanoparticles has been explored
extensively in recent years as it relates to many fields such as biology [42] additive
manufacturing [43], and nanocomposite materials [44]. Velocity gradients within a fluid under
shear produce a shear force which acts to align elongated particles with the flow direction. This
effect is dependent on factors such as the shear rate and the rotational diffusion coefficient, a
measure of how freely a particle can rotate in solution. In Ref. [42] pressure-driven oscillatory
shear flows in microfluidic channels are shown to elongate and align DNA molecules, allowing
for better imaging conditions. Shear rate and thus alignment is determined to be a function of
flow rate and channel geometry. Understanding the relationships between shear rate and
alignment and determining the optimal solution space for aligning SWCNTSs under shear driven

flows is a major focus of this paper.

Here a novel method is proposed for depositing aligned arrays of SWCNTSs using
sinusoidal oscillatory shear, called oscillating shear alignment (OSA). OSA achieves deposition
across the majority area of the target substrate with uniformity and a high degree of alignment.
While several methods have been proven to deposit aligned arrays of nanoparticles in
microfluidic channels over small areas [45], few have utilized shear to deposit films over a large
area with high uniformity. One such method, substrate-wide confined shear alignment, utilizes a

thin, (sub-mm) channel to produce large areas of aligned CNTs across an entire substrate via
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fluid shear [9], and relationships for alignment degree and packing density are determined. The
work here aims to explore the relationships governing alignment and density using a drastically
different experimental apparatus which produces a sinusoidal oscillatory shear pattern within a
small cavity. This not only strengthens the understanding between factors such as shear rate,
alignment, concentration, and packing density, but provides an alternative scalable deposition

method for producing aligned arrays of SWCNTSs.

4.2  Fluid shear modeling

In order to accurately develop relationships between the degree of alignment and shear
rate for a sinusoidal oscillatory shear pattern, a reasonable estimation of the shear rate must be
known for a given amplitude and frequency. This section describes the formulation of the

numerical model used to calculate the shear rate given a set of input parameters.

The experimental setup used here allows a user to select a motor speed
(frequency) to rotate a specially designed cam, which translates simple harmonic rotational
motion to sinusoidal linear motion of the target substrate. The cam profiles are generated in
MATLAB using a script provided in Ref. [46]. Each cam has a specified “lift” which
corresponds to the sinusoid’s amplitude. Using this amplitude and frequency, the sinusoidal
forcing function for the substrate position is of the form:

s(t) = (A) sin(w t) (22)

Where s(t) is the velocity at a given distance from the substrate, y, and time, t. A is the amplitude
of oscillations in meters (also referred to as the cam’s “lift”), and w is the frequency in
radians/second. Using stokes solution for oscillatory Couette flow, shear rate is calculated as a

function of y, distance from the substrate, given a forcing function describing the substrate’s
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motion [47,48]. The fluid velocity as a function of distance from the oscillating substrate, y, and

time, tis:
- Umax -A(y-2L) _ Aly-2L) _ _
U(y,t) 2 Teosh2AL)— o8] [e cos(wt —Ay) +e cos(wt — Ay)
e cos(wt — Ay + 2AL) — e cos(wt + Ly — 2AL)| (23)

Where L is the substrate-wall distance, and A is given by:

1= |2 (24)

The solution assumes that the substrate and cavity are infinitely long so that velocity is
not a function of position on the substrate, x, but only as a function of y, or distance from the
substrate. This solution also assumes that the depth of the substrate, fluid, and stationary wall
extend infinitely into the page, and the three cavity walls (excluding the stationary wall nearest
the substrate) are far away, and their influence is negligible. A simplified schematic of the fluid

cavity and substrate as seen from above is shown in figure 36.

