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Summaries

Wet chemical deposition of multifunctional conducting coatings made with a
nanocomposite suspension

A nanocomposite suspension made of redispersable crystalling In,0,:Sn (ITO) nanoparticles and a hybrid organ-
ic-inorganic additive was prepared io obtain single 600nm-thick, transparent, electrical ly-conducting layers. The
rheology of the suspension was adjusted so that the formulations could be used to coat differeni glass and poly-
mer substrates and foils using wet chemical deposition techniques such as spin coating, dip coating, spray coat-
ing and web coating. The optical properties (transmission, reflection, absorption) showed that the layers transmit-
ted more than 87% in lhe visible range, acted as infrared (IR)-shielding coatings for (A > 1.5um, and efiectively
reduced the intensity of solar light (Air Mass (AM) 1.5 Global solar spactrum). At the same lime, the lavers acted
as UV blockers for wavelengths less than 400nm, protecting the polymer substrates and foils from degradation
when exposed to UV irradiation. The layers exhibited a high canductivity (o~ 1100Sm-") which made them useful
for eleclrostatic and antistalic purposes as well as for devices that require a transparent conducting coating with
sheel resistance higher than a few k... Furthermore, the layers showed excellent adhesion on all substrates and
high resistance against abrasion and weathering degradation, results that are quite promising with respect to their
outdoor use.

La dépasition chimique humide de revétements conducteurs & fonctions muiti-
ples et préparés a partir d’une suspension nanocomposite

On a préparé une suspension nanocompasite & partir des nanoparticules redispersables cristallines de In,0,:Sn
(ITO) et d'un additif hybride organigue-inorganique afin d'obtenir des couches simples, conductrices d'électricité,
transparentes et d'une épaisseur de 600nm. La rhéologie de 1a suspension a été réglée afin de rendre les formula-
tions capables d'étre utilisées pour revétir des substrats et des feuilles (foils) variées en verre et en polymére, gréice
a des techniquas qui dépendent de la déposition chimigue humide telles que le dépdt 2 la tournelte, le revBtement
par immersion, la pulvérisation el Ie « web coating ». Les propriéiés optiques (iransmission, réllexion, absorplion)
ont montré que les couches lransmettaient plus de 87% dans le domaine de la gamme visible, agissaient en fant
que revétements protecteurs contre 'infrarouge (IR) pour (A>1.5m) et réduisaient, dune maniére eificace, l'inten-
sité de la lumisre solaire {masse d'air (AM) 1.5 specire solaire global). En méme temps les couches agissaient en
tant que bloqueurs d'UV pour les longueurs d'onde de moins de 400nm, en protégeant les feuilles et substrals de
polymére contre la dégradation pendant leur exposition a I'iradiation UV, Les couches ont fait preuve d'un haut
degré de conductivilé (o~1100Sm-") ce qui les a rendus utiles dans les domaines de I'électrostatique st de 'antis-
tatique aussi bien que dans te domaine des appareils qui demandent un revétement conducteur transparent ayant
une résistance par carré plus élevée que quelques k-, En plus les couches ont fait preuve d'une adhésion excel-
lente sur tous les substrats ef D'un haut niveau de résistance contre I'abrasion et les dégradalions dues aux intem-
péries. Ces résultats sont plutdt prometteurs pour ce qui concerne l'utitisation des couches & F'extérieur.

NaBchemische Deposition von multifunktionetflen leitenden Beschichtungen,
die mittels einer Nanokompositsuspension hergestellt wurden

600nm dicke transparente leitfahige Beschichtunglagen wurden miltels einer Nanokompositsuspension aus sedis-
pergierbaren kristallinen In,0;:5n (ITO) Nanopartikeln und einem organischyanorganischem Hybridadditiv
hergestellt, Die Rheologie der Suspension wurde angepaft, damit die Formulierung fdr die Beschichlung ver-
schiedener Glas- und Polymersubstrate und -folien mittels nafchemischer Depositionsmethoden wie Spin Coat-
ing, Dip Goating, Spray Coating und Web Coating verwendet warden kann. Die optischen Eigenschaiten (Trans-
mission, Reflektion, Absorption) zeigten, dai die Lagen zu 87% im visuellen Spekirum leiten, aber gleichzeitig als
Schutzlage fiir Infrarot von A > 1.5um dienen und damit die Intensitét von Sonnenlicht effektiv vermindern (Air
Mass (AM) 1.5 im glabalen Solarspektrum). Zur gleichen Zeit dienten die Schichten als UV-Blocker fir Wellen-
l4ngen von 400nm oder weniger, was die Polymersubstrate und -Folien vor UV-Degradation schiitzte, Die Schich-
en waren slark leitend (o~ 1100Sm™), was sie fiir elekirostatische und antistatische Anwendungen geeignet macht,
Sie sind ebenfalls fiir Anwendungen, die eine transparented leitende Beschichtung mit einem Fl&chenwiderstand
von mehr als ein paar kQ,, verlangen, gesignet. Darliberhinaus zeigten die Schichien hervorragende Adhéston 2u
allen Substraten und eine starke Abrasionsresistenz und Witterungsbestindigkeil, was sie vielversprechend fur den
AuBeneinsatz macht.




