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ABSTRACT

This article reports on the fabrication and investigation of low-emissivity (low-E) coatings based
on random networks of silver nanowires (AgNWs). The transparent layers based on AgNWs do
exhibit low emissivity while being still transparent: an overall emissivity as low as 0.21 at 78%
total transmittance was obtained. A simple physical model allows to rationalize the emissivity-
transparency dependence and a good agreement with experimental data is observed. This model
demonstrates the role played by AgNWs which partially reflect IR photons emitted by the
substrate, exacerbating then the presence of AgNWs and lowering the total emissivity. The
potential use of such layers in functional devices is hampered by the poor intrinsic surface adhesion
of the AgNWs, which renders the coating fragile and prone to mechanical damaging. Two very
efficient encapsulation processes based on the deposition of a conformal alumina thin film using
the Spatial Atomic Layer Deposition technique and the solution processed layer deposition of a
polysiloxane varnish have been developed to thwart this weakness. Both coatings combine sturdy
mechanical resistance relying on a strong interfacial adhesion and excellent optical transmittance
properties. The performances for the mechanically resistant low-E coatings achieve an overall
emissivity as low as 0.34 at 74% total transparency. The set of optical properties and mechanical
resistance of the reported AgNWs based low-E coatings combined with the ease of fabrication and
the cost-effective production process make it an excellent candidate for a wide set of applications,

including smart windows for energy-saving buildings.



1. INTRODUCTION

The recent development of nanomaterials has generated hope in many fields. Interestingly some
nanomaterials were initially developed for specific applications, but have opened new possibilities
for other fields. Metallic nanowires, and in particular silver nanowires (AgNWs), raised at first

great expectations for the fabrication of flexible transparent electrodes. Along carbon-based
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nanospecies,'” metal meshes,’ polymers*® and many hybrid materials, AgNWs appear as a
promising alternative to existing transparent conductive materials based on thin layers of oxides
or metallic coatings.”!® Then other applications of interest such as sensors,''!? biomedical

1415and energy storage systems'®!” to name but a few, based on

devices,'? transparent film heaters,
the same building blocks have shown great potential. A still moderately reported application is
related to their potential use as an efficient low-emissivity (low-E) layer. It relies on the low
emissivity values in the mid-infrared range of AgNW based layers, while keeping high
transparency in the visible range. Low-E transparent materials are of interest for several
applications, like energy saving windows, ' thermal camouflage,'® or textiles for personal thermal
management.°

Only very few reports have been published so far on the potential of AgNWs coatings for
modulating IR emission. Larciprete ef al. first reported that such coatings, i.e. random networks of
AgNWs, could be valuable for IR signature reduction.?! Bobinger et al. compared these coatings
to uncoated glass, and pointed out that at high transparency (> 81%), the emissivity can be
decreased by more than a factor of 2. This evidenced that AgNW thin films can efficiently block

mid-infrared radiation, while keeping a high transparency in the visible and the near infra-red

spectra.’>E Similar results were reported by Gupta et al.?* and more recently a spray-coated



process based on AgN'Ws and polyvinylbutyral was reported.?* Although preliminary, these results

In this article, emissivity and transmittance of AgNW networks associated to different densities
are investigated. A simple physical model is proposed to understand the experimental relationship
between emissivity and transmittance, a fairly good agreement is obtained between experimental
data and the model. We also propose a straightforward process to fabricate low-E coatings based
on encapsulated AgNWs. Due to their low intrinsic resilience to mechanical constraints like
rubbing, peeling or scrapping, pristine AgNW networks must be physically protected by efficient
coatings. However these encapsulating layers should not deteriorate the low-E performances of
the active material. Several coatings deposited by dip-coating, vacuum processes and atmospheric
pressure spatial atomic layer deposition (SALD) have been evaluated and compared through
optical and mechanical characterizations.?® Thin alumina coatings deposited by SALD lead to

preserved low-E properties coupled with excellent mechanical resistance performances.

2. EXPERIMENTAL

* Inatypical synihesis,



2.2. Deposition of AgNWs

Square 25x25 mm? glass substrates from Corning were used as substrate. Before deposition, the
substrates were cleaned by sonication in an acetone/ethanol isovolumetric mix for 5 min, and then
dried under air. To enhance the hydrophilicity of the samples and facilitate a homogeneous
deposition of the AgNWs suspension, the substrates were treated by an oxygen plasma for 90 s.
The deposition was carried out using a Sono-Tek ExactaCoat coating system. The substrates were

placed on a heating plate at 130 °C. At thermal equilibrium, a 0.2 mg.mL™"' (measured by atomic



absorption spectrometry on a Perkin Elmer A Analyst 400) suspension of AgNWs in MeOH was

spray-coated through a moving ultrasonic nozzle on the substrate.