Stationary wall

Figure 35: Schematic of oscillating substrate within a stationary cavity filled with solvent



70

Using Equations (23) and (24) to calculate the fluid velocity field, the shear rate at the
substrate can be calculated by dividing the velocity gradient by a sufficiently small Ay, in this
case taken to be 0.025 mm, or 1/50'" of the substrate-wall distance, L. The shear rate as a

function of time is given by:

U(y=0,t)-U(y=0.025,t)
Ay

(t) = (25)

With Eq. (25), the instantaneous, maximum, and RMS shear rate can be calculated for a
given frequency and amplitude of substrate oscillation. It should be noted that the relevant shear
value related to alignment for a continuously changing substrate velocity is not well known, as it
is for the case of continuous, unidirectional shear. For this consistency, the maximum shear value

experienced at the substrate wall is used here.

Using Equations (23-25), the steady state substrate velocity and shear rate are plotted as a
function of time on figure 37. Notice the shear rate is out of phase with velocity, reaching its
peak before the maximum velocity is reached. This is due to the existence of a flow reversal due
to the changing direction of the substrate. At some point the flow that is being dragged along
with the substrate in the positive direction must slow and reverse direction after the substrate
begins moving in the opposite direction. It is shortly after this reversal where the fluid shear rate

is at its maximum.
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Figure 36: Steady state substrate velocity and shear rate as a function of time

Using this solution, the effects of substrate-wall distance, frequency, and amplitude can
be quickly evaluated. Such a model, although not a precise solution, is very useful in design of
the experimental apparatus, as knowing the required acceleration and velocity of the substrate
can help to size components such as motors and linear rails. Additionally, parametric studies can
be run quickly to evaluate the effect of changing multiple variables. For example, a plot of RMS
shear rate as a function of substrate-wall distance for various values of amplitude and frequency

is shown in figure 38.
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Figure 37: RMS shear as a function of substrate-wall distance for a variety of frequency and amplitude
combinations
Note that increasing both amplitude and frequency acts to increase the RMS shear rate.
Also, decreasing the substrate-wall distance increases the shear rate similarly. For all

experiments performed here, the substrate-wall distance remained fixed at L=1.33 mm.

The analytical solution to stokes problem is used here to determine the frequency and
amplitude of oscillations necessary to evaluate the effect of alignment at various shear rate
conditions. The following sections describe the experimental apparatus and procedure for

depositing CNT films using oscillating shear.
4.3 Experimental apparatus

Several images of the experimental apparatus is shown in figure 39. Several critical
components are labeled. The top of the substrate is secured to a machined aluminum plate with a

toggle clamp (A), which can be raised and lowered from the cavity during depositions. This plate
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is secured to a linear carriage (B) mounted on a precision linear rail (C) so the linear motion of
the substrate is constrained to a single plane. This linear rail, as well as several other
components, are fixed to a rigid frame made from aluminum extrusion (D). The carriage is
driven by a simple harmonic motion cam mounted on a high-speed, high-torque DC motor (E).
The motor speed (and oscillation frequency) is controlled using an Arduino Nano
microcontroller paired with an L298N hall effect motor controller (F). The Arduino measures the
pulses directly from the hall sensors on the motor to display an accurate, instantaneous
measurement of the motor frequency. On the opposite side of the linear carriage, two springs (G)
provide the opposing force necessary to keep the carriage in constant contact with the cam at

high speeds.

Figure 38: Experimental apparatus used to oscillate the target substrate submerged in a cavity filled with CNT ink

Below the substrate, a two-part aluminum cavity (H, 1) is fixed to the table. A closer view

of the cavity is shown in the bottom right of figure 39. The cavity contains the small 8 mL
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volume of solvent / CNT ink used during a deposition. The cavity also contains three separate
ports used for injection and removal of solvent / CNT ink, automated by a syringe pump or
peristaltic pump (J), depending on the deposition type and configuration. The machined
aluminum surface on which the substrate is fixed is used to align the cavity parallel to the
oscillation direction to minimize any irregular effects from misalignment between the substrate
and the cavity wall. To minimize fluid motion at the free surface exposed to air, a small PTFE

baffle with a small slit for the substrate is inserted into the cavity.

