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ABSTRACT

The assembly of a 2D nematic liquid crystal at an interface between two liquids can be exploited to assemble densely packed and
highly-aligned arrays of rod-like nanoparticles. This method is especially relevant to creating arrays of semiconducting carbon
nanotubes (CNTs) for high-performance electronics. When a dense solvent containing CNTs flows over a less dense water subphase in
a confined channel, the locally aligned arrays of nanoparticles align globally with the flow direction and can be transferred to the
substrate. For large substrates and long channels, the dense solvent tends to slow and create a pool, which then drops through the
interface and disturbs the delicate deposition process. Understanding this phenomenon is critical to improving and scaling up similar
manufacturing processes. Here, data is collected, and an empirical model is developed to understand and predict the pooling behavior
of a suspended fluid flowing over a less dense subphase. The model is demonstrated with two different solvents and proves to be
accurate within +/- 15%. With a better understanding of the physics governing the system, the model is then used to suggest methods
for minimizing pooling behavior.

Keywords: Experimental techniques, duct, channel, and pipe flows, films, free surface flows, free shear layers, suspensions, fluid

instability, stability, and transition.
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NOMENCLATURE

Bo
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W

Xfd

Subscripts
Xy

Xz

Xew

Xer

Kerit

Xt

X, air

Xw._cf

FE-23-1134

bond number

hydraulic diameter
gravitational acceleration
film thickness

head loss

front distance

capillary length

pooling parameter

flow rate

velocity

channel gap width
hydrodynamic fully developed length
static contact angle
dynamic viscosity
density

surface tension

property at position 1
property at position 2
chlorobenzene

chloroform

critical height

supported fluid

property at water-air interface

property at water-chloroform interface
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1 INTRODUCTION
1.1 Background and Motivation

Carbon nanotube (CNTs) 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. [1-4]. The excellent properties of
CNFETs 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 [5], evaporative self-assembly [6]. directed evaporation [7.8]. DNA directed assembly [9], dimension-limited self-
alignment [10], as well as the Langmuir Blodgett and Schaffer methods [6.11]. 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 CNFETSs.

One particularly promising method of aligning CNTs and other rod-like nanoparticles utilizes the formation of a 2D nematic
liquid crystal at a liquid-liquid interface [12]. Nanoparticles such as CNTs are dispersed in an organic solvent which is deposited on a
water subphase. Self-assembly of a 2D nematic liquid crystal occurs at the liquid-liquid interface, where individual CNTs (approximately
1 nm in diameter and 0.7 pm in length) collect to form organized, locally aligned groups. The self-assembly that occurs at this interface
results in densely packed. locally aligned arrays of CNTs.

Tangential Flow Interfacial Self-Assembly (TaFISA) is one novel method that utilizes liquid crystal formation at a liquid-liquid
interface; this technique is the focus of this paper [13]. A simplified schematic of TaFISA is shown in Figure 1. The process utilizes a
thin (3 mm) channel created between two parallel substrates that are partially submerged in a water reservoir and open on both ends.
The fluid level between the plates forms a raised meniscus which is higher than the bulk water level. This is due to capillary rise between
parallel plates, which explains that the cohesive forces between the liquid and the barrier acts to lift the liquid mass until the gravitational
force is balanced.

A needle inserted into the channel delivers a solvent with dispersed carbon nanotubes (referred to as CNT ink) that flows on
top of the raised water surface. 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
1) to the water-solvent interface. This liquid crystal confines the 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 [13].
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Fig. 1: Schematic showing interfacial assembly in TaFISA

TaFISA has demonstrated partial monolayer coverage with linear packing densities of 100 mm' measured perpendicular to the
CNT’s axis, and global alignment within +6° over roughly 60% of a wafer [13]. Along the CNT axis, the CNTs arrange themselves
nearly end to end, leaving negligible space between them. Full wafer coverage is a major benefit in device production, as it allows the
entire surface of the substrate to be used to manufacture electronic devices. TaFISA has been conducted successfully on wafers from
2x2 cm? up to 6x10 cm?, suggesting that the process is scalable. TaFISA relies on principles used in Langmuir-Blodgett and Schaefer
methods [11] in combination with flow, but allows for much faster processing. The parameters and relationships that affect the deposition
quality such as packing density and alignment are explored in detail by Jinkins [13] but are not a focus of this paper.