Introduction

Because of simultaneous combinations
of high electrical conductivity, high
transparency in the visible region and
high reflectivity in the infrared (IR)
region, transparent conductive layers are
very interesting systems and are impor-
tant in several industrial applications
such as low-emittance coatings and heat
mirror coatings, radiation shielding,
transparent electrodes, electrostatic
coatings, antistatic coalings and as gas
sensors.! Among the various known
transparent conducting oxides, indium
tin oxide (ITO) is one of the more inter-
esting materials for obtaining coalings
that have these physical properties and
can he used industrially for several appli-
cations.??

Such materials have been deposited on
many substrates using versatile physical
and chemical deposition methods, each
having advantages and disadvantages.
The chemical processing requires a rela-
tively high substrate temperature
{>300°C) in order to creale layers that
possess good optical and electrical prop-
erties, because a high deposition or sin-
tering lemperature is usually necessary
for crystalline films to be produced, This
requirement coes not allow the coaling
of polymeric substrates, pre-formed
glasses or devices based on amorphous
silicon that may be seriously degraded
during the deposition process or after
post-annealing. Moreover, the low tem-
perature, chemical deposition of inor-
ganic coatings onto these kinds of sub-
strates, using sols that are adequate for
high-temperature processing, resulls in
non-adhesive layers or in sofl, easily
scratched layers. Thus, new concepls
and approaches are required.

The concept used in this work was to
separate the crystallisation step of ITO
materials from the process of film forma-
tion. For this purpose, crystalline
nanoparticles had been prepared and
then redispersed in different lacquers,
This offered the possibility of curing the
layers either by a low-temperature ther-
mal treatment (< 150°C) or by UV light
irradliation when polymerisable organic
additives are used.4 Moreover, nanopar-
ticles lead to tow light scattering and to
high transparency of the coatings. Also,
overall, when a hybrid sol is used, the
acquisition of single thick coatings is
favoured.

Experimental set-up

The coating sols were obtained by dis-
persing a blue coloured ITO powder
having an average crystallite size of
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25nm (cubic In, O, structure) obtained
by a wet chemical precipitation
process.” The dispersion of the powder
was carried out in a viscous matrix of
ethylene glycol and a dispersing agent
using a milling process. A highly viscous
paste was obtained with a solid
nanaparticles content ranging between
70 and 75wt%. The ITO paste was then
dispersed under stirring for 30 minutes
at room temperature in an organic sol-
vent such as ethanol to obtain a pure
ITO suspension at different respective
concentrations. The blue suspension was
centrifuged at 4500rpm for ten minutes
to remove the larger agglomerates, and
then filtered using a 0.45um filter, The
ITO suspension was then moadified by
adding different amounts of pre-hydrol-
ysed 3-methacryloxypropyltrimethoxysi-
lane (MPTS) and mixed in an ultrasonic
bath for five minutes. The suspensions
were slable against aggregation for sev-
eral months.

The deposition of the modified suspen-
sions was achieved using, respectively,
spin-coating, dip-coating or web-coat-
Ing processes on glass substrates, plastic
substrates and foil substrates. After dry-
ing, all the coatings were UV-treated
under identical conditions (Beltron,
105mWem™ for five minutes) and by
annealing them at T < 150°C under N,
or forming gas (a mixture of 92% N, and
8% H.,) atmosphere for two hours.

Sol characterisation: The zeta potential
of the coating solution was measured
using an Acoustosizer |1 equipment (Col-
loidal Dynamics). Relevant values were
determined by titrating the pH, starting
from a value of 2 up to 12. The dynam-
ic viscosity of the sols was measured
according to DIN 53018 using a physical
rotational  Viscometer ME2 using a
ninepin disc accessory.

