Comparative study of SnO,:Sb transparent conducting films
produced by various coating and heat treatment techniques

M.A. Aegerter °, A. Reich, D. Ganz, G. Gasparro, J. Piitz, T. Krajewski

Department of Coating Technology, Institut fiir Newe Materialien-INM, Im Stadrwald, Gebiiude 43, D-66123 Saarbrucken. Germam

Abstract

Transparent electrically conducting SnO,:Sb coatings have been prepared by the sol-gel dip-coating process from an
ethanolic solution of SnCl,(OAc), and SbCl; (5 mol%). The room temperature resistivity of the dip-coated films heat
treated in a furnace or by laser IR irradiation is systematically greater than that obtained for films made by spray pyrolysis.
Solution precursors and stabilisers and above all the deposition technique are the principal factors which influence the film
morphology and hence the electrical properties. Single layers heat treated in a furnace are porous and consist of small.
spherical shaped crystalline particles aggregated in a loose structure with a thin but denser top layer. A model of multilayers
connected electrically in parallel allows us to determine the electrical parameters of the bulk and interface parts of the lavers.
Sintering by CO, laser irradiation increases the particle size and the packing density resulting in a resistivity that is four
times less than for the conventionally furnace heat treated samples. © 1997 Elsevier Science B.V.

1. Introduction

Transparent electrically conducting coatings
(TEC) on glass are used today in a wide range of
optoelectronic applications [1,2]. The materials which
present the most interesting properties are n-type
semiconductors such as indium tin oxide (ITO), fluo-
rine or antimony doped tin dioxide (FTO, ATO) and
to a minor extent zinc oxide (ZO) doped with Al
(AZ0) and Ga (GZO). Practically all known coating
processes have been used to deposit them [1]. Trans-
parent ITO and SnO, :F coatings prepared by sputter-
ing and spray pyrolysis techniques, respectively. are
available commercially with resistivities as low as
2x107% Q cm.

The sol-gel process [3] has been successfully
applied for producing indium tin oxide (ITO) coat-
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ings [4-9]. Their electrical and their optical proper-
ties are dependent on the solutions and the tempera-
ture and atmosphere used during the sintering pro-
cess. The smallest resistivities have always been
obtained after sintering at relatively high tempera-
tures (600°C or higher) and the best published value
of p=18X 107* @ cm [7] is comparable to those
typically obtained by other processes.

Few research reports have been addressed to the
preparation of sol-gel antimony doped tin dioxide
(ATO) coatings. Most of the sols have been prepared
from Sn(IV)-alkoxides such as Sn-ethoxide [10-12].
Sn-propoxide [3.13]. Sn-butoxide [14-16] or more
complex systems [15-18]. SnCl, [15.16.19.20]
SnCl, [15,16]. Sn(II)-2-ethylhexanoate [15.16.21].
and Sn(Il)-citrate [22] have also been used. Anti-
mony doping usually is obtained by the addition of
SbCl, [19.23.24]. Sb(OEt); [1 1-13.15.16] or
Sh(OBu); [5.17,21] whereas fluorine doping has not
yet been achieved by the sol—gel process. The use of
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sol stabilisers is only reported for a few solutions
[13,15,16,22].

SnO,:Sb sol-gel coatings obtained until now pre-
sent a relatively high resistivity, the smallest value of
p=3X10"% Q cm [12] exceeding by more than an
order of magnitude those obtained for coatings pre-
pared by other methods (e.g., p=1X10"" Q cm
for the activated reactive evaporation of SnO, and
SnO,:Sb [25]).

The reasons for which highly conductive SnO,:Sh
films cannot be obtained by the sol—-gel process are
still unknown. The influence of the chemical compo-
sition of the sol on the resistivity of the coatings has
been studied in detail by Piitz et al. [15,16]. The
conductivities of the coatings are strongly dependent
on the type of precursor. The use of an adequate
stabiliser was found essential for the SnCl-based
solution as the high chloride content of the solution
leads to both volatile antimony and tin compounds
which are lost during early stages of the firing
process [15,26]. On the other side the stabilisers have
little influence in alkoxide-based sols which have to
be stabilised only against uncontrolled hydrolysis
[15.27]. Chatelon et al. [11] observed a minimum in
the film resistivity when the dip-coating procedure
was performed in an atmosphere of ~ 35% RH. The
resistivity increases when alkaline impurities are pre-
sent in the coating and SiO, [28] or TiO, [13,28]
buffer layers were found necessary when alkaline
glass substrates are used. Another important factor is
the coating microstructure which consists of small
(~ 6 to 8 nm), almost spherical grains aggregated in
a rather loosely packed structure after calcination at
a temperature lower than 800°C [13,16,29-31]. For
pure SnO, coatings the grain growth is suppressed
and the grain size increased with film thickness [31].

This paper presents experimental results on the
influence of the densification processes conditions
on the electrical propertics of spray pyrolytic coal-
ings and of single and multilayer dip-coated SnO,:Sh
films sintered either conventionally in a furnace or
by CO, laser irradiation.

