Journal of the European Ceramic Society 21 (2001) 2099-2102

ELRRS

www.elsevier.com/locate/jeurceramsoc

Low temperature deposition of SnO, thin films as transparent
electrodes by spray pyrolysis of tetra-n-butyltin(IV)

Masayuki Okuya #*, Shoji Kaneko?, Kengo Hiroshima?,
Isao Yagi®, Kenji Murakami ¢

ADepartment of Materials Science and Technology, Shizuoka University, 3-5-1 Johoku, Hamamatsu 432-8561, Japan
bResearch and Development Center, Kawai Musical Instruments Mfg. Co., Ltd., 1-4-3 Shinmiyakoda, Hamamatsu 431-2103, Japan
€Research Institute of Electronics, Shizuoka University, 3-5-1 Johoku, Hamamatsu 432-8011, Japan

Received 4 September 2000; received in revised form 2 November 2000; accepted 10 November 2000

Abstract

Low temperature deposition of SnO, thin films from tetra-z-butyltin(IV) was investigated by a spray pyrolysis deposition (SPD)
technique. The substrate temperature was successfully reduced as low as 340°C by adding H,O, to the source solution. The role of
H,0, is to promote SnO, formation not only by inducing an oxygen atmosphere during the pyrolysis of tetra-n-butyltin(IV) but
also by producing tin peroxide complexes in the source solution. The average transmittance of the film exceeded 80% in the visible
light region, and the electrical resistivity was lowered to 1.5x 1073 © cm, which is attributed to the high crystallinity. These findings
lead to the possibility that a new substrate with lower melting point would be applicable to this SPD technique. © 2001 Elsevier

Science Ltd. All rights reserved.
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1. Introduction

Tin(IV) oxide (SnO,) is an oxygen defect n-type
semiconducting material, which exhibits high infrared
reflectance as well as high visible light transmittance due
to a wide band gap.! Its electrical and optical properties
are then easily handled by a carrier doping. This material
is so hard and chemically stable that SnO, thin film has
been utilized as a transparent resistor, heater and coating
for an optical absorbent, abrasion resistance and anti-
stat. Recent interest has focused on the application of a
SnO, transparent electrode to electronic devices such as
electrochromic, electroluminescent, photovoltaic and
gas sensing.”? In order to spread these devices into a
practical use, an industrial and a low cost thin film pro-
cessing system should be developed. Among many pro-
cessing techniques, a spray pyrolysis deposition (SPD)
technique is the most promising one, since the film for-
mation is carried out in air by a simple apparatus. The
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complicated vacuum system such as CVD and sputter-
ing is no longer necessary in the SPD system.

We have reported SnO, thin film syntheses from
organotin compounds by a SPD technique.*° The films
prepared from di-zn-butyltin(IV) diacetate showed three
characteristic features, that is, high transmittance in the
visible light region, high electrical conductivity and high
crystalline orientation along the [200] direction.* On the
other hand, the oriented growth along the [101] direc-
tion was observed for films deposited from tetra-n-
butyltin(IV).> The mechanism of the crystallization was
explained by the atomic configuration of the grown sur-
faces originated from molecular structures of organotin
compounds.b

In this paper, we report a low temperature synthesis of
SnO, thin films from tetra-n-butyltin(IV) by a SPD
technique. The substrate temperature was successfully
reduced as low as 340°C by adding H,O, to the source
solution without losing the three excellent features men-
tioned above. This finding suggests that novel substrates
with lower melting point would be employed in the SPD
technique and that various electric devices would be
spread widely in our life at reasonable cost.

0955-2219/01/$ - see front matter © 2001 Elsevier Science Ltd. All rights reserved.

PII: S0955-2219(01)00180-7



2100 M. Okuya et al. | Journal of the European Ceramic Society 21 (2001) 2099-2102

2. Experimental

Tetra-n-butyltin(IV) (0.1 mol/l) (95% purity, Wako
Pure Chemical Industries, Ltd.), abbreviated as TBT
hereafter, ethanol solutions with additives of H,O» (30%
purity, Wako Pure Chemical Industries, Ltd.) and NH4F
(97% purity, Wako Pure Chemical Industries, Ltd.) with
molar ratios of [H,O,]/[TBT]=0-2.5 and [NH4F]/
[TBT]=0-3.2, respectively, were prepared.

