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The high thermal and low electrical conductivities of ZnO ceramics have hindered their thermoelecrric appli

cations. The doping of ZnO with group 3 elements can enhance the thermoelectric properties. In this work, Al (2 

at%) doped ZnO powder was sintered using spark plasma sintering ac varying paran1eters (such as temperature 

(550-700 'C), pressure (250-500 MPa) and the temperature of pressure application (Room Temperature (RT) 

and Holding Tinle (HT))). Maxinlum relative densicy of 98.9% was achieved ac a temperature and pressure of 

650 •c and 250 MPa, respectively. The Al-doped ZnO ceramics inlproved in electrical conduccivicy which caused 

a decrease in the Seebeck coefficient because of increased carrier concentration. The reduction in the grain size 

due to inhibiting growth effects of aluminum lead to a decrease in the thermal conductivicy through phonon 

scattering ac the grain boundaries. Hence, ZT of 0016 ac 500 •c was obtained. This srudy indicated that Al-doped 

ZnO ceran1ics can be sintered ac very low ten1perarure of 650 •c. These conditions allow to retain the nano

srructure, which is beneficial in inlproving the thermoelectric properties. 

1. Introduction

Over the years, there has been a great progress in the the1moelectric 
performance of n-type ZnO based ceran1ics (such as Group 3 elen1ents 
doping, polymer insertion, morphology modification etc .... ) [1-8]. We 
recently repo1ted on the them1oelectlic properties of pure zinc OJdde 
(ZnO) [9]. According to the literature, doping ZnO with group 3 ele
ments (such as aluminum (Al), gallium (Ga), indium (ln)) can lead to 
enhanced electiical properties because dopants can modify the band gap 
of the OJdde. Furthem1ore, their ionic radius are close to that of Zn 
(Al3+ 0.054 nm, In3+ 0.08 nm, Ga3+ 0.062 nm, Zn2+ 0.074 nm) 
[10,11]. Therefore, the ZnO structure will ren1ain the sanie and the 
doping may generate free electrons in the conduction band. 

Thus far, the highest ZT reported for doped ZnO cerantics is from 
dual doping of Al and Ga; ZT 0.45@ 1000 K and ZT 0.65@ 1247 K 
obtained using conventional sinte1ing [12]. Al-doped ZnO cerantics 
were extensively investigated with ZTs of - 0.17-0.47 at 1000 K from 
ceran1ics prepared through hot press [12-15], nticrowave [16] and 
spark plasma sintering [17-22]. The substitution of Al on the zinc site of 
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ZnO helps to in1prove them1oelectric prope1ties through enhanced 
electiical conductivity and reduced thermal conductivity caused by 
nanostructuring. Aluntinum is known to be a grain growth inhibitor [23, 
24]. 

However, these properties can be easily affected by the preparation 
methods of the doped powders. In most repo1ted works, the authors 
have prepared them by solid state reactions of ZnO and Al2O3 raw 
powders which can cause inhomogeneity in the mateiial [25]. The most 
reliable technique is the synthesis of the powders by wet chen1ical 
methods that lead to a homogenous ntixture [26,27]. Nowadays, 
consolidation is being conducted using spark plasma sintering (SPS) 
technique; resulting in full densification which is attained in a short 
period which ntinintizes grain growth [28-30]. Smaller grains are 
effective for reduc.ing thermal conductivity through phonon scattering 
[31,32] and increasing the Seebeck Coefficient [16,33]. So, bulk mate
liais with smaller grains provide the most prontising thermoelectric 
properties. 

Recently, Cold Sintering Process (CSP) [34-37], Low temperature 
SPS/FAST [38,39] and Functional Graded Materials (FGM) [ 40,41] were 



reported to cont:rol the grain size of bulk materials. In cold sintering 

process, small fraction of water and/or aqueous solution is added into 

powder to assist with densification of ceramics at ve1y low temperatures 

of -200 "C, as a result, the nanostructure of the material is maintained 

[37). FGM improves the efficiency and temperature range of TE mate

rials through continuous grain size gradient [40). For instance, FGM 

Al-doped ZnO (0-5 wt% Al) layered ceranuc prepared using SPS at 1000 

•c. The sinmlated efficiency indicated that FGM has wider density range,

and higher efficiency [41). However, in1purity phase, ZnAl2O4, was

observed in the ceranuc which has a huge in1pact on the resistivity. This
result is in accordance with other work reported for Al-doped ZnO ce
ranucs prepared by SPS, showing that the presence of spinel phase is

problematic for resistivity value [17,19,20,22). So, avoiding the spinel

phase is desirable for higher electtical conductivity.

