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Abstract

Recent years have witnessed catastrophic environmental disasters and extreme global
temperatures resulting from climate change. Greenhouse gas emissions are directly linked to such
environmental impacts. Two of the largest sectors contributing to greenhouse gas emissions and
energy use in the United States are the transportation and commercial & residential divisions.
Therefore, the elimination of combustion engine vehicles as well as decreasing the use of
building heating, ventilation, and air conditioning (HVAC) systems is essential for reducing
carbon dioxide emissions and mitigating the impacts of climate change.

Batteries for electric vehicles (EVs) currently lack fast charging capabilities comparable
to fueling rates of combustion engine vehicles. Conventional battery electrodes are limited by a
highly tortuous framework reducing Li ion diffusion preventing higher capacities. Low-
temperature environments resulting in sluggish kinetics further reduces capacity. Hence, an
investigation and adoption of optimized pore configurations are needed to advance energy density
in EV batteries. Inspired by the natural vascular transport system, a microfabrication etching
technique is developed to fabricate an optimized hierarchical channel configuration in porous
electrodes to create fast-charging batteries with improved specific energy density, cell-life, safety,
and performance in low-temperature environments. Machine learning and an artificial neural
network are used to predict the optimal vascular structure of electrode porosities by inverse
design.

Personal thermoregulatory textiles reduce energy use of building HVAC systems by
lowering the emissivity of personal fabrics thereby retaining human body heat. Metal nanowires
are commonly used to reflect human body thermal radiation, yet their optical properties are
limited by the geometrical dimensions of the nanowire and wire-mesh network. Guided by two
established optical theorems, a flexible visibly transparent radiative shield is synthesized by a

solution processing method achieving >75 % visible transmittance (wavelength, A = 500 nm) and
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a low emissivity of 0.35 in the mid-infrared regime (A = 8 — 13 um). Furthermore, synthesis of
long (<500 pum) and very thin (<30 nm) metal nanowires is challenging. Additionally, uniformly
distributed nanowire spacings is difficult to achieve along with a single-layer mesh grid
restricting visible transparency. To advance the optical properties of a silver nanowire (AgNW)
network, a nanoimprinting fabrication technique is developed via sidewall lithography on a
master mold. The new method produces a single-layer wire-mesh screen with AgNWs consisting
of widths <50 nm and lengths >500 um. Guided by the optical theoretical approach once again, a
flexible visibly transparent radiative shield is synthesized. A polarizer is manufactured to
demonstrate the value of nanoimprinting AgNW:s for various applications. The extinction

coefficient of the polarizer achieves a value of approximately 14 dB when A =25 um.
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1. Introduction: Motivation for Etching Manufacturing
Techniques

Reduction of global carbon dioxide emissions is vital to minimize the impacts of climate
change including the prevention of hazardous temperatures to human health and increased
frequency of natural disasters. Electric vehicles and personal thermoregulatory textiles reduce
greenhouse gas emissions by minimizing the use of gas-powered vehicles and building heating,
ventilation, and air conditioning (HVAC) systems, respectively. However, battery charging rates
for electric vehicles (EVs) are incredibly time consuming when compared to internal combustion
engines which takes approximately 3 — 5 minutes to refuel. For instance, a 100kWh EV battery
may take 30 min to overnight to fully charge. (Cunningham et al., 2024) Moreover, a lack of
public charging stations causes some drivers to have “range anxiety” or fear of funning out of
charge. Safety concerns and cell degradation at low temperatures are also important factors when
manufacturing EV batteries. As a result, EVs cannot strongly compete against internal
combustion engine vehicles. Therefore, a fast-charging battery with increased energy density it
essential to reduce the use of gas-powered vehicles.

A major contributor to greenhouse gas emissions within the United States is the
residential and commercial sector. According to the Environmental Protection Agency, in 2022,
over 912.9 MMT CO; Eq and 791.6 MMT CO; Eq of total emissions (CO,, CHs4, and N,O)
resulted from residential and commercial end-use sectors, respectively. ( Inventory of U.S.
Greenhouse Gas Emissions and Sinks: 1990-2022, 2024) Heat management requirements for the
building sector, specifically HVAC systems, consumes 75% of electricity used in the United
States. ( [nventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2022, 2024) Furthermore,
the energy demand for the building sector is expected to double by 2050 with an increase of 50-

150% in CO; emissions according to the Intergovernmental Panel on Climate Change. (Lee,



2023) To minimize usage of HVAC systems, researchers have proposed low emissivity coatings
for buildings, vehicles, and personal fabrics to retain heat during cold ambient temperatures.

Personal thermal management textiles that shield thermal radiation from the human body
also minimize the need for HVAC systems in residential and commercial structures. Building
heating systems are inherently inefficient as the devices attempt to heat the entire room rather
than the person resulting in severe heat loss to the ambient. Human bodies generate heat through
metabolization and loss the heat through conduction, convection, and radiative heat transfer.
Commercial fabrics prevent heat loss through conduction and convection, but do not prohibit
radiative heat loss which accounts for roughly 50 % of thermal energy dissipation as a result from
their high emissivity (¢ ~ 0.88). (Belliveau et al., 2020; Hardy & DuBois, 1937) Personal thermal
management fabrics retain human body heat with no energy input by lowering the surface
emissivity of the textile. Therefore, heat management wearables reduce energy usage in buildings
while also protecting individuals from cold environments outdoors.

Hypothermia and frostbite are a few health hazards posed by extreme cold temperatures.
(Dow, 2024; Turk, 2010) Outdoor workers, unsheltered persons, and individuals prone to cold-
related illnesses are at increased risk of health damage. (Orton et al., 2023; Turk, 2010; Williams,
2023) Personal thermal management textiles protect people from such hazards by retaining
human body heat. In addition, passive heat management wearables do not require electricity or
tethering which are essential to outdoor employees, such as construction workers and miners,
who do not have access to electrical power and need to avoid tripping hazards. Moreover, the low

cost of low-emissivity personal thermoregulatory fabrics permit usage by unsheltered people.

1.1 Challenges in Fast-Charging Battery Fabrication

Previous three-dimensional (3D) electrodes were constructed through additive
manufacturing and templating methods and have proven to outperform commercial batteries.
Sanders et al. investigated fast charging energy density performance in lithium-ion (Li-ion)
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batteries with vertical channel pores in the electrode demonstrating a three-fold increase in areal
capacity at discharging rates of 2C compared to conventional Li-ion cathodes with equivalent
mass loadings and effective porosity. (Sander et al., 2016) Along with 3D electrode designs, their
design is random, and no relation is developed between porous structure and performance. In
addition, hierarchical systems improved flow and heat transfer rates in computational simulations
of porous and non-porous technology indicating vertical transport is not best channel
configuration. (Lorente & Bejan, 2009) Nevertheless, a rationally designed vascular structure has
yet to be fabricated for energy storage materials because of the enormous parameter space.
Vascular ENabled Advanced (VENA) batteries increase specific energy density at low
temperatures by increasing active material utilization, reducing ionic diffusion tortuosity, and
distributing current density uniformly in Li-ion batteries. Although lithium cobalt oxide cathodes
are used in this study, the optimal design and fabrication procedures of VENA-Batteries can
apply to alternative materials (e.g. high-capacity Li-sulfur or high temperature Na-S batteries),
environmental factors (e.g. high temperatures or fast charging), and porous energy storage

systems (e.g. regenerative fuel cells) specific to enhancing space exploration.

1.2 Current Progress in Personal Thermoregulatory Textiles

Passive personal thermal management textiles for cold environments have been
developed by several researchers in the past 5 years. (Dong et al., 2023; Gao et al., 2025; Gao et
al., 2022; Higueros et al., 2024; Lei et al., 2023; Li et al., 2022; Luo et al., 2019; Wang et al.,
2022; Woo et al., 2022; Wu et al., 2022; Xie et al., 2023; Yu et al.; Zhao et al., 2024) Mid-
infrared reflective materials for thermoregulatory wearables have included metallic thin films
(Au, Ag), MXenes (titanium carbide), copper sulfide, metallic nanoparticles, and metal
nanowires. (Gao et al., 2025; Higueros et al., 2024; Lei et al., 2023; Li et al., 2022; Luo et al.,
2019; Xie et al., 2023) Improvements may be made by replacing materials to those that are cost-
effective, recyclable, flexible, elastic, and sustainable (low CO; footprint). Additionally,
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coloration of personal thermal management fabrics has become an important aspect to increase
commercialization potential. Researchers have demonstrated colorful thermal management
wearables by use of colorful inorganic nanoparticles or dye molecules as well as by varying
coating thickness of germanium or adjusting sputtering times for copper. (Li et al., 2022; Luo et
al., 2019; Peng et al., 2018; Zhu et al., 2023) Ultimately, transparent radiative shielding coatings
have gained research interest for their low emissivity properties with minimal impact to
aesthetics. (Du et al., 2023; Higueros et al., 2024; Woo et al., 2022) Unlike colorful personal
thermal management textiles, the emissivity of transparent radiative shields is not impacted by
color (black materials have € near 1 while white materials have € near 0). In addition, the color of
the textile is not limited by the material choice as a low-emissivity transparent coatings may be
applied to any color or pattern.