While methods like TaFISA show great potential, there are challenges that require attention before the process can be scaled
and adopted by industry. Thus far, chloroform has been shown to be a good organic solvent for TaFISA; however, chloroform is denser
than the sub-phase (water) that it rests on. Consequently, one of the major hurdles in TaFISA is suspending a denser solvent above a less
dense sub-phase over long channel lengths while avoiding “pooling” phenomenon. Pooling is defined as an accumulation of solvent at
a single location along the channel, so that the flow fails to reach the end of the channel. Once a pool begins to form, it creates a small
depression which grows until it falls through the interface and sinks. Any amount of pooling in the suspended flow results in a failed
deposition. Understanding, describing, and controlling the delicate suspension of a dense organic solvent on top of a water sub-phase is

the focus of this paper.
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1.2 Experimental Apparatus

The experimental apparatus used in this paper to study the TaFISA process is shown in Figures 2 and 3. The apparatus utilizes
two aluminum frames which hold removable glass barriers that act as the channel. The 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 angle of the plates relative to the water surface is another process parameter that
affects the deposition quality but not the flow stability in the channel. Note Figures 2 and 3 show the plates oriented 45° to the water
surface, however here all data is collected in the vertical configuration, as shown in fig. 1. The process is also 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.

Fig. 2: 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 substrate, a P-type SiO; wafer with 90 nm thermal oxide, is held in place against the glass barrier using a small clamp
positioned between the plates. This clamp covers a small (< 1 cm?) portion of the substrate, which is the only area that cannot be coated
with a nanotube film. 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; as shown in Figure 3. The post acts as a barrier to
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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 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.

Fig. 3: Experimental apparatus showing the needle inserted into the channel. The needle insertion height is measured
relative to the water interface. Shown here is a “negative” insertion height (i.e., the needle is above the water); an insertion

height of “zero” corresponds to the center of the needle coinciding with the water interface.

1.3 Challenges Facing TaFISA

For TaFISA to be adopted on a large scale, the deposition process needs to be repeatable on the standard wafer sizes currently
used in industry. These standard sizes range from diameters of 1 inch (25 mm) to 18 inch (45 c¢m) and therefore TaFISA will require
channel lengths that are equal to or slightly larger than these desired wafer sizes. This paper focuses on scaling the channel length to
accommodate a 4 in (10 cm) circular substrate, an important incremental increase from traditional TaFISA [13]. As the ink flows, friction
with the channel walls and the water subphase acts to slow the moving ink layer which makes it difficult for the ink to reach the exit.
This is particularly true at large channel lengths and low flow rates. Experiments with longer channel lengths show that the ink may
collect in the channel at some intermediate position and form droplets (or pools). Eventually the pool becomes large enough that it sinks
and falls below the water surface, causing large disturbances of the water surface within the channel and ruining the deposition process.
Once an ink pool is established, the flow across the channel is disrupted and the ink will consistently sink at that location; this is shown

by the sequence of images in Figure 4.
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Fig. 4: Evolution of droplet formation in the TaFISA channel. The scalebar shown is 1 cm

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 by the 2 glass plates but remains open to the atmosphere above and at the exit. Research on similar
stratified gas-liquid and liquid-liquid flow has focused on internal pipe flow, primarily with the less dense fluid on top [14]. 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
sifuations in which the less dense liquid is supported on a higher density subphase. For example, the work by Keulegan [15] 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. For all the
conditions that were tested here in the TaFISA channel, no waves or other interfacial instabilities are observed.

Another area of research that is relevant fo 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 [16,17]. Other studies
investigate the stability of water droplets and solid cylinders suspended on a liquid subphase [18.19]. 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.
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This paper 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.

2 MATERIALS AND METHODS
2.1 Data Collection

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 in Section 1.2 and shown schematically in

Figure 5.

Connection to Linear Stage

Aluminum Fixed Post

Frame

Glass Plate

) Syringe Pum;
Needle yring P

Fig. 5: 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, 1 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
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move the post vertically. A flow rate is selected, the syringe pump is activated, and ink flow is initiated. The behavior of the 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 6 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, fig. 6 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 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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Fig. 6: 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 7 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.

- Back Plate
=== Post === I 1.5 mm
Front Plate

Back Plate

mmm PQost mmm l3mm
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Fig. 7: 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
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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.