During SPS the thermal distribution is detem1ined by the current 

density that has a great influence on the grain size, concentt·ation of 

in1purity phases (e.g ZnA12O4) and dislocation defects [ 42-44). For 

instance, sintering with high current density in Al-doped ZnO ceranucs 
contt'ibutes to refined grain size and enhanced concentt·ation of in1purity 

phase, ZnAl2O4 [42). Chen et al. [45) reported that sintering in low 

oxygen paitial pressure leads to better substitution of Al ions into the 
ZnO lattice as compared to high oxygen paitial pressure where it is 

tt·ansformed into spinel phase. Therefore, great attention needs to be 
taken when setting sintering conditions (such as temperature, current 

density, pressure, attnosphere etc.) to densify the Al-doped ZnO ce
ranucs. Hence, a bettei· undei·standing of the influence of SPS pai·an1eters 

on the microstt·ucture and the thermoelectric properties of these ce

ranucs is needed. 

In this present work, ZnO was doped with 2 mol% Al. This choice was 
driven by the previously reported high ZT (0.3 - 0.45) at tempei·atures of 

about 1000 K for this composition, due to high electrical conductivity 

and reduced thermal conductivity [12,19,22). The Zno.9oAlo.02O powdei· 
was synthesized through co-precipitation followed by calcination. The 

sintering was pe1formed using Spai·k plasma Sintering (SPS) at vaiying 

tempei·atures, pressures and point of pressure application to reach full 
densification and suitable nucrostntcture. This discussion includes the 
description of the stt·ucture, the nucrostructure (relative density, grain 

size), and their influence on the thermoelectt·ic properties of the 

Al-doped ZnO polyc1ystalline mateiials. 

2. Materials and methodology

2.1. Synchesis of Zno.9!)Alo.02O powder 

Al-doped ZnO powdei· was synthesized through the wet chemical 

method. Basically, the co-precipitation techniques followed by calcina
tion, sinülai·ly to the procedures previously developed by Guy et al. [ 46, 

47). Solutions of 4 M concentration of zinc nitt·ate hexahydrate and 

alununum nitt·ate, and 0.2 M and 0.38 M anm1onium oxalate mono
hydrate were prepai·ed. Aluminum nitt·ate was added at an excess of 

10% to ensure final alununum concentt·ation of 2 mol%. At ambient 

tempei·ature, zinc nitt·ate hexahydrate/aluminum nitt·ate solution was 
nuxed with 0.2 M anm1onium oxalate monohydrate solution to initiate 
nucleation. At a subsequent time and constant stining, 0.38 M anm10-

nium oxalate monohydrate solution was added into the nuxture to 

promote paiticle growth. The pH around 6.5-7 was adjusted using 
anm10nia solution. The oxalate had the form of a white precipitate. Aftei· 

centrifugation, the product was dried at 80 •c during for 22 h, there

aftei·, calcined at 600 •c to fom1 Zno.9sAlo.02O powdei·. 

2.2. Spark plasma sincering of che Zn0,9!)Alo.02O powder 

Al-doped ZnO powdei·s were densified under air attnosphere with a 

Dr. Sintei· 2080 unit (SPS Syntex Inc., Japan) available at the Plateforme 
Nationale de Frittage Flash (PNF2) located at the Université Toulouse 3 

Paul Sabatier using tungsten carbide molds with 8 and 20 nm1 innei· 

dian1etei·s. Prior to their filling with the powder, the molds were lined 
with 0.2 mm thick graphite foi! (PERMAFOIL®Toyo Tanso). A pre
compaction step at 25 MPa for 1 nun was systematically applied 

before the them1al cycle to ensure the san1e initial green state for all the 

sainples. The influence of sintering temperature (550-700 °C), pressure 

(250-500 MPa) and point of applied pressure (room ten1pei·ature (RT) or 

at the setpoint temperature (HT- Holding tin1e) was investigated. The 

sintered ceranucs were polished by silicon carbide dises (P320 and 

P600) to ren1ove graphite foi! for further chai·actei'izations. 

2. 3. Characcerizarion techniques 

2.3.1. Dense ceramics 

The paiticle size and the morphology of the sta1ting powders and the 

nucrostt·ucture of the dense ceranucs were investigated using Scanning 

Electron Microscopy (MEB JEOL JSM65 l0LV and SEM-FEG (FEI HE

LIOS 600i). X-ray diffractometer (XRD Brukei· D4) was used to analyse 
the phase stt·ucture. The smface ai·ea and pai·ticle size distribution were 
conducted using Bnmauei·-Emmett-Teller technique (BETI (Micro

meritics desorb 2300 A) and the mastersizei· (Mastersizei· 2000 (CRIS
MATI and Mastersizer 3000 (CIRIMAT)), respectively. 