2. Experimental

Single and multilayer sol-gel coatings have been
obtained by dip-coating either on borosilicate glass

or fused silica substrates at a withdrawal speed of 2
to 10 mm/s. The coating solution contained 5 mol%
SbCl, in a 0.5 M ethanolic solution of SnCl,(OAc),.
The sintering was performed in air either in a fur-
nace or by cw CO, laser irradiation which is de-
scribed elsewhere [32,33]. Coatings have also been
obtained by spray pyrolysis using the same solution
on a borosilicate substrate at 550°C. The electrical
properties have been determined by four-probe or the
van der Pauw technique [34,35] with a 0.3 T mag-
netic field. Transmission electron microscopy (TEM)
cross-sections were used to obtain information on
layer morphologies. The coating thickness was mea-
sured with a surface profiler.

3. Results

Fig. 1 shows the temperature dependence of the
resistivity of SnO,:Sb single layers with a thickness
of about 100 nm, dip-coated on borosilicate glass
and fused silica substrates. The morphologies of
SnO,:Sb layers produced by different techniques are
shown as TEM cross-sections for a 177 nm thick
spray pyrolysed coating (Fig. 2), tfor a 70 nm thick
dip-coated layer and a dip-coated multilayer system
heat treated in a furnace at 550°C for 15 min Figs. 3
and 5, and for a 100 nm dip-coated layer that has
been fired by CO, laser irradiation Fig. 8. The
variation of the resistivity with the number of coat-
ings is given in Fig. 4 for multilayer films with the
same total thickness (200 nm) prepared with 2, 4, 6,
8 or 10 layers by heat treatment of each layer in a
furnace at 550°C for 15 min. A plot of p~' versus
the number of deposited coatings of these data is
shown in Fig. 6 where the straight line has been
fitted by linear regression. Fig. 7 shows the variation
of resistivity as a function of the laser power density
for a 100 nm thick dip-coated SnO,:Sb single layer
on a silica substrate heat treated by CO, laser irradi-
ation.

4. Discussion

4.1. Influence of the deposition technique

The room temperature resistivities, p, of single 90
to 105 nm thick SnO,:Sb layers heat treated in a
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Table 1

Electrical parameters of Sb doped SnO,:Sb single layers prepared by different techniques from the same solution (0.5 M SnCl,(OAc).. 5

mol% SbCl;) (measured at 25°C)

Technique and substrate n(10% cm™?) i lem?®/Vs) p (1073 O cm) R-(Q) Thickness (nm)
Furnace 550°C, 15 min, borosilicate 204+0.3 1.7+0.2 15+0.5 1300+ 1 1o+ 4
Furnace 700°C, 15 min, fused silica 33+03 21402 89+04 940 + 1 95+ 4

CO, laser, fused silica 4412 5+1.3 32+0.1 25041 1205

Spray pyrolysis, 4 cycles, borosilicate 42403 9.7+0.7 1.5+0.1 770+ 0.6 17747

furnace at different temperatures for 15 min are
shown in Fig. 1. For coatings deposited on fused
silica substrates p decreases with increasing temper-
ature to a value of 9X 107> Q cm. The increase
observed with a borosilicate glass substrate at tem-
peratures above 550°C is probably due to the onset
of Na* diffusion from the substrate into the layer.
However, the smallest resistivity is still a factor ten
larger than that obtained for spray pyrolysed films
using the same sol (Table 1).

The layers have different morphologies as seen
from the TEM cross-sections shown in Figs. 2 and 3.
The layer prepared by spray pyrolysis consists of
large crystallites, densely packed in a columnar tex-
ture (cassiterite type) and presents an irregular sur-
face. The morphology of the dip-coated film is com-
posed of small (6 to 8 nm), almost spherical crystal-
lites (untextured cassiterite structure) that are loosely
packed. The layer is porous but its top surface
(interface) is smooth and denser than the rest of the
layer.
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Fig. 1. Room temperature resistivity versus sintering temperature
for single SnO,:Sb layers of about 100 nm thickness dip-coated
on borosilicate glass and fused silica substrates. The error bars
give the standard deviation of the mean of 12 measurements. The
Lines are drawn as guides for the eye.

The smaller resistivity of the spray coated film is
due to the presence of large and closely packed
crystallites which allow a higher electron mobility.
The small crystallite size and above all the porous
structure observed in sol—gel dip-coated single layers
lead to lower electron mobility, w, and consequently
to a larger resistivity.

The smooth surface and the small crystallite size
observed in the dip-coated sol-gel layers produce
less light scattering effects. Hence, the coatings have
a larger optical transparency and a less hazy optical
appearance than those obtained by spray pyrolysis
where light scattering is larger and decreases the
optical quality of the layers.

