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With the doping of Al in ZnO for the preparation of a bulk transparent conductor target, deteriorations
were observed in sinterability and uniformity. The doping of 3 wt% Al resulted in the predominance of
open pores after sintering at 1300°C. Less open pores were observed in the ZnO with 2 wt% Al, but the
porosity between the inner and outer regions was not uniform due to the preferential evaporation near the
surface. To improve both the sinterability and uniformity, mild (<2 MPa) pressure was applied during the
preliminary heat treatment at 900 °C, before pressureless final sintering. The pressed specimens showed
increased density and uniformity after the final sintering, which were higher than those of the unpressed
specimens. The improvements were particularly noticeable in the 3 wt% Al and at 1250 °C, wherein the
conventional densification was not successful.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Various types of electronic devices, such as flat panel dis-
plays, solar cells, and touch panels, require transparent conducting
electrodes. The transparent conducting material requires 80% opti-
cal transmittance and less-than-10-3 Q cm resistivity. As metals
should be very thin (3-15nm) to satisfy such requirements [1,2],
indium tin oxide (ITO) is widely used and is also prepared as a target
for sputtering. As the stable supply of ITO is threatened, however,
by the scarcity of indium, ZnO is being eyed as a strong alternative
transparent conducting oxide (TCO). Due to the wide band gap of
ZnO of 3.3 eV [3] at room temperature, however, it requires dop-
ing [4-7] with trivalent elements such as Al or Ga [6,7] to achieve
proper electrical conductivity.

To date, many growth techniques such as magnetron sputter-
ing [8], spray pyrolysis [9], metalorganic chemical vapor deposition
[10], and pulsed laser deposition (PLD) [11] have been used to
fabricate doped ZnO. Though a target is required for PLD and mag-
netron sputtering, sufficient information is not available regarding
the preparation of the target despite the number of reports[11-27].
One recent report [21] was devoted to the preparation of the target
itself, and two reports discussed the effect of the sintering variables
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such as temperature [27] and atmosphere [14], which provided
concrete data and the microstructure of the target. Most of the
rest reports [11-13,15-20,22-26] described the preparation of the
target merely with a brief sintering condition and the resultant
density.

The state of the target is an important issue in the actual man-
ufacturing stage, however, with respect to the prevention of the
formation of nodules as well as the prolongation of the target life
[28,29]. The nodules are produced with arcing during the sputter-
ing process, and they bring about defective devices [28]. All sources
of the uneven distribution of electric charges (e.g., the pores) must
be controlled to prevent the formation of nodules. Improved sin-
tering is thus necessary for the preparation of a dense target with
a wide range of dopants.

The sintering of indium-based TCO is also a significant issue
associated with high vapor pressure [30,31]. Evaporation and con-
densation at a high vapor pressure coarsen instead of density the
particles. Indeed, the density of In,O3 decreased with the increase
in the sintering temperature from 1400 to 1500°C [32]. A thermo-
gravimetric analysis [32] also proved the decomposition of In;03
at above 1300°C. In this respect, volatile materials such as In;O3
or ZnO must be sintered at the lowest temperature possible to
minimize the densification through volatilization.

Microscopically, sintering extend the grain boundary at the
expense of the surfaces of the particles. It also removes the voids
among the particles, and shrinks the green body. The shrinkage is
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Fig. 1. Typical microstructure of Al doped ZnO that shows the uneven distribution
of pores.

not microscopically uniform throughout the green body. At one
moment during the initial sintering stage, an agglomerate can
exclusively shrink from its surroundings [33]. The local shrinkage
induces tensile stress, and the connectivity of the particles around
the agglomerates can decrease if the contact is not robust enough
across the agglomerate. The local preferential shrinkage leaves a
sparse or even void region whose elimination is limited not only
because of its size but also because of its energetically stable config-
uration [34-36]. The presence of stable pores can limit the ultimate
densification of the whole specimen [37].

Thus, to improve the sinterability, it is essential to prevent local
shrinkage failure and to restore the sintering potential for the final
sintering stage. In this study, mild pressure was applied during the
preliminary heat treatment before the pressureless final sintering.
By applying pressure during the initial sintering stage, the dense
packing of the particles was intended to be restored along with the
sintering potential. The initial sintering stage was considered the
best time for pressing because a proper space for rearrangement
can be provided by the maximized difference in the local shrinkage
[38]. Such an attempt can allow the specimen to go through the
final sintering period with an upgraded sintering potential.