2.3. Encapsulation

Networks of AgNWs deposited on glass substrates were encapsulated using different coating
materials. Both spin-on glass (SOG) silica and a commercially available polysiloxane-based
varnish from Isochem (AE12) were deposited by a dip coating method. For silica, the samples
were dipped in the solution for 10 s, then extracted at a speed of 1 mm/s. For the encapsulation
using AE12 varnish, the samples were dipped for 5 s and extracted at 0.75 mm.s™!. The coating
was then removed from the rear face of the substrates using ethanol, and the samples were annealed
in an oven at 100 °C for 1 h. Aluminum-doped zinc oxide (AZO) at 4% atomic doping was
deposited using physical vapor deposition (PVD) MRC-603 system under 4 mTorr pressure at 2.4
W.cm RF power. Indium-tin-zinc-oxide (ITZO) layers were obtained by a PVD Alliance Concept
DP1100 equipment with a In;03-90%:Sn0>-3%:Zn0-7% target under 1.2x10~ mbar at 0.7
W.cm™. The coatings of silicon oxycarbide (SiOC) layers were obtained by a plasma-enhanced
chemical vapor deposition (PE-CVD) under 0.25 mbar at 022 W.cm?, from an
octamethylcyclotetrasiloxane (OMCTSO) liquid precursor. AZO, zinc oxide (ZnO) and alumina
(ALO3) layers were deposited by a home-built SALD system?*>°. Diethylzinc (STREM chemical)
and Trimethylaluminum (GmbH) were used as the precursors, the speed motion was set to 200

mm-s” (170 mm-s™ for AL,Os) with a distance between the head and the substrate of 150 pm.

2.4. Optical characterization

The total transmittance spectra between 380 nm and 780 nm were recorded using a UV-visible

spectrometer Varian Cary 5000 equipped with an integrating sphere. Infrared total reflectance



spectra between 2 um and 20 pm were recorded using a Bruker Equinox 55 FT-IR spectrometer

equipped with an integrating sphere. The emissivity € was then calculated according to equation

(1):

fff LE(T)«(1-Ry) d2
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Where A1 =2 pm and A = 20 pum, Ry is the total reflectance of the sample at a wavelength A and

L5 (T) is the blackbody radiance at a temperature T, according to Planck’s law:
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where A4, ¢ and k are, respectively, Planck’s constant, light celerity in vacuum and Boltzmann

constant.

All calculations have been referenced to a blackbody at a temperature of 20 °C, as the range of

temperature for low emissivity coating application varies from -50 °C to 100 °C.

2.5. Electrical characterization

The electrical resistance of thin films was determined using a 4-point probe method with a Loresta
resistivity meter EP MCP-T360. For each sample, 5 measurements were conducted to calculate

the average sheet resistance of the layer.

2.6. Mechanical characterization

To characterize the efficiency of the studied protective layers, two mechanical tests were used.
Peel tests were performed using a 3M Scotch® Crystal tape. The tape was placed on top of the

protective layer, on one half of the specimen area for the sake of comparison, and then removed.



It was thus possible to notice the potential degradation of the AgN'W network with the naked eye.
Cross-cut adhesion tests were also conducted on the samples according to the ISO 2409 Standard
method. A 6-blades cutter was used to carve a lattice pattern through the coating. Tape was applied
on the carved area of the sample and then quickly removed. Microscope images of the as-prepared
samples were analyzed to determine the resistance of the protective layer. The capping layer was

considered adhesive if less than 5% of the test area was degraded.