A myriad of transparent low-emissivity coatings for windows and personal thermal
management textiles have been introduced by researchers. (Baygi, 2023; Du et al., 2023; Hanauer
et al., 2021; Higueros et al., 2024; Hu et al., 2022; Lin et al., 2019; Woo et al., 2022) Such
shielding materials have been fabricated with ultra-thin metallic films, indium tin oxide, metal
nanowires, and gold nano-mesh samples fabricated via cleanroom technology. (Baygi, 2023; Du
et al., 2023; Higueros et al., 2024; Woo et al., 2022) Silver nanowires (AgNWSs) are commonly
used due to their cost-effective approach with solution processable capabilities improving its
potential for commercialization. Additionally, AgNWs have also been employed for solar cells,
touch screens, and organic LEDs demonstrating their value to various applications. (Cheong et
al., 2014; Chou et al., 2021; Du et al., 2024; Liu et al., 2023; Madaria et al., 2011; Yu et al., 2021)
1.3 Limitations in Manufacturing Methods of Thermal Management
Wearables

To fabricate a practically viable wearable thermoregulatory textile, it is necessary to meet

the following criteria: (i) The manufacturing approach must be scalable and potentially



compatible with the existing textile industry. (Wu et al., 2023) (ii) The material must be
mechanically flexible, lightweight, non-toxic, breathable, washable, and robust. (Wu et al., 2023;
Zhu et al., 2022) (iii) High performance in thermoregulation, minimal wear-and-tear, and low to
no energy consumption are also valued. (iv) A personal thermal management textile must restrict
its impact on aesthetics while maintaining its thermoregulatory properties because commercial
garments are sold in a plethora of visible colors and patterns. After all, without these advanced
requirements, a simple emergency survival blanket can already work as an effective thermal
radiation shield, although it is apparently not ideal for everyday use.

Previous strategies for personal thermal management devices have involved metallic
nanowires, metallic films, metamaterials, MXenes, structural polymers, oxide-metal-oxide films,
and more. (Dong et al., 2023; Fan et al., 2003; Gao et al., 2022; P.-C. Hsu et al., 2015; P. C. Hsu
etal., 2015; Liu et al., 2021; Peng & Cui, 2020; Shi et al., 2021; Wang et al., 2020; Zhou et al.,
2020; Zhu et al., 2022) Recently, a focus on colorful fabrics has emerged to further improve on
passive personal thermoregulatory textiles, demonstrating excellent performance in
electromagnetic shielding and strong propagation of single-colored visible light. (Kong et al.,
2023; Li et al., 2018; Zhu et al., 2023; Zhu et al., 2019) Strives have been made by the scientific
community to enhance color visibility independent of viewing angle. Such optical properties of
colorful fabrics are inherently wavelength-dependent. Hence, emissivity and solar absorption will
alter between colors. To assume low emissivity for all colors in the visible spectrum, visibly
transparent infrared-reflective coatings have been produced. (Baygi, 2023; Bobinger et al., 2017;
Du et al., 2023; Hanauer et al., 2021; Hong et al., 2015; Hu et al., 2022; Jia et al., 2023; Lin et al.,
2019; Woo et al., 2022)

Transparent thermal management textiles have been previously synthesized as wearable
fabrics and window coatings, accomplishing energy savings from reduced energy use in HVAC

systems. (Hu et al., 2022; Jia et al., 2023; Lin et al., 2019) For instance, visible (VIS)



transmittance up to 80% at 550 nm was achieved for an oxide-metal-oxide nano-mesh composite
with emissivity below 20% for mid-infrared (mid-IR) wavelengths between 7 — 14 um. (Woo et
al., 2022) However, the previously mentioned criteria have not been met because cleanroom
fabrication processes are still required for these prior reports. (Baygi, 2023; Du et al., 2023;
Hanauer et al., 2021) On the other hand, AgNWs on flexible substrates have demonstrated large
visible transmittance of 78% and 83% at 550 nm with scalable methods such as solution-
processing or spray coating, respectively, but these devices are designed specifically for building
windows and do not stretch. (Hu et al., 2022; Lin et al., 2019) Additional projects have
incorporated silver nanowires for transparent wearable electronics, yet design parameters will
require different criteria for conductive electrodes versus passive electromagnetic shielding
materials. (Deng et al., 2023; Hong et al., 2015) Despite progress in translucent flexible textiles
using metallic nanowires, a numerical approach for designing ultra-transparent and low emissive
AgNWs coatings for thermal management garments has yet to be discussed.

Additionally, to reach enhanced simulated visible transmittance and mid-IR reflectance,
the simulations discussed in future chapters assume small diameters (<20 nm), a single layer
network with square apertures, infinitely long (>500 um) nanowires, and homogeneous nanowire
spacings distributed throughout the network. The simulated parameters mentioned are difficult to
achieve in realistic conditions. For instance, silver nanowire lengths typically range from 20-50
pm and diameters smaller than 20 nm are challenging to manufacture without sacrificing its long
length. (Atkinson & Goldthorpe, 2020; Li et al., 2020) Furthermore, when attempting to achieve
small apertures, the concentration of silver nanowires increases resulting in multiple layers of
wire-mesh grids. As the geometrical design deviates from the theoretical model, the visible
transmittance is diminished. Therefore, a new fabrication approach is needed to reach ultra-fine
diameters, long lengths, and single-layer nanowire network to obtain results from the theoretical

simulations.



Furthermore, the electrical resistivity of AgNWs when used in organic electronic devices
should be greatly minimized. Yet, the geometry of AgNWs and surface roughness of the
nanowire network are limited by current manufacturing methods, which are essential for
electrical conductivity and optical manipulation. For instance, fusing of metal nanowire junctions
is essential to prevent high surface roughness which in turn lowers electrical resistance in organic
electronic devices including organic LEDs. (Choi et al., 2018; Hsu et al., 2014) Although
nanowire junction bonding methods such as mechanical pressing (Du et al., 2024), plasmonic
welding (Park et al., 2017), surface oxide reduction (Ahn et al., 2016), and sol-gel coating with
TiO (Song et al., 2015) have been used to minimize sheet resistance of silver nanowires, the
methods increase the manufacturing complexity. Furthermore, nanowire diameters are still
limited by the AgNW synthesis method while other approaches, such as electrospinning of
polystyrene fibers on metal film and subsequent wet etching of silver, are unable to produce

diameters <1 pm. (Choi et al., 2018)



2. Manufacturing of 3D Electrodes by Microetching Methods

Designing a vascular porous structure requires the attention of several geometrical
parameters including central channel to branch ratio, number of branches per node, and location
of branches on the central channel to name a few. Fabrication of multiple variations of vascular
electrodes requires many resources and years to characterize and evaluate. VENA batteries are
designed through a forward prediction process that is machine learning-enabled and an inverse
design of the optimal vascular configuration by discovering the best electrochemical
performance. (Sui et al., 2022)

The performance of VENA batteries was carried out for EV batteries at high discharging
rates, 5C to 10C. COMOSL finite element modeling software was employed to simulate 2700 3D
dendritic battery fast-charging performances. By analyzing the data trend and sensitivities, key
variables that had stronger influences were used as the major training parameters for the machine
learning process. The computation was performed on Duke Computing Cluster, which provides
400 cores of CPU for my project. The simulated charging curves were fed into an artificial neural
network using PyTorch software to create and predict the performance of 107 vascular
configurations. The library database enabled inverse design of the optimal vascular structure for
anode and cathode electrodes in high C-rates batteries. Capacity at several charging rates of the
simulated VENA-battery were then compared to those of a homogeneous matrix and a porous
electrode with integrated vertical channels.

Results suggest VENA-batteries outperformed the other electrodes in capacity,
penetration depth, and tortuosity. It is important to note, all simulated electrodes have identical
theoretical capacity, active mass loading, volume, thickness, and overall porosity of 60% (channel
diameter and matrix density may have been modified to attain this value). Porosity configuration
is the only altered parameter when comparing battery performance. COMSOL simulation of the

VENA-battery also demonstrates high ionic density concentration near the separator suggesting a
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higher porosity is needed in this region to diffuse the highly concentrated Li-ions. Hence, a
configuration with more branched channels near the separator of the electrode is more efficient in

ionic transportation and overall energy density at high discharging rates.

