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Stochastic Model for Electrical Properties of
Inkjet Printed Carbon Nanotube Films

Samarth Motagi' and Sirish Namilae?*
Embry-Riddle Aeronautical University, Daytona Beach, FL, 32114, USA

Inkjet-printing of carbon nanotube (CNT) films results in distinct microstructural
characteristics and corresponding electrical behaviors. These films typically exhibit
increased conductivity with increasing number of layers, higher alignment in the print
direction, and unique microstructures corresponding to sessile drop and twin-line
deposition phenomenon. In this study, a stochastic percolation model was used to
investigate the effects of electrical conductivity and resistance on layer-wise inkjet-
printed carbon nanotubes. The model was employed to generate microstructures,
enabling a parametric exploration of the ink composition, alignment, and agglomeration
of CNTs within printed structures affect the sheet resistance with respect to the number
of printed layers. A high degree of CNT alignment hindered CNT network formation,
resulting in higher resistivity, whereas the partial alignment lowered the network
resistivity. The effect of the unique microstructural features developed due to printing
on the electrical behavior is discussed.

I. Nomenclature

li = length of CNT

9, = polar angle

n = number of layers

t = distance between each layer

P = Percolation probability

n, = number of microstructures with at least one conductive path

N = total number of microstructures
Cage agglomeration level
Olagg agglomeration angle

II. Introduction

Extended space missions face notable challenges in obtaining necessary replacement parts for repair and
maintenance, and new components for future missions. For example, critical circuitry essential for International Space
Station (ISS) operations must either be pre-stored or transported from earth, resulting in significant time delays and
logistical complications. Capability to manufacture parts and equipment in the space environment could provide a
solution to circumvent these constraints. 3D printing has emerged as a transformative tool with unparalleled potential
for manufacturing in the space environment. In recent years, the importance of 3D printing in space has gained
significant attention for applications, including structures such as circuits [1], sensors [2], solar cells [3], tissue
engineering [4], surgical resources [5], and even food production [6]. The feasibility of 3D printing in space has been
demonstrated with the successful creation of the first printed component: a faceplate for the extruder casing, produced
while in orbit [7].

Inkjet printing has gained a lot of attention in recent years for layer-by-layer printing of multilayer parts and 3D
electrical circuits. The non-contact manufacturing feature of inkjet printing has resulted in an efficient method for
printing thin films of electrical circuit lines and patterned electrodes on flexible substrates [8]. Other appealing aspects
of this technique include decreased material waste, low cost, and scalability to large-scale manufacturing. Inkjet
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printing has been successfully applied for fabrication of organic transistors [9], light-emitting diodes [10], biopolymer
arrays [11], solar cells [12] and fuel cells [13].

The primary challenges in most ink formulations are (a) achieving adequate dispersion state and (b) obtaining
long-term stability of the ink or shelf life [14][15]. Due to the van der Waals attraction and Coulomb forces between
the nanoparticles, CNT ink is difficult to disperse uniformly in the solvent. The agglomeration of CNT films
deteriorates the electrical properties because of microscopic inhomogeneity [16]. During inkjet printing, CNTs may
gather at the periphery, causing a coffee ring effect that creates an uneven film and an unstable resistance [17].

Many studies have demonstrated that aligning the CNTs in an appropriate orientation can boost electron mobility
[18][19][20] and reduce the quantity of CNT content to form a conducting percolation network. Compared with the
random alignment of CNT, aligned CNT exhibit improved mechanical and thermal characteristics [21]. To alter the
orientation of CNTs, a driving torque is required, which can be applied through electrical, magnetic or mechanical
means [22]. Several recent studies have used inkjet printing to achieve CNT alignment. Beyer et al. [23] devised a
method for arbitrarily increasing the concentration of deposited material by matching the deposition and evaporation
rates during inkjet printing, and they utilized it to enhance the liquid crystalline behavior of CNTs in suspension. By
removing the layers using elastomeric peeling process, the bulk morphology of these films revealed stacked planar
layers, indicating sematic ordering. Beard et al. [24] used inkjet printing to successfully produce patterned vertically
aligned carbon nanotube.