Elecoical propercies. 

The electtical measurements were conducted at the Laboratoire de 

Cristallographie et Sciences des Matériaux (CRISMAT, UMR 6508 CNRS, 
CAEN France). Seebeck coefficient and resistivity of the dense ceranucs 

were simultaneously measured using ZEM-3 (Ulvac-Riko) in argon at

mosphere. The dense ceranucs were eut into 9x3x3 nm1 bai·s and coated 

with gold to ensure electt·ical ohnuc contact. Graphite foi! was inseited 
on both sides of heatei·s to ensure a good electt·ical and thermal contact 

with the sample. The thei·mal conductivity was detei·nuned by 

measuring separately thermal diffusivity (a), cei·anuc density (d) and 
heat capacity (Cp) (Eq.01). The sainples were eut into dimensions of 
6x6xl nm1. 

k a(T)Cp(T)d(T) (1) 

The band gap was detemuned on cei·anucs of dian1etei· 20 mm and 

thickness 0.5 nm1, through the photovoltaic route using Benthan1 PVE 
300 PV. The Hall Effect measurements were pe1formed on 3 x 3 mm 
squai·e san1ples using a conm1ercial physical propei·ty measurement 

system (Mode! 7100 AC transport contt·oller, Quantum Design). 

3. Results and discussion

3.1. Spark plasma sincering of A l -doped ZnO powder 

The Al-doped ZnO powder (Zno.9oAlo.02O) was sintei·ed by SPS in air 

at various paran1eters such as temperature, pressure and point of pres

sure application in order to get full y dense ceranucs. Indeed, it has been 
previously shown that the use of WC tools allows to process oxide ma

terials by SPS undei· air atmosphere and to ovei·come the problem of 

reduction due to the low oxygen paitial pressure (neutral atmosphei·e, 
graphitic environn1ent or dynanuc vacuum) conm1only encountered 
[48,49). As a consequence, the annealing tt·eattnent, usually performed 

ai·ound 800 •c, is not necessaiy to re-oxidized the specin1en which could 

induce grain growth. The sunm1ary of the ceranucs chai·acteristics for 
different sintering conditions ai·e given in Table 1. 

3.1.1. Sincering behavior of Al-doped ZnO ceramics 

The shrinkage curves of the pure ZnO and the 2 ac% Al doped 
powdei·s ai·e given in Fig. 1. The shrinkage of both san1ples increased 

shai·ply till 550 °C. The sinteiing steps of 2 ac% Al-doped ZnO can be 

divided into three segn1ents; the first stage is the reai-rangen1ent of the 
nanopai·ticles due to applied pressure. The displacement of 2 ac% was 

slow and reached only 0.7 mm as compai·ed to 1.2 nm1 for O ac%, could 
be related to the aggregates present in the powder. The second stage is 

related to the progressive breaking of the remaining agglomei·ates and/ 



Table 1 
Summary of pure and Al-doped ZnO ceran1ics characteristics for varied SPS paran1eters (Note: RT-Room Temperarure, HT- Holding rime Temperarure). 

Ref. Temperature 

•c

ZnO 
1 600 
2 700 
Zno.ooAlo.02O 
3 RT 
4 550 
5 600 
6 650 
7 700 
8 600 
9 650 
10 600 
[Zno.ooAio.02O] Bibliography 
Ma et al. [54] 900 
Nam et al. [19] 900 
Han et al. [18] 950 
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Fig. 1 .  Sintering behavior of pure ZnO and Al-doped ZnO using spark 
plasma sintering. 

or to the neck formations between the particles due to localized heating 

caused by spark discharge (26,28,50,51]. The third stage is related to 

extend of the neck's formation between the particles and to the densi
fication step with progressive pore elimination. After 550 0C, the slight 

increase in displacen1ent of both san1ples could be due to final densifi

cation with elimination of the residual pores (52]. The total displace
ment between these samples differed by 0.5 mm. This difference can be 

related to the influences of grain size on the sinteling behavior of the 

ceran1ics. The higher density of grain boundaries in the doped san1ple 
compared with the pure ZnO could have enhanced the diffusion rate 

(53], as visible in zone 2 where the kinetics are higher. As a result, the 

optin1al sintering temperature decreased. The reduction in the sintering 

temperature has been reported on the sinteling of nanoparticles 

Point of Pressure application Atmosphere Relative density Grain size 

•c

RT 
RT 

RT 
RT 
RT 
RT 
RT 
HT 

HT 

HT 

% 

Air 99.3 ± 0.1 
Air 100 

Air 57 ± 0.2 
Air 79.9 ± 0.5 
Air 84.9 ± 0.2 
Air 98.9 ± 0.1 
Air 98.1 ± 0.1 
Air 84.3 ± 0.2 
Air 98.6 ± 0.1 
Air 98.5 ± 0.1 