The SPD apparatus used in this study is described
elsewhere.*° A spray gun (Lumina STA-6R-1mmd,
Fuso Seiki Co., Ltd.) was fixed at approximately 30 cm
above the substrate holder, and then a glass substrate (25
mmx25 mmx 1 mm in size, Corning 7059) was put on the
holder. After heating up the substrate between 300 and
480°C, the source solution was sprayed onto the glass
substrate with 2.0 kg/cm? of compressed air. The mist was
pyrolized on the substrate to form a film. Since the mist
cooled down the substrate temperature, the spraying
was not carried out continuously but intermittently. The
spray rate of the solution and the period for each spraying
was kept 1.25 ml/s and 0.4 s, respectively. This process was
repeated 50-200 times to prepare the film with the thick-
ness of 120 nm.

The crystal structure of the film was determined by
XRD using CukK, radiation (RIGAKU RINT-1100).
The texture coefficient of the (hkl) plane, TC(hkl), was
calculated from the following equation;®

I(hkl)/ Io(hkl)
I/ N[Z,1(hk1)/Io(hkD)]

TC(hkl) = (1)

where I is the normalized peak intensity, I, the corre-
sponding standard intensity of SnO, rutile, and N the
total reflection number of 31.7 The transmittance in the
visible light region was measured by a spectrophotometer
(Jasco V-570). The surface morphology was observed by
FE-SEM (JSM-6320F, JEOL). Hall effect measurement
was done by the Hall System (Bio-Rad Microscience
HL5500) using the van der Pauw method.

3. Results and discussion

Fig. 1 shows XRD patterns of thin films with the
thickness of 120 nm prepared from TBT solution without
any additives at the substrate temperature between 300
and 480°C. Rutile SnO, single phase was observed for
films synthesized at the substrate temperatures above
340°C, while amorphous at 300°C. The texture coeffi-
cient of the (110) plane reached the maximum for the
film prepared at the substrate temperature of 340°C,
indicating the highest crystallinity along the [110] direc-
tion among the films. The result suggests the possibility
of the low temperature synthesis of SnO, thin films with
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Fig. 1. XRD patterns of thin films with the thickness of 120 nm
deposited at various substrate temperatures from the TBT solution.

excellent transmittance and conductivity at the substrate
temperature below 340°C.
The deposition efficiency, FE, was defined as below,

d
k= 2

where d is the film thickness and M is a total molar
number of the source solution consumed to deposit
films. The efficiency was calculated as 3.3x10° nm/mol
for the film prepared at the substrate temperature of
340°C. The efficiency is about 1/4 of that deposited
from di-n-butyltin(IV) diacetate at the same substrate
temperature.’ In order to improve the deposition effi-
ciency, aqueous H,O, was added to the TBT source
solution. Fig. 2 shows the deposition efficiency and the
texture coefficient of the (110) plane, T7C(110), for SnO,
thin films as a function of [H,O,]/[TBT] molar ratio.
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Fig. 2. Texture coefficient of the (110) plane, 7C(110), and deposition
efficiency, E, of SnO, thin films as a function of [H,0,]/[TBT] molar
ratio in the source solution. The film was deposited at the substrate
temperature of 340°C.
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The substrate temperature was kept at 340°C during the
syntheses. The deposition efficiency was rapidly enhanced
with increasing the [H,O,]/[TBT] ratio, while saturated
above [H,0,]/[TBT]=1.0. However, at [H,O,]/[TBT]=
1.0, the efficiency reached as high as 1.4x10° nm/mol,
exceeding the value of the film from di-n-butyltin(IV)
diacetate.* On the other hand, TC(110) showed the
maximum at [H,O,]/[TBT]=0.4, indicating the highest
crystallinity at this ratio. Then we decided the [H,O,]/
[TBT] ratio to be 0.4 in the following study. We propose
here two reasons for the enhanced deposition efficiency
and the good crystallinity by adding H,O» to the TBT
source solution. One is that H,O, decomposes easily on
a substrate to produce an oxygen atmosphere, which is
expected to promote the oxidation process of TBT and
reduce residuals within the film. Another is that H,O,
and TBT form tin peroxide complexes which possess
direct atomic bondings between tin and oxygen in the
source solution.® The molecular structure is desirable to
form SnO..

