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Abstract. The paper reviews a low temperature sol-gel processing of transparent and antiglare conducting Sn
doped indium oxide (ITO) coatings. The approach uses already crystalline nanoparticles which can be fully re-
dispersed in an ethanolic sol containing a polymerisable organic binder. Thick single layers up to 600 nm can be
deposited by spin and dip coating techniques followed either by a low temperature (<130°C) heat treatment or by
a UV light irradiation. Stable resistivity down to 9.5 x 1072 Qcm (sheet resistance of 1.7 kQ, for a 560 nm thick
layer) have been obtained, together with high visible transparency (T =~ 87%), good adhesion (DIN 58196-K2, and
53151) and abrasion resistance (DIN 58-196 G10 and H25) and 1 H hardness. Irradiation through a mask allows to
easily pattern the coatings. Antiglare-conducting coatings with adjustable gloss (60 to 80 GU) and maintaining a
good optical resolution (>8 lines/nm) were obtained by a conventional spraying technique. These techniques have
been successfully applied to several plastic substrates such as polycarbonate (PC), polymethylmetacrylate (PMMA),

polyimide, polyethylene (PE) as well as glasses.
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1. Introduction

Transparent conducting oxide (TCO) coatings are to-
day essential components in numerous applications
when a high transmission is required in combination
with a high electrical conductivity. Such coatings are
therefore used as electrodes in photoelectronic devices,
as IR reflecting or heatable layers, for electromagnetic
shielding, for dissipating static, etc. [1, 2].

Wide band gap (Eg>3 eV) n-type semiconduc-
tors such as tin doped indium oxide (ITO), antimony
doped tin oxide (ATO) or aluminium doped zinc oxide
(AZO) are among the most important and often used
TCO materials. Such coatings are usually deposited by
PVD (Physical Vapor Deposition) or CVD (Chemical
Vapor Deposition) techniques [3]. These technologies
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are rather costly but produce the lowest sheet resis-
tance (typically 10 ©24) and adequate optical proper-
ties. Wet-chemical processing of TCO films is also a
well adapted technique [4]. It is a low cost alternative
especially if a low sheet resistance is not of prime im-
portance. It allows to coat small to large flat substrates
but also complex shaped substrates and cavities like
tubes [5], difficult to obtain with the other techniques.
Additionally, the excellent homogeneity and smooth-
ness of sol-gel coatings can be used to smoothen rough
surfaces [6].

Among the wet chemical processes to obtain TCO
coatings, the most frequently used is the sol-gel pro-
cessing. It is based on the hydrolysis of soluble metal
precursors in solution of organic solvents like alcohols.
The gel film deposited has however to be converted to
an oxide film by subsequent drying and heat treatment
steps at relatively high temperature. A similar approach
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is followed by metal-organic deposition (MOD) where
the oxide film is formed by thermolysis of the dried pre-
cursor film. These two processes require therefore heat
treatment steps at a temperature ranging from 400°C
up to 1000°C to obtain good electrical, optical and me-
chanical properties [4]. Moreover these techniques do
not allow to deposit thick layers and a low sheet resis-
tance (the ratio of the specific resistivity to the thickness
of the coating) can only be obtained by multilayers
coatings, i.e. by repeating the whole coating proce-
dure, a process not well adapted for industrial appli-
cation. These techniques are therefore not adequate to
coat substrates which do not withstand a posterior heat
treatment like plastics and also glass devices already
preshaped.

Only two “sol-gel” processes are reported in the
literature to obtain transparent conducting coating,
especially ITO ones, at low temperature.

A Japanese group [7-9] succeeded to crystallize
at room temperature sol-gel ITO coatings deposited
on plastics substrates by exposing them to a low
fluence UV irradiation of an ArF laser (193 nm,
1020 mJ/cm?). The surface temperature did not in-
crease higher than 30°C. However the authors could
only obtain a conductivity (typical resistivity of 6 x
10~2 Qcm, sheet resistance of about 6.6 k) for
coatings deposited on polyimide, polyethylene tereph-
thalate (PET) and glass. The process failed for poly-
carbonate (PC) and polyethel-ethel-ketone (PEEK)
substrates, as presumable microcracks are generated in
these coatings by photodegradation of these substrates
during the UV irradiation [8]. No comment on the
mechanical properties of the layer has been reported.