4.2. Influence of multiple coatings

The room temperature resistivities of coatings
with the same final thickness (200 nm), made by

Fig. 2. TEM cross-section of a 177 nm thick spray pyrolysed
SnO,:Sb coating.
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Fig. 3. TEM cross-section of a 70 nm thick dip-coated single layer
SnO,:Sb coating heat treated at 550°C during 15 min in a furnace.

repeating two to 10 times the procedure of dip-coat-
ing and subsequent firing without pre-drying in air at
550°C for 15 min, decreases with the number of
layers deposited (Fig. 4). This phenomenon can be
understood in terms of layer morphology as shown
by the TEM cross-section (Fig. 5) which reveals that
each individual layer consists of a thin (< 10 nm)
and relatively dense interface (external part) lying on
top of a more porous material (internal part). Conse-
quently for the same total thickness an increasing
number of layers increases the fraction of denser
material in the film and as mentioned above de-
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Fig. 4. Room temperature resistivity p versus the number of
layers deposited by dip-coating (same total thickness of 200 nm).
The error bars give the standard deviation of the mean of 12
measurements. The line is drawn as a guide for the eye.

Fig. 5. TEM cross-section-micrograph of a dip-coated multilayer
Sn0,:Sb coating heat treated at 550°C during 15 min in a [urnace.

creases the overall resistivity of the coating. Assum-
ing therefore that the dense interfaces present a
lower resistivity ( p,) than the internal part of each
layer (p,) it is easy to show that the resistivity of
such a sequence of layers connected electrically in
parallel is p(n) '=n-p()"' =(n =1 p!
where p(n) is the measured resistivity of an n-layers
coating (Fig. 6). Assuming 10 nm thick interfaces we
determined from the obtained results that p; =200
Q cmand p,=1.8%X 107" Q cm.

This simple model also predicts that the product
wn) - N(n), where w(n) and N(n) are the measured
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Fig. 6. Reciprocal of the measured resistivity p~' versus the
number of layers deposited by dip coating (same total thickness of
200 nm). The error bars give the standard deviation of the mean of
12 measurements. The straight line is a linear regression best fit of
the data.
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electron mobility and the carrier density of the a-
layers coating, increases linearly with n. This allows

the calculation of the mobility and carrier density of

the dense layer to s, =9cm?/Vsand N, = 4 X 10
em™?, respectively. Additionally it can be assumed
that the product u, + N, is smaller than 9 X 10" (V s
cm)™! for the underlying porous layer. Low resistivi-
ties in furnace sintered sol—gel coatings can there-
fore only be obtained if very thin layers of about 10
nm thick are sequentially deposited. A 400 nm thick
coating made in this way would have a shect resis-
tance of about 40 .. As the layers will be very
homogeneous with a smooth coating-air interface
their optical transmission in the visible range should
remain higher than that obtained for a spray pyrol-
ysed coating of similar thickness.

4.3. Influence of the firing process

The origin of the dense interface observed in Iig,
5 is not yet known. In order to investigate il the

heating rate plays a role, single layer coatings have

been sintered by using a slow scan process ew CO,
laser irradiation [32,33]. The layer thickness was
found to decrease with the laser energy density and
both X-ray reflectometry and Rutherford back scat-
tering (RBS) data have confirmed that this reduction
is effectively due to a densification process, The
resistivity of single layers decreases with increasing
laser power density to a value four times lower than
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Fig. 7. Room temperature resistivity vs, the laser power density
for single layer Sn0,:Sh coatings sintered by slow scun cw CaQ,
laser irradiation (thickness varies with the power density), The
error bars represent the standard deviation in the measured values
of cach sample. The line is drawn as a guide [or the eye,

Fig, 8. TEM cross-section of o laser fived Sn0,:Sb coating
(p=232%x100 " O em),

that obtained for a dip-coated film of the same
thickness (Fig. 7 and Table 1). TEM cross-section
(Fig. 8) shows that such layers are still made of
small untextured crystallites which are packed more
densely. This denser structure is thought to be re-
sponsible for the lower resistivity. The resistivities
obtained by laser densification are comparable to
those calculated for the top interface layer observed
in furnace heat treated samples, However, this tech-
nique should allow the obtention of SnO,:Sb TEC
coatings presenting sheet resistances of about 80 (),
for a 400 nm thick coating consisting of only 3
layers,

5. Conclusion

Transparent electrically conducting  sol-gel
Sn0,:Sb coatings made by sol-gel dip-coating have
larger resistivities than those made by spray pyroly-
sis. The chemical composition of the solutions plays
a role while the major differences arise from the
morphologies of the layers produced by the different
coating technologies and heat treatment techniques.
Contrary Lo spray pyrolysed layers which consist of
large, textured, densely packed particles arranged in
a columnar strueture, the sol-gel layers are built of
small, almost spherical, loosely packed crystalline
particles with a thin dense top interface, The resistiv-
ity decreases for multilayer coatings. The overall
morphology of single sol-gel layers sintered by slow



128 M.A. Aegerter et al. / Journal aof Non-Crystalline Solids

scan CO, laser irradiation is similar but the film is
composed of larger and more densely packed parti-
cles. Their resistivity is smaller by a factor 4 when
compared to coatings of similar thickness sintered in
a furnace. Sn0,:Sb dip-coated sol—gel films still do
not exhibit a low enough resistivity for display appli-
cation. However, due to their superior optical trans-
mission in the visible range and easier and cheaper
preparation such coatings can substitute advanta-
geously for TEC coatings (ITO, FTO, etc.) prepared
by other deposition techniques when a resistivity
higher than 80 Q  is sufficient as for antistatic or
heating applications.
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