In order to produce SnO, thin film for a practical use, a
high electric conductivity is required. In this study, NH4F
was employed as a doping agent for SnO, to meet this
request. Fig. 3(a)-(c) shows the carrier concentration,
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Fig. 3. Carrier concentration (a), mobility (b) and electrical resistivity
(c) of SnO; thin films as a function of [NH4F]/[TBT] molar ratio in the
source solution. Hydrogen peroxide was added to all solutions at
[H,0,)/[TBT]=0.4. The film deposition was carried out at the sub-
strate temperature of 340°C.
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mobility and electrical resistivity of SnO, thin films as a
function of [NH4F]/[TBT] molar ratios. The substrate
temperature was kept at 340°C during the syntheses.
Both the carrier concentration and the mobility were
increased with increasing [NH4F]/[TBT] ratio up to 1.6,
indicating that electrons were effectively injected to the
SnO, donor level. Fig. 4(a) and (b) shows the surface
morphology of SnO, thin films prepared from the solu-
tion with H,O,, and both H,O, and NH4F, respectively.
The grain size of the film deposited from the solution
including NH4F (b) is larger than that of (a), suggesting
that NH4F is effective to SnO, particle growth and that
the carrier scattering is reduced along with increasing
the SnO, grain size. This is the reason why the mobility
became higher with increasing [NH4F]/[TBT] ratio as
shown in Fig. 3(b). However, the mobility was lowered
at [NH4F]/[TBT]=3.2. This is supposed to be attributed
to the residuals of NH4F that remained within grain
boundaries without dissolving in SnO,, which is sup-
ported by the fact that the carrier concentration was
saturated above [NH4F]/[TBT]=1.6.

Fig. 4. Surface morphology of SnO, thin films deposited from the
TBT solution with (a) [H,O,]/[TBT]=0.4, and (b) [H,O,]/[TBT]=0.4
and [NH4F]/[TBT]=1.6. Both films were deposited at the substrate
temperature of 340°C.
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Fig. 5. Electrical resistivity and average transmittance of SnO, thin
films deposited from the TBT solution with [H,O,]/[TBT]=0.4 and
[NH4F]/[TBT]=1.6 as a function of the deposition temperature. The
film thickness is 120 nm for all films.

Fig. 5 shows the substrate temperature dependence of
the electrical resistivity and the average transmittance of
SnO, thin films with the thickness of 120 nm synthesized
from TBT source solution with [H,O,]/[TBT]=0.4 and
[NH4F]/[TBT]=1.6. The film synthesized at the sub-
strate temperature of 300°C showed the highest resistiv-
ity attributed to the amorphous crystal structure. While,
at the substrate temperature between 340 and 420°C, the
electrical resistivity was the lowest, approximately
1.5x1073 Q cm, and almost independent of the substrate
temperature. However, the average transmittance in the
visible light region exceeded 80% for all films except the
one deposited at 300°C. Although the electrical resistiv-
ity was not reduced below 1.0x1073 © cm in this study,

the results lead to the possibility of low temperature
synthesis of a SnO, transparent electrode.

4. Summary

Tin(IV) oxide thin films with high transparency, high
conductivity and high crystallinity were synthesized
from tetra-n-butyltin(IV) by a SPD technique. The sub-
strate temperature was successfully reduced as low as
340°C by adding hydrogen peroxide in the source solu-
tion. These findings would make it possible to employ
low melting point materials such as soda lime glass and
plastic for substrates of a transparent electrode.
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