®

CrossMark

ELSEVIER

Available online at www.sciencedirect.com

ScienceDirect

Journal of the European Ceramic Society 34 (2014) 4247-4256

EERRS

www.elsevier.com/locate/jeurceramsoc

Textured Al-doped ZnO ceramics with isotropic grains

P. Diaz-Chao?, F. Giovannelli ™*, O. Lebedev?, D. Chateigner ¢, L. Lutterotti, F. Delorme ",
E. Guilmeau®

& CRISMAT, UCBN, ENSICAEN, 6 Boulevard du Maréchal Juin, 14050 Caen Cedex, France
b Université Francois Rabelais de Tours, CNRS, CEA, INSA, GREMAN UMR 7347, IUT de Blois 15 rue de la chocolaterie, 41029 Blois Cedex, France
¢ IUT-Caen, Université de Caen Basse-Normandie, 6 Boulevard du Maréchal Juin, 14050 Caen Cedex, France

Received 23 April 2014; received in revised form 3 July 2014; accepted 7 July 2014
Available online 24 July 2014

Abstract

Pure ZnO and single Al-doped ZnO compounds without secondary phase have been obtained by SPS process. Starting powders prepared by co-
precipitation have been synthesized. The sintered pellets exhibit different texture degree but similar isotropic shaped grains. Sintering mechanisms
are proposed for both powders, explaining the different texture and grain size evolutions as a direct consequence of the differences observed in
both compounds. The influence of texture and grain morphology on the thermoelectric properties is studied.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

ZnO is a non-toxic, biocompatible, abundant, transparent
oxide which has attracted much attention for a large number
of applications due to its varied properties.' > It presents a wide
band gap of 3.3 eV in which different energy levels introduced by
O and Zn defects are probably responsible for the electrical con-
ductivity in pure ZnO.* Many authors have already reported the
enhancement of the transport properties of ZnO motivated by its
potential application in fields such as photovoltaic™° or thermo-
electric energy conversion.”~'” To this aim, pure ZnO has been
doped with several elements such as AlL7810.11 Gg 12 Nj13:14 o
P.!5-16 The addition of metal oxides like Bi»O3, CoO, MnO, or
Sb,03, has also been investigated for its use in varistors. 17

ZnO has been prepared in the form of 1D nanotubes, whiskers
or nanorods by pulsed laser ablation (PLD), electrochemistry,
chemical vapour deposition (CVD) or thermal evaporation.'® 2
It has also been prepared in 2D thin films using CVD, MOCVD,
PLD and electrochemistry, among others,?*27 as well as in 3D
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polycrystalline powders and single crystals. The most common
procedure to prepare bulk polycrystalline ZnO is to use some
chemical route, and compact it afterwards by techniques like
conventional sintering, hot pressing, or spark plasma sinter-
ing (SPS).*!?>? Among these techniques, the SPS presents the
advantage of achieving high densities at lower temperatures than
with the other techniques.’” This is particularly interesting for
nano-sized powder elaboration since nanometric grain sizes can
be preserved, as well as to avoid volatilization of Zn.

ZnO crystallizes in two different polymorph structures, cubic
zincblende and hexagonal wurzite. The zincblende-ZnO is the
less common form because of its metastable character at ambient
conditions. Nevertheless, some of its properties like its ability
to alloy with MgO for bandgap engineering®” or its role in the
formation of ZnO nanostructures’' makes its study increasingly
attractive. The wurzite-type, on the other hand, is the stable form
of the ZnO at ambient conditions and has been much more com-
monly used and studied. The hexagonal structure of the wurzite
gives an anisotropic character that has been rarely studied in
bulk*>** and more extensively in the form of thin films.?%
In the case of ZnO bulks elaborated by SPS, it appears that
combining the SPS process with other anisotropic fields during
sintering, like extrusion or high magnetic field, is necessary to


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2014.07.009&domain=pdf
http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2014.07.009
mailto:fabien.giovannelli@univ-tours.fr
dx.doi.org/10.1016/j.jeurceramsoc.2014.07.009

4248 P. Diaz-Chao et al. / Journal of the European Ceramic Society 34 (2014) 4247—4256

Signal A = InLens
Aperture Size = 30,00 pm

EHT = 3.00 kV
WD = 2.3 mm

EHT = 3.00 kV
WD = 25mm

Signal A = InLens
Aperture Size = 30,00 pam

Mag= 30.00K X HZOO nm

Fig. 1. SEM images of the (a) pure and (b) Al-doped ZnO starting powder.

achieve large preferred orientations.’”*? These works resulted
in elongated crystallites having their c-axis in the main direction
of the particles.