2.1 Novel Fabrication of Vascular Sacrificial Templates

Current developments on porous media manufacturing of high performing
microtechnology have focused on multi-directional or multi-porous hierarchical frameworks.
(Sun et al., 2019) A method for assembling a micro-channel vascular structure with precise
position control of branches has yet to be seen in literature. Dendritic networks are challenging to
design for small scale applications due to a complexity of formation including varying diameter
size. 3D printing nanoscale features requires expensive equipement and long processing times.
(Wu et al., 2006) Additive manufacturing is replaced with two-dimensional (2D) microfabrication
techniques using photolithography for low-cost, facile, and time-saving synthesis procedures.

100-nm Au
Il BN . Il _ BN BN

3-pm Nylon-6 n
3-m Nylon-6 100-nm Ni
PMMA

Si wafer _—

Spincoat materials —p  Photolithography —p Au evaporation —» Photoresist lift-off and
Nylon-6 dry etching

T — (X Magnetic field direction

—

Ni wet etching and

Template pre-magnetization Top view Nylon-B dry etching

Figure 1: Microfabrication of Sacrificial Vascular Templates.

Sacrificial template fabrication at sub-micron features is made possible by using
photoresist lift-off and deep reactive-ion tools in the Shared Materials Instrumentation Facility
(SMIF) at Duke University. Figure 1 shows the complete vascular, sacrificial template fabrication
procedures. Silicon (Si) wafer is used as the substrate. A sacrificial poly(methyl methacrylate)

(PMMA) layer is spin coated which is later removed to release the polymer templates from the Si



substrate. The following sequence of layers and their respective thicknesses are spin coated or
evaporated onto PMMA: 3-micron Nylon 6, 100-nm nickel (Ni), 3-micron Nylon 6, S1813
(negative photoresist), and 100-nm gold (Au). Before metal lift-off of Au, the negative
photoresist is spin coated to create open trenches in the form of the vascular design as seen in
Figure 2a. The sacrificial vascular template with the Au hardmask is shown in Figure 2 under b)
microscope and ¢) SEM images. Au acts as a protective hardmask to allow oxygen plasma-
induced dry etching of nylon layers as well as 0.3 M iron (III) chloride wet etching of Ni. The
vascular templates are then pre-magnetized and removed from the Si substrate through an acetone

bath (to dissolve PMMA) and sonication.

4-inch Si wafer

a b — c

Optimal
vascular design
Photomask template design

Figure 2: Characterization of Sacrificial Vascular Templates.

a) Template design on photomask for photolithography. b) Microscope and c)
scanning electron microscope (SEM) images of templates on Si wafer before PMMA
removal using acetone. 100-nm Au (green) is evaporated on 3-um Nylon. Scale bars
are 50-um.

2.2 Synthesis of 3D Electrodes

Once the sacrificial templates are fabricated, the vascular micro-specimens are suspended
in isopropyl alcohol (IPA) solvent and the solution is placed in a 3D printed 2.5 cm by 2.5 cm by
1.5 cm mold where an external magnetic field aligns the templates vertically as seen in Figure 3a.
The cathode slurry is then drop casted into the mold. The Li-based slurry consists of 40 wt %
lithium cobalt oxide (LCO) in IPA and 2.5 wt % polyvinyl butyral binder with respect to solid
material. Evaporation of IPA consolidates the solid material, and the fabricated electrodes are
then sintered at 950 °C burning out nylon and forming vascular channels in the process. Dendritic
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channels can be seen in scanning electron microscope (SEM) images in Figure 4. Ni vascular

templates remain in the electrode matrix at low-concentrations and should not significantly affect

performance of VENA batteries. (Sander et al., 2016)

i A - . b Magnetic field TTT

5 ity . ®
Sy "y ;
L A 3D resin mold 'f
LY - ¢

6-mm thick glass

e o &) B b
Unallgned Aligned permanent magnet i
Magnetic field TTT . . Cap
J;[ u M ewYwEyyy LCO cathode
Templates — Template —* Slurry drop cast Separ.ator
suspended in mold alignment | VEARELRAR] Graphite anode
Spacer
l Spring
AR VREL faviation o
Solvent Sintering & Vascular ENabled Advanced (VENA)
evaporation template removal Battery

Figure 3: Pre-magnetization of Vascular Templates and Vascularization of Electrodes.

a) Vascular templates are shown unaligned (left) and vertically aligned (right) in IPA
under optical microscope, scale bar is 100 um for both images. b) 3D printed mold and
z-axis direction above permanent magnet. ¢) Vascular electrode fabrication procedure
beginning with pre-alignment of templates in mold, slurry drop casting, evaporation
of solvent, and sintering of electrode. Finally, d) vascular cathode and anode are
assembled in CR2032 LIB coin cell producing a VENA battery.

Figure 4: Vascularization of Electrodes.

Vascular channels are observed in LCO matrix from a) top view optical microscope
(Ieft) and SEM (right) images, scale bar is 100 pum for both insets. b) Top view of
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branch channels observed under SEM, scale bar is 20 pum. b) cross-sectional SEM
images, scale bar is 100 um.
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3. Design of a Visibly Transparent Radiative Shield

Herein, a visibly transparent and passive heating wearable technology is demonstrated
using a solution-processed metallic nanowires network as the transparent radiation shield (TRS)
shown in Figure 5. In comparison to the highly emissive traditional textiles, the TRS limits mid-
IR thermal radiation while simultaneously permitting transmission of VIS light. The AgNWs
network, its supporting substrate, and the topcoat protective layer can all be fabricated by simple
thin-film casting methods (e.g., drop cast, blade cast, spin-coating, and spray coating), which
minimizes resource requirements and abstains from cleanroom processes. Furthermore, TRS is
inexpensive, lightweight, highly stretchable, and low in haze. As a result of its numerous benefits,
TRS can be applied to multiple objects, such as uniforms for outdoor workers, car tints, thermally

insulated windows for buildings, and persons prone to cold-related injuries.

Transparent Radiative Shield (TRS)

High € Low € . i
\ , / Visible light e AGNWs fi"
' S l “
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v" Visibly transparent ¥ Scalable ﬂﬂw
v Low emissivity v" Low haze —
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Figure 5: Transparent Radiative Shield (TRS) Design Concept and Applications.
3.1 Theoretical Guidance of a Transparent Radiative Shield
The key to achieve both extreme visible transparency and low thermal emissivity lies in
the different light-matter interactions for VIS and mid-IR light. Consider a AgNWs network with
diameter of 30 — 100 nm and average wire-to-wire spacing of less than 2 pm. When visible light

(A =400 — 700 nm) shines onto the AgNWs network, we can expect two sources of light-matter
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interaction: the single AgNW and the wire-to-wire spacing. For a single AgNW, the scattering
cross section, light propagation trajectory, and angular distribution can be well-described by Mie
theory, which predicts mostly forwardly scattered light transmission at this small nanowire
diameter. The backscattering portion results in visible opacity, and the high-angle forward
scattering accounts for haze. The empty space between the AgNWs is 100% in visible light
transmittance because the dimension is much larger than the wavelength. For mid-IR (A =4 — 30
um), both the AgNW diameter and the network spacing are now small in comparison, so it acts as
a wire-mesh screen with a waveguide cut-off wavelength smaller than that of the incident mid-IR,
resulting in large reflectivity and therefore low absorptivity (assuming zero transmittance).