2.2 Data Analysis

All data were 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. 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 [20]. The uncertainty
associated with the measured data is estimated as twice the standard deviation (s) of the trials, 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 8 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 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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206 Figure 9 shows the front distance as a function of channel width for various flow rates. Flow rates of 7 and 8 mL/min were

207 excluded, as there were fewer data points for these high flow rates since the flow successfully reached the end of the channel in many

208 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

209 distance.
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Fig. 9: Front distance as a function of channel width for chloroform
210 Evidently, increasing either flow rate or channel width has a positive effect on front distance. To understand this relationship,

211 the forces that govern the flow in the channel are identified and used to create a simple scaling model describing the achievable front
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distance in the subsequent section. This model is used together with the data to develop a semi-empirical relationship for the front

distance.

3 RESULTS AND DISCUSSION
3.1 Model Derivation

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 dimensionless number that compares the ratio of the gravity to the

surface tension forces is the Bond number, which is generally defined according to:

2
Bo = 24% (D

a

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 [21]. 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 [22]. 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, Ap, which is the parameter that gives rise to the gravitational force. A modified

Bond number is defined for this case according to:

_ Apgwh
Bo = 2 o cos(@) (2)

where ¢ and 8 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 [21]. Situations dominated by surface tension have Bo < 1 while those dominated
by gravity have Bo > 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:

2o cos(9)
Apwg

G3)

hcrit =
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This definition is only physically meaningful for immiscible or insoluble fluids that avoid mixing, such as the strong solvents
and water used here. It should also 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 [23. 24]. 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:

a

Le= |53 C)]

where Ap is the difference in density between the fluids of interest, in this case the solvent and water. 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. Eq. (3) is modified accordingly:

20 cos(9)
Ap g [min (w.2L;)]

)

herie =

The supported ink layer is flowing on top of a water sub-phase (in the direction that is into the page in Figure 9). 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 A is given by:

hfilm = % (6)

where w is the gap width and v is the average (or bulk) local velocity. Figure 10 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
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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

Needle by / he = herue
.

Supporting Fluid
Fig. 10: 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

It is worth noting that the ink trajectory shown in fig. 10 changes direction to follow the water surface after exiting the needle.

This is a reasonable approximation because the angle of the needle is small, only 5°, so that the vertical component of the ink velocity

is negligible, and it changes direction to follow the water surface immediately upon exiting the needle. The location where the ink is

injected is x; and the film thickness at this location (/) is equal to the diameter of the needle at the start of the channel. The location

downstream where the ink will pool is x, 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 M

The conservation of energy equation is applied between points x; and x; along a streamline in the channel separated by distance

L, assuming that the flow is steady, and the fluid is incompressible.

R
Pg 2g

vz =24 % 1, 40 (8)
17 pg "2g 72T

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 Hy, the head loss due to friction. The channel is open to the atmosphere, so P; and P; can be

assumed to be equal. The vertical height change is assumed to be small so the elevations z; and z; are also assumed to be equal. Therefore,

the energy balance can be simplified to:
©

The head loss due to friction is approximated using the Darcy-Weisbach equation for pressure head loss in a pipe [25]. where

fa 1s the Darcy-Weisbach friction factor.
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L ng
H}" :fa; 2; (10)

The velocity used in Eq. (10) is the average bulk velocity in the channel (the average of the velocities at locations 1 and 2):

v _ vytug (11)

avg — 5

Equations (6) through (11) can be simplified and rearranged to solve for the front distance normalized by the channel width:

R i " (12)

oz i1z
fa |lhi Rerie Rerit

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

fa=o (13)
where k is a constant that depends on the channel geometry. For example, for fully developed flow between parallel plates £ = 96 when
the Reynolds number is defined based on the hydraulic diameter [25]. The Reynolds number used here is defined using the channel

width, w, as the characteristic length:

Re = z—i = £lavg ¥ ”“: = (14)

where y is the dynamic viscosity of the supported fluid and v, is the average velocity given by Eq. (11). Substituting equations (13)

and (14) into Eq. (12) and simplifying yields an approximate relationship for the dimensionless front distance:

L 20pf[1 1y, 1777
w kupsy |3 hgrit] [-"‘1 + herit (13)
For simplicity, the right side of Equation (15), less the constant £, is called the pooling parameter, P
2@psr[1 111 11!
Q nsp |ni hgrit:l [-"‘1 + Rerit (16)
The approximate relationship for the dimensionless front distance is then:
L_F
=== (17)

In the following section, the relationship between dimensionless front distance and pooling parameter is examined using the

experimental data and a correlation is developed for front distance.