2. Experimental procedures

Al-doped ZnO was prepared from ZnO (Kojundo, 99.99%) and Al(NOs3)3-9H,0
(Showa Chemicals, 98.0%). The Al(NO3)3-9H,0 was weighed so that the weight
percentage of Al (x) would be 1, 2, 3, 4, or 5 in xAl-ZnO after calcination. The
Al(NOs3)3-9H,0 was dissolved in distilled water and then mixed with ZnO powder.
The mixture was homogenized with 24 h stirring, and then dried in an oven at 100°C
for 48 h. Following heat treatment at 400 °C for 30 min, the powder was ground in
an agate mortar and then passed through a 140 mesh (106 wm) sieve.

The prepared xAl-ZnO and pure ZnO powder were placed in a cylindrical mold
and pressed at 0.5 MPa for 3 min to yield a green disc. The green body was sealed with
rubber and isostatically pressed at 100 MPa for 3 min, using water as the medium.
The powder compact was sintered in the air at 900-1350°C for 2 h, with a heating
rate of 5°C/min. For the heat treatment under pressure, a green compact was placed
between two SiC rams in a SiC cylinder. Coarse (5 wm on average) alumina powder
was laid around the specimen as a medium for transferring the external pressure
from the rams while minimizing the chemical reaction. The mold unit was placed in
the furnace that was attached to a materials testing machine (DYMH-100, Daeyeong
Co., Korea). The specimen was heated to 900 °C at a rate of 5°C/min under external
pressure (0, 1, or 2 MPa) for 10 min. As soon as the specimen was taken out of the
mold after the heat treatment, the coarse alumina powder was removed from the
specimen. Then the pressed specimens were sintered at 1250, 1300, or 1350 °C for
2 hin the air using a separate furnace.

The sintered specimens were bisected vertically with a diamond saw for both
X-ray diffraction (D/Max 2000, Rigaku Co., Japan) and microstructure analysis. The
exposed surface was sequentially polished with SiC abrasive paper and diamond
pastes (6, 3, and 1 wm). Then the polished specimens were thermally etched at
1100-1200°C for 1 h to develop the microstructures. Scanning electron microscopy
(JSM-6300, Jeol, Japan) was used at 20 kV for the observation. As some of the speci-
mens were not uniformly porous, as shown in Fig. 1, the inner and outer porosities
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Fig.2. Lossesof massinxAl-ZnO(x=0,1,2,3,4 or 5 wt%) as functions of the sintering
temperature and Al addition at 1300°C (inset).

were separately estimated using the point-counting technique. Considering the
thickness of the porous outer region, the outer porosity was estimated within
200 pm from the surface, even in the uniformly porous sample. The average grain
size was estimated from the linear intercept length that was determined from the
microstructure [39]. The density and porosity of the bulk specimen were also mea-
sured, using the Archimedes immersion technique. The relative density of the pure
ZnO was calculated by dividing the measured density with the X-ray density of ZnO
(5.746 g/ml) [40].

3. Results and discussion

The loss of mass as a function of the sintering temperature and
the amount of Al doping (x) is shown in Fig. 1. For all x, the loss
of mass monotonically increased with the temperature. The loss
of mass was not monotonic with x, though. In the inserted plot
drawn for 1300°C, the loss of mass initially decreased with x, but
was reversed at 2 wt%. Fig. 3 shows the densities with the sintering
temperature and x. The green densities before the sintering ranged
from 3.17 to 3.19 g/ml without particular dependence on x. The den-
sity reached 5.52 g/ml at 900 °C and was saturated with the further
increase in the temperature of the pure ZnO. The density at 900°C
corresponded to a 97.2% relative density. The increase in the loss of
mass through volatilization is presumed to have balanced the den-
sification that was achieved at the elevated temperature. Unlike
with the pure ZnO, the densities obviously increased with the tem-
perature for all the doped ZnOs. As can be seen in the inserted plot
that shows the density with x at 1300°C, the density drastically
decreased from 3 wt%. In the 3A1-ZnO that was sintered at 1300°C,
there were 4.3% open pores within the 13.0% total porosity.

On the contrary, the total porosity of 2Al-ZnO was only 3.4%
after sintering at 1300 °C without open pores. The drastic increase
in the loss of mass of 3Al-ZnO in Fig. 2 began with the appear-
ance of open pores, at which vaporization can take place. From the
X-ray diffraction analysis (not shown in this paper), the introduc-
tion of 3 wt% Al also induced the precipitation of the spinel phase,
known as ZnAl,04 [41,42]. The spinel phase is known to suppress
the migration of the boundary and to cause deterioration of the
sintering properties [43].

