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For the use in anti-static films on glass or polymeric substrates, transparent conductive
layers can be prepared by spinning an aqueous suspension of nano-sized antimony-doped
tinoxide (ATO) particles. These layers have a resistivity which is substantially higher than
that of homogeneous ATO layers which are deposited by physical vapour deposition
techniques. By curing the films to temperatures up to 700 °C, the resistivity of the particle
layer can be decreased by two or three decades. Because the nano-sized particles are
prepared by a low-temperature process a different mechanism can contribute to this
decrease in resistivity. Possible effects which may influence the conductivity are sintering
of the particles, change of the bulk material and the presence of an insulating layer at the
outside of the particles. This decrease can be explained by the presence of an insulating
antimony-rich layer on the outside of the particles, the thickness of which is reduced when
the layer is cured. At temperatures above 350 °C, sintering of the particles also highly
influences the decrease in resistivity. At temperatures above 700 °C, the resistivity is
increased due to segregation of the antimony to the surface of the particle. © 7999 Kluwer
Academic Publishers

1. Introduction differentapproach would be to use conductive particles.
There is a growing interest in the technical applica-By spinning of a suspension of transparent conductive
tion of transparent and conductive elements in all kindgarticles, a coating can be obtained with the desired op-
of optical switching devices and display devices sucHical and electrical properties. For use of this coating,
as electrochromic systems, solar cells and liquid crysthere are strict requirements with respect to the particle
tal displays. Only a few materials exhibit both opti- size. In order to prevent the film from appearing dull,
cal transparency to visible radiation and high electri-the particles used in the layer must not scatter light.
cal conductivity. Thin films of tin doped indiumoxide This requirement restricts the use of particles to those
(ITO), fluor doped tinoxide (FTO) or antimony doped with a size of less than 50 nm. The advantage of this
tinoxide (ATO) are widely used in these applicationsapproach would be that transparent conductive films
[1]. By sputtering or other physical vapour depositioncan be prepared without the need of a firing step. This
techniques, resistivities of 21074 Q - cm are gener- would allow an easy deposition of a transparent con-
ally obtained for ITO layers, and values of a decadeductive film on polymeric substrates. In this paper the
higher are obtained for the doped tinoxides. For a numeptical and electrical properties of a coating of nano-
ber of industrial applications the wet-chemical depo-sized ATO patrticles are evaluated.

sition of transparent conductive films would be highly For a good understanding of the behaviour of the
favourable, because the cost of processing the transpa#d O particle layer, some background of the conductiv-
ent conductive layers is low. However, little is known ity mechanism of ATO is necessary. SniS an n-type
about the wet-chemical deposition of these transparsemiconductor having doubly ionised oxygen vacan-
ent thin films. When using metal organic precursors incies as the predominant mechanism of conduction. It
general for ITO, specific resistance values are found ohas been suggested that'Sin SnG, can be partially

7x 1073 -cm[2, 3]. For some applications, a limita- replaced by Sh [5].

tion to the use of the wet-chemical processing of these The limit in the intrinsic performance of transparent
conductive materials is the temperature at which theonductive oxides has been ascribed to impurity scat-
layers need to be cured in order to obtain well conducttering, which limits the mobility of the charge carriers
ing films [4]. Curing temperatures above 400 to 500 [6]. Grain boundary scattering has been found to be the
are necessary to transfer the precursors into films witldlominant scattering mechanism at room temperature
conductivities which approach the intrinsic values. Afor undoped Sn@and low-level doped ATO [7].
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TABLE | Chemical analysis of ATO suspension in water 50 +