3. RESULTS AND DISCUSSION

The principle of low-emissivity coatings relies on the ability of the coating to reflect IR radiations
in a certain wavelength range, and thus to help towards heat management. Typically, for energy
saving windows, low-E coating reflects the heat back to the sun in the summer, while during winter
the heat from the inside comes up against the Low-E coating, being reflected back into the house.
This is schematized in Figure 1a-b and exemplified in Figure 1e-f-g and 1h-i. In the first example,
two identical samples were prepared by spray-coating of AgNWs (Fig. 1 c-d), and placed behind
substrates with and without AgNWs based low-E coating, and submitted to a calibrated IR
radiation beam (see Figure 1e). Both vials contain the same thermochromic ink, which undergoes
a color change at a specific temperature (blue <> white at 43+2 °C in this study). It can be observed
that without low-E coating the temperature on the other side of the raw sample is higher, leading
to a white color switch of the thermochromic ink (Figure 1f,g). Similarly, in Figure 1h, the two
glass substrates with and without low-E coating were placed in front of an IR camera, at a distance

of 50 cm. The substrate on the right was half-coated with an AgNWs layer. An experimenter



wearing glasses stood behind the IR camera, in a way that the IR radiations emitted by his face

could be reflected by the substrates and detected by the IR camera (wavelengths 7.5 — 14.0 um,

see Figure 11).
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Figure 1. (a) Schematized principle of optical measurements: the specimen’s transmittance is
measured at the wavelength of 550 nm while the reflectance is measured over the range 2-20 pm.
Low-E coatings can be useful during summer when IR light from the sun is mainly reflected while
the transmittance in the visible is high; (b) black body radiance calculated at the heat source
temperature (5900K), associated to the sun surface temperature, and a specimen at room
temperature (300K). The latter has been multiplied by a factor 3,000 for the sake of comparison;
(c) Scheme of the spray-coating process; (d) SEM image of a sprayed random network of AgNWs;
(e) Schematic top view of the setup used to show IR reflective effect of two transparent 10x10 cm?
samples (without and with AgNW coating on the left and on the right side respectively) on
thermochromic ink samples (blue to white switching temperature at 43°C) and images of the actual
setup and inks. The source was composed of three halogen lamps Haloline 750 W 230V R7S from
OSRAM. (f) before and (g) after IR radiation; (h) Schematic top view of the setup used to show
the IR reflective effect on the face of an experimenter and (i) associated IR images.

The low-E coatings were fabricated using AgNWs with dimensions of about 65 £ 12 nm in
diameter and 6 + 2 um long. Samples with various coverage loadings (i.e. network density) were
prepared in order to reach different transmittance values, the latter being correlated linearly with
the areal mass density.?!*> The emissivity values in the mid-IR range (2-20 pum) as a function of
the transmittance (measured at A = 550 nm) were plotted in Figure 2a and compared to other recent
studies.?>**?% For low-E coatings, the searched area is situated at the bottom right of the figure,

associated with low emissivity and large transmittance values.
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Figure 2. (a) Emissivity of AgNWs layers as a function of their total transmittance (measured at
550 nm, or 633nm for Pantoja et al.) and comparison with the state-of-the-art literature from
Bobinger??, Pantoja** and Lin?® reports. Standard AgNWs (L= 6 um and D= 65 nm) were used.
The dashed line is associated to the model proposed in this article (see eq.(3)); (b) Impact of the
AgNWs dimensions on the relation between emissivity and total transmittance (at 550 nm) of
AgNW networks. The dimension of the nanowires are the following: AgNW1: L=6 pm and D=65
nm (FF=92, red dots), AgNW2: L=9 um and D=93 nm (FF=97, black squares), AgNW3: L=15
um and D=37 nm (FF=398, blue triangles).

The comparison indicates a similar trend, confirming that AgNWs films can exhibit a low
emissivity at a high transparency, which renders this technology particularly relevant. For instance
an emissivity value of 0.53 was measured at 82% transparency.

In order to rationalize the dependency between emissivity and transparency, a simple physical
model is proposed here and developed further in the supplementary information. The relationship
between the emissivity of the AgNW network, E,,, and its transparency, T,., can be derived as

follows:

m

En = JEAQ "4 (BN FESO(1—n) + (ES — EA9).T,)? eq.(3)
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where E;;llg and ES¥P are the emissivity value of a very dense AgNW network (or silver) and bare
glass substrate, respectively. ES*? was experimentally determined on the substrate, a value of 0.94
was measured.

As described in the SI, the coefficient 7 is associated to the fact that AgNWs do partially reflect
IR photons emitted by the substrate, exacerbating the role played by the presence of AgNWs. This
is for instance why, as shown in Figure 2a and 2b, for a transmittance below 60% (for which the
areal surface fraction of the substrate covered by AgNWs is about 40%) the emissivity is already
close to the one of silver. By construction the coefficient 7 is larger than unity, and is the only
fitting parameter of this simple physical model. In other words if the AgNWs were to be replaced

by perfectly flat Ag and substrate surfaces the coefficient n would be unity, though when

considering its third dimension 7 is larger than unity. By considering that E,flg , ES¥P and 1 are
respectively equal to 0.04, 0.94 and 2.17; a good agreement between the proposed model and the
experimental data is observed, as shown in Figure 2a. In particular a linear relationship between
the emissivity and the transparency is observed from 60 to 90% transparency, a range where most

applications are considered.