Coatings characterisation
Optical properties

The optical transmission properties were
determined using a Varian Cary 5E spec-
trophotometer in the wavelength range
of 300 to 3000nm. Haze and clarity
were measured using a ByK Cardner
Plus instrument {(ASTM D 1003). A
300W Xenon arc lamp, with an optical
filter providing a close match to the air
mass 1.5 Clobal solar spectrum (Oriel
Instrument, model SP81160-1452), was
used to measure the shielding of solar
radiation by measuring the intensity of
the irradiance through air, of the uncoat-
ed substrates, commercial conducting
glasses (a fluorine-doped tin oxide (FTO)
deposited on float glass plates called K-
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glass) and ITO-coated substrates, The
detector was a calibrated Ophir Nova
2A-SH thermopile having a flat broad-
band response between 0.19 and 20um,

Mechanical properties

The thickness (t) of the coating was
determined using a Tencor P10 pro-
filometer. The abrasion resistance of the
coalings was testec according to DIN
58196 - by rubbing the coatings with a
cloth (H25) or a hard eraser (G10) under
a load of 9.8N, the adhesion according
to DIN 58196-K2 {tape test) and ASTMD
3359 or DIN 53151 (lattice cut test) and
their hardness according to ASTM
P3363-92a (pencil test).

Electrical properties

The sheet resistance (R-) was measured
by the four points technique using a
Keithley picoammeter/voltage source
madel 487. The conductivity was calcu-
lated from o = TARD.

Results and Discussion

Sol characterisation

Figure 1 shows the measurements of
zela potential over a pH range 2 < pH
< 12 for a pure ITO suspension, The iso-
electric point of the suspension, pl—lh,p,
lies ab 7.5. It was therefore necessary Lo
use a pH < 6 in order to obtain stable
suspensions. The dispersed particles
with a positive potential higher than +
30mV formed a stable suspension and
no agglomeration was observed during
their storage at room temperature for
more than one year. The modified sus-
pensions used for the deposition of the
coatings had a pH of about 3 to 4.
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Figure 1: Zeta potentiol of ITO suspension
as a function of pH

Figure 2 shows the viscosity and shear
stress of the ITO paste, the pure ITO sus-
pension, and MPTS-modified ITO sus-
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pension as a function of the shear rate.
The diluted pure 1TO suspensions
(25wt% nanoparticles) and the modified
ITO suspensions (22wt% nanoparticles)
behaved practically as Newtonian fluids
in the evaluated main shear rate range, a
condition that is preferred for spin or dip
coating processes. The viscosity of the
paste (72wt% of ITO nanoparticles) was
much higher and clear shear thinning
behaviour was observed. This behaviour
was more appropriate for web-coating
processes.

Coating characterisation

Optical properties

Figure 3 shows the UV-VIS-NIR transmis-
sion  spectrum  of a  spin-coated
MPTS/ITO layer deposited on a bmm
float glass, on a 6mm float glass sub-
strate, and on a commercial conducting
glass (K glass). All of the spectra exhibit-
ed high transmission (T) in the visible
range. The substrate and K-glass showed
a large transmission window, extending
from the UV region up to A = 2.7um
and A = 1.8um (half value of T) respec-
tively. The transmission spectrum of the
nanocomposite MPTS/ITO layer sharply
decreased in the NIR (near infrared)
region and for A > 1.7um, the value was
almost T = 0. This effect came from a
high absorption peaking at A > 1.5um,
related to the high number of free carri-
ers and the low mobility of the carriers.!
A similar result is shown in Figure 4 for
the MPTS/ITO layer deposited on a
100um-thick PET foil.

Figure 5 shows the relative intensity of
the solar radiation (AM 1.5 Clobal) mea-
sured through air, a 6mm float glass sub-
strate, a K-glass and the MPTS/ITO layer
deposited on float glass. The intensity of
the irradiance through air was nor-
malised to 100. The uncoated glass sub-
strate reduced the value down o 86%,
the K-glass down to 71% and the
MPTS/ITO deposited layer on float glass
down to 60%. The MPTS/ITO layer was
therefore a good shielding coating
against the solar radiation.

Also, the coatings had a strong absorp-
tion in the UV region for A < 0.4um.
They can therefore act as a protective
layer against the degradation of the poly-
mer substrates when exposed to UV irra-
diation. For example, clear colourless
polycarbonate (PC) substrates change to
a yellow-brown colour, mass opaque
when exposed to UV irradiation but
retain their clarity and transparency in
the visible region when coated with the
nanocomposite layer. The layers exhibit-
ed a clarity and haze of 99.4% ancl 1.7%
respectively,
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Figure 2: Dynamic viscosity and sheér stress of thé iTO paste,‘é pure ITO and MPTS- k

modified 1TO sols as a function of the shear rate
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Figure 3: Transmission specttra in the UV-VIS-NIR region for a 6mm float glass substrate,

a K-glass and a MPTS/ITO laer deposited on a 6mm float glass substrate
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Figure 4: Transmission spectrum in the UV-VIS-