4.4 Data collection

Several deposition styles were explored with this apparatus, all of which are slight
modifications of one another. During a standard deposition, the substrate begins submerged in a
clean solvent (chloroform, in this case). The motor, with the selected cam attached, is then set to
the desired speed (frequency). Next, a small volume of concentrated CNT ink is injected though
port A on the side of the cavity. Through experimentation with a modified cavity containing a
glass window, the assumption that the concentrated ink becomes well mixed quickly is observed

and verified.

Following ink injection, the substrate is allowed to oscillate in the CNT ink for a
prescribed amount of time, until the peristaltic pump is activated, and clean solvent is pumped
into the cavity through port B while the mixed CNT ink is removed at the same rate through port
C. This reduces the concentration of the ink while the substrate is in motion. The recorded
exposure time is a combination of two numbers, the time exposed to the fully concentrated ink,
and the time it is exposed to the diluted mixture until the substrate motion is paused. Previous

experimentation suggests that if the stationary substrate is exposed to CNT ink, CNTs will
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deposit randomly without shear to align them. Once the cavity is adequately diluted to < 5% of
the initial concentration, the motor is turned off and the substrate removed, rinsed with IPA, and
dried using compressed air. To remove excess polymer from the surface, the sample is then

boiled in toluene for 60 minutes.

The quantities of interest in this study are primarily alignment and packing density. For
the films studied here, this data is collected by manually tracing images of the individual CNTs
using high magnification SEM images. For this reason, a minimum of five SEM images are
taken at several locations across the substrate and averaged to obtain an accurate overall measure
of alignment across the entire substrate. Images are traced using ImageJ, which records the angle

relative to the horizontal and the length of each CNT.

It should be made clear that in some cases, localized areas of uncharacteristically poor
alignment are present. From the author’s experience, these regions are outliers and represent a
small percentage of the sample. In these cases, these regions are ignored and only the images that
provide an accurate representation of the global alignment are used to collect data. Thus, it
should be made clear that the data here represents the upper limit of the alignment that is

achievable with OSA in its current configuration.

Each sample corresponds to a single datapoint, which is an average of several SEM
images containing anywhere from 25 — 1000 CNTSs each, depending on the test conditions. A
minimum of 1000 total CNTs are traced and averaged for each datapoint, but in many cases, the
number of CNTs per datapoint is greater than 1000. To provide a worst-case scenario for error,
the maximum observed error of + 5° is assumed for all datapoints moving forward. Although
most CNTs deposit as a relatively straight line, it is possible a CNT deposits with a curved shape.

In these cases, the CNT is divided into 2 segments, from each end to the middle. Although this
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artificially increases the amount of short CNTs measured, the primary goal is to measure the
alignment, for which this is a better measure of the large deviation of a curved tube than would
be traced end-end. Ultimately, less than 10% of CNTs deposit with a curved shape, so the effect

of this measurement technique is small.

ImageJ records the angle and length of each CNT in pixels. The lengths are calibrated
with the scalebar on the SEM image, and the angles are modified to fall between -90 and 90
degrees, where an angle of 0° corresponds to the horizontal, or the oscillation direction. With this
data, the alignment distribution, length distribution, and standard deviation can be obtained. The
chosen measure of alignment is half-width at half maximum (HWHM), half of the full-width at
half maximum (FWHM). For a normal (Gaussian) distribution, the FWHM corresponds to the
difference between the two values of the independent variable measured when the dependent
variable equals half its maximum value. Equation (26) gives the conversion from standard

deviation o to HWHM:

23550

HWHM = (26)

There are several methods to measure packing density of a CNT film. The more
straightforward method is ideal for samples with sparse films. This method simply divides the
total number of traced CNTSs by the total area measured. This metric gives an area density with
units of CNTs/um?. The second method is preferred for films with moderate-high packing
density and involves tracing a vertical line (perpendicular to the alignment direction), and
manually counting the CNTs which intersect this line, and diving by the vertical length. This is
performed at several locations across several images to obtain an average value. This method

yields a line density with units of CNTs/um. Where possible, the line density is the preferred
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metric, but for sparsely populated samples the line density has a very high variation depending
on the position and length of the vertical line. It is important to note that because the location of
the line is chosen manually, there is bias to select the more densely packed areas. It should be
clear that the linear density metric here represents an upper limit of linear packing density

achievable with OSA.