In this work, we report the SPS formation of crystallized and
oriented ZnO with isotropic grain morphology without using
any external influence. The sintering process, the structure and
microstructure of the samples are described along with its trans-
port properties. A densification mechanism is proposed.

2. Experimental

100 ml of cationic solution have been obtained by dissolu-
tion of Zn(NO3)2-6H,O (Aldrich 99.99%) and AICl3 (Acros
99%) in demineralised water. The Zn concentration is 1 M and
in the case of doped sample Al concentration corresponds to
5 atomic percent of Zn. Precipitation has been performed by
dropwise addition of 125ml of a 4 M NaOH solution (solid
NaOH from Scharlau (99%)) during 25 min. The precipitate thus
obtained was centrifuged at 4000 rpm during 5 min and washed
with distilled water. This step was repeated five times. The solid
was finally dried at 80°C.%° In the case of aluminium doped
samples laser ablation—inductively coupled plasma—mass spec-
trometry (LA-ICP-MS) analysis was performed. An elemental
XR Thermo Specific, following the procedure described in
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Fig. 2. XRD of pure and Al-doped ZnO starting powder.

previous studies’’ " was used in combination with a VG UV

laser probe laser ablation sampling device. Solid samples were
prepared as pressed pellets. Powder samples of 350 mg were put
under 8 metric tonne pressure, without added binder, to form
13 mm (diameter) x 1 mm (height) pellets. The repetition rate of
the 266 nm wavelength laser was fixed to 10 Hz. Calibration took
place with certified artificial glass, NIST-610. Measurements
were replicated four times to validate the analytical precision of
the technique.

Pure and Al-doped (0.3%) ZnO pellets have been prepared by
spark plasma sintering (SPS) in a FCT model HPD25 at temper-
atures ranging from 600 °C to 1100 °C for pure ZnO and from
400 °C to 1000 °C for Al-doped ZnO in a graphite die. A dwell
time of 5min and a heating rate of 100 K/min have been used
under an applied pressure of 100 MPa. The structural characteri-
zation of the powder source and of the pellets has been performed
by X-ray diffraction (XRD) in a Philips X’pert pro MPD
PANalytical diffractometer, using CuKa radiation. The XRD
measurements after sintering were performed on the surface per-
pendicular to the SPS applied pressure (Psps) as well as on the
cross section. Texture analysis was performed using a 4-circle
diffractometer setup equipped with a Curved Position Sensitive
detector (CPS120 from INEL SA) with monochromatic CuKa
radiation.*” Data were analyzed within the combined analy-
sis formalism*' implemented in the MAUD software.*> The
morphology of the samples before and after the sintering has
been studied by scanning electron microscopy (SEM) in a field
emission gun SEM model Carl ZEISS SUPRA 55. No metal-
lization has been performed. TEM investigations were carried
out with a Tecnai G2 30 UT microscope operated at 300kV and
having 0.17 nm point resolution. The TEM samples were pre-
pared by crushing the powder in an agate mortar, dissolved in
methanol and spread out on Cu carbon holey grid. Seebeck coef-
ficient (S) and electrical resistivity (o) have been measured in a
ULVAC ZEM-3 equipment by the differential and the four-probe
point methods, respectively. The thermal diffusivity (o) has been
obtained by the laser flash analysis technique in a Netzch LFA-
457 equipment. Thermal conductivity («) was determined using
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Fig. 3. TEM images of (a) pure and (b) doped ZnO powders.

the product of the geometrical density, the thermal diffusivity
and the heat capacity. The heat capacity was calculated using
the Dulong-Petit law.