According to Kirchhoff’s law, this low absorptivity is equivalent to low emissivity.

a) Visible transparency: Mie Theory c) Infrared Reflection: Equivalent Sheet d) 100

3 4 d=100nm
) Impedance Wire-Mesh Screen Model d =60 nm
Infinitely Long , z =% = d=30nm
Imaginary Cylinder A L v = * d=20nm
cylinder X = 8 w0
'\\ g at ' 2
) T A~~~ T S 40
- i y ~~ 4
-~ _I. o
Incident wave // Incident wave a, T2
Scattered Square spacing T 0 j
x Wwave 500 2000 4000 6000
Nanowire spacing (nm)
b) - A =500 nm g0t A =800 nm A =500 nm . A =800 nm
. s0c d=30nm 120° 60° d=30nm 60° d =100 nm 120° d =100 nm
150° 30° 150° 30° 150° 30° 150"

Incident 180°
wave

210°

Figure 6: Theoretical Consideration for the TRS Design.

a) Mie theory schematics for single AgNW scattering. b) Normalized far-field
scattering (V/m) polar plot for a single AgNW with incident light approaching from
the left (180°). Nanowires show strong forward scattering that is beneficial for total
visible transmittance. ¢) The wire-mesh screen model for the network’s visible light
transmittance and mid-IR light reflectance. d) The mid-IR (8 — 13 pum) reflectance as
the function of nanowire spacing for various nanowire diameter. Ideal mid-IR
reflectance occurs as nanowire spacing nears 500 nm.
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MieSolver is employed to predict visible transmittance (A = 400 — 800 nm) of an infinite
cylinder, as shown in Figure 6a. (Hawkins, 2020) Incident light shines on a single silver nanowire
with infinite length and an opaque core perpendicular to its z-axis. Far field approximation is used
to calculate the visible wave propagation of nanowire mesh screen. (Matzler, 2002a; Schéfer et
al., 2012) As described by Equation 1, the transmittance intensity across a material’s thickness is
assumed to follow the Beer-Lamber law, which is proportional to the incident intensity and the
exponential term containing the scattering coefficient (o) and thickness (t). For simplification
purposes, a single layer of AgNWs is assumed.

I = I,e™%scatt (1)

Visible transmission computation requires the concentration of nanowires (N), which is
approximated by the corresponding wire-mesh screen porosity (p) whose nanowire spacing (as) is
chosen to be between 500 and 10500 nm. Additionally, the scattering coefficient is characterized
by the forward scattering cross section (Gsca) and nanowire concentration (N).

To further prove large visible transmittance for AgNWs mesh network, COMSOL
simulations are performed according to Mie theory to calculate the angle-resolved scattered light
distribution for a single infinite cylinder. Figure 6b compares the scattered wave of a single
AgNW with diameter 30 nm and 100 nm at the incident wavelengths (Ain:) of 500 nm and 800
nm. Forward scattering is demonstrated for both diameters and wavelengths. However, the
normalized amplitude for 100 nm-diameter AgNWs is wider and relatively high in value (10-fold
when compared to 30 nm-diameter AgNWs), which will contribute to haze hindering
transmission of VIS light.

The mid-IR (8 — 13 um) property is based on the equivalent sheet impedance wire-mesh
screen model (Figure 6¢). (Casey, 1988) The model assumes square apertures with maximum
pore size dictated by the frequency of interest. Briefly, by calculating the equivalent sheet

impedance of the wire-mesh, one can compute the reflectance coefficients of the transverse-
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electric and transverse-magnetic fields of the wavefunction defined in Supporting Information
Note 1. Nanowire spacing (as) and diameter (d) are two parameters of the wire-mesh screen
model investigated to predict mid-IR reflection. As mentioned earlier, Kirchoff’s Law, at
thermodynamic equilibrium, states emissivity (g) of a material equals absorptivity (A). Therefore,
high reflectance is achieved with low emissive materials such as metallic nanowires, as shown in
Equation 2. Hence, AgNWs are investigated as a possible transparent radiation shield.
e=A=1-R-T=1-R (2)
Based on these theoretical models, we can predict the relationship between visible
transmittance and mid-infrared emissivity as the function of nanowire diameter and spacing.
From our Mie theory predictions, extreme visible transmittance is expected for nanowires with a
small diameter (< 30 nm) and nanowire spacing > Ainc. On the other hand, mid-IR reflection
changes minimally for all nanowire diameters investigated with respect to nanowire spacing, as
illustrated in Figure 6d. Instead, nanowire spacing plays a significant role in influencing mid-IR
reflectance. As expected, large pore size (a; > 4000 nm) will result in almost no reflection of mid-
IR radiation. Hence, the graded red region represents ideal nanowire spacing for large mid-IR
reflectance. The multispectral computation above allows us to investigate both the VIS
transmittance and mid-IR reflection for any given nanowire spacing and AgNW diameter and

serves as a powerful predicting tool to guide fabrication and manufacturing.

3.1.1 Visible Transmittance Calculations and COMSOL Simulations

VIS transmittance of a silver nanowire (AgNWs) network is numerically guided by Mie
theory and solved using Hawkin’s MieSolver. (Hawkins, 2020) An infinitely long cylinder with an
opaque core is assumed and geometrically modelled as a spherical two-dimensional (2D) circle.
Description of the problem begins with identifying a wavefunction solution for a 2D Helmholtz
equation with the boundary conditions described above in which k is the wavenumber and v is the

piecewise constant refractive index.
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ikvy + z/)% =0 (3)

The total field expression for the exterior region is defined in Ref (Hawkins, 2020) in which
the Bessel and the first-kind Hankel functions of order are applied.
Additionally, scattering efficiency for a sphere of radius r is calculated based on the cross

section, 0s.q¢, normalized to the particle cross section. (Matzler, 2002a)

O-SC(lt
Qscat = 12 (4)
COMSOL simulations for alternative diameters (d =20 nm, 60 nm) at identical incident

wavelengths are shown in Figure 7, illustrating similar forward scattering polar plots.
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Figure 7: Normalized Far-field Radiation Patterns of Infinitely Long AgNWs.

Normalized far-field radiation pattern (V/m) simulations of an infinite AgNWs
cylinder with varying diameter per row and incident light within the visible spectrum
(incident A =500 nm and 800 nm for left and right columns, respectively) using
COMSOL. Forward Mie scattering is demonstrated for all simulations; however,
normalized amplitude decreases with nanowire diameter minimizing haze.
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3.1.2 Mid-IR Reflectance Calculations

Theoretical results for mid-infrared (mid-IR) reflectance values of AgNWs networks were
performed on Matlab, and the prediction is based on Casey’s (1988) wire-mesh screen model.
(Casey, 1988) According to Casey, the space-average tangential electric field is related to the space-
averaged surface current density of a mesh screen via an equivalent sheet impedance operator.
Here, we are interested in the reflection coefficients for the transverse-electric (TE) and magnetic-

electric (TM) polarization fields defined as the following.

-1
R, = (5)
Z
1+2(=2L 0
(Zo)cos
cosf
Ry=—7——— (6)

Zsy
2 (Z_o) cos6
6 is the angle between the incident wave and the direction normal to the mesh surface and

Zoy = +/ Uo/€p 1s the intrinsic impedance of free space. Z; and Zg, correspond to the eigenvalues of

the sheet-impedance dyadic describing the mesh and can be viewed further in Ref (Casey, 1988).

3.1.2 Weight Average Calculations for Experimental Results
Mid-IR reflection (2 — 20 pm) values were evaluated by Fourier Transform Infrared with

integrated sphere and established according to human body temperature (307K) via Planck’s Law
(Ipp)-

SR (LT 1)

2um

fZO Mml(ﬂ.)

2 um

Rrgs (%) = @)

Visible transmittance was measured with UV-VIS spectrophotometer with integrated
sphere. Weight average calculation for visible transmittance is based on AM 1.5 hemispherical solar

radiation (ASTM G-173) and measured within 400-800 nm wavelengths.

f480000:7:ln Ibb (/L T) I(A)
TTRS (%) = 800 nm (8)
f400 nm I(/D
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3.2 Solution-processable Fabrication Approach

For wearable applications, a robust yet flexible substrate for AgNWs is necessary for
defense against wear-and-tear, environmental conditions, and common sanitization methods. For
radiative heat management in particular, this protective layer should be transparent in mid-IR, so
that the low-emissivity nature of AgNWs can be used entirely. To this end, we chose polystyrene-
block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) as the underlayer. In addition to
mid-IR transparency, solution-processed SEBS is highly stretchable and flexible capable of
taking any form. Its mechanical and optical properties are dictated by the polymer chain
composition in which polybutylene and polyethylene groups contribute to the elasticity and mid-
IR transparency of SEBS, respectively. (Chen et al., 2023; Fang et al., 2021; Leung et al., 2019;
Li et al., 2021) The physical cross-links of styrene groups are rigid, and the benzene ring results
in large intrinsic mid-IR absorption coefficients. Therefore, a low content of polystyrene in SEBS
is required. As a comparison, polydimethylsiloxane (PDMS) elastomers absorb most wavelengths
in the mid-IR regime, which makes it a non-suitable candidate for TRS although it is frequently
used in wearable materials research (Figure 8). On the other hand, mid-IR absorbance for SEBS
is thickness-dependent and can be minimized. SEBS empirical influence on the optical properties
of AgNWs is accounted for in the simulation data (i.e., measured reflectance and transmission

from pristine SEBS specimen is removed).
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Figure 8: PDMS Absorbs Mid-infrared Light and Obstructs AgNWs Plasmonic
Effects.