NIR region for a spin-coated MPTS/ITO

layer deposited on a 100pm-thick PET foil and the uncoated PET foil
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Figure 5: Intensity of a simulated solar
irradiation through air (normalised to 100),
a 6mm float glass, a K-glass and a
MPTS/ITO coated float glass

Electrical properties

A wide range in electrical conductivity of
the ITO layers was obtained, depending
on the volume fraction of the conduct-
ing ITO nanoparticles in the composite
suspension. Figure 6 shows the variation
of the electrical conductivity of UV-treat-
ed layers as a function of the volume
fraction of the conducting nanoparticles
in the nanocomposite suspension. The

values increased continuously from 10
(Sm ") to 3 x 10% (Sm™"). At low concen-
trations, the conducting particles were
distributed  without effective contact
between them. On raising the concen-
tration, the conducting particles started
to aggregate and form better contacts
with each other. Jing et al® explained the
electrical  conductivity  percolation
threshold for a polymer/conducting par-
ticle composite on the basis of the inter-
particle distance which decreases when
the particle size decreases and the parti-
cle volume fraction increases. A stable
electrical conductivity as high as
T100Sm™' was achieved for a single
570nm-thick MPTS/ITO layer UV irradi-
ated and then further heat-treated in a

Figure 6: Conductivity of a MPTS/ITO layer
deposited on PC substrates as a function
of the ITO volume fraction

reducing forming gas (non oxidising
atmosphere) at 130°C for two hours,
where oxygen vacancies were pro-
duced, resulting in more free electrons.

This range of electrical conductivity can
therefore he easily adapted either 1o
remove the electric charges from a sur-
face for which a sheet resistance < 10
k& is usually required” or to prevent the
accumulation of dust where a sheet
resistance in the range of M, is suffi-
cient.

Mechanical properties

The mechanical stahility of the coatings
is also an important factor to be taken
into  consicderation. The coalings gave
excellent adhesion on many glass sub-
strates, polymer substrates and foils
when tested with the tape test proce-
dure (DIN 58196-K2) and by the lattice
cut test (ASTMD 3359, DIN53151). The
resistance against abrasion was excel-
lent, according to the rubber test
(DIN58196-C10). The hardness mea-
sured using the pencil test (ASTM D
3363-92a) ranged between TH and 6H
as the concentration of MPTS of the
composite was increased.

The changes in electrical conductivity
and the optical transmission at 550nm of

Table 1: Changes of the electrical sheet resistance and transmission at 550nm of
MPTS/ITO coatings deposited on various polymer substrates after abrasion, adhe-

sion and humidity tests
Abrasion resistance

Adhesion resistance  Humidity resistance
DIN 58196-K2 95% RH, 60°C,
(tape test) 100 hours

PC PMMA PVC PET PC PMMA PVC PET

DIN 58196-G10
(rubber test)
Substrate PG PMMA PVC PET
Increase In shest 6 7 10 10
resistance (%)
Decrease in <1 2 2 3

transmission (%)

<t <1 <1 20 26 29 30

<1 <1 <1 3 5 5 7

PC = polycarbonate; PMMA = poly(methyl methacrylate): PYC = poly(viny! chloride); PET = poly(ethyleng terephthalate)
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MPTSATO coatings, deposited on differ-
ent polymer substrates, was measured
after applying different mechanical and
weathering tests. The results are listed in
Table 1. The values remain practically
identical except for those determined
after storing the layer at 95% relative
humidity during 100 hours. Here, the
electrical conductivity decreased by
about 20 to 30% and the transmission by
3o 7%.

Nevertheless, the coatings showed very
good optical stability, mechanical stabili-
ty and electrical stability after weather-
ing (IS0 4892-2) DIN 53 387, consisting
of two cycles of irradiance (340nm,
0.05W/m#nm, T = 65°C) and 50% rela-
tive humidity for 100 hours, These layers
appear, therefore, to be good candidates
for outdoor applications.

Conclusions

A hybrid suspension containing ITO
nanoparticles and MPTS in ethanol has
been developed into transparent con-
ductive nanocomposite 1TO layers via
wel chemical deposition methods on
several glass substrates and polymeric
substrates and foils. The coatings can be
fully processed at low temperatures (T
<150°C). The layers show high trans-
parency and clarity in the visible region
and reduce the optical transmission
effectively in the near infrared range.
The wide range of their electrical con-
ductivity values (¢ = 107 - 10'Sm™)
allows for the creation of antistatic and
electrostatic properties for the polymer
surfaces. The stability of the layers
against abrasion, scratch or weathering
degraclation is gool.
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