3. Results

SEM images of pure and Al-doped ZnO starting powders
(Fig. laand b, respectively) show platelet-like particles of irreg-
ular contours with a high aspect ratio, mean platelet sizes being
larger in the Al-doped samples. Small round-shaped particles
of ~20nm in diameter can also be observed in the Al-doped
powder. The corresponding XRD patterns of both doped and
non-doped powders before SPS (Fig. 2), however, do not show
any significant difference within the used instrumental resolu-
tion. The comparison of both diffractograms with the reference
wurtzite pattern of ZnO (P63mc space group, Crystallography

beanr

[111j

Open Database no. 9004178)** shows a slight preferred ori-
entation of the powders with a larger intensity of the 002 peak
compared to arandomly oriented powder (20 = 34.4°). The TEM
images of both powders (Fig. 3a and b) confirm the presence
of platelet-like particles with a similar high aspect ratio and
higher abundance of smaller round-shaped particles in the Al
doped powder. In the latter, the presence of needle-like parti-
cles is also observed in the powder crystallized along the c-axis
(Fig. 4). In spite of the apparently similar morphology of both
powders from the SEM images, the platelets of the pure ZnO
show an heterogeneous morphology with darker stripes within
the platelets that coincide with protrusions seen on the edges
(Fig. 5). This structure might correspond to other platelets con-
nected perpendicularly or forming a flower-like structure, as it
can be seen in the SEM images in Fig. 1a. In any case, these crys-
tal habits exhibit single-crystalline diffraction behaviour (Fig. 5).
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Fig. 4. TEM image of the Al-doped powder showing the crystallographic directions (a) in the needle-like and (b) in the platelet-like particles.
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Fig. 5. TEM images of the pure ZnO powder. The main image corresponds to
the area signalled by the square in the inset.

In the Al-doped powder, on the contrary, such structures are not
observed. Platelet and needle-like particles are isolated from
each others as seen by SEM and TEM (Figs. 1b and 4, respec-
tively). On the one hand, it is important to note that in both
powders the c-axis lies in the plane of the platelets, contrar-
ily to platelet-like morphologies usually shown in the literature
which exhibit their ab-plane as the platelet planes.***> On the
other hand, the crystallization of needle-like particles is usu-
ally obtained with the c-direction along the main axis of the
particle,d's’46 as it is the case for the needles observed in this
work.

After sintering, a density up to 99% is achieved in both doped
and pure ZnO (Fig. 6a). However, both types of powders show
different densification kinetics (Fig. 6b). Doped ZnO follows
a simple sigmoid curve reaching densities higher than 90% at
500 °C, while a two shrinkage process is activated in the densifi-
cation of the pure ZnO. The first shrinkage starts almost at room
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Fig. 7. X-ray diffractograms of (a) pure and (b) Al-doped samples performed
on the surface perpendicular to the pressure axis.

temperature and gives rise to densities up to ~70% at 400 °C,
while the second one begins around 850 °C with a density of
99% at a temperature of 1100 °C.

The SPS process accomplishes sintered pellets with ZnO
(doped or not) as the unique crystallized phase (Fig. 7a and b).
This is consistent with the used low Al content which is probably
below the solubility limit.'**” Indeed, previous studies showed
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Fig. 6. (a) relative density of the Al-doped (red open circles) and pure (black solid circles) SPS-processed ZnO. Dotted lines are guides for the eye. (b) Temperature-
time and piston displacement profiles for Al-doped (dashed lines) and pure (solid lines) ZnO. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Fig. 8. Texture analysis measurement preformed on the Al-doped ZnO sintered
at (a) 500 °C, (b) 600 °C, (c) 800 °C, and (d) 1000 °C.

the apparition of secondary phases at grain boundaries when
the aluminium content was larger than 1%at.>>*® Moreover, the
absence of the 00 2 diffraction peak (260 =34.43°) in all the Al-
doped samples indicates a significant texture in the resulting
pellet. In the case of pure ZnO a preferential orientation can
also be observed from the different relative intensity of the three
main peaks (100 (260=34.43°), 200 (20=34.43°), and 101
(260 =34.43°) with respect to the reference pattern. Furthermore,
such relative intensities change with the sintering temperature,
which indicates an evolution of the texture. A quantitative anal-
ysis of the texture of our samples has been then carried out by
refining the XRD diffractograms using the Combined Analy-
sis approach.*! The Orientation Distribution Function (ODF)
was refined using spherical harmonics integrated during the
Rietveld fit of the diagrams in the MAUD software.*> From the
ODF the pole figures for the main directions {100} and {002}
(Figs. 8 and 9) were calculated.