A completely different route has been proposed
by us and successfully worked out for many plastic
substrates. The idea was to develop hybrid organic-
inorganic sols containing the highest possible amount
of already conducting crystalline oxide ITO nanopar-
ticles [10, 11]. The major advantages of this technique
are the separation of the crystallization step of the TCO
material from the process of film formation on the one
hand and the redispersability of the obtained nanopar-
ticles in a variety of lacquer composition on the other
hand. This offers the possibility of curing layers either
by a low temperature thermal treatment (<130°C) or
by UV light irradiation by using polymerisable organic
additives [12, 13]. Also a high nanoparticles filling of
the sol containing an adequate organic binder should
assure a reasonable conductivity. The use of nanopar-
ticles will lead to a low light scattering and to high

transparency of the coatings and, overall, the use of
a hybrid sol should also favor the obtention of single
thick coatings.

The paper reports on the state of the art of the prepa-
ration of ITO nanoparticles coatings at low temperature
and their optical, electrical, mechanical and textural
properties [12, 14-16].

2. Experimental
2.1. Precursors

In,O3:Sn crystalline nanopowders with primary size
adjustable up to about 20 nm and having the cubic
In, O3 phase were prepared by a controlled growth tech-
nique. The detailed preparation can be found in [10, 11,
17, 18]. A solution of 0.5 mol indium (IIT) chloride in
1000 ml ethanol containing 8 mol% SnCly (with respect
to In) is added dropwise to an aqueous ammonia solu-
tion (25 wt%) containing S-analine. After a heat treat-
ment at 80°C for 24 hours the resulting powder is iso-
lated by centrifugation and then thoroughfully washed
with water. After a drying step at 60°C, the powder
is annealed at temperature up to 350°C in a reducing
atmosphere containing N, and H, (volume ratio 9: 1).
The so-obtained powders are crystalline with crystal-
lite size up to 23 nm, a density of 6.67 glcm® (95%
of the theoretical density) and blue in color, indicating
that they are conducting.

2.2. Sols

The powders are first mechanically redispersed in ethy-
lene glycol with a carbon acid as dispersing agent. The
so-obtained blue paste, with solid content up to 60 vol%
is stable several months without evidence of agglom-
eration if a pH < 6 is maintained (pHjep, = 8.5) Ethano-
lic solutions containing lower amount of ITO particles
can be used for the obtention of thick coatings sintered
at high temperature [15]. Figure 1 shows an HRTEM
micrograph and the hydrodynamic particle size distri-
bution of a sol prepared with powders heat treated at
350°C. A lower heat treatment temperature leads to
smaller particle size.

To obtain conducting layers at low temperature,
a small amount of a hydrolyzed binder such as 3-
glycidoxypropyl trimethoxysilane (GPTS) or preferen-
tially 3-methacryloxypropyl trimethoxysilane (MPTS)
is added under ultrasonic agitation. A photostarter
such as Irgacur 184 is also added to perform the
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Figure 1.

hydrodynamic particle size distribution in the suspension (from [16]).

polymerization of the binder. Such sols can be used
for spin and dip coating conducting transparent layers
or spraying conducting antiglare layers.

2.3.  Coating’s Process

Transparent coatings with thickness up to 600 nm have
been obtained by spin or dip coating processes. Typical
process parameters are 1000 rpm and 4 mm/s respec-
tively. Substrates such as glass, PC, PMMA, PE, poly-
imide have been used. The best coating properties are
obtained by first submitting the wet coating to a UV
irradiation (typical average intensity 105 mW/cm? for
110 s (Beltron)) with a further heat treatment at 130°C
up to 20 h. A post annealing under forming gas or N,
atmosphere performed at 130°C during 2 h improves
further the electrical properties.

Antiglare conducting coatings have been obtained by
spraying the substrates with the same sols for a period
of 15t0 20 s with a SMTA mini-jet gun (0.5 mm nozzle,
3 bar). The coatings have been further processed as
described above.

2.4. Characterization of the Coatings

2.4.1. Textural Properties. The surface morphology
of the coatings was analyzed using a white light inter-
ferometer (WLI) and AFM (Zygo Newview 5000) and
Scanning Electron Microscopy (SEM-JEOL 6400).