Determined by our theoretical predictions, the metallic nanowire mesh screen used for
the TRS must be small in diameter (< 30 nm) and pore size (< 4000 nm), and it must be
fabricated as a single-layer, continuous network. Figure 9a demonstrates the significance of
employing ultra-thin AgNWs. VIS transmittance is plotted against mid-IR reflectance for several
nanowire diameters (20, 30, 60, and 100 nm) and nanowire spacings between 500 — 10500 nm.
As illustrated, the visible transmittance of AgNWs with a diameter < 30 nm remains above 70%
for all mid-IR reflection and nanowire spacing values. Therefore, a diameter below 30 nm is
recommended by our simulations. However, it is challenging to synthesize AgNWs with
relatively long lengths (> 20 um) at smaller diameters, compromising the mid-IR reflectance. VIS
transmission for a larger diameter varies drastically across different nanowire spacings. The
influence of cylinder diameter on haze results in a decrease in VIS transmittance for diameters >
60 nm, as previously illustrated by COMSOL simulations. Therefore, for thick AgNWs with 100
nm in diameter, VIS transmittance will have to be sacrificed to achieve high mid-IR reflectance.

In this work, AgNWs with dimensions of 30 nm in diameter and 20 pm in length are employed.
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Figure 9: Fabrication Proposal for Single-layer AgNWs Network.

a) VIS transmittance for multiple AgNWs networks varying in diameter are
compared. b) Synthesis of TRS by vacuum filtration of AgNWs and spray deposition
of SEBS protective film. c) Experimental data points of AgNWs networks with various
nanowire spacings. d) SEM images, e) nanowire spacing histograms, and f) optical
images of starred data points illustrate lower visibility for multi-layer AgNWs
networks. The scale bar is 5 um for all SEM images and 10 mm for optical image.

To achieve a single-layer AgNWs mesh, a vacuum filtration procedure similar to Ref
(Hong et al., 2015) is used. A solution of low-concentrated AgNWs in water solvent is vacuum
filtrated in a Buchner funnel flask with a nylon filter of pore size 0.22 um. Thoroughly mixing the
AgNWs solution prior to filtration allows for uniform distribution of nanowires, and the hydraulic
pressure assists bonding of nanowire junctions. Once dried, the AgNWs network is placed firmly
above a pre-made SEBS thin film. The nylon filter is peeled to transfer the AgNWs. SEBS
solution is spray deposited above AgNWs to preserve optical performance of nanowires from

weathering conditions as well as common sterilization procedures, as illustrated in Figure 9b.
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AgNWs network pore size is dictated by nanowire concentration for each specimen. The TRS is
ultimately formed via removal of SEBS-AgNWs-SEBS composite from its glass substrate with
merely a few droplets of water. SEBS film is prepared by drop-casting a solution of 20 wt%
SEBS in toluene onto a glass slide (bottom substrate). As illustrated in Figure 10a, a film
applicator disperses the SEBS solution before undergoing heat treatments for 10 min each at 60
°C and 110 °C following a similar process performed by Ref (Kim et al., 2020).

The TRS can be manufactured in multiple ways as presented in Figure 10b. Solution-
processing of AgNWs networks such as spin-coating, spray coating, and vacuum deposition are
common fabrication methods for transparent wearable technology. (Bobinger et al., 2017; Gao et
al., 2022) The sole limitation to specimen size is determined by glass substrate dimensions, and
synthesis procedures require no cleanroom processing. The top protective layer may also be
added by a blade casting method rather than spray coating, proving the versatility of synthesizing
TRS specimens (Figure 10c). The device may be coated onto any commercial textile for passive

suppression of human body radiation with a minimal impact to aesthetics.
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Figure 10: Low-cost and Scalable Fabrication Methods for the TRS.

Low-cost and scalable fabrication methods for the TRS. a) SEBS is first blade coated
onto a glass substrate using a film applicator and dried at 60 °C and 110 °C for 10
minutes individually. b) AgNWs deposition on SEBS substrate may be applied using
spincoating, spray coating, or vacuum deposition methods. c) After evaporation of
deionized water at 95 °C for 5 minutes, a second SEBS layer is applied using a film
applicator to protect AgNWs from weathering conditions.

3.3 Performance Achievement of a Transparent Radiative Shield

VIS transmittance and mid-IR reflectance for several TRS specimens varying in
nanowire concentration are plotted in Figure 9c. Experimental data points agree well with the
theoretical curves. As illustrated, the TRS demonstrates high mid-IR reflectance (low emissivity
of 35%) and a VIS transmission of 75%. Shielding effectiveness values for AgNWs in previous
literature has ranged between 70% and 80%. (Hanauer et al., 2021; Hu et al., 2022; Lin et al.,
2019; Woo et al., 2022) For mid-IR reflectance values below 60%, VIS transmittance is more
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than 80%. For mid-IR reflectance values above 60%, the VIS transmittance slightly diminishes as
a direct result of bilayer formation of AgNWs networks. Synthesis of a single-layer AgNWs
network with nanowire spacing < 900 nm would be ideal but challenging with the current
scalable fabrication methods. The theoretical model presented here will serve as a valuable
performance prediction tool for further fabrication method development.

The star data points represent five individual TRS specimens, and their respective SEM
images are shown in Figure 9d. SEM images provide qualitative information on the uniformity of
AgNWs distribution in addition to average nanowire spacing. As pore size decreases, mid-IR
reflectance of the AgN'Ws mesh increases. The nanowire spacing histograms for each specimen
shown in Figure 9e further demonstrate the statistical decrease in average aperture size. SEM
images were post-processed using ImageJ software, and threshold images along with elliptical
areas used to compute average nanowire spacings are also shown. Nanowire spacings with an
approximate diameter below 500 nm are ignored for all histogram figures since this is the
minimum wavelength cutoff for the VIS regime (transmission of VIS light becomes 0%). Optical
images of all five TRS specimens are shown in Figure 9f, which further shows how the bilayer

formation inhibits VIS transmittance of our group logo.
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Figure 11: AgNW Statistics

a) TEM images of silver nanowires. The scale bar is 200 nm. b) Diameter histogram

for AgNWs measured from TEM images. ¢) Length histogram for AgNWs on SEBS
substrate taken from SEM images.
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Length statistics for AgNWs were analyzed by SEM images with 100 individual
nanowires measured. Statistical analysis of AgNW diameter was assisted by transmission electron
microscope (TEM), as seen in Figure 11a. Figure 11b and 11c demonstrate a diameter mode of

roughly 28 nm and a length mode of 9 um, respectively.
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Figure 12: Mid-IR Reflection Performance for the TRS.

a) Thermal image of TRS specimen before and after undergoing twisting and
elongation. b) Normalized mid-IR reflectance for a single TRS specimen at alternate
elongation states of up to 125%. c) Cyclic stretching of TRS sample. d) Wash tests
performed on a TRS specimen and a sample with no top protective coat. SEBS top
layer preserves AgNWs network. e) Thermal image of a 15 in. x 15 in. TRS specimen
with four arbitrary locations chosen for mid-IR reflection measurement. f) Thermal
image of a pristine SEBS sample for comparison.

Mechanical robustness of the TRS was analyzed by cyclic stretching tests, laundry tests,
and tensile tests. As observed in Figure 12a, the emissivity of a single TRS specimen remains low
after undergoing stretching and twisting. To further ensure shielding effectiveness of nanowire
mesh is not impacted when stretched, the TRS devices undergo mid-IR measurements at several
elongation values revealed in Figure 12b. At 50% elongation, the TRS loses a portion of its

shielding effectiveness. A decrease in mid-IR reflectance is predicted as stretching results in an
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increase in nanowire spacing. Nonetheless, post-stretch measurements remain unaltered after 10
cycles, as illustrated in Figure 12c. This stretchability can be understood by the network

deformation that avoids direct extreme tensile strain to individual nanowires. Additionally, SEBS
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Figure 13: TRS Improves Human Body Heat Suppression with Minimal Aesthetic
Disruption.

Thermal camera and photographic images of (a) a bare forearm, (b) combined 80%
polyester/20% spandex cloth, and (c) 100% cotton with TRS specimens having
alternate nanowire spacing (pore size decreases from left to right). The scale bar is 50
mm for all thermal and optical images.

Vigorous wash tests were performed to show the necessity of a SEBS protective layer.
From experimental results, introducing a SEBS topcoat preserves AgNWs shielding
effectiveness, as illustrated in Figure 12d. After 10 cycles, normalized mid-IR reflectance remains
> 85%, while a TRS specimen with no protective topcoat falls below 60%. Finally, a large TRS
specimen (15 in. x 15 in.) is displayed in Figure 12e to demonstrate the scalability of spray
coating fabrication methods. Four arbitrary areas on the TRS specimen were measured for mid-IR

reflectance and illustrate small standard deviation within a sample. A pristine SEBS specimen is
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shown in Figure 12f for comparison. Thermal images prove mid-IR reflectance is caused by the

AgNWs network and not by the SEBS substrate.