The inner (a) and outer (b) porosities with x and the sintering
temperature are shown in Fig. 4. In 4Al-Zn0O, both the inner and
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Fig. 3. Densities of XAl-ZnO (x=0, 1, 2, 3, 4 or 5wt%) as functions of the sintering
temperature and Al addition at 1300°C (inset).

outer porosities decreased with the temperature at degrees that
were indistinguishable from each other. It should be noted that all
the pores were open to the surface, and thus, uniform volatiliza-
tion should have taken place in the 4Al-ZnO. This trend was also
true for 3A1-ZnO, except for the single anomalously small inner
porosity at 1100°C. For the rest of the temperatures, the inner
and outer regions were also practically indistinguishable from each
other.

For O or 1AI-ZnO, the inner and outer regions obviously dif-
fered. As shown in Fig. 4, the inner porosities generally decreased
with the sintering temperature in the 0 or 1Al-ZnO. On the other
hand, the outer porosities for the same x first decreased but were
reversed at 1200°C. It should be noted that all the pores were
isolated at 1100°C for the O and 1AI-ZnO. Thus, volatilization
should have taken place exclusively from the outer region, and
should have resulted in an increase in the outer porosity. There-
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fore, 0 and 1Al-ZnO were regarded as having shown a non-uniform
microstructure between their inner and outer regions. It should be
noted, however, that the behavior of the 0Al-ZnO differed from
that of the doped samples. The pores were scattered in the inner
region of OAI-ZnO. The volume of inner region in 0AI-ZnO was
much smaller than those in the doped samples due, for instance,
to their sintering at 1100°C, so the overall porosity was hardly
influenced by the inner porosity of the 0AlI-ZnO.

In the 2Al-ZnO, the inner and outer porosities varied in the
same way as that in the 0 and 1Al-ZnO. As the outer porosity was
always greater than the inner porosity, however, each region could
be distinguished from the microstructure. Fig. 5 shows the inner
and outer microstructures of the 2 and 4Al-ZnO after they were
sintered at 1300 °C. The inner and outer regions were indistinguish-
ably porous in the 4Al-ZnO. On the contrary, the inner region was
less porous than the outer region in the 2AI-ZnO. Fig. 6 shows the
grain sizes of the sintered specimens as a function of the sinter-
ing temperature and x. Al effectively suppressed the growth of the
grains along with the formation of the spinel phase. Consequently,
the addition of Al prevented both densification and coarsening.

To promote the densification of the Al-doped ZnO, external pres-
sure (0, 1, or 2 MPa) was applied only during the preliminary heat
treatment. Fig. 7 summarizes the densities after the pressureless
final sintering at 1250, 1300, and 1350 °C for the Al (x) doping vari-
ations. Without the application of pressure during the preliminary
heat treatment, the density of the specimens averaged from all the
x values and the final sintering temperature was 5.12g/ml. The
average densities increased to 5.36 and 5.37 g/ml under the exter-
nal pressure of 1 and 2 MPa, respectively. Therefore, the densities
evidently increased with the application of external pressure. The
differences between 1 and 2 MPa were not significant on the whole,
though. In fact, the densities that were obtained under 1 and 2 MPa
were in the same range within an error, so both of them could be
termed as ‘pressed’. Table 1 summarizes the increases in the den-
sities of the unpressed densities and the improved results from the
pressed densities.

Table 1 shows that the increase in the density was very small in
the 1Al-ZnO that was sintered at 1300 and 1350 °C. In the 2Al-ZnO,
no increase was observed from the sintering at 1350 °C. As 1AI-ZnO
can be sintered well even under pressureless conditions, the
external pressure had not effect after the sintering at 1300 or
1350 °C. With a relatively poor sintering condition, such as 1250°C,
the external pressure hardly had an effect on the 1Al-ZnO. In the
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Fig. 4. Inner (a) and outer (b) porosities of xAl-ZnO (x=0, 1, 2, 3, or 4 wt%) with the sintering temperature.
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Fig. 5. Microstructures of the xAl-ZnO (x =2, or 4 wt%) that was sintered at 1300°C for 2 h: (A) inner region of x=2; (B) outer region of x=2; (C) inner region of x=4; and (D)
outer region of x=4.

case of the 2AI-ZnO, the temperature range at which the exter- The inner and outer microstructures of the 2AI-ZnO that was
nal pressure had an effect was expanded to 1300°C, and a further pressed at 0 or 1 MPa during the preliminary heat treatment are
increase to 1350°C was observed in the 3Al-ZnO. In the case shown in Fig. 8. Without external pressure, the outer region (B)
of the 3Al-ZnO, however, the effect of external pressure on the was more porous than the inner region (A). On the contrary, non-
improvement of the density decreased with the increase in the final
sintering temperature. Thus, the improvement of the sinterability