Element Concentration (mg/ml) C

sn 89+ 3 0T

Sh 14.8+0.4

cl (38.5+1)x 107

Na (5.2£1)x 1076 10 T ‘f pH
-10 + 3 6 9 12

2. Experimental
Transparent conductive layers were prepared by spin- -30 -
ning an aqueous suspension of nano-sized ATO parti-
cles. The particles were prepared by a co-precipitation
of SnCl, and Shd, followed by a hydrothermal pro- -50 +
cessing step. _ _ - S
The particle size distribution of this suspension WasFlgure 1 Zeta potgntlal detfermlhatlo?s (in mV) of ATO particles in an
measured using a Shimadzu SF4. The mean particle siza ouesuspensionasa unction of pH.
was about 15 nm and no particles were found with a size _ . .
larger than 50 nm. For an additional proof of the size ofPotential of the system was determined. In Fig. 1 the
the particles, transmission electron microcope (TEM)Z€ta potential of the aqueous ATO suspension is given
recordings were made with a Philips CM30 TEM. as a function of the pH. In this and other figures, lines
The chemical composition of the ATO material was aré included for the readers convenience which connect
analysed using Inductive Coupled Plasma Emissioihe measured data points. This figure shows that it is
Spectroscopy (Philips ICP-ES). Cations present in thé€cessary to use a pH above 4 in order to obtain a stable
suspension were determined using ionchromatograph§uspension. The suspension used for the deposition of
The result of the analysis is given in Table I. The levelthe layers had a pH of about 7. In our experiments
of impurities (as for instance Na and Cl) is very low. No additional agents were added to the suspension to
The ATO suspension we used had a solid content§icrease the stability. o
of 12 wt% and was de-agglomerated by an ultrasonic_InFig.2a,aTEM photographis given ofthe ATO par-
treatment (Branson) before use. The films were preficles. This graph clearly shows thatthe system is almost
pared by spinning the suspension and fired at differmonodispersed, with a particle size of about 20 nm, and
ent temperatures. To prevent contamination with alkalfhat no particles are found with a particle size larger
quartz substrates were used. With this procedure’ |a),ﬂ'|an 50 nm. In.OI’der to determine whether the par“CIeS
ers are obtained with a thickness of about 330 nm. Ivhere crystalline, some HResTEM photographs were
order to obtain thicker layers the suspension was eithéhade (Fig. 2b). In this photograph some of the ATO
concentrated or three layers, were deposited on top dfarticles show the presence of lattice fringes, indicat-
each other. This last procedure resulted in a final layend the crystallinity of the particle. The layers prepared
thickness of about 1 mm. The thickness was determineffom the suspension were optically transparent and did
with a Tencor Alfa step. In the text it is indicated which ot show any scattering. . _
procedure was used when thick layers are being dis- When using a suspension with a solid contents higher
cussed. The layers were extensively dried in a vacuurfan 15%, a deviation of a linear relation of the thick-
stove at a temperature of 150. ness of the layer and the solid contents is found. This
Part of the suspension was dried and used for the ddleviation is attributed to a drastic increase in the vis-
termination of the specific surface. The specific surfac&0sity of the solution at these high values for the solid
area of the powders heated at different temperatures ifontents. In Fig. 3 this effect is illustrated. When spin-
air was determined using the BET method at 78 K withning is used as deposition technique, the film thick-
Krypton as adsorption gas [8, 9]. ness is proportional to the square root of the viscosity.
The electrical measurements of the layers at temJ hus, when the viscosity increases, thicker layers can
peratures above room temperature were carried odé found. . . _
in a custom-made apparatus [10]. Room temperature In Fig. 4 the resistance of the ATO particle layer is
electrical measurements were made with a four-poin@iven as a function of the solid contents of the sus-
probe. Optical properties were characterised using Rension. Belqw 2.5wt%, no S|gn_|f|'cant contribution of
Perkin EImer Lamda 19 spectrophotometer. The transthe ATO particles to the conductivity can be observed.

mission was recorded at the wavelengths between 20bhese layers, which are made from a suspension with a
and 2500 nm. low solid contents, show a wide scattering in resistance

values. The resistance is highly influenced by the hu-

midity of the atmosphere. For this system, no effective
3. Results contribution to the conductivity is found from the ATO
For the preparation of clear layers it is necessary to uskayer. Therefore, the percolation threshold for the ATO
a suspension without large agglomerates. For colloidasuspension should be found in between a solid contents
suspensions the pH will have an enormous effect on theange of 2.5-3.5 wt %.
stability of the sol. To get more insightintothe influence The effect of the temperature on the resistivity of a
of the pH on the stability of the suspension, the Zetdayer of ATO particles deposited on a quartz substrate is

4804



(b)
Figure 2 (a) Transmission electron micrograph of ATO suspension and (b) high resolution transmission electron micrograph of ATO suspension.
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TABLE Il Resistance of ATO particle layer fired at different tem-
peratures