Vacuum 99.9 
Vacuum 94 
Vacuum 90 

2.4± 0.6 
5±2 

0.46 ± 0.01 
0.76 ± 0.26 

0.26 ± 0.01 

0.2 

materials such as ZnO (28,38,39]. Reduced ten1perature in1plies less 

grain growth and more grains boundalies, which will be beneficial for 

in1proving thermoelectric properties. The relative densities of the ce

ramies are given in Table 1 for the different sintering temperatures (from 
550 ·c to 700 °C). 

3.1. 2. Effecc of sincering cemperarures 

The influence of the sintering ten1perature (550-700 °C) on the 

structure, the microstructure, and the density of Al-doped ZnO cerantics 

was studied. Relative density versus temperature given in Fig. 2 showed 

an increase in the relative density with an increment in the ten1perature. 

Maximum relative density of 98.9% was achieved at 650 •c, with initial 

relative green density of 57% at room temperature. Beyond 650 •c a
decrease in the relative density was observed which could be due to the 

presence of pores and/or decrease in the cerantic density related to the 

physical properties such as the density of the individual materials [54, 

55]. The XRD patterns of the Al doped ZnO ceran1ics are given in Fig. 3. 
For instance, at 700 0C the concentration of secondaiy phases increases. 

This phase has a lower density as compai·ed to that of ZnO. The sum of 

the total density of the cerantic will drop. Ma et al. [54] reported higher 

densification rate (i.e. 99. 9%) but such level was obtained after sintering 
in reduced atmosphere for higher sintering ten1perature (i.e. 900 ° C) 

than the range explored in the present study. Nan1 et al. (19] and Han 

et al. (18] reported lower relative densities of 94% and 90% at tem

peratures of 900 •c and 950 •c, respectively, after sintering in vacuum.
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Fig. 2. Relative densicy versus temperarure of Al-doped ZnO cerantics. 
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Fig. 3. XRD patterns of Al-doped ZnO ceramics at varying temperature. 

Other reports mentionecl relative densities of 99% at temperatures be
tween 800 and 1200 °C and only 65-93%, for lower sintering temper
attire, 700-900 °C for Al-dopecl ZnO ceran1ics [17,56]. In the present 
study we want to point out that a high relative density of 98. 9% was 
obtainecl at a temperature of only 650 °C and high pressure of 250 MPa. 
The achievement of such high relative density at low temperature could 
be due to the combination of high reactivity of the powders (i.e. small 
grain size), better rearrangement of the grains, and higher pressure 
applied. 

The analysis of the XRD patterns of most of the Al-dopecl ZnO ce
ramies (Fig. 3) showed that the main phase coITesponds to the ZnO 
hexagonal Wurzite structure. lt was observed that as the sintering 
temperature increases the XRD peaks of the cerantics are sharpened 
which is relatecl to the increase in the grain size. The zoomed inserted 
in1age indicatecl the presence of spinel phase (ZnAl2O4) with ve1y small 
peaks at 37° , 35° , 32.5° and 31.5° . This indicates that during the sin
tering at low temperatures, in air, there is efficient incorporation of Al 

ions in ZnO lattice. At high temperature dentixion occurs that leads to 
the formation of the spinel phase. According to Ellinghan1's phase dia
gran1 [58], low paitial pressure of oxygen promotes further substitution 
of Al into the ZnO structttre. Whereas, at high oxygen paitial pressure, 
excess Al reacts with ZnO to form ZnAl2O4. Our data ai·e in line with 
reported work of Chen ec al. [ 42], on the nticrostructure difference be
tween conventional and SPS of Al-doped ZnO cerantics sintered at 
1200 °C in air and 1000 °C in vacuum. lt was found that the samples 
exposecl to air had high concentration of spinel phase compai·ed to those 
in vacuum due to the differences in oxygen paitial pressure and rapid 
dissolution of Al ions into ZnO lattice causecl by the high DC current 
applied in SPS process. Sintilai·ly, higher concentration of spinel phase 
was observed in air than in nitrogen atmosphere prepai·ed using con
ventional route at 1400 "C for Al-doped ZnO ceran1ic[57]. Nunes and 
Bradt [58] repo1tecl on conventionally sinterecl ZnO/Bi2OJ/Al2O3 ce
rantics and detemtined an activation energy of 400 kJ/mol for ZnO 
grain growth. So, the transpo1t of the ZnAl2O4 spinel paiticles is most 
probably controlled by the diffusion of 02- ions in the ZnAl2O4 spinel 
structure. 