4.5 Results and discussion

Experiments are conducted in order to test the effect of shear rate, concentration,
amplitude, frequency, and CNT length on the quantities of interest, mainly degree of alignment
and linear packing density. In this study, cams with amplitudes of Imm, 1.5mm, 3mm, and
7.5mm are tested. Frequencies varied from 0-100 Hz, and depending on the amplitude, the
resulting shear rate fell within the range 0-8600 s*. Cavity concentrations varied from 15 pg/mL
to 150 pg/mL, and total exposure time was within 60 — 300s. The remainder of this section

explores the relationships between these and the resulting data for alignment and density.

4.5.1 Alignment

For unidirectional, continuous fluid flow, degree of alignment of long particles increases
with shear rate [9,49]. Equations (27) and (28) shows the formula for the average shear rate y in a

simple rectangular duct [50]:

QP2
8 A2

Y= (27)

Where Q is the volumetric flow rate, P is the wetted perimeter, A is the cross-sectional

area, and A is the shape factor, a function of the width (a) and height (b) of the rectangular duct:
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1=[(1-0352)(1+ Z)]Z (28)

Evidently, shear rate increases with the volumetric flow rate, the wetted perimeter, and
the shape factor, while shear rate decreases with cross sectional area of the channel. This implies
that the highest shear rates occur with high flow rates through very small, thin channels. For a
given test apparatus, the channel geometry remains constant, so shear rate is primarily a function
of the volumetric flow rate. For the sinusoidal oscillating shear case used here, shear rate is a
more complex function of frequency, amplitude, and substrate-wall distance (refer to Equations
(23)-(25) above). For this reason, it is beneficial to evaluate degree of alignment as a function of
not only shear rate, but also amplitude and frequency, to determine if either parameter has a more

significant effect on degree of alignment.

Figure 40 shows HWHM as a function of maximum shear rate with a fixed amplitude of
1.5 mm, and includes several representative images at low, moderate, and high shear rate. Note

that all data shown here use batches of ink with similar length distributions.
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Figure 39: HWHM as a function of Maximum shear rate, with selected images at various shear values. Scalebar
shown is 1 um
From figure 40, several conclusions can be drawn. The first is that alignment is a function

of shear rate according to the power law relationship given by Equation (29), with an R? value of

0.96:

HWHM = 385 (y~031) (29)

The second conclusion is that the largest improvements in alignment occur at relatively
low values of shear rate. HWHM improves by 10° for a 1500 s increase from 1000-2500s
shear rate. A similar increase from 3500-5000s only yields a 4° improvement in HWHM. This
trend appears to continue at higher shear rates. This implies that to continue to increase shear rate

at high degrees of alignment, proportionally higher values of shear rate must be achieved.
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Figure 41 shows the same set of data plotted versus frequency instead of shear rate. It

shows a very similar trend, with a very similar power law relationship:
HWHM = 146(w~%**) (30)

From the power law relationship, it appears that alignment may be a slightly stronger

function of frequency than resulting shear rate, suggested by the larger exponent in Eq. (30).
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Figure 40: Half Width at Half Maximum as a function of Frequency for samples with a fixed amplitude of 1.5 mm

and similar length distribution

For samples with a fixed frequency, the resulting shear rate can be varied by changing the
amplitude. Figure 42 shows HWHM as a function of amplitude, or cam lift, for samples with a

fixed frequency of 20 Hz.
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Figure 41: Half width at half maximum as a function of amplitude for samples with a fixed frequency of 20 Hz

