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Sintering of tin-doped indium oxide
(Indium-Tin-Oxide, ITO) with Bi,O3; additive
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Tin-doped indium oxide (Indium-Tin-Oxide, ITO) is known as a poorly sinterable material.
Densification of ITO powders with relatively large particle size (1-2 um) was enhanced
remarkably by the additive (Bi,O3) whose melting point is lower than the sintering
temperature. The maximum bulk density of 6.75 g/cm? (relative density; 95%) was obtained
when pressurelessly sintered in air at 1500 °C for 5 hours using the starting material
containing 2.0 mass % Bi,03, while the density was approximately equal to the green
density when sintered using the starting material without Bi,Os. Increase of electrical
resistivity caused by the additive was suppressed successfully when a small amount of
Bi,O3 (1.0 mass %) was added and heated at 1500°C. The bismuth was eliminated from the
sintered body to achieve the low resistivity (8.1 x 10~* ohm - cm) which was approximately
equal to that of the pure ITO. © 1998 Kluwer Academic Publishers

1. Introduction >99% was achieved by TiOaddition at 1380C for
Thin films of tin-doped indium oxide (Indium-Tin- 5 hours. However, sintering at high temperature in an
Oxide) are transparent in the visible range and elecexidizing atmosphere is basically dangerous, so that a
trically conductive. The ITO films are widely used as complicated and expensive furnace system is required.
transparent electrodes for liquid crystal displays and In the present work, densification of ITO in air at-
other display devices. The films are often depositednosphere was attempted using a minimum amount of
by the sputtering method using a sintered body callecdditive with low melting point. No report was found
a target. Since ITO is poorly sinterable, the relativefor the sintering of ITO using the additive by which
density is typically between 62 and 65% [1] when formation of liquid phase was expected. The expected
pressurelessly-sintered in air without any special techadvantage of this technique is less dependence on par-
niques. Reported high densities (90% [2], 93% [3]ticle sizes and the powder processing. The additive is
and 98% [4]) were estimated to be obtained with speexpected to disappear, for example, by evaporation af-
cial know-how such as powder processing not menter the completion of densification so that the disad-
tioned in the literature. Dense targets were reported tyantage (lowering the electrical conductivity or visible
be advantageous for producing the films with excel-transparency of the films) caused by the additive should
lent properties at high deposition rate with high pro-be minimized when used as a sputtering target. In order
cess stability. De Witet al. [5] examined sintering to examine the above hypothesis; B (melting point:
additives (MgO, ZrQ or CeQ) for densification of 820°C [9]) was selected as a model additive.
In,O3 in air; relative density of 93% was obtained with
1 mol % MgO.

Nate and Kishi [6] reported high density (99%) by 2. Experimental
sintering in oxygen atmosphere. In the oxidizing at-The powders were supplied from Kojundo Chem-
mospheres, formation of the volatile speciesrand ical Lab., Co., Ltd. The ITO powders (99.9%,
SnO, is suppressed to enhance the densification. RecentO3: SnG, =95:5 mass %) with relatively large
reports on high densities are supposed to be achieved particle size 3 um) were used intentionally in
the oxygen-rich atmosphere except when the sinteringhe present work. The ITO powders were blended
atmosphere is specified. Addition of TiOZrO, and  with BiOs powders (99.99%) in the required ratios
SiO, to ITO powders by Nadaueit al. [7,8] was also  (Bi»03:0.5, 1 or 2 mass %) before mixing in deion-
conducted in an oxygen atmosphere; relative density afzed water for 2 hours using a plastic mill and alumina
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balls (10 mmyp). The dried mixture was formed with a evaporation of ITO was predominant, since the mass
press under 20 MPa. The green bodies were packed doss exceeded the added mass of@i It should be
a Pt container or alumina plate, which was placed in amoted that a small amount of )3 addition suppressed
electric furnace of the resistance heating type (MoSithe evaporation of ITO; the mass loss of the pellet
heating elements). The green bodies were sintered pregithout Bi,O3 exceeded that with 0.5 mass %,B8k
surelessly under the given conditions in air atmospherat 1400 and 1500C. The suppression by the 483
at 1000 to 1500C for 5 hours. The heating rate was addition was also observed for the pellets with more
10°C/min. After sintering, the sintered bodies were addition of BpO3; at 1500°C; the mass loss of the
furnace-cooled under air. pellet without BpO3 addition was approximately equal
The density measurement of the sintered body wato those with more addition (1.0 and 2.0 mass %) of
performed by the Archimedean method. The sinteredi,O3. The latter measurements included the mass loss
bodies were cutinto 2 2 x 10 mm pieces for the elec- due to the evaporation of BD3 so that the evaporation
trical resistivity measurement by the four-point methodof ITO itself was smaller than the former.
(probe distance; approximately 1 mm) with silver paste. The contents of bismuth and tin (indicated as
The composition of the sintered bodies was determine®i,O3 and Sn@ mass %) are shown in Figs 2 and 3,
by X-ray fluorescence (XRF) analysis (Philps, typerespectively. The decrease of bismuth at high temper-
PW-1480) using Mo radiation (60 kV, 40 mA) and a LiF ature (Fig. 2) can be explained by the evaporation of
(200) crystal. The crystalline phases in the sintered bodBi,O3 and/or melt down of the liquid phase containing
ies were identified by powder X-ray diffraction (XRD)
(Rigaku, type RINT-2500V) using a Cu radiation
(40 kV, 300 mA) and a graphite monochlometer. Re- 5
markable darkening observed at the bottom of the sin- )
tered bodies suggested the lowering down of the liquid
phase. Therefore, the sampling was performed atthe ap %,
proximate center of the sintered body for the electric re-
sistivity measurement and the XRF and XRD analyses. £ 15
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3. Results and discussion