3.2 Examination of Experimental Data using the Model

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 in Section 2.1 for the chloroform
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testing. 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 SWCNTs for TaFISA is 100 pg/mL.,
which corresponds to a percentage by weight in chloroform of 6.7%. Literature suggests that surface tension of solutions containing
multi-wall CNTs (MWCNTSs) which are larger in diameter and length, only slightly affects the bulk fluid surface tension. In the case of
[26]. 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 MWCNTSs, 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 stabilizing agent to maintain individualization
of the nanoparticles [27]. In the author’s experience, experimentation with the addition of 100 pg/mL of SWCNTs 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 nanoparticle 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 Figure 11.

a0
WM CF15mm [ CB1.5mm -
= - A CF2mm A CB2mm
< ® CF2.5mm f
f§30 ¢ CF3mm 5} l l
1

Py
3 20 : S S
e | sl
g 1l &l
o A * 0]
Z 10 S
] 16 T11
- I, e

0 . | . . . . . . .

0 100 200 300 400 500

Pooling Parameter (-)

Fig. 11: Dimensionless front distance as a function of pooling parameter for chloroform (black) and chlorobenzene (red)
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Notice that the data for each fluid collapse separately with an approximately linear relationship. Ideally, the data for both fluids
should collapse to a single line since the model considers fluid properties. This suggests that the friction factor coefficient, &, may not
be identical for both fluids. Therefore., it is worth evaluating the assumptions made about the friction factor & 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 remains in the laminar regime. To evaluate the assumption that flow is fully developed, the
hydrodynamic entry length for internal flow [28] is computed according fo:

Xpq ~ 0.06 Re D, (18)
where Dy, 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 &
values based on literature. Here, the friction factor & absorbs the effects of unknown factors such as the impact developing length in this
unique channel geometry.

Using the data in Figure 11, it is found that the most appropriate value of k for chlorobenzene is k., = 10 whereas the friction
coefficient for chloroform is k= 20. These values are chosen because they minimize the deviation of the data collected for each fluid.
Note these differ by a factor of two; this difference may be related to the difference in fully developed length explained by Eq. (18), or
because many of the assumptions made in developing the model introduce error, which is absorbed into & for each fluid. 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 12. Also shown in Figure 12 is the best fit and +15% deviation lines.
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Fig. 12: 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 collapse 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 12. 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 (%) _ 8.14] (19)

1 171

_20ps[1 1 [i ]
= Hsf [“% hgrit:l h1+hcrit (16)

kep =10,k = 20

A linear curve fit to the data yields the best fit line given in Eq. (19) and has a slope of 1.61 which deviates significantly from
the predicted slope of one in the analytical solution given by Eq. (17). This most likely stems from the fact that the model only
approximates the dominant forces governing the behavior in the channel, and many assumptions are made in order to simplify its
derivation. There are several potential reasons as to why the slopes differ. The first is that the Darcy-Weisbach friction loss term in Eq.
(10) assumes that the flow is fully developed and laminar. It can be assumed that the flow is laminar, however the developing length for
chloroform and chlorobenzene at 6 mL/min and 3 mm width is 5 and 2.5 cm respectively, both of which are a significant portion of the
channel and would likely cause behavior different from the ideal scenario described by Eq. (10). A second potential reason for the
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deviation includes the use of an average velocity when calculating friction instead of integrating to solve for friction loss as a function
of the velocity. A third potential deviation is because here friction is only considered between the solvent and the barriers, and not with
the underlying water surface. Any or all three of these factors likely account for the deviation observed in the slope.

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 &, 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, A; (or more simply the inlet diameter). and the critical fluid layer thickness, /.. 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.

3.3 Methods to Improve Front Distance
The objective of the experimental and modeling work in this paper 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 13 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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Fig. 13: 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 13 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.

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 [13]. 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
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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,

inspection of the critical film thickness given by Eq. (5):

_ 2 o cos (@)
 Ap g [min (w.2L)]

®)

crit

suggests that using a lower density solvent or a higher density liquid sub-phase would improve stability of the system. Another possible
method would be to use a solvent with a higher surface tension, and to make efforts to minimize the solvent-barrier contact angle.