From figure 42, it is evident that although alignment increases with amplitude, the
relationship is much weaker than it is with frequency. A power law curve is fit to the data, given

in Eq. (31):
HWHM = 41.9 (A~%98) (31)

From Eq. (31), it is clear that alignment is a weaker function of amplitude than it is of
frequency, evidenced by the small exponent. However it is worth noting that less data is taken
for this condition, and only one frequency was tested across multiple amplitudes. It is very

possible that this relationship changes for higher frequencies / amplitudes.
3.1.1 Alignment — Length Relationship

Throughout data collection, depositions occurred over the course of several months, with
many different batches of ink. These batches vary in many small ways such as the polymer CNT

ratio, the total sonication time, the concentration, the idle time, and most importantly, the length
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distribution. A consequence of these differences is that with enough data, the effect of different

length distributions can be studied.

Fluid shear acts to align elongated particles by producing a shear force that acts on each
particle to align its long axis with the flow direction. The force that induces this alignment is
highly dependent on the shear rate and the rotational diffusion coefficient D of the particle [51].
The Péclet number is a dimensionless parameter that compares the magnitude of shear rate, v,

and the rotational diffusion coefficient:

Pe= L (32)

A Péclet number less than one implies that Brownian flocculation dominates, while a
Péclet number greater than 1 implies the shear force is strong enough to influence the particle
orientation [51]. The rotational diffusion coefficient is dependent on several factors such as
temperature, particle size and aspect ratio, friction effects from the surrounding fluid, as well as
the surrounding local concentration of particles. In the “free molecular regime”, where the
concentration of particles is assumed to be relatively small, and for nanoparticles with a high

aspect ratio ( B > 100), the rotational diffusion coefficient can be calculated approximately with:

kpT Kn

T -2 1
UL [+ f (114_8+§)

D, = (33)

Where ky is the Boltzmann constant, Kn is the Knudeson number, T is the temperature, p
is the viscosity, L is the length of the nanoparticle, £ is the aspect ratio, and f is the momentum
accommodation [52]. From Eq. (33), it is clear that assuming a constant diameter, the rotational
diffusion coefficient decreases with length of the rod raised to the third power, making it very

sensitive to the length. This suggests that CNTs with a larger aspect ratio, or for a fixed diameter,
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CNTs with a greater length, are more strongly affected by fluid shear and are more easily aligned

in solution.

In order to quantify the effect of CNT length on alignment, the measured data is
separated into bins with length ranges of 0.25 pum. For example, a bin labeled 5 pm contains all
CNTs within 0.25 and 0.5 um. For each group, the HWHM can be calculated, which allows the
alignment to be plotted as a function of length. Figure 43 shows HWHM plotted as a function of
nanotube length range for samples with amplitude of 1.5 mm and shear rate values of 3500,

6500, and 8600 s*. Also shown are the corresponding length distributions for each sample.
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Figure 42: Half-width at half-maximum as a function of nanotube length (right) and the corresponding length

distributions
From figure 43, several conclusions can be made. The first is that for all samples for
CNTs below ~ 1.5 pm, alignment is a strong function of CNT length. All samples show
approximately a 30° improvement in alignment with only ~1.25 pm increase in length from

0.25-1.5 um. Beyond 1.5 um, alignment continues to increase, but with diminishing returns. The

second point that can be made is that despite the bulk measure of alignment for each sample
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deviating from the trend that alignment increases with shear rate, for a given length range,
greater shear rates correspond to better alignment. Between 0.75 and 1.5 um, where all samples
have a sufficient number of CNTSs, the curves show a significant increase in alignment with shear
rate. Clearly, the length of the CNTs in the ink is a major factor in the resulting alignment.

Alignment appears best at lengths above 1.5 um.