Inkjet printing relies on the notion of evaporation-driven nanoparticle self-assembly. During the evaporation
process of elongated particles such as carbon nanotubes, the shear force acting on their 1-dimensional structure causes
nanotubes to align along the contact line [21]. If an accelerated evaporation rate at the liquid-substrate interface is
observed, then CNTs agglomerate along the liquid edge owing to convective flow, resulting in the "coffee-ring" effect.
To examine the particle alignment and orientation of CNTs, several experiments on sessile drop [21][25][26][27] and
the twin-line deposition concept [17][28][29] have been conducted.

Computational modeling can elucidate the effect of microstructural features, alignment and agglomeration on
electrical and thermomechanical behaviors of CNT networks. Many modeling approaches have been used for this
purpose. Jamin et al. [30] adopted a computational micromechanics approach to measure the effective thermal and
electrical conductivity of carbon nanotube polymer nanocomposites comprising fully aligned SWCNTs. Jack et al.
[31] proposed a physics-based computational model to explore the link between the macroscale electrical conductivity
and the nanostructure of a dense network made of SWCNTs. Haghgoo et al. [32] examined the piezoresistivity and
electrical conductivity of carbon nanotube and graphene nanoplatelets filled with polymer nanocomposites using a 3D
Monte Carlo analytical geometrical model. Oskouyi et al. [33] used a Monte Carlo simulation technique to construct
a three-dimensional continuum percolation model to explore the percolation behavior of an electrically insulating
matrix supplemented with conductive nanoplatelet fillers. Several studies have focused on CNT agglomeration. Liu
et al. [34] developed a constant-number direct simulation Monte Carlo model to analyze nanoparticle agglomeration
in aqueous suspensions. Gbaguidi et al. [35] investigated a two-dimensional Monte Carlo percolation model for
monofiller and hybrid nanocomposites. Deng et al. [36] investigated nanoparticle agglomeration properties using a
Monte Carlo simulation. Despite the advantages with inkjet printing of CNT inks and unique microstructures
generated, percolation network behavior and electrical conductivity of multilayer inkjet printed films has not been
investigated in detail.

In this study, we used a stochastic microstructural model to investigate percolation and electrical conductivity in
multilayer printed CNT network structures. We compared the variation in sheet resistance with the number of printed
layers produced by our model. Several parametric studies have been conducted to understand the percolation behavior
and conductivity of multilayer printing. Microstructures with 0/0° aligned layers were analyzed to investigate the
effect of alignment on the resistivity. Parametric studies with varying levels of rope-like and equiaxed agglomeration
in multilayer structures were conducted to examine the effect of agglomeration. Finally, experimentally observed
microstructures related to sessile drop and twin-line deposition were generated and their conductivity and percolation
behaviors were investigated.

III. Model Formulation

We used a quasi-3D continuum percolation model and Monte Carlo simulations to predict the resistance of the
CNT ink. CNTs were generated in a cylindrical shape with diameter Dent in an RVE of length (Ly, Ly, and L;). The
generated CNT is a centerline segment with midpoint (x, y'., Z'), starting point (x';, y'1, ') and ending point (x'5, yb,
zb) such that:
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Fig 1. Schematics of line segment of i CNT.

where 1i, @i, n and t are the length, polar angle, number of layers and distance between each layer respectively.
CNTs were added to the RVE in each layer until the desired CNT volume fraction was reached. Here, the volume
fraction of the CNT is defined as the ratio of the total volume of all CNT (mxriy?>x];) to the area of the RVE (Ly*xLy) at
each layer. From Equation (1) the center of the CNT is always located inside the RVE. However, CNT can intersect
with one or two RVE boundaries and in such cases, periodic boundary conditions are applied. Periodic boundary
conditions were used to compensate for line segments that are outside the RVE by repositioning the new line segments
inside the RVE. A more detailed explanation on generating the CNT microstructure is presented in the reference [35].

The distance between neighboring particles is computed, and if it is smaller than the tunneling cutoff distance
(deutot), the particles are considered to be electrically connected and form a cluster. The tunneling junction occurs
when an electric voltage is applied across the electrode, the electrons in the CNT film can tunnel through the insulating
layer and into the electrode [35]. The tunneling effect is observed between the two CNTs when the distance between
them is less than the maximum effective distance of tunneling effect. Percolation occurs in the RVE when a cluster
links two electrodes (x = 0 and x = Ly), and the resistance of the cluster is calculated. The percolation probability,
which is the likelihood that there is at least one conductive route in the RVE crossing two electrodes, is used to evaluate
CNT percolation and is given by (3),

P= 3)