This model sheds light on the key role played by the reflectance of AgNWs of IR photons emitted
by the bare substrate. Therefore one can expect that the nanowires dimensions should play a role.
Since the dimensions of the AgNWs can be controlled by adjusting the synthetic protocols,?’ three
batches of different AgNWs were prepared to evaluate this potential. The average diameter (D)
and length (L), as well as form factor (#F) which is the ratio of the length divided by the diameter
are the following: AgNW1 (D=65 nm, L=6 pm, FF=92); AgNW2 (D=93 nm, L=9 pm, FF=97)

and AgNW3 (D=37 nm, L=15 pum, FF=398). The influence of AgNWs dimensions on the

12



emissivity-transmittance dependence is observed in Figure 2b. The same tendency observed in
Figure 2a is reported but with slightly different n values. The fine dependence of 1 upon AgNWs
dimensions on the emissivity-transparency relationship appears complex, it is considered beyond
the scope of this article. However one can already observe that thinner and longer AgNWs
(associated to large FF values) can be of interest for low-E coatings since the network fabricated
with AgNW3 exhibits slightly lower emissivity at a given transparency. Emissivity values as low
as 0.21 at 78 % visible transparency were achieved. It should be noted that for various applications
such as architectural glass or energy-saving windows, where high transparency is a crucial factor,
an emissivity value below 0.4 is already perfectly suitable.?* Recently, low emissivity coatings
have also been studied in hybrid photovoltaic-thermal devices. Enhanced performances of such
devices were observed with incorporated layers having emissivity values in the range 0.13 —
0.25.*% This means that a large range of applications could be targeted with a fine control of the
AgNW dimensions and loadings.

Although these results are very promising, from an applicative point of view, a sole deposition of
AgNWs on surfaces does not appear realistic. Indeed, AgNWs adhesion on surfaces such as glass
or plastic is not strong. Such unprotected layers are very prone to degradation due to rubbing or
scratching processes.?’ In addition, environmental conditions can also lead to silver oxidation or
sufidation.*®37 It thus seems necessary for both product life-time and nanosafety issues®’*%4° to
ensure long-term preservation of the coating performances. To this end, an efficient encapsulating
system is searched for.

The choice of possible protective coatings should be carefully considered since they can strongly
alter the intrinsic performances of the active layer.*' The improvement of the adhesive and

mechanical properties should not come at the expense of the optical properties. Three different
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approaches were considered in this work. The first one is a solution-based technique that consists
in the deposition of a thin layer of material by dipping the substrate in a solution. Two different
coatings were applied by this method. First an antireflective silica coating based on the
polymerization of tetraethoxysilane (TEOS) through sol-gel processing in the presence of
ammonia, a basic modifier, was evaluated.*” Second, a commercial polysiloxane varnish (AE12)
was assessed onto the AgNW networks. Just after being dip-coated under optimized conditions,
the rear face of the substrates was rinsed with ethanol. The samples were then cured at 100 °C for
1 h to ensure full reticulation of the polymer.

The second coating method relied on vacuum based deposition techniques of three materials,
namely indium tin zinc oxide (ITZO), aluminum doped zinc oxide (AZO) and silicon oxycarbide
(S10C). ITZO and 4% Al doped AZO were deposited by physical vapor deposition (PVD) whereas
SiOC was prepared by plasma enhanced chemical vapor deposition (PECVD) from

octamethylcyclotetrasiloxane.

The third family of coatings was prepared by spatial atomic layer deposition (SALD), a recent
open-air, high-throughput technique that has proven to be an effective approach to deposit
protective coatings for metallic nanowire networks.?*** AZO, ZnO and alumina (Al,O3) were
evaluated and benchmarked with the other techniques. Optical measurements in terms of
transmittance and emissivity variations were performed on all samples and compared to bare

AgNW networks. The results are presented in Figure 3.
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Figure 3. Protective layer impact on low-E coating optical properties: (a) Relative transmittance
(measured at 550 nm) shift and (b) relative emissivity shift (2-20 um) induced by deposition of
different protective layers on AgNWs networks, when compared to the non-coated AgNW

network.