A further investigation is performed where two identical depositions are performed with
separate CNT ink solutions with different length distributions. Both the length distribution and
alignment distribution are displayed in figure 44. The shorter batch of CNTSs is shown on the left

in orange and the longer batch is shown on the right in blue.
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Figure 43: Length distribution and alignment distribution histograms for a sample with a low average CNT length

(orange) and a longer average CNT length (blue)

The difference between the CNT length distributions can be clearly seen when comparing

the top half of figure 44. The orange distribution has an average length near 0.8 um and is
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heavily right skewed. The blue distribution is also right-skewed, but to a much lesser extent, and
has an average length of 1.8 um. Also note the length of the tail in the blue distribution, and the
presence of many CNTs > 3 um in length, of which the orange batch has no CNTs over 3 um.
Focusing on the lower half of figure 44 shows a significant difference in the alignment
distribution. The orange batch has a relatively flat curve which is slightly left-skewed but has
long tails in either direction. This suggests a relatively normal distribution centered around 0°,
with a gradually decreasing frequency of CNTSs as the angle deviates from the horizontal. The
blue batch has a much sharper peak centered around 0° (horizontal), and very small but long
tails. This suggests a much greater fraction of CNTSs clustered near 0° are aligned with the

horizontal with fewer outliers point in random directions.

This analysis provides strong evidence that the shear force which acts to align elongated
nanoparticles in solution more strongly affects those particles with a larger aspect ratio, or a
greater length to diameter ratio. Future work may include a study in controlling CNT length to
further improve alignment and to better understand the relationship between length and

alignment.

4.5.2 Density

Another equally important characteristic of a CNT film is the packing density. High
quality devices with good charge mobility require arrays with consistent pitch and an optimal
packing density between 50-200 um™[53,54]. Densities below this range often display low on-
current and poor mobility [55], while densities too high can cause low on/off conductance

modulation ratio [56,57].
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Depending on the device application, various specific packing densities may be desired.
Thus, control over packing density is a major benefit for any deposition method. Intuitively, the
potential methods for controlling packing density in a method such as OSA would be varying the
exposure time to CNT ink and the concentration of the ink. Here both methods are investigated
to determine the effect of exposure time and concentration separately. Figure 45 shows the

measured CNT linear packing density as a function of the cavity concentration.
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Figure 44: Linear packing density as a function of cavity concentration

It should be noted that the data presented here were collected with various oscillation
frequencies and exposure times between 30 and 60 s, but a constant amplitude of 1.5 mm. A
worst-case assumption for variation in the packing density is calculated and applied to all
datapoints. Overlayed on figure 45 is the packing density data from continuous shear study for

comparison [9]. Evidently the density appears to follow a similar power law relationship with
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concentration, with large increases in packing densities occurring near lower concentrations, but
diminishing returns as the concentration approaches 100-200 ug/mL. This is likely explained by
the fact that as the surface becomes saturated with CNTSs, it becomes more difficult for a new

CNT to find an open spot to adhere to the substrate.

It is also interesting that the density achieved in OSA appears much lower than in the
case of continuous shear. This could be a result of a depletion layer of decreased CNT
concentration near a wall experiencing high oscillating shear rate. Similar depletion layers are
observed in pressure-induced oscillatory flows when studying DNA particle concentration [42].
However, this is only conjecture and the true reason for this is unknown. Other possible reasons

include differences in CNT ink preparation and surface preparation of the target substrate.