Table 1: Comparison of the TRS with the Latest Transparent Passive Heating

Technology.
Ref Fabrication UV-VIS (%) Emissivity Temperature | Solution Stretch?
Method (%) drop (°C) processed?
(Du et al., | PET/ITO/Mxenes | >50  (280-2500 | 24.7 (7-14 | 11.2 No Yes
2023) nm) pm)
(Woo et | Nano-mesh 80 (at 500 nm) <20(7-14 pm) | 6.6 No No
al., 2022) TiO2/Ag/TiOz
(Hu et al., | AgNWs/PET/glass | 78.1 (at 550 nm) 33 (8-14 um) | ~10 (Vial) Yes No
2022) (PET or PDMS)
(Lin et al., | AgNWs/PVB 83.0 (at 550 nm) 30.2 (at 10 | ~9 (Window) | Yes No
2019) pum)
(Hanauer | AgNWs/glass 74 (380-780 nm) | 34 (2-20 um) | NA No No
et al., | substrate/A1,O3
2021) protective layer
(Baygi, SnO2/Ag/Sn0O2 712 (400-800 | 13 (for NIR), | NA No No
2023) nm) 12 (A>3 pm)
Our work | SEBS/AgNWs/ 74 (400-800 nm) | 35 (7-14 pm) | ~7.0 Yes Yes
SEBS

The TRS specimens with alternate nanowire spacing passively heat a researcher’s

forearm in Figure 13a. In comparison to an 80% polyester textile mixed with spandex (Figure

13b) and a garment made of 100% cotton (Figure 13c), the TRS displays improved shielding

effectiveness while simultaneously allowing VIS light transmission from colorful fabrics.

Nanowire spacing increases for TRS devices left to right for all images in Figure 13. Extreme low

porosity (< 1.8 um nanowire spacing) improves shielding effectiveness with a tradeoff in VIS

transmittance. Hence, an aperture size of approximately 1.8 um is the optimal dimension for TRS

specimens.

The TRS promises high-performance visible transmission and human body heat

suppression with an inexpensive, scalable manufacturing procedure. The cost to fabricate 1 kg or
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1 x 1 m* of TRS is analyzed using OpenLCA software and found to be only $4.34. Although
AgNWs cost $1046.79 per kg, the TRS requires only a minuscule amount based on a single-layer
AgNWs mesh with 1.8 um nanowire spacing and 30 nm nanowire diameter, which results in a
low-cost contribution percentage towards TRS net cost.

The TRS performance in VIS transmittance and mid-IR reflection is comparable to the
latest transparent personal thermoregulatory textiles, as shown in Table 1. Additionally, the TRS
displays similar temperature drops (7.0 °C). The stretchability, solution processability, and
materials used for the TRS and earlier discussed references demonstrate our technology's novelty.
By using a spray coating synthesis method, the limiting factor for TRS dimensions becomes the
substrate size chosen. It is therefore theoretically possible to create any size or geometrical shape
of TRS specimens to conform to any body or object. Stretchability will also guarantee minimal
disruption of shielding effects and permit long-term wear.

Thermal management transparent coatings have been developed with indium tin oxide
(ITO). (Abd-Elnaiem & Hakamy, 2022; Xu et al., 2023) Despite such works, ITO is not the ideal
material for wearable technology up-scaling as elevated temperatures or magnetron sputtering
methods are necessary for high-quality films, which is expensive and time-consuming. A scalable
fabrication approach that does not form bilayers of AgNWs networks for smaller nanowire

spacing will be required to further improve on the transparent radiation shield.

3.3.1 Further Details on TRS Performance and Cost Analysis

Tensile testing was performed on four TRS samples and one pristine SEBS specimen.
The average ultimate tensile strength was measured as 4.7 MPa, which is within range from
previously reported commercial SEBS. (Fang et al., 2021; Jeon et al., 2019) Young’s Modulus
was found to be 0.08 MPa. Stress vs strain curves for all specimens are displayed in Figure 14.

The grey bar indicates the current commercial standard for the elongation of a pure cotton
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garment, demonstrating SEBS’ outstanding stretching abilities. Additionally, Table 2 presents

detailed information on the mechanical properties of each individual sample.

— TRS-1 TRS-1

104 > —— TRS-2 .
TRS-3 IR

TRS-4
Pristine SEBS

0.15-mm thickness

T T T T T T
0 100 200 300 400 500 600 700 <> 4-mm
Strain (%) 10-mm

Figure 14: Mechanical Properties of the TRS.

Stress vs strain curves for TRS specimens and pristine SEBS. Optical image of TRS
dumbbell-shaped specimens and their dimensions are illustrated on the right.

Table 2: Mechanical properties for TRS specimens shown in Figure 14.

Specimen Young’s Modulus Tensile Strength Elongation-at-break
(MPa) (MPa) (%)

Pristine SEBS | 0.06 2.44 408.2

TRS-1 0.07 2.53 394.2

TRS-2 0.07 5.49 578.6

TRS-3 0.12 6.84 670.8

TRS-4 0.07 3.96 559.9
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Figure 15: Nanowire Spacing Calculations.

SEM images (left column) are used for nanowire spacing calculation and their respective
threshold figure (middle column) is created with Image]. Average nanowire spacing is based
on the areal calculation of ellipses approximating each mesh pore (shown in the right column).
Average nanowire spacing and porosity are shown for 3 individual specimens (a - c). The scale
bar is 5 microns for all SEM and adjusted images. Pores with 500 nm diameter are excluded.
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Figure 16: Haze Results for TRS.

Haze diminishes for AgNWs network when a) nanowire diameter decreases (d =20 nm,
30 nm, and 40 nm) and b) nanowire spacing is reduced (d = 30 nm).

The total cost of AgNWs and the Transparent Radiation Shield (TRS) specimens were
separately calculated via OpenLCA, a life cycle assessment open-source software. Using ILCD
2011 Midpoint+ from the ecoinvent database, process flows for AgNWs were first identified.

Table 3 presents raw materials and electrical requirements to fabricate 1 kg of AgNWs
using the PVP and ethylene glycol flow synthesis method developed by Espinosa et al. (Espinosa
et al., 2016) The Electricity source was chosen to match most closely with energy resources from
Chicago, IL. Ultimately, high voltage electricity produced from wind renewable energy (1-3 MW
turbine, onshore) is used in our study. Lastly, production values are based on Rest of World
standards. A total cost of $1046.79 is determined for 1 kg of AgNWs.

Raw materials for the TRS include AgNWs, deionized water, toluene, and acrylonitrile-
butadiene-styrene (ABS) which acts as a common substitute for polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene (SEBS) when using OpenLCA. (Johansson, 2018) Assuming 20
wt% SEBS solution and 1 kg of SEBS is required for 1 kg of TRS, 4 kg of toluene solvent are

calculated. AgNWs network weight is based on a single layer of uniformly distributed nanowires
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with a pore spacing of 1.8 um and a square mesh pattern. For a nanowire diameter of 30 nm,

0.772 mg of AgNWs is necessary for 1 kg (or 1 x 1 m?) TRS.

In addition to raw materials, electricity for spray deposition is required for the TRS.

Electrical requirement was based on Nadeem’s et al. calculation for a Wagner spray system

Model F230 (Germany). (Nadeem et al., 2022) According to Nadeem et al., 0.0119 MJ of

electricity is necessary for 2 g of nanocellulose fiber. Additionally, 30 g of specimens is produced

per 1 L of solution. Therefore, if 3.5 L of toluene is required for 1 kg of TRS specimens, 0.62 MJ

is necessary.

Table 3: Raw Materials and Electricity Requirements for AgNWs Cost Analysis.

Process Flow

Required amount (kg) | Total cost (USD)

Cost contribution

Sodium nitrate
Ethylene glycol
N-methyl-2-
pyrrolidone

Electricity, high voltage
Silver

AgNWs

1.64
4.67
1.40

1,681 [MJ]
1.04
1.00
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$18.21
$69.75
$89.98

$100.85
$768.00
$1,046.79

1.74%
6.66%
8.60%

9.63%
73.37%
100%



4. Nanoimprinting of AgNWs by Sidewall Lithography
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Figure 17: Applications and Theoretical Design of a Transparent Radiative Shield
with the Rectangular Cross Section.