According to the {100} and {002} pole figures of Al-doped
samples, pole density maxima are obtained for the directions
parallel and perpendicular to Pspg respectively. The orientation
density reinforcement of the equator of the {002} pole figure
clearly indicates a preferred alignment of the c-axes perpen-
dicular to the pressure direction. This preferred orientation is
maintained over the whole temperature range, but its magnitude
decreases as the sintering temperature increases, with {002}
pole density maxima going from 3.2 mrd down to 2.5 mrd. The
pure ZnO samples exhibit a comparatively weaker texture. As

(@)

Fig. 9. Pole figures obtained with the MAUD software from standard XRD
measurements performed on pure ZnO prepared at (a) 600 °C, (b) 800 °C, (c)
1000°C, and (d) 1100°C.

in the case of the doped samples, the pure ZnO samples sintered
at the lowest temperatures (600 °C and 800 °C) show orienta-
tion density maxima in {100} and {002} pole figures for the
directions parallel and perpendicular to Pgps, respectively. How-
ever, in the samples prepared at higher temperatures (1000 °C
and 1100 °C), the orientation density behaviour reverses, with
{002} pole figure maxima found in the direction parallel to
Psps, though the orientation density along this direction is still
lower than in doped samples (not larger than 1.8 mrd).

Itis worth noting that the observed crystallographic preferred
orientations are not obvious in the SEM images of the surface and
the cross-section of our sintered compounds, as seen in Al-doped
sample sintered at 500 °C (Fig. 10). Neither hexagonal-shape can
be seen on the cross section nor elongated shapes on the surface,
and rather isotropic shapes can be seen for all the temperature
range in the Al-doped samples (Fig. 11) as well as in the pure
ZnO samples sintered at 1000 °C and 1100 °C (Fig. 12). Only in
the samples of pure ZnO sintered at lower temperatures (600 °C
and 800 °C) some grain shape anisotropy still is present.

The evolution of the grain size of the Al-doped and pure
samples can also be seen in Figs. 11 and 12, respectively. The
grain size of Al-doped samples increases more significantly than
in the case of pure ZnO where the grain growth is observed
mainly in the samples obtained at 1000 °C and 1100 °C. This
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Fig. 10. SEM image of the surface and the cross section of an Al-doped sample sintered at 500 °C. The X-ray diffractograms of the surface and cross section are
also shown together with their corresponding SEM image.

grain size increase in Al-doped samples is also observed as much Seebeck and the thermal diffusivity of both directions present the
sharper diffraction peaks (compare Fig. 7b and a) in these latter. same values within the measurement errors. The electrical resis-

The Seebeck, resistivity, and thermal diffusivity of the Al- tivity, however, shows different values for the two directions,
doped sample sintered at 800 °C have been measured in the  being more resistive along Psps at least up to around 400 °C.
directions parallel and perpendicular to Psps (Fig. 13). The  This anisotropy in resistive behaviour reduces with temperature

| Al-doped znO (0.3%) [

G e

M 5.00 K X 1 EHT = 5.00 kv Signal A = InLens
€T o T WD = 4.8 mm Aperture Size = 30.00 pm

Fig. 11. Microstructure of the Al-doped ZnO samples obtained at 500 °C, 600 °C, 800 °C and 1000 °C.
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Fig. 12. Microstructure of the pure ZnO samples obtained at 600 °C, 800 °C, 1000 °C and 1100 °C.

and becomes negligible from 400 °C, up to 700 °C within the
experimental errors.