=z |
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In a total of N microstructures, n, denotes the number of microstructures with at least one conductive path. Figure
2 shows the random microstructure for the number of printed layers equal to 2 and 10. The CNTs are uniformly
distributed inside the RVE with agglomeration &.,; = 0. The core premise of Monte Carlo simulation is to employ
randomness to solve problems that are predictable in principle [33]. Because we utilize a random microstructure to
calculate the desired attributes of the CNT, we must decrease the statistical variance of the properties by averaging
across a large number of random microstructures. Based on prior research by Gbaguidi et al. [35], we chose to conduct
our simulation for 2000 iterations because the output properties converged around that many iterations. The size of
the RVE in our model was kept constant throughout the numerical analysis at 25 pm x 25 um X (number of layers x
thickness) pum.

(a)

Fig 2. CNT microstructure (a) random orientation of CNT with 2 layers (b) random orientation of CNT
with 10 layers.

IV. Results and Discussion

A. Percolation behavior and conductivity of multilayer CNT films

In this section we utilize the model to examine how percolation probability and conductivity of multilayer CNT
films varies with changes in the CNT ink composition. For this analysis we model CNTs with a constant length and
diameter of 2 um and 25 nm respectively. CNT microstructures are generated by varying the volume fraction and the
number of print layers. The CNT volume fraction for a given ink composition is constant, therefore, we maintained a
consistent volume fraction (or area fraction) in each layer for a given multilayer structure. The volume fraction was
varied from 0.02 to 0.12, and the number of layers ranged from 2 to 30.

The percolation behavior for the various microstructures as a function of CNT ink composition and number of
layers is shown in figure 3. Percolation probability is the likelihood that at least one conductive channel is formed
across the two electrodes of the RVE. This is computed using equation (3) discussed in Section 3. About 2000
microstructures with randomly varying CNT network are generated for each combination of input parameters (CNT
volume fraction and number of layers). Percolation probability is the ratio of number of microstructures with
conductive path compared to the total number of microstructure variations considered.

For two printed layers, percolation occurs with a relatively higher volume fraction of CNT of approximately 0.085,
whereas for 30 printed layers, percolation occurs even with a lower volume fraction of 0.03. The percolation threshold
decreased as the number of printed layers increased at low CNT volume fractions. When 12 or more layers are
modeled, there is a relatively small difference in the ink composition required to achieve percolation. In contrast,
higher ink concentration is needed for percolation when fewer number of layers are modeled.

Based on the pattern detected in the percolation probability, it is evident that the conductivity increases with an
increase in the number of printed layers, as shown in figure 4. We found that for lower numbers of printed layers (i.e.,
2, 4 layers), there is no conductivity until a high-volume percent of CNT is used. However, for higher numbers of
printed layers (i.e., 8 and beyond), conductivity is observed starting from a CNT volume fraction of 0.04. The
conductivity increases exponentially as the volume fraction of CNT increases. High-density carbon nanotube (CNT)
inks with 2-15 wt% was utilized to experimentally fabricate inkjet-printed films with least sheet resistivity of 225 €/sq
was recorded after printing up to 5 times [37]. Tortorich et al. [38] prepared an aqueous solution containing 0.8 mg/mL
of SWCNTs and 3 mg/mL of SDS and the SWCNT ink was printed up to 35 times, reaching a sheet resistance as low
as 132 Q/sq.
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Fig 3. Effect on percolation probability at various volume fraction CNT for multilayer printing.
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B. Effect of CNT Alignment in multilayer films

Inkjet printing has been used to align carbon nanotubes by several researchers to exhibit improved characteristics
[21,22,32]. By rotating the printed substrate, we can get different types of alignment similar to composites plies. Here
we examine the effect of alignment in CNT multilayer films.

The aligned microstructures are generated by varying the polar angle (@) mentioned in equations 1 and 2. For
instance, if the polar angle is fixed at 0° for all CNTs in a given layer, it would produce a perfectly aligned
microstructure with parallel CNTs. In a completely random microstructure with no preferential alignment, each
nanotube is assigned a random value of polar angle between +90° to -90° with respect to the horizontal axis. Different
degrees of alignment can be modeled by restricting the polar angle variation. The degree of alignment is quantified
by the limits imposed on the polar angle. For example, figure 5 shows an aligned microstructure with the polar angle
variation restricted to 50% of the available range, i.c., between +45° to -45°. Lower variation of polar angle indicates
increased alignment. All CNTs are modeled with a constant length and diameter of 2 pm and 25 nm respectively, and
a CNT volume fraction of 10% is used in all the microstructures.