A new mechanism to manufacturing nanowires with optimal dimensions is demonstrated
experimentally and guided by two optical theorems. An initial mold is fabricated via spacer
lithography to achieve nanowire widths below 20 nm with lengths up to 500 um. Surface
treatment of the mold prior to silver deposition permits minimal adhesion of the metal to the
stamp mold. The synthesis process concludes with a nanoimprinting procedure that deposits
silver nanowires with a rectangular cross section onto a flexible substrate. Visible (VIS)
transmittance of a single rectangular, infinitely long nanowire is modeled after Mie Theory using
COMSOL simulations. Mid-infrared (mid-IR) reflectance is simulated by an equivalent sheet
impedance wire-mesh screen model modified to account for the rectangular geometry of the
nanowires. The wire mesh network on an infrared-transparent stretchable substrate is then
characterized achieving a visible transparency of more than 90% at 500 nm and a low emissivity
of 0.15 for the wavelength range of 8§ — 13 um. The nanoimprint fabrication method is then used

to synthesize a polarizer with an extinction coefficient of 4 at A =25 pm. Nanoimprinting of the
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invisible radiative shield (IRS) proves to be applicable for a variety of technical fields and may be
further utilized for electronics (Figure 17a).
4.1 Theoretical Design of a Transparent Radiative Shield with a
Rectangular AgNW Cross Section

A thermal management wearable that retains human body heat requires the manipulation
of wearer’s surface emissivity. According to Stefan Boltzmann’s law the total power emitted
from a surface is directly proportional to the emissivity of the object’s surface, the Stefan-
Boltzmann proportionality constant, and the object’s temperature. Assuming a constant human
body temperature, the emissivity of the wearer’s personal textile may be altered to reduce the
thermal power radiated from the individual. The emissivity of an object is correlated to the
absorption of radiative heat transfer. Kirchoftf’s law of thermal radiation states that the spectral
directional emissivity (€) of an object is equal to its spectral directional absorptivity (A) under
thermodynamic equilibrium. By the law of energy conservation, the summation of reflectance
(R), transmittance (T), and absorptance equate to 1. Assuming zero transmittance, the absorptance
is easily found with respect to the reflectance as shown below in equation 9.

e =41 =1-RAD)-TA) =1-RW) 9)

Therefore, manipulation of an object’s emissivity requires the alteration of its reflectance.
Humans emit a thermal radiation within the mid-IR regime where A = 8 — 13 um. In the case of
personal thermal management textiles, the reflectance of mid-IR radiation is essential to reduce
the emittance of human body radiation to the atmosphere, thereby minimizing energy loss and
maintaining human body internal core temperature.

A network of AgNWs is introduced to reflect thermal radiation and the design of the
wire-mesh grid is guided by two established optical theorems. The network consists of nanowire
spacings smaller than wavelengths in the mid-IR regime. Hence, thermal radiation will be

reflected by the AgNWs network. Visible transmission is assumed to be 100 % within the
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apertures since the nanowire spacing is larger than VIS wavelengths. The VIS transmittance
resulting from the nanowire cross section is modeled after Mie Theory with COMSOL
simulations as shown in Figure 17b. (Mie, 1976) Incident light is scattered by a single infinitely
long nanowire with a rectangular cross section. The dimensions of the rectangular specimen are
20 nm in width (W) and 50 nm in height (H). The forward scattering profiles demonstrate
relatively small, angular amplitudes resulting in minimal haze. The low backscattering profile
represents opacity and suggests insignificant impact to the transmittance of visible light across the
nanowire. The total transmission of the wire-mesh screen is calculated by equation 10, which is a

derivative of Beer-Lambert’s law. (Khanarian et al., 2013)

I
T = =e exhl (10)
o

The intensity of transmitted light is represented by I and the incident light intensity is L.
The thickness of the wire-mesh screen network is represented by H, which is the height of the
rectangular nanowires. The extinction parameter (0.x) is determined by multiplying the extinction
coefficient (Cex) with the nanowire concentration (N). The extinction coefficient which equates to
the scattering and absorption coefficients for all directions (forward and backward scattering) of
the Poynting vector is extracted from the COMSOL simulations.

The mid-IR reflectance of the AgNWs network is found by simulations of an equivalent
sheet impedance wire-mesh screen model illustrated in Figure 17¢. Following the work of Casey,
the total reflection is an averaged value between the reflection coefficients of the transverse-

electric and transverse-magnetic polarization fields as illustrated in equation 11. (Casey, 1988)

|Ruf‘+|Rl|2

R =
2

(11)

The simulation assumes square apertures and a single layer of the AgNWs network.
Therefore, to achieve the simulated results, it is essential to follow the geometrical parameters set

by the two models mentioned above.
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Aside from low-emissivity and visibly transparent properties, a personal thermal
management textile also requires breathability, flexibility, and a cost-effective synthesis that up-
scales with industrial manufacturing methods. Therefore, the substrate used for the IRS must hold
all the properties previously discussed in addition to infrared transparency. By using a bottom and
top substrate that transmits mid-IR light, the thermal radiation reaches the wire-mesh screen, and
its optical properties are minimally impacted. The top substrate is needed to protect the AgNWs
from being damaged or washed away during machine-washing of fabrics. A small air gap is
assumed to be generated between most of the wearable material and the human body surface to
prevent conduction of thermal radiation to the environment. Polystyrene-block-poly(ethylene-
ran-butylene)-block-polystyrene-graft-maleic anhydride (SEBS-g-MA) is used as the infrared
transparent substrate due to its elastic nature and optical properties. The polyethylene groups
within the polymer chain contribute to infrared transparency while the polybutylene groups
permit elasticity of the polymer film. Additionally, the maleic anhydride group promotes
adhesion of the polymer to metal surfaces. (Xu et al., 2024) The low Young’s Modulus, extreme
elongation-at-break values, and highly adhesive nature of SEBS-g-MA establishes the
thermoplastic elastomer as a perfect candidate for the IRS substrate.

The requirement for mid-IR polarizers slightly differ as a flexible substrate is not
ideal for the polarization of light. Instead, polarizers demand a flat infrared-transparent holder.
The performance of mid-IR polarizers is characterized by the extinction ratio (1) described in
equation 12, which is based on the transmission of the transverse-magnetic (Twg) and transverse-

electric (Ttg) modes of light.

n = 10log (TM—E) (12)

Tre
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4.1.1 Visible Transmission COMSOL Simulations
The far-field radiation patterns for the rectangular cross section when A =400 — 800 nm

are shown in Figure 18.
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Figure 18: Normalized Far-Field Radiation Patterns of an Infinitely Long Rectangular
Nanowire.

COMSOL normalized far-field radiation patterns. a) Model used in simulations of an
infinite silver nanowire (AgNW) with a rectangular cross-sectional and incident light
approaching from left to right. Normalized far-field (V/m) polar plots for various
incident light ranges in the visible spectrum; A = b) 400 nm, c) 500 nm, d) 600 nm, e)
700 nm, and f) 800 nm.

4.2 Fabrication of a Master Mold via Sidewall Lithography
Nanoimprinting of AgNWs begins with the synthesis of a master mold using a spacer
lithography technique similar to a method present by Omar. (Omar, 2017) A thin film of
aluminum is deposited onto a 4-inch silicon wafer with subsequent patterning of a positive
photoresist. After undergoing inductively coupled plasma etching to form parallel trenches,

silicon nitride (Si3N4) is deposited to form a uniform layer on the entire surface including the

trench sidewalls. Anisotropic etching of Si3N4 permits the removal of the horizontal deposited
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layers leaving behind a very thin sidewall layer. The sacrificial aluminum film is then etched
producing incredibly thin Si3sNy parallel fins. The mold undergoes a surface treatment of

hexamethyldisilazane (HMDS) vapor to induce a hydrophobic surface that does not adhere to
silver. Thermally evaporated silver is then deposited onto the mold and removed by stamping
onto SEBS-g-MA. The maleic anhydride group within the SEBS polymer chain promotes the

adhesion of metal to the polymer substrate.

a) HMDS
HiC |, CH; Ag
HaC-Si—N-Si—CHy
CH3 CHs;
+ SEBS-g-MA
—_— — —
Pristine master mold Vapor prime deposition Ag E-beam deposition Imprint of AGNWs

Figure 19: Fabrication of Single-Layer Metal Wire-grid Mesh.