4. Discussion

The texture stabilized in the sintered samples, with ¢ axes
preferentially oriented in the plane perpendicuar to Pspg, can be
easily understood as a direct consequence of the morphology of
the starting powders, i.e. individual single crystal platelets with
c axes in the plane rotate under an uniaxial pressure field to adopt
a perpendicular orientation. However, even though the starting
powders in both cases show the same XRD patterns with similar
morphologies, the observed texture after sintering is clearly dif-
ferent, especially at high temperatures. Textured samples from
co-precipitated powders has also been reported by Sondegaard
et al,** using ZnO powders with different morphologies. It
was shown that powders synthesized by co-precipitation, which
were formed by platelet-like particles, gave rise to the most
intense preferred orientations among the different types of pure
ZnO powders used. However, in their case, the platelets were
found with a- and b-directions in the platelets plane, and cor-
respondingly the c-axes aligned parallel to the pressure axis
in the sintered samples. This difference probably arose from
different elaboration conditions. Indeed, it is known that the
morphology of the particles of ZnO prepared by co-precipitation
depend strongly on experimental parameters as temperature, pH,
or dosification.*®

Remarkably, the grain morphology shown by the sintered Al-
doped samples does not exhibit a lamellar shape, while existing
for the precursor powder, but a more spherical-like one at all

the temperatures, and with the same texture type with main ¢
axes alignment perpendicular to Pgps. In this regard, it should
be noted that the grain size of the Al-doped sample sintered at
500°C is very similar to the size of the platelets (~200 nm),
implying that the densification process of the Al-doped ZnO
should have necessarily involved the widening of the platelets
in the directions perpendicular to the c-axis, i.e. perpendicular
to the original platelets.

Also, the shrinkage evolution of the pure ZnO pellets presents
a second step above 850 °C which is not seen in the shrinkage of
Al-doped powders. To the best of our knowledge, this point has
not been reported previously for pure ZnO. Nevertheless, the fact
that pure ZnO shows a density of only 70% makes it expectable
that another densification mechanism could be activated when
increasing sufficiently the temperature. As already mentioned in
the previous section, itis interesting to highlight that the grains of
the pure ZnO samples sintered at 600 °C and 800 °C do not show
a spherical-like shape as exhibited by the Al-doped samples, but
more anisotropic and closer to the original platelet shape, espe-
cially in the sample sintered at 600 °C. The grain shapes obtained
at temperatures after starting the second shrinkage step acquire
their spheroid character in doped samples, but accompanied by a
texture decrease for higher temperatures. This fact suggests that
a similar sintering mechanism described for the Al-doped sam-
ples occurs in the second step, i.e., the growth of the platelets in
the direction perpendicular to the c-axis. In this way, the larger
misorientation of initial platelets with respect to Pgpg further
weakens the texture strength compared to the Al-doped sinters
and explains the quite random distribution of crystal orientations
at higher temperatures, when the proposed grain growth in the
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Fig. 13. (a) Electrical resistivity (p), (b) Seebeck coefficient (S), and (c) thermal conductivity of Al-doped ZnO in the parallel and perpendicular directions of the

pressure.

direction perpendicular to the c-axis occurs. This randomiza-
tion can be appreciated visually by comparing Fig. 2 (bottom
diagram) and Fig. 7a (1100°C, top diagram). Therefore, the
differences shown in the shrinkage processes between the two
kinds of samples, with different grain growth, shape and texture
evolution, seem to arise from the different arrangement of the
platelets in both powders. It is clearly observed in pure ZnO that
platelet-like grains are connected among them perpendicularly
and forming flower-like structures. These structures are missing
in the Al-doped ZnO powder, what makes the stacking of the
platelets easier, reaching higher orientation densities at lower
temperatures, with ¢ axes perpendicular to Psps, than in the case
of the pure ZnO. This gives rise to larger powder densities for the
same applied pressure, and to less texture loss with temperature
during the process, in the Al-doped samples. Consequently, the
larger grain contacts operational in these latter, operate within
the same temperature range to larger crystallite sizes in the sin-
tered pellets. Signature of such larger crystallite sizes is visible
as much sharper diffraction lines in the Al-doped compared to
Al-free samples (Fig. 7b and a, respectively).