Figure 7(a) shows the computations of resistance for the baseline multilayer structure as a function of degree of
alignment and number of printed layers. As expected, the resistance is lower for fewer printed layers. The saturation
point for percolating paths is reached after 10 print layers. As the alignment is introduced starting from completely
random structure (polar angle variation 100%), there is a decrease in resistance indicating an increase in the number
of tunneling junctions. This is because the partial alignment of CNTs increases the average path length between the
source and drain, resulting in low resistivity. The minima for resistance are observed at 70% polar angle variation as
shown in figure 7(b). Increasing the alignment above 70% polar angle variation results in increase in resistance, owing
to a reduction in the number of connected pathways between the electrodes. Figure 7(c) shows the percolation
probability at various volume fractions of CNT for multilayer printing of 2, 4 and 8 layers. It can be observed that the
percolation probability reduces for higher alignments with polar angle variation less than 70%. For highly aligned
structures with a polar angle variation less than 30 percent, the resistance was not recorded for less than 10 layers, as
percolation could not be reached. Pimparkar et al. [39] studied the alignment performance of nanobundle thin-film
transistors. They observed a similar pattern wherein a minor degree of alignment improves the drain current, but near-
parallel alignment rapidly lowers the current due to a reduction of connecting pathways.

Rotating the substrate or the print direction can lead to layup configurations similar to composites. We analyze the
effect of such configurations by modeling an alternating 0/90° print rotation, in addition to the baseline layered
structure. Figure 6 shows two-layer 0/90° microstructures for 10% polar angle variation and 50% polar angle variation.
Figure 8(a) shows the resistance of printed microstructures with alternating 0/90° print layers. It can be observed that
the resistance with alternating 0/90° configuration is generally lower than 0/0° configuration. This is because the
resistance measurement is in the 0° direction. By introducing 90° aligned layers, the number of CNTs forming
connections between the source and drain in the 0° direction is reduced. In Figure 8(a), it can be observed that the
resistance monotonically increases with the increase in alignment (decreasing polar angle variation). Here we do not
observe the parabolic behavior previously observed in 0/0° configurations. In highly aligned structures, presence of
90° intercepting layers creates connections between the CNTs aligned in the 0° direction. This helps in reducing the
resistance even for highly aligned structures, Figure 8(b) compares the percolation probabilities for 0/0° and 0/90°
configurations. It can be noted that percolation can be attained at lower volume fractions for 0/90° configurations.
These results provide a design alternative to address the low drain current experimentally observed in highly aligned
structures [39].

2

Figure 5. Alignment of CNT for 0/0-degree layer with (a) 10% variation in polar angle (b) 50% variation in
polar angle and (¢) random orientation.
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Figure 6. (a) Alignment of CNT 0/90-degree layer with 10% variation in polar angle (b) alignment of CNT
0/90-degree layer with 50% variation in polar angle.
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Figure 7(a). Percentage variation of polar angle for 0/0-degree alignment of CNT.
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Figure 8(a). Percentage variation of polar angle for 0/90-degree alignment of CNT.
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Figure 8(b). Percolation probability comparison at various volume fraction CNT for 0/0 and 0/90-degree
alignment of CNT for (i) 2 layers, (ii) 4 layers and (iii) 8 layers printing.

C. Effect of CNT agglomeration in multilayer films

Agglomeration is a common occurrence in printed nanoparticle structures. In this section, we examine the effect
of CNT agglomeration in multilayer films. In the literature, agglomerates are characterized as rope-like [40][41],
where agglomeration is formed by aligned CNTs, and equiaxed [42][43], where the agglomeration is formed by
random CNT orientation.

The rope-like and equiaxed agglomerated microstructures were generated by varying the agglomeration parameter
Eage and the agglomeration angle oage. Agglomeration parameter &qq, defines the percentages of CNTs in agglomerates.
When &uge = 0 then the CNTs are uniformly distributed in the RVE with no agglomeration. As we increase the value
of &age the agglomeration level increases. The agglomeration angle a.ge determines the variation of the CNT alignment
with each other within an agglomerate. When the agglomeration angle a.. = 0°, the CNTs in the agglomerates are
modeled as parallel to each other resulting in rope-like agglomerates in the microstructure. When the agglomeration
angle o, = 180° equiaxed or star-like agglomerates are generated in the microstructure. Figures 9 (a) and (b) show
microstructures with rope-like and equiaxed agglomerates respectively.