Temperature®C) RatT () R at 25°C afterT (2)
25 5x 10°

300 2.5x 10* 9x 10°

400 7.5x 10° 2.5x 10°

500 5x 10° 9x 102

600 9x 107 6.5x 107

700 2.5x 107 1x 10?

given in Fig. 5. The heating cycle which was used con-
sisted of a linear heating to a set temperature, maintain
this temperature for one hour, cooling to room tem-
perature, and heating to the next temperature, which

Figure 3 Thickness of ATO particle layer on a quartz substrate as awas set 100above the previous set temperature. This

function of solid contents of the suspension used for the deposition oiyas repeated until a final set temperature of ®0Was
the layer. The layers were spin-coated at 1000 rpm and were fired Feached.

450°C for one hour.
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The electrical measurements show anirreversible de-
crease of the resistance as a function of increasing firing
temperature. After the sample was heated, the resis-
tance at room temperature was substantially lower than
it was for the sample before the temperature step. This
is also illustrated in Table II.

To evaluate the optical properties, the transmission
was measured of samples which were fired in air at dif-
ferenttemperatures. The results of the optical measure-
ments are givenin Fig. 6. This figure shows a significant
shift of the plasma edge to higher wavelengths with in-
creasing temperature. A shift to higher wavelengths of
the plasma frequency indicates a reduction of the num-
ber of charge carriers in the material [11]. Additionally,
the optical bandgap is expected to increase with increas-
ing doping level because the conduction band is filled
starting from the bottom. However, in the inset of Fig. 6
it can be seen that the wavelength of the bandgap hardly

Figure 4 Electrical measurements of ATO particle layer on a quartz Changes with increasing temperature

substrate measured as a function of solid contents of the suspension used
for the deposition of the layer. The layers were spin-coated at 1000 rpm

One possible mechanism which could be responsible

and were fired at 450C for one hour. The dashed line indicates the TOr the decrease in resistance when the materials are

resistance of the non-coated substrate.
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Figure 5 Electrical measurements of ATO particle layer on a quartz substrate measured as a function of the firing tempgrateme@surements
made at the elevated temperature a@yliGdicate the resistance when the sample is cooled to RT.
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4. Discussion

100 — 600°C % 80 A_n electrical conducting Ia)_/er can be prepared by spin_—
. / S 60 ning an aqueous suspension of nano-sized ATO parti-
X 80 & £ 0 cles. The resistance of this layer is much higher than
‘C’ g 2 that of the theoretical resistance of_a homogeneogs ATO
S 60 | 1560 = o layer of the same thickness [1]. This can be explamed in
@ 200 300 400 500 Part by_the sm_allc_ontact area betwee_n _the particles. One
T 40 L Wavelength (nm) of the issues in this study was the origin of the gradual
0 decrease in resistance of the layer with increasing firing
% 20 temperature, especially at lower temperatures (between
= 400°C 150 and 400C). One of the hypotheses was that this is
0 | | | } caused by the sintering of the patrticles, since sintering
results in a large contact surface between the particles
200 700 1200 1700 2200 and thus in a reduction of the resistance. However, the
specific surface area determinations in the temperature
Wavelength (nm) interval between 100 and 35C were found to be al-

Fidure 6 Otical . s of ATO particle | most constant. This indicates that hardly any change
igure ICal transmission measurements O articie layer on a. . . . .
g P P v n the particle size occurs which is to expected when

quartz substrate in the wavelength range between 200 and 2500 nm. T&E : . e
inset shows the results on an enlargement scale for of the wavelengtf1€ particles would sinter. This in contrast to layers

between 200 and 500 nm. which are fired at temperatures above 360 Above
this temperature the specific surface starts to decrease

: . . indicating that sintering of th rticl rs.
particles, which results in a larger contact surface be- dicating that sintering of the particles occurs

tween the particles and thus in a decrease in the resis-
tance. To gain insight into this behaviour, the specific .