3.1. Mass loss and composition
The mass losses for the samples are shown in Fig. 1. 4, 0.5
The mass loss increased with increasing@icontent <
and sintering temperature. The mass loss of ITOEE ok
without Bi,O3; addition was explained by evaporation
of indium and tin as the volatile compounds,

Bi,0, /

—— Bi,0; 1.0 mass%
—&— Bi,0; 2.0 mass%

and SnO respectively. In the case of the@-added -0-50 700 300 7300 To00
pellets, the mass loss at relatively low temperature °
(1300°C) correlated approximately with the amount Temperature /C

of the BLO3 addition supporting the vaporization of

Bi,O3. At the higher temperature (1400 and 1501), Eigure 2 The bismgth contents for the pellets deter_mined by XR.F analy-
sis.ll and®; ITO with 1.0 and 2.0 mass % BD3 addition, respectively.
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Figure 1 Mass loss for the pellet®, A, B and®; ITO with 0.0, 0.5, Figure 3 The tin contents for the pellets determined by XRF analysis.
1.0 and 2.0 mass % BD3 addition, respectively. The figure captions are identical with those of Fig. 2.
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Figure 4 Densities of the sintered pellets. The figure captions are iden- b
tical with those of Fig. 1. ( )

v

bismuth. No bismuth was detected when the pellet
with a small amount of BiO3 (1.0 mass %) was heated
at >1300°C; elimination of bismuth was achieved (a)
successfully.

The contents of tin (Fig. 3) were approximately con- s . A
stant for the 1.0 mass % BD; pellets while the 2.0 20 25 030 35
mass % BiO3; pellets showed the decrease of tin at 2 9 /
high temperature. When a sufficient amount of@yj ) 5 The X.ray diffracti rafor the pellets. & unheated oellet
was added, bismuth remained in the pellets at the higfi?"> e [/ ifseior sestalorepelee s nteac pele
temperature to accelerate the transport of tin out of thesgo-c. respectively®, ¥, O and®: the peaks corresponding to ITO,
center of the pellet. Bi, O3, SNQ and BLSn,07, respectively.
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3.2. Sintering [13] together with the strong peaks corresponding to
Fig. 4 shows the relative and bulk densities of the sin1TO; the BLOz disappeared. In case of the samples with
tered bodies. The density of pure@®s (7.12 g/cni)  no Bi;O3 addition (not shown in the figure), Sa@as
[10] was selected as a standard for the relative denRot observed. These results supported the existence of
sity since the absolute density of ITO was unknown.liquid Bi>Osz into which the ITO dissolved and precipi-
In the case of the ITO samples without,Bi addi- tated as ITO with less tin content, Sp@nd BbSnO-.
tion, no densification was observed; the density (65-The existence of Snfocan be understood by the large
69%) was approximately equal to the green densityamount of tin than bismuth.
(66—67%). The suppression of densification can be The BLSnO; disappeared gradually at the higher
explained by the volatile nature of the sample; thetemperature. The SnQvas not detected for the pellets
evaporation-condensation mechanism contributes onlgeated a1400°C ((d) and (e) in Fig. 5). The disap-
to grain growth. The addition of BD; remarkably en-  pearance of these tin-containing oxides was interpreted
hanced the densification. The densification was deperas evaporation of BO3 and incorporation of tin into
dentonthe sintering temperature and thgBicontent.  the In,Os lattice; higher solubility of tin in 1pO3 at
The maximum density obtained was 95% (6.75 gfcm higher temperature supported this hypothesis.
when sintered at 150@ using the starting material
containing 2.0 mass % B0Ds.
3.4. Resistivity
Fig. 6 shows the resistivities of the sintered bodies.

3.3. Reaction The decrease in resistivity of pure ITO (i.e. with-
The X-ray diffraction patterns for the pellets are shownout Bi,O3; addition) at higher temperature is inter-
in Fig. 5. The unheated pellet ((a) in Fig. 5) showedpreted as formation of oxygen vacancy. The addition
the strong peaks which agreed with those @O[10]  of Bi,O3 increased the resistivity, especially with a
and very weak peaks of the additive §Bi [11]). Ab-  high amount of BiO3 addition (2.0 mass %). This
sence of the peaks of Sp@as interpreted as complete is attributed to the bismuth containing less conduc-
formation of the solid solution (ITO i.e. tin-doped tive phase between the ITO grains. In case of a small
In203). amount of ByO3 addition (1.0 mass %) at high temper-

The sample after being heated at 1200((b) in  ature (1500C), the resistivity (81 x 10~* ohm-cm)
Fig. 5) showed the peaks of Sp12] and Bp,Srnp,O;  was approximately equal to that of the pure ITO;
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Figure 6 The resistivities of the pellet©, ll and®; ITO with 0.0, 1.0
and 2.0 mass % BODs addition, respectively.

of a sintering aid on the sinterability of the ITO.
The addition of BjOs accelerated densification of
ITO significantly. Decrease of electrical conductivity
caused by the additive was suppressed when a mini-
mum amount of BiO3 (1.0 mass %) was added and
heated at 1500C.
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