Particle size [nm]

Left: HRTEM picture of crystalline InpO3:Sn nanopowder after annealing and redispersion in ethanol (pH 4). Right: typical ITO

Coating cross sections were observed by High Reso-
lution Transmission Electron Microscopy (HR-TEM-
Philips, 200 KeV).

2.4.2. Optical Properties. Optical transmission and
reflection were determined using a Varian Cary 5 E
spectrophotometer in the wavelength range 300 to
3000 nm. IR spectroscopy was performed with a Bruker
IFS 66V instrument. Haze, clarity and gloss were mea-
sured using a ByK Gardner plus and a micro-TRI
reflectometer.

2.4.3. Mechanical Properties. The thickness (¢) of
the coating was determined using a Tencor P10 pro-
filometer. The abrasion resistance of the coatings was
tested according to DIN 58196—rubbing with a cloth
(H25) or an eraser (G10) under a load of 9.8 N, the
adhesion according to DIN 58196-K2 (tape test) and
ASTMD 3359 or DIN 53151 (lattice cut test) and
their hardness according to ASTM D3363-92a (pencil
test).

2.4.4. Electrical Properties. The sheet resistance
(Rp) was measured by a4 points technique or a contact-
less measurement device (Lehigton Electronic Inc.).
The resistivity was calculated from p = R - t. Carrier
density and mobility were measured using a MMR van
der Pauw equipment.
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Figure 2. Sheet resistance of a 570 nm thick MPTS/ITO (6 vol%)
coatings measured after different treatments in air. A: as deposited;
B: as deposited + heat treatment in air at 130°C during 10 h; C:
as deposited + UV irradiation (110 s, 105 mW/cm3); D: process
C + heat treatment in air at 130°C/10 h; E: process D + reducing
in forming gas at 130°C/2 h.

3. Results and Discussion
3.1. Transparent Conducting Coatings

The lowest sheet resistance, R, was obtained using a
hybrid sol containing 6 vol% MPTS. The evolution of
R for a 500 nm thick single layer deposited on a 3 mm
thick PC substrate is shown in Fig. 2. After a heat treat-
ment at 130°C (process B), the sheet resistance is only
reduced from 10720 to about 7 x 10° Q. However

LA
<

if a UV treatment is performed (process C), the values
drop down to 8 k27 and to even lower values, 6 k2,
if an additional heat treatment is performed (process
D). A further annealing in a reducing atmosphere at
130°C during 2 h further decreases the sheet resistance
to 800 2 (process E).

These variations are due to the different morpholo-
gies produced by these processes as shown by the
HRTEM cross-sections of the coatings (Fig. 3). The
right micrograph shows the morphology obtained after
a heat treatment at 130°C (process B). The ITO parti-
cles are not bound together so that the sheet resistance
is high. The left micrograph reflects the morphology
obtained after UV irradiation and shows that the ITO
particles are arranged in a compact way and bound to-
gether by small strips of polymerized MPTS, leading
to a higher conductivity. IR spectroscopy performed
on a coating submitted to process D (Fig. 4) shows
also that the C=C band at 1630 cm™! is completely
eliminated and that the C=0 band at 1716 cm™' is
strongly reduced. The elimination of the organic groups
is however not complete. This leads nevertheless to a
well defined Si—O—Si network (band at 1080 cm™!)
which links the conducting particles together. The UV
treatment appears therefore fundamental.

The sheet resistance values have been measured im-
mediately after the processing of the coatings and are
stable if the layers are kept in vacuum or in a pro-
tective atmosphere (e.g. Ny, Ar). Unfortunately, R
slightly increases slowly with time to reach a stable

S nm

Figure 3. HRTEM cross-sections of ITO-MPTS coatings obtained after process B (right) and D (left).
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Figure 4. IR spectra of pura MPTS (as deposited) and MPTS/ITO

coatings deposited on a Si wafer. HR: heat treated in air at 130°C,
15 h, UV: UV irradiated at 105 mW/cm?, 110 s (from [16]).
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Figure 5. 'Time evolution of the sheet resistance of a 570 nm thick
MPTS (6 vol%)/ITO coatings left in a protective atmosphere (vac-
uum, Ny, Ar) and in air. The coatings have been initially post annealed
in a reducing atmosphere (from [14]).

value of about 1.7 k2 in air (20°C, 40% RH) af-
ter about 7 days (Fig. 5). The process is reversible:
a new short time UV irradiation of same intensity
(105 mW/cm?, 120 s) allows to recover the lowest sheet
resistance. This change of the sheet resistance during
air storing depends on the thickness of the coating.
The thicker the coating is, the smaller the variation is
(Fig. 6).