Another promising method of increasing front distance is to add an additional stabilizing term to the energy balance given in

Eq. (9):

v}
2g

_% ., p ©)
=+ Hy

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 [29]. 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 A# into the energy balance:

]

M A= 4 H 20
Zg+ _Zg+ T ( )

This height change can be expressed in terms of the density, p,. contact angle, 8, and surface tension, gy, of the supporting

fluid (water) with respect to air. The law of capillary rise between parallel plates is applied [29]:

Ah = 2 Ovw,airC0S (Bw,air) _ 20wair cos(8y air) — 2 04y,4irC0S (Pw,air) (i _ i) (21)
(Pw—Pair)g w1 (Pw—Pair)g w2 (pw—Pair)g

Wy Wz

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 w; 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.

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 Ak of
approximately 3.3 mm. Front distance is measured and overlayed onto the constant channel width results that were shown in Figure

12; these additional results are shown in Figure 14. 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
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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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Fig. 14: Front distance normalized by gap width as a function of the pooling parameter over friction factor for chloroform
with a straight and tapered channel

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.

4 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
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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 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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TABLE CAPTIONS

Table 1: Constant parameters

Table 2: Front distance data for chloroform (cm)
Table 3: Averaged front distance (cm)

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

Table 5: Spacer Values and Ah

FIGURE CAPTIONS

Fig. 1: Schematic showing interfacial assembly in TaFISA

Fig. 2: 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
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Fig. 3: Experimental apparatus showing the needle inserted into the channel. The needle insertion height is measured
relative to the water interface. Shown here is a “negative” insertion height (i.e., the needle is above the water); an insertion

height of “zero” corresponds to the center of the needle coinciding with the water interface

Fig. 4: Evolution of droplet formation in the TaFISA channel. The scalebar shown is 1 cm

Fig. 5: Schematic of experimental apparatus with the near plate and barrier omitted

Fig. 6: Front distance as a function of needle height for two different flow rates

Fig. 7: Schematic of experimental setup demonstrating the lower and upper limits of channel widths

Fig. 8: Front distance as a function of flow rate for various values of the channel width

Fig. 9: Front distance as a function of channel width for chloroform

Fig. 10: 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

Fig. 11: Dimensionless front distance as a function of pooling parameter for chloroform (black) and chlorobenzene (red)

Fig. 12: Front distance normalized by gap width as a function of the pooling parameter for chloroform and chlorobenzene

Fig. 13: Correlation results from Eq. (17) and data for chloroform front distance as a function of the channel width for

various values of flow rate

Fig. 14: 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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TABLES

FE-23-1134

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
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FE-23-1134

Table 2: Front distance data for chloroform (cm)

Channel Gap (mm

1.5 2 2.5 3
1 0.0 0.5 0.75 1.5
2| 025 0.25 0.5 2.0
3 0.0 0.5 0.75 2.0
1 0.5 1.0 1.25 3.0
2 1.0 1.0 1.5 1.5
3| 075 1.25 1.25 3.0
1 25 3.0 35 3.75
_ 2| 225 2.75 8.5 4.0
'E 3| 275 3.0 3.25 4.0
% 1 3.0 3.75 | 4.75 55
g 2 3.5 4.0 425 | 5.25
= 3| 30 |375] 45 | 5
1 4.5 5.75 6.5 7.5
2| 375 515 6.5 6.5
3| 425 6.0 6.0 7.0
1 5.0 7.25 n/a n/a
2| 475 6.75 n/a n/a
3| 475 7.5 n/a n/a
1 7.0 n/a n/a n/a
2 7.5 n/a n/a n/a
3| 6.75 n/a n/a n/a
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FE-23-1134

Table 3: Averaged front distance (cm)

Channel gap (mm)

1.5 2 2.5 3
2| 0.08 0.42 0.67 1.83
o 3] 075 1.08 1.33 2.50
E.E 4| 250 2.92 3.42 3.92
25 51 3.17 3.83 4.50 5.25
o fFl 6| 417 5.75 6.33 7.00
“=17] 483 | 7.17 n/a n/a
8| 7.08 n/a n/a n/a
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FE-23-1134

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

Chloroform | Chlorobenzene | Water
Density (o) | 1.5kg-m? 1.1 kg-m3 1-21};9-
Dynamic 10
viscosity () 0.55 mPa-s 0.80 mPa-s mPa-s
Static
Contact 10° 10° 10°
Angle (8)
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Table 5: Spacer Values and Ah
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