surface area was determined of powder samples ot l\

tained from the suspension used and which were fire _
at different temperatures in air for 30 min. Sintering of £ 10° ¢

the patrticles is accompanied by a decrease in the sp € 2

cific surface. The results of the measurements are gived \

in Fig. 7. An almost constant specific surface was founcZ 10" f 3
for the samples fired up to 35C. In contrast, for the \

sample fired at 700C, a reduction of 50% in the specific
surface was found. So, atleast from temperatures aboy
350°C, sintering of the particles will have an influence
on the conductivity of the ATO layer. In addition, the  10- ' ' ' ' :
resistivity of an ATO nano-patrticle layer was measurec 0 200 400 600 800 1000 1200
when fired at higher temperatures. The results, given i
Fig. 8, first show a decrease in the resistance, as wi..
6.l|SO indicated in Flg' 5. However, Wh,en the sqmple ISFigure 8 Resistivity of ATO particle layer on a quartz substrate mea-
fired at temperatures above 7@ an increase in the  gyred as a function of the firing temperature. Measurements are made at
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Figure 7 Specific surface determinations as a function of firing temperature of a powder sample of ATO particles.
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Another possible origin of the effect of the decreaseoptical properties of the ATO particle layer are mainly
in resistivity is the increased concentration of the dopeletermined by the bulk ATO material. Due to the in-
levelin the tinoxide host material. On basis of the Drudecorporation of the extra antimony, the resistance of the
theory, an increase in the dope level would result in arbulk increases when the dope level exceeds the optimal
increase of the bandgap wavelength (Burnstein shiftvalue of 3% [7, 16]. A higher doping level first results in
The optical measurements, however, indicate the opa decrease inthe mobility of the charge carriers. Finally,
posite. From the curves as given in the inset in Fig. 6jt also results in a decrease in the concentration of the
which is an enlargement of the optical curves in thecharge carriers [12]. This seems to be in contradiction
wavelength range from 250-500 nm, hardly any change&vith our experimental observation that the resistance
in the bandgap is observed. Also the shift of the plasmaradually decreases. However, due to a reduction of
edge is an indication for a decreased concentration dhe antimony compound and the amount of hydroxy
the charge carriers. The plasma edge increases frogroups present on the outside of the particles, a less
about 1100 nm when fired at 150 to about 1600 nm well-insulating layer will surround the good conduct-
when fired at 600C. So, although for the layers a re- ing bulk material and therefore will result in a decrease
duction of the resistance is found with increasing tem-n the resistance.
perature, the optical measurements indicate a reduction At firing temperatures above 35Q, a decrease in
of the number of charge carriers. This indicates thathe specific surface area is found. This indicates that
the mobility of the electron through the grains of the sintering of the particles occurs. Due to the sintering,
particles, and thus the particle to particle transport, willa better contact of the particles is obtained and a lower
be the dominant mechanism for the conductivity of ourresistance of the layer is found. Firing of the layers
ATO layer. above 800C results in a decrease in the conductivity

The possible explanation of the effects observed ircompared to layers fired at 700 (see Fig. 8). This
the electrical and optical measurements is given byffect can be attributed to the segregation of the anti-
the following model. For the preparation of good- mony to the outside of the particle with increasing firing
conducting homogeneous ATO layers an optimal dopeéemperature [17]. The antimony-rich surface layer re-
level of antimony of about 3% has been found [12, 13].sults in a decrease in the mobility of the charge carriers
From the chemical analysis as given in Table | it can bahrough the layer and thus in an increase in the resis-
found that in our experiments an ATO material with atance of the layer. The competition between the sin-
molar Sb: Sn ratio of (16.% 0.7)% was used. There- tering on the layer on the one hand and the formation
fore, in the ATO material an excess amount of antimonyof the antimony-rich layer by segregation on the other
is present. As a consequence of our preparation procérand ultimately determines the shape of the resistance
dure, the antimony is probably preferentially located atemperature curve. In addition when the ATO layer is
the outside of the ATO particles, in a non-conductivefired at temperatures above 7D, due to the sintering
modification. The antimony plays an important role in of the layers, stresses are induced in the particle layer
the particle size of the final ATO particles when us-which ultimately lead to a cracking of the layer. This,
ing the given preparation process. This phenomenonf course, has a negative effect on the mobility of the
has also been found by Bebt al. [14]. They found charge carriers and thus on the conductivity of the layer.
for SnG, a strong dependency of the particle size on Generally, it can be assumed that the grain bound-
the amount and nature of the doping level. In orderaries of the particles play a dominant role in the con-
to obtain a conductive Sb doped Sn@e antimony duction mechanism of the ATO patrticle layer. Mobility
should be incorporated in the Sp@ttice. It can be of the free charge carriers is highly reduced at the grain
expected that only a small quantity of the available anboundaries of the ATO particles. Additionally, due to
timony will be incorporated in the lattice. This amount our processing the presence of hydroxy group may in-
of antimony will be dependent on the total amount offluence the electrical properties of the ATO material. In
antimony present (and mainly located at the outside ofhe literature it has been described that hydroxy groups
the particles). So, there will be an equilibrium betweencan also be present in the bulk [18]. More investiga-
the amount of antimony in the SaQattice and the tions are necessary to elucidate the influence of these
antimony present and located at the outside of the paRydroxy groups on the resistivity.
ticle. This equilibrium will be strongly depending on
the process parameters as the temperature at which the
material has been processed. Additionally, because cknowledgement_s
used a hydrothermal process to prepare our particles | he authors' would like to thank M. Severens for the
can be expected that the outside layer of the particle eta potential measurements and t_he group _Ied by
will not be completely transferred into an oxidic sys- - ROmmers for performing the chemical analysis.
tem. Many hydroxy groups may still be present at the
surface [15]. As a consequence the conductive bulk wilReferences
be encapsulated by an insulating layer. 1. K. L. CHOPRA,S. MAJORandD. K. PANDYA, Thin Solid