A baseline random microstructure is first modeled with &g = 0, with CNTs of constant length and diameter of 2
pum and 25 nm respectively, and a CNT volume fraction of 10%. The variation of resistance with increasing number
of layers is modeled with this random structure. Subsequently, the change in resistance for increasing agglomeration
is modeled for the two cases. Figure 10 shows this variation for rope like agglomerates and figure 11 for equiaxed
agglomerates. The resistance increases as the agglomeration level increases. This is because fewer percolation paths
are formed for same CNT content when CNTs are agglomerated. Experimental studies have reported that
agglomerated microstructures exhibit lower resistance [35]. The model predictions qualitatively align with these
observations. We find that rope like agglomerations lead to higher resistance than equiaxed agglomeration for the
same agglomeration level and the number of layers. This is because the volume coverage is relatively higher for
equiaxed agglomerates compared to rope like structures.
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Fig 9. (a) Rope-like agglomeration microstructure Eagg = 0.70, a = 0° (b) Star-like agglomeration

microstructure agg = 0.70, a = 180°
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D. Sessile drop and twin-line deposition microstructures

Numerous studies report sessile drop experiments [21][27][28] employing inkjet printing to align CNTs. In the
sessile drop experiment, CNT ink is printed on the substrate at the same spot, and simultaneous evaporation is carried
out. The evaporation and CNT printing rates are synchronized until the desired volume fraction is achieved. CNTs
tend to align along the ink contact line during the evaporation process, producing a coffee ring effect [44][45]. In this
section, we model the sessile drop microstructures and study the effect of this feature in multilayer printing. The sessile
drop microstructure is modeled by varying the orientation as a function of the position as shown in figure 12.

Similarly, several other studies utilize twin-line deposition approach [17][29][30]. Twin line deposition method
uses an inkjet printing where, depending on the drop space in print direction, a twin-line configuration is produced
with higher density of nanoparticles at the edges of the print head, and relatively lower particle density in the center.
This approach has been used for CNT deposition [21]. In this study, the width of the individual line was 3.3 um and
the distance between the two lines was approximately 6 pm. Approximately 80% of the CNTs lie in the twin-line
region, and the remaining 20% lie between the twin-lines. Using these parameters from the literature, the
microstructure was generated, as shown in figure 13.

A comparison of the sessile drop and twin-line deposition of the CNT microstructure in terms of the resistivity for
multilayer printing is shown in figure 14. The twin-line deposition has a lower resistivity than the sessile drop at lower
print layers because, in the twin-line concept, the CNTs are clustered and aligned along the twin-line, forming a highly
percolated path compared with the sessile drop concept. At higher print layers (approximately 10 layers), the resistivity
trend is similar for both concepts, as it reached the saturation point for percolation. We also compare these
microstructures with aligned microstructure from section 4.1. The resistance values for sessile drop and twin line
structures are between the microstructures with 30% and 70% polar angle variation.
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Fig 12. Microstructure of CNT from the literature of sessile drop experiment (a) 1 layer (b) 2 layers.
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Fig 13. Microstructure of CNT from the literature of twin-line deposition concept (a) 1 layer (b) 2 layers.
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V. Conclusion

The stochastic percolation model was used to study the electrical characteristics on inkjet-printed carbon nanotube
films. Parametric studies were conducted to analyze the effect of CNT volume fraction, alignment and agglomeration
in layer wise printed structures. We note that the conductivity increases with an increase in the number of printed
layers. A high CNT volume fraction above 7.5% is needed to generate conductivity for structures with less than 4
printed layers. However, for more than 8 printed layers conductivity is observed starting from a CNT volume fraction
of 4%.

Aligned microstructures exhibit a minima in resistivity at 70% polar angle variation. Further alignment reduces
the percolation pathways and increases the resistance. Printed microstructures with agglomerates in general resulted
in higher resistance compared to microstructures with well dispersed CNTs. Structures with rope like CNT
agglomerates exhibit higher resistance than those with equiaxed agglomerates due to the difference in volume
coverage. Experimentally observed microstructural configurations like sessile drop and twin line deposition
microstructures were also analyzed in this study.
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