To synthesize a AgNW square grid, the process in Figure 19a is repeated twice and the
substrate is rotated 90° before imprinting a second time. The width of the nanowires is dictated by
the deposition time of Si3N4, and the nanowire spacing is defined by the photolithography design
parameters set by the user. A 4-inch silicon wafer with Si3Ny fins across its surface is fabricated
demonstrating the device’s ability to form nanowire lengths are large as the substrate diameter, a
dimension limited by the silicon wafer synthesis and cleanroom fabrication equipment. A single
unit of the mold with two sidewall fins is captured by SEM and is illustrated in Figure 19b. The
width of nanoimprinted AgNWs is verified by atomic force microscopy (AFM). The AFM results
prove the nanowire width to range between 15 — 20 nm. SEM images of the silver nanowire grid
are shown in Figure 20 with a nanowire spacing of 1 um. The microscope images confirm the
synthesis of a single layer of AgNWSs network with homogenous nanowire spacings across the
SEBS-g-MA film. Hence, a single layer wire-mesh screen with square apertures is formed closely

following the geometrical assumptions set by the theoretical models.
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5um

Figure 20: SEM Image of the Single-layer Wire-Mesh Grid.

4.2.1 Detailed Fabrication of the Sidewall Lithography

Fabrication of the master mold is shown in Figure 21. Thermal evaporation of aluminum
onto a Si wafer substrate with subsequent photolithography processing steps. After aluminum
etching, the photoresist (PR) is removed with a 1-methyl-2-pyrrolidone solvent bath and silicon
nitride is deposited. Inductively coupled plasma etching of silicon nitride and aluminum occurs to
finalize fabrication of the master mold.

900 nmQOO nm

PR 930 nm PR

Al 300 nm removal I | I I I I I I I I I I
Si wafer — — — —
Aluminum deposition & Aluminum etching SizN, HDPCVD SizN, etching Aluminum etching

photolithography

Figure 21: Fabrication of Master Mold.

4.3 Performance of a Single-Layer Wire-mesh Grid for Personal Thermal
Comfort

The mid-IR reflectance of AgNW grid networks is characterized by Fourier transform
infrared spectroscopy and its visible transmittance is measured with an ultraviolet-visible (UV-

VIS) spectrometer. The haze is also captured by measuring the diffuse transmittance of the
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specimens on the UV-VIS spectrometer. The weight average reflectance and transmittance
equations are evaluated based on Planck’s law with respect to human body temperature and
AM1.5 hemispherical solar radiation, respectively. The experimental data points for the AgNW
networks with various spacings are plotted against the theoretical results in Figure 22. The
experimental results shown as star data points closely align with the theoretical curves. The mid-
IR reflectance reaches its highest percentage when A ~ 12 um, and the visible transmittance
exceeds 90% for A =500 nm. A AgNWs network with 1 um nanowire spacing is imprinted on a

4-inch diameter SEBS-g-MA substrate.
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Figure 22: Theoretical Performance of a Single-layer Wire-mesh Grid.

4.4 Nanoimprinting of AgNWs for Polarizers and Other Applications

As mentioned before, the AgNWs network may be used for multiple applications. Here,

we demonstrate the use of the IRS to retain human body heat as well as act as a polarizer. The

specimens with varying nanowire spacings for personal thermoregulation is made possible by the

nanoimprinting process. As the nanowire spacing increases, the mid-IR reflectance decreases as



predicted by the equivalent sheet impedance wire-mesh screen simulations. However, the visible
transparency is minimally impacted by the nanowire spacing as illustrated by Mie Theory. By
using a relatively small width, the nanowires exhibit a minimal effect on the visible transmittance

of the AgNWs network.
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Figure 23: Polarization Performance of Parallel AgNWs Fabricated by the
Nanoimprinting Process.

Furthermore, parallel AgNWs are shown to polarize light by reflecting the transverse-
electric mode and transmitting the transverse-magnetic mode of infrared light. The transmission
modes are plotted in Figure 23 demonstrating a difference of approximately 5.6 % when A =3 um
and up to a 60.3 % difference in the far-infrared range (A = 25 um). The extinction coefficient of
the polarizer varies from 1.08 — 4.02 for wavelengths ranging between 3 — 25 um. The highest
extinction coefficient (n = 13.91 dB) results when A =25 pm. As demonstrated in Table 5, the
extinction coefficient of the AgNW polarizer is comparable with alternative infrared polarizers
from literature using polarization materials such as graphene oxide, tungsten silicide, and

organically modified chalcogenide. (Islam et al., 2020; Yamada et al., 2008; Zheng et al., 2020)
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Lastly, the AgNWs grid network on SEBS-g-MA substrate may be used for food
packaging by tuning the infrared reflectance by mechanical stretching. (Badshah et al., 2022) The
weight average mid-IR reflectance (based on a wavelength range from 2.5 to 25 pum) is measured
at different elongation states. The mid-IR reflectance is shown to decrease when the specimen is
stretched between 25 % — 125 %. Hence, the AgNWs network synthesized by the nanoimprinting
method is useful for a variety of applications and may even extend to electronic flexible devices

that require minimal surface roughness and high electrical conductivity.

Table 4: Comparison of Polarizer Extinction Coefficient with Past Literature

Polarizer material | Wavelength, A Extinction Reference
coefficient, n

Silver nanowires 3,12,25 um 0.75,5.98, 13.91 dB, Our work
respectively
Gallium Arsenide 2.125 pm 40.99 dB (Shi et al., 2023)
Tungsten silicide 2.5—-10 um 20 dB (Yamada et al.,
2008)
Graphene oxide 3—-25pum 20 dB (Zheng et al.,
2020)
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5. Conclusion

The TRS is a promising approach for thermoregulatory textile coatings as our study
focuses on optical theory to guide the fabrication of AgNWs network for ultimate VIS
transparency and significant human body heat suppression. Its solution-processing method and
incredible stretching capacity also generate opportunities for multiple radiation shielding
applications. The TRS may be used to insulate windows for building energy savings with
minimal impact on visibility. Applications may also expand to counterfeiting and smart windows.
Commercialization of the TRS will produce large energy savings and protect individuals prone to
cold injuries.

Fabrication of a single-layer wire-mesh grid with ultra-long (>500 um) AgNWs
comprising of widths <20 nm was achieved by a sidewall lithography nanoimprinting method.
The design of the metallic wire-mesh grid is guided by two established optical theorems, Mie
Theory and the equivalent sheet impedance wire-mesh screen model. By synthesizing a AgNWs
network as a single-layer with precise control of the nanowire spacing, a visibly transparent
(90%) and low-emissivity (0.15) coating for personal thermal management textiles is made
possible. The wire-mesh grid synthesis may also be applied to an infrared polarizer, food-
packaging, and flexible electronics. An infrared polarizer was manufactured with extinction
coefficients achieving up to 4.02 which is comparable to infrared polarizers found in literature.
The new nanoimprinting method of AgNWs has the potential to protect individual health from
cold environments as well as reduce carbon dioxide emissions from energy consumption in

building thermoregulation.

5.1 Limitations of a Transparent Radiative Shield
A visibly transparent radiative shield was assembled via spray-coating of silver

nanowire networks. Nevertheless, a tradeoff exists within the system between VIS
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transparency and mid-IR reflectance when varying the spacing of the metallic nanowire
grid. Consequently, achieving highly mid-IR reflective surfaces requires a decrease in
pore spacing thereby diminishing VIS transmission. This compromise in low emissivity
wire-mesh screens is evident after employing two traditional optical theoretical models.
Mie scattering simulations were conducted for VIS transmission of an infinitely long 2D
cylinder, and a wire-mesh equivalent sheet impedance model was used for mid-IR
reflectance calculations. However, simulated results show the diameter of the nanowire
has a direct influence on VIS transparency. Minimal backscattering is observed for ultra-
thin wire dimensions and small, highly angular forward scattering contributes slightly to
visible haze. Therefore, the optimal dimensions of the wire-mesh screen for high VIS

transmission and mid-IR reflectance requires ultra-thin nanowires.

5.2 Improvements for the AgNW Nanoimprinting Method

Ultra-thin AgNWs was accomplished with the nanoimprinting method. However, a
limitation to the AgNWs network fabrication is the nanowire spacing which is determined by the
computer-aided design. The photolithography equipment used in this study cannot produce
patterns below 1 um. Nonetheless, state-of-the-art e-beam lithography equipment can reach
dimensions as small as 10 nm. It should be noted that a spacing of 500 nm is enough to obtain
>95% mid-IR reflectance and >90% VIS transmittance. Although the manufacturing time is
greatly increased, once the mold is created it may be used repeatedly for nanoimprinting.
Moreover, the length of nanowires is dictated by the silicon wafer size. Our cleanroom limits the
wafer size for etching to 4-inches. However, synthesis of larger silicon wafers (8-inch and 12-
inch diameters) with the Si3N4 fins is possible with the appropriate equipment able to handle

larger wafers.
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