via prepressing stood out at a low final sintering temperature and at S&T D0MPa
ahigh x. As xAl-ZnO needs to be sintered at the lowest temperature 5.6 81 MPa
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2+ Table 1
Differences in the densities (g/ml) of the pressed xAl-ZnO (x=1, 2 or 3 wt%) and the
unpressed XAl-ZnO with the final sintering temperatures.
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Fig. 8. Microstructures of the 2 wt%Al-ZnO that was finally sintered at 1250 °C for 2 h with previous heat treatment at 900 °C for 10 min under external pressure (0 or 1 MPa):
(A) inner region under 0 MPa; (B) outer region under 0 MPa; (C) inner region under 1 MPa; and (D) outer region under 1 MPa.
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Fig.9. Microstructures of the 3 wt%Al-ZnO that was finally sintered at 1300 °C for 2 h with previous heat treatment at 900 °C for 10 min under external pressure (0 or 1 MPa):
(A) inner region under 0 MPa; (B) outer region under 0 MPa; (C) inner region under 1 MPa; and (D) outer region under 1 MPa.
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uniformity was no longer found in the pressed specimen. Both the
inner (C) and outer (D) regions were denser than the regions in the
unpressed specimen. The early closure of the pores with the aid
of external pressure at a moderate sintering temperature (1250 °C)
seems to have reduced the evaporation from the surface. Thus, the
non-uniform porosity between the inner and outer regions was not
noticeable. Fig. 9 shows the microstructures of the inner and outer
regions of the 3Al-ZnO. The specimens were sintered at 1300°C,
with previous heat treatment under 0 or 1MPa. The unpressed
specimen was comparatively porous, and the porosities of the inner
(A)and outer (B) regions were the same. The application of pressure
during the preliminary heat treatment reduced the porosity after
the final sintering and maintained the uniform porosity between
the inner (C) and outer (D) regions.

An increase in the final density due to pressing during the pre-
liminary heat treatment was also reported for Al,03-ZrO, [44] and
In,03 [45]. The pressures that were required during the preliminary
heat treatment fell within the range of 1-2 MPa [44,45]. Uneven
shrinkage of the green body was observed in both the Al,03-ZrO,
and the Iny0s3. In the case of the Al,03-ZrO,, the preferential
shrinkage of the agglomerate left voids around the agglomerate,
which turned into crack-like pores [44] after prolonged sintering.
According to the dilatometric analysis of the In,05, the shrink-
ages peaked at 1070°C. The shrinkage at 1070°C was due to the
formation of a local dense region called the “domain”. It was con-
sidered that the pores between the domains were eliminated at
1400 °C, which was expressed as the second maximum peak from
the dilatometric shrinkage.

Thus, the preferential shrinkage within the domains at 1070°C
should induce tensile stress around the domains. The tensile stress
induced by the domains was estimated as 1-3 MPa, according to
Kellet [46]. It is interesting that the magnitude of the induced
tensile stress is the same as the pressure required during the
preliminary heat treatment. It is thus assumed that the external
pressure compensated for the tensile stress that developed during
the uneven shrinkage. Microscopically, the applied pressure should
reduce the void formed around the domains. The externally applied
pressure can be effective if the domains, as matrices, are not too
strong, and if there is sufficient space in which to rearrange the
domain. Actually, in the case of the In,03, it was most effective to
apply pressure just above 1070°C.

Therefore, pressure must be applied at the very first sintering
stage [47]. The pressure that was applied at the final sintering stage
in this study was not effective because the matrix was too stiff for
the rearrangement of the domains [48]. With the rearrangement
of the domains, the sizes of the voids between the domains were
reduced. As explained in the driving force for the shrinkage of a
void, a smaller void is more advantageous than a larger void for
elimination not only because of its size but also because of its driv-
ing force. Therefore, the voids that are separated into smaller voids
in the preliminary heat treatment have greater driving force for
elimination during the final sintering stage, which can elevate the
specimen’s density.

4. Conclusions

In the sintering of Al-doped ZnO, the increase in Al suppressed
the densification and grain growth of ZnO, which implies the reduc-
tion of its chemical activity. The loss of mass through volatilization
also decreased by up to 2 wt% Al. The further increase in Al from
2 wt%, however, increased the loss of mass due to the appearance
of open pores. In the ZnO that was doped with less than 2 wt% Al,
the volatilization resulted in non-uniform porosity between the
inner and outer regions. To promote the densification of the Al-

doped ZnO, mild (1 or 2 MPa) external pressure was applied during
the preliminary heat treatment at 900°C, prior to the final main
sintering. Compared to the unpressed specimens, the final density
increased to up to 0.53 g/ml after the pressureless final sintering.
In particular, the improvement was noticeable in the 3 wt% Al,
for which conventional sintering was not effective. It can thus be
concluded that the application of external pressure during the pre-
liminary heat treatment is an effective approach for the uniform
densification of ZnO for wide Al doping.
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