As shown in Figure 3a, the transmittance of the networks was altered for all the coatings. Positive
variation of the transmittance were noted for SIOC and SOG, which was expected regarding their
known antireflective properties.**#>#¢ This means that the transmittance was slightly enhanced, in
particular by the SOG layer. For all other coatings, decreases in transmittance were measured, with
significant discrepancy. ITZO lowered drastically the transmittance as well as PVD deposited

AZO. The smallest losses of transmittance (< 5%) were observed for the polysiloxane varnish and
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thin alumina layers made by SALD. Regarding the emissivity (Figure 3b), ITZO led to a high
decrease whereas most of the other materials induced a positive shift. The most interesting
combination thus appears to be a thin layer of alumina deposited by SALD. For 30 and 60 cycles
of SALD deposition, i.e. about 25 and 60 nm thick coatings, both the transmittance and the
emissivity values remain almost unaffected. This is a very interesting result since it gives access
to a very thin protecting layer which does not induce a significant modification of the optical

properties.

To be of tangible interest, the coating should combine a set of properties in addition to maintaining
the intrinsic optical properties of these low-E coatings. Among the expected assets of the
encapsulating layer, resilience to peeling and scratching is crucial. We performed specific
experiments to tackle this issue. First a simple peeling test was carried out with a Crystal Scotch®
from 3M™ to assess the potential change in adhesion after the coating deposition. The second test
we performed was based on the ISO 2409 Standard method, a protocol for assessing the resistance
of the coatings to separation from substrates when a right-angle lattice pattern is cut into the
coating, penetrating through to the substrate. The main results obtained from optical and
mechanical characterizations are summarized in Table 1. As shown previously, a thin oxide
coating on AgNW or CuNW clearly improve network’s stability compared to bare
AgNWs-304344 "While this long term stability was not investigated in depth in the present article,
we observed that the emissivity values of the coated AgNW network have not changed over a

period longer than 12 months ago, which is indicative of their stability.
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Table 1. Compilation of the optical and mechanical results of the encapsulated AgNWs based
low-E coatings, for which several methods and protective coatings were investigated.

| No |
| protective Liquid process Vacuum process SALD
H layor 1 H

sog P mzo  sioc AZO AZO Zn0 ALO,

{120 nm) m @00nm)  (200nm)  (200nm)  @25om)  @5nm)  (25nm)

——Q Q0000 O ® 0
==1010/0/070/0'0 @0

Transmittance 75.3 80.8 73.5

(% at 550 nm) 70.5 52.6 72.3 71.5 741

Emissivity
@20pm) 0.39 | 043  0.37 0.24 0.41 0.44 0.39 0.38 0.37

Concerning the mechanical resistance tests, several encapsulating layers appear suitable, for every
kind of deposition process. The most valuable coatings, combining optimal marks related to all the

parameters included as entries in Table 1, appear to be the polysiloxane varnish and the alumina

deposited by SALD. It is worth noting that in addition to the above mentioned performances, both

More precisely, the best candidate is the process based on the thin Al,O; coating obtained by

SALD. In this case, there is almost no change in both transmittance and emissivity, and the

17



mechanical performances are excellent. [DHCINAYNIONUTIICINOPIIZCNNCHCORNENOTNATNW
coating as those performed by Aghazadehchors et al..** This constitutes one of the prospects of
this work in order to efficiently integrate such efficient low-E coating in industrial devices. Finally
the polysiloxane coating is also very efficient and very easy to process on large surfaces in ambient

conditions.

4. CONCLUSIONS

In this work, AgN'W networks have been deposited and carefully investigated for low emissivity
applications. A simple physical model is proposed to explain the physical origin of the emissivity
dependence with transmittance. A good agreement is obtained in spite of the simplicity of the
model. In order to provide mechanically resistant and optically neutral coating for AgNW based
low-emissivity layers several deposition methods, as well as different materials, have been
investigated. This study demonstrates that the association of spray deposited AgNW networks with
different encapsulating layers results in very efficient systems. In particular, SALD deposited thin
(25nm) alumina layers proved very effective, and a commercial polysiloxane varnish deposited by
simple dip-coating also led to very good results. It is worth mentioning that both techniques are
associated with large surface and low-temperature covering feasibility, without the need of
expensive vacuum equipment. We hope that the reported approach could expand the use of AgN'W

based low-E coatings and be implemented for the fabrication of functional products.
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