The mechanisms leading to these variations are not
yet clear. Besides the polymerization effect of the
MPTS which bring and hold close together the ITO
particles, the reversible change of R in air involves
primarily a decrease of the electron density n while
the mobility of the electron only slightly decreases by

:O)

R, (7 days) /R (t

0 15 300 450 600 750 900 1050
Thickness [ nm ]
Figure 6. Ratio of R measured after 7 days storing in air (20°C/

40 RH) and immediately after the reducing treatment (¢ = 0) versus
the thickness of the coatings.

25%. The surface properties such as the work function,
the contact angle (surface energy of the coatings) are
also drastically affected [19]. Both the UV and reduc-
ing treatment are thought to diminish the concentra-
tion of chemisorbed oxygen species adsorbed on the
surface of the ITO particles which act as free electrons
surface state traps, enhancing the carrier concentration
and consequently decreasing the sheet resistance. The
back reaction, diffusion of O, species into the coating
followed by a chemisorption at the ITO grains decreas-
ing n and increasing R is possible as the coatings are
still porous.

The surface morphology of the coatings (process
D, E) observed by SEM (Fig. 7) consists of loosely
packed globular grains (raspberry like) about 100 nm
in size formed by the aggregation of the ITO nanopar-
ticles linked together by a small strip of polymerized
MPTS (dark regions). The coating roughness measured
by WLI on a 53 x 70 um? area with a lateral resolu-
tion of 600 nm is R, = 0.85 nm, with a peak-to-valley
maximum value of Rpy = 15 nm. When measured with
a higher resolution on a 1 x 1 wm? area (AFM), the
values are R, = 6 nm.

The optical transmission and reflection spectra of
a 3 mm thick PC substrate uncoated and one coated
with a 500 nm hybrid ITO layer is shown in Fig. 8.
A high transmission of about 87% is observed in the
visible range. The influence of the carrier is clearly
seen by the strong absorption occurring in the near IR
range (900 nm < A < 2000 nm) and the increase of the
reflection for A > 2 pum.
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Figure 7. SEM picture of the surface (top) and HR-TEM cross-
section (bottom) of a MPTS/ITO coating UV cured (110 s) and then
heat treated at 130°C, 15 h (from [14]).
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Figure8. UV-near IR transmission (7') and reflection (R) measured
against air of a 500 nm thick MPTS/ITO coating deposited on a 3 mm
thick polycarbonate (PC) substrate and of an uncoated PC substrate
(from [14]).

Table 1. Mechanical properties of transparent conducting ITO
coatings deposited on a PC substrate.

c,d

Adhesion®  Adhesion® Abrasion Hardness®

ok Gt O Class 1 (b) Class 1 (c) 1H

aDIN 58196-K2.

b ASTMD 3359, DIN 53151.
°DIN 58196-H 25 (cotton).
IDIN 58196-G10 (eraser).

¢ ASTM D 3363-92 a (pencil).

The mechanical properties of the coatings deposited
on PC substrate studied by various test are summa-
rized in Table 1. The adhesion is in agreement with the
Tape test procedure (DIN 58196-K2) and the result of
the lattice cut test (ASTMD 3359, DIN 53151) is Gt 0
(the cutting edges are completely smooth). No scratch
(class 1) was observed after 10 rubbing cycles with an
eraser under a load of 10 N (DIN 58196-G10). The
milder test rubbing with a cotton cloth (DIN 58196-
H25) is also class 1 after 25 cycles. The hardness mea-
sured using the Pencil test ASTM D 3363-92a is 1 H.
Higher values are obtained when the amount of MPTS
is increased, but such coatings present also a higher
value of the sheet resistance.

These mechanical properties are quite similar to
those obtained with a commercial conducting polymer
such as Baytron® P.! However, the transparency of the
ITO coating in the visible range is far better, especially
for thick coatings and the chemical and environmental
stability are also much higher.