The differences observed in the evolution of the density and
of the grain growth between the Al-doped samples and the pure
ones might be also related to the higher presence of smaller parti-
cles in the Al-containing powder. Indeed, the presence of smaller
round-shaped particles may also enhance the effectiveness of the
reactivity in particular at high density ranges (>85%) where the
pores-size to grain-size ratio is increased for the former.*’ It

should be noted that the sintering starts from room temperature
in both cases (Fig. 6b). This fact is not commonly shown in the
literature, where the shrinkage processes usually start between
300°C and 500 °C at an applied pressure of 50 MPa.*?%50-51 1
can be understood as a consequence of the higher pressure used
in this work (100 MPa), as confirmed by the work of Kinemuchi
et al.,*® who report a density higher than 90% at temperatures
from 200 °C when working at a pressure of 500 MPa. On the
other hand, the particle size might also play a role in the den-
sification mechanisms of SPS, since the breakdown voltage is
more easily reached in nanometer-sized particles and, as a con-
sequence, the densification can occur at lower temperatures.*’
In our case, the similar thickness of the platelets of both pure
and Al-doped powders (~10-20 nm) could also be responsible
for the early activation of the densification processes following a
similar evolution of the shrinkage at lower temperatures in both
cases (Fig. 6b).

Finally, the influence of the obtained texture on the measured
properties (S, p, and k) is shown in Fig. 13. According to the
relatively weak texture strengths and types of our samples, we
do not expect an anisotropic influence on the transport proper-
ties as significant as that reported by other authors,’>>* where
higher carrier mobilities were found in the c-direction.’>>* In
those works, the crystallographic orientation was claimed to
be the origin of such anisotropy. However, the same works
also reported non-isotropic grain shapes that were not taken
into consideration in the discussion of the results (elongated
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grains along the applied magnetic field, that is, perpendicu-
larly to c-direction). A recent study by Han et al.>> on the
effect of the morphology on the thermoelectric properties show
similar results to those of Kaga et al.,>” not only in the car-
rier mobility, but also in the thermal conductivity. In this case,
Han et al.’”> conclude that such effects are mainly given by
the morphology of the grains due to grain boundary scattering.
This conclusion agrees with our results, meaning that the low
anisotropic influence on the thermoelectric properties is not due
to a weak crystallographic texture of the samples. The isotropic
grains obtained after densification do not increase the num-
ber of grain boundaries in some special macroscopic direction,
which supports the high importance of the morphology of the
grains to understand its thermoelectric properties in dense ZnO
samples.

With respect to the Seebeck coefficient results (Fig. 13b),
there is a general agreement among those of Kaga et al.,*” the
results shown by Han et al.,’> and ours, showing no depen-
dency on the crystalline orientation. However, the differences in
the absolute value of the Seebeck coefficient point to a differ-
ence in the oxidation state that might have an influence in the
anisotropy observed in the electrical resistivity. In any case, it
is important to remark that the doping level used in this work
is 0.3%, which is the solubility limit of Al in ZnO, while Kaga
etal.’”> work with an Al doping of 2% which leads to the presence
of secondary phases not always observed by XRD. Regarding
the thermal conductivity, the reported data point to a weak or
negligible>® influence of the intrinsic crystal anisotropy contri-
bution at room temperature. Our data exhibit a ratio «para/kperp
near 1, where the sub-indexes correspond to the ¥ measured in
the parallel and perpendicular to Pgpg direction, respectively.
This result is also consistent with the analysis of Han et al.”
of the thermal conductivity of ZnO. The authors also explain
the anisotropy of the thermal conductivity as a direct conse-
quence of the grain boundaries distribution. This feature is a
great advantage in applications whose anisotropy may induce
constraints and limitations during the process. Alignment of
platelet grains with specific crystallographic orientation must be
then taken into account more carefully so new ceramics with spe-
cific microstructures and textures can be produced with specific
properties.

5. Conclusions

Pure and Al-doped ZnO nanoparticles have been synthesized
by co-precipitation and densified by Spark Plasma Sintering. A
sintering mechanism associated to a specific grain growth has
been proposed in both powders (pure and Al-doped). Differ-
ences in the densification process and in the resulting texture
are evidenced due to the different arrangements observed in the
platelet-like particles of the starting powders. The presence of
flower-like structures in the pure ZnO starting powder especially
hinders the densification and texture. The absence of such struc-
tures in the Al-doped samples makes the stacking of platelets
easier, leading to higher densities at a lower temperature and
higher texture degree than in the case of the pure samples. Inter-
estingly, the microstructure is found to be isotropic which is quite

unusual in oxide ceramic with anisotropic precursor powders.
The influence of the intrinsic crystals anisotropy on the result-
ing macroscopic thermoelectric and transport properties seems
to be small (for p) or even negligible (for S and «), probably due
to the isotropic morphology of the grains.
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