By an additional firing process, the antimony is dif-  Films102(1983) 1.
fused into the tinoxide lattice of the bulk, which is at 2 P+ M. MATTOX, ibid. 204(1991) 25.

. 3. M. J. VAN BOMMEL, T. N. M. BERNARDS andWw.
a substantially lower dqpe Ieve_I th_an the 16.5 mql % ~ TALEN, Mater. Res. Soc. Symp46,(1994) 469,
as found by the analysis. The insides of the particless. ¢. ;. rR. GonzALEZ-OLIVER andi. KATO, J. Non-Cryst.
consist of bulk antimony-doped tinoxide material. The  Solids82 (1986) 400.

4808



10.

11.

12.

13.

.J. M. J. HERRMAN,J. L. PORTEFAIX,M. FORISSIER
F. FIGUERAS andP. PICHAT, J. Chem. Soc. Faraday 15
(1979) 1346.

.J. R. BELLINGHAM,W. A. PHILIPSandC. J. ADKINS,
Mater. Sci. Lett11(1992) 263.

. E. SHANTI, V. DUTTA, A. BANERJEE and K. L.
CHOPRA, J. Appl. Phys51(1980) 6243.

. S. BRUNAUER,P. H. EMMETT andE. TELLER, J. Amer.
Ceram. Soc60(1938) 309.

. A. H. BOONSTRA, Philips Res. RepSuppl. (1968) 3.

W. A. GROEN,J. G. VAN LIEROP andJ.M. TOONEN,

J. Eur. Ceram. Sod 1(1993) 353.

Press, NY, 1972).

E. SHANTHI, V. DUTTA, A. BANERJEE and K.L.
CHOPRA, J. Appl. Phys51 (1980) 6243.

N. SRINVASA MURTY andS.R. JAWALEKAR, Thin Solid
Films 108(1983) 277.

A. HAUG, “Theoretical Solid State Physics,” Vol. 1 (Pergamon

14. W. F. BEHR,J. WERNER,G. KRABBES,H. D. BAUER

15.

16.

17.

18.

andw. PITSCHKE, in Proceedings of Materials by Powder Tech-
nology, PTM 93, edited by F. Aldenger (DGM Informationsge-

selschaft, Oberussel, 1993) p. 701.

M. SERUGA, M. METIKOS-HUKOVIC, T. VALLA,

M. MILUN,H. HOFFSCHULTZandK. WANDELT, J. Elec-
troanalytical Chemistry07(1996) 83.

C. A. VINCENT andD. G. C. WESTON, J. Electrochem.
Soc.119(1972) 518.

G. BEHR,J. WERNER, P. DORDOR, D. ELEFANT and
S. OSWALD, in Proceedings of Euroceramics V, edited by J.
Baptista (Aveiro part 2, 1996) p. 501.

E. W. GIESEKKE,H. S. GUTOWSKY, P. KIRKOV and
H. A. LAITINEN, Inorganic Chemistng (1967) 1294.

Received 1 November 1997
and accepted 9 March 1999

4809