Intuitively, the density of deposited CNTs can be increased by increasing the cavity
concentration, but CNT ink is expensive and time-consuming to manufacture, thus a solution
which involves using less volume or lower concentrations of CNT are preferred. One way to
achieve this is to increase the time a substrate is exposed to the CNT ink. However, repeated
experiments show that beyond ~120 seconds of continuous exposure, the density begins to taper
off. One way to circumvent this is to perform a deposition on a substrate, remove, clean, and
bake it on a hot plate at 100°C for 10 minutes, then repeat the process. It is possible that long
exposures to the CNT ink with chloroform solvent alters the surface chemistry of the substrate in
a way that is unfavorable to CNT deposition. The cleaning and baking process may improve the
surface to allow it to accept CNTSs again, thus by performing multiple repeated depositions, it is
possible to further increase the density of CNTs on the surface. Figure 46 shows a plot of areal
density as a function of total exposure time for a single substrate with multiple repeated

depositions.
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Figure 45: Areal density as a function of total exposure for repeated depositions

Figure 46 shows a strong linear relationship between the areal density deposited on the
substrate and the total repeated exposure time in the range of exposures and density tested. It is
expected that as higher areal densities are achieved, the slope of this line would decrease, and it
would behave similarly to figure 45. It is also worth noting that these trials are performed with
relatively low concentrations of ink (15 pg/mL), and thus yield low areal densities. Recall the
desired packing density for most applications is 50-200 CNTs/um. An approximate conversion
from areal density to linear packing density by multiplying by the length of a single CNT implies
that even at the highest areal density of 1.6 CNTs/pum?, this corresponds to a line density of only
1.25 CNTs/um. The important point here is that with repeated exposures, utilizing the cleaning
and baking process described, multiple repeated depositions will increase CNT density on the

substrate.
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4.6 Conclusion

The experiments discussed here show that both alignment and packing density can be
controlled with known parameters such as frequency, amplitude, CNT length, concentration, and
exposure time, using the OSA method. Samples show achievable alignment of 25° HWHM and
packing densities of 20 CNTs/um. With improvements to the experimental setup, a better
understanding of the deposition mechanics, and an understanding of the optimal solution space,
OSA could likely be improved and scaled to yield samples with a high degree of alignment and
moderate-high packing densities. The fast setup and deposition time, as well as the ability to
reclaim and recover ink make OSA a promising potential method to produce wafer-scale

alignment in the future.

5 Summary and Outlook

The work presented here explores several methods to produce aligned arrays of CNT films
for use with carbon nanotube electronics. There is a specific focus on understanding the
relationships that produce high quality films, such as with CNT length and alignment in OSA, as
well as utilizing models to optimize and scale these methods, much like the tapered channel does
for TaFISA. In addition, several image processing techniques are presented that have the

potential to allow faster characterization of densely packed CNT films on a larger scale.
Some of the more noteworthy achievements are given below:

(1) A standard optical microscope fitted with a polarizer and analyzer can be used to create
alignment maps of densely packed CNT films by rotating the sample and analyzing the

resulting pixel intensities.
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(2) Alignment degree and uniformity can be estimated using a single polarized optical
microscopy image and analyzing the frequency and amplitude of the resulting intensity

signal.

(3) With a modified apparatus, the TaFISA process can be applied to substrates to produce

near full wafer coverage (~90%).

(4) Using a physics-based model of the TaFISA channel, the pooling behavior is simplified
to a linear correlation for front distance which is a function of the pooling parameter (based

on fluid properties), the gap width, and the friction factor.

(5) Alignment of CNTs and presumably other rod-like nanoparticles are highly influenced
by length. Overall alignment can be improved significantly by producing CNT inks with

lengths greater than 1.5 pm.

While these results are exciting, much more work can be done to expand upon the methods

and modifications described here. Several topics where future work should be focused are:

(1) Gain a better understanding of the relationships between CNT film alignment degree
and density to a resulting POM images intensity and color.

(2) Further investigate the optimal flow and lift rate conditions that produce high-quality,
large-scale CNT films in the TaFISA process with a focus on repeatability.

(3) Utilize the OSA deposition method with CNT ink containing only long (> 1.5 pm)
CNTs to achieve an even higher degree of global alignment.

(4) Perform experiments to test the time-dependent deposition rate of CNTs onto a substrate
during the OSA deposition process, and how this can be improved to increase the

resulting film density.
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