The coatings are easily patterned by selective UV
irradiation using either a mask, a UV laser beam or UV
holography. The exposed part strongly adheres to the
substrate and the nonexposed part is easily washed in
ethanol. Figure 9 shows a typical line pattern obtained
by UV irradiation through a metallic mark placed
directly on top of the wet coating.

3.2.  Antiglare Conducting Coatings

Antiglare conducting coatings have been obtained by
spraying followed by the same post deposition treat-
ments. The spray gun delivers droplets with an aver-
age size of 25 um. When arriving on the substrate
they spread and form a rough surface which can be
polymerized following the same treatments (e.g. UV
irradiation 4 heating at 7 &~ 130°C). The thickness of
the coatings can range up to a few pum.

The surface morphology of such coatings consist of
10 to 100 um features with an average roughness of
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Figure 9. Line’s pattern obtained by selective irradiation through a mask and removing the non-exposed area by washing in ethanol.

R, = 0.2 um and peak to valley height of 0.8 um
(Fig. 10). Similar sheet resistance values and mechani-
cal properties similar to those obtained for transparent
coatings have been obtained. Table 2 shows the results
of the optical properties of the coatings.

Figure 11 shows the optical effect of such
coatings. An image of the entrance of the INM
building placed 2 cm behind a coated and a non-coated

Table 2. Typical gloss, haze, clarity, optical resolution and abrasion
resistance of antiglare coatings cured by UV irradiation.

Abrasion
Gloss Resolution  resistance (9.8 N)
@ 60° Haze (%) Clarity (%) (USAF chart) DIN 58196-G10

60-70 <10 75-90 >8 lines/mm class 1

AL SO ;r,t:
“"? - “ .~ t .ht
Figure 10. Surface morphology of antiglare coatings sprayed at
room temperature on a PC substrate and UV polymerized.
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Figure 11. Glaze of a white object placed in front of a AS-AG
coated plastic (left) and an uncoated one (right). The picture of the
INM building placed 2 cm behind the substrates is clearly visible in
both configurations.

substrate is clearly visible and the glare of the object
placed in front of the coated substrate is strongly
reduced.

4. Conclusions

Stable hybrid pastes and sols allowing the deposition of
conducting, antistatic and antiglare-antistatic coatings
fully processable atlow temperature (T < 130°C) have
been developed. They have been obtained by modifying
an ethanolic suspension of redispersed crystalline ITO
nanoparticles with a hydrolyzed silane (MPTS) acting
as a binder. Single layers as thick as about 600 nm have
been obtained by spin or dip coating processes on plas-
tic (PMMA, PC, PE, polyimide) and glass substrates.
The best curing process involves a UV irradiation
(105 mW/cm?, 110 s) followed by a heat treatment at
T = 130°C during 15 h and then a reducing treatment
in forming gas. 570 nm thick coatings exhibit a high
transparency (T = 87%) and a stable sheet resistance
as low as 1.6 k2 (resistivity p = 9 x 1072 Qcm). The
abrasion resistance is in agreement with DIN 58196-
G10 class 1, the adhesion passes the tape test DIN
58196-K2 and the lattice cut test ASTMD 3359 or DIN
53151 and the pencil hardness according to ASTM
D 3363-92c is 1 H. The surface roughness is low,
R, ~ 1 nm.

Antistatic coatings with similar sheet resistance pre-
senting an antiglare effect (GU ~ 65) have been ob-
tained on the same substrates by a spray process at

room temperature followed by UV irradiation and N,
annealing.

All these coatings are stable under UV or visible light
irradiation and consequently their overall properties
are already better than those obtained with commercial
conductive polymers.

The process can be applied to coat conducting coat-
ings at low temperature (7 < 130°C) flat or slightly
curved substrates such as CRT, LCD, PDP, touch screen
panels, clean room discharge plates or bodies, plastic
foils etc.

The concept of preparing crystalline ITO nanopar-
ticles and to redisperse them into a polymerisable ma-
trix is therefore quite adequate to obtain transparent or
antiglare conducting coatings on plastic substrates and
can be extended to other systems.

Note

1. Made by dip coating according to the Baytron® P Technical
Information.
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