The secondaiy phase present in higher quantity at higher tempera
ttire contributes to the decrease of the total relative density of the 
san1ples sinterecl at 700 •c, since the density of ZnAl2O4 phase (i.e. 
4.61 g/cm3) is lower than the one of ZnO (i.e. 5.61 g/cm3). 

The SEM micrograph of O ac% and 2 ato/o Al doped ZnO cerantics 
sinterecl at 700 • C ai·e given in Fig. 4. A significant decrease in the grain 
size is obse1vecl in the dopecl ZnO with 2 at% Al (i.e. 0.76 µm, Fig. 4c) 

compai·ecl to pure ZnO (i.e. 5.8 µm, Fig. 4(a). This could be due to the 
grain growth inhibiting effects of aluminum as discussecl in previous 
sections. Fmther studies were done to understand the influence of sin
tering temperature on the microstructure of 2 at% Al doped ZnO. 1t was 
obse1ved that sintering at 550 •c and 600 •c did not change the grain 
size of the cerantics. However, at a temperattire of 650 •c and 700 •c the 
grain size increasecl from initial grain size of 75-457 nm and 760 nm, 
respectively, (see Fig. 4 ((c) and (d)). EDX analysis (Fig. 4b) on the 
san1ple sintered at 700 •c indicated that the light phase is Al rich and the 
dai·k phase is Zn rich. Therefore, the light phase obse1vecl by SEM is the 

Al-doped ZnO 

Fig. 4. SEM micrographs of o at% and 2 at% Al zno ceramic sintered at 700 °c and 650 °c (a) Pure ZnO (700-RT), (b) Al-ZnO with EDX analysis (700-RT) (c) Al-ZnO 

with grain structure (700-RT), (d) Al-ZnO (650-RT) and (e) Al-ZnO with zoomed part (650-HT), 



spinel phase ZnA12O4 as confim1ed by XRD analysis. This result is in 

agreement with the work of Joocl et al. (16). The authors noticed that 

the spinel phase is homogeneously distributed across the sample. The 

presence of the spinel phase influences the electrical properties such as 

resistivity and cariier mobility. Some reports indicated that it could lead 

to a decrease of the thermal conductivity while on the other hand it 

could be a hindrance in improving the electiical conductivity due to 

electron scattering (13,16-19,25). EDX analysis of the san1ple sintered 

at 650 °C did not indicate any secondary phases which may be attrib

uted to the low concentration of ZnAl204. Further studies were con

ducted to reduce the concenti·ation of seconda1y phase in the cerantics 

while keeping high densification. 

3.1.3. Reduccion of che amounc of spinel phase in Al-doped ZnO ceramics 

In the previous section, it was indicated that sintering at temperature 

above 650 •c with a pressure of 250 MPa applied at room temperature 

causes the formation of the secondary phases that can be a hindrance in 

in1proving the1moelectric properties. One way to avoid the presence of 

spinel phase in the sintered cerantics is  to decrease the setpoint tem

perature below 650 •c while conse1ving the objective to obtain dense 

specimen. To do so two strategies have been followed: the first one is to 

apply the high pressure at the holding point/temperature (HT) and the 

second one is to double the pressure. At first the influence of the changes 

in sinteiing conditions on the densification was determined. For a set 

point temperature of 600 0C, the relative densities of the samples 

reached only 84% even though a pressure of 250 MPa is applied at room 

temperature and at the dwell (HT), see Table 1. An increase in the 

relative density from 84% to 98.5% was obse1ved when the sintering 

pressure was increased to 500 MPa during heating stage at a ten1pera

ture of 600 °C. However, the sintered cerantic cracked at this pressure 

due to disttibution of residual stresses dming cooling of sintered cerantic 

(59). So, an optimal densification of 98.6% was achieved at 650 •c and 

250 MPa without cracks. This high densification will be beneficial in 

in1proving the electt·ical conductivity and better the1moelectric 

properties. 

The XRD patterns of the cerantics sintered at different temperatures 

and point of applied pressure are repo1ted in Fig. 5. For ail the san1ples, 

the major phase present is hexagonal ZnO, the sanie stt·ucture as the 
powder. The secondary ZnA1204 phase is noticed for the san1ple sintered 

at 650 •c when the pressure is applied at room temperature (RT). 

Applying the pressure during the dwell tin1e (HT) allows to avoid the 

formation of the spinel phase at 650 °C. In this case, we suppose that the 

application of pressure at HT is an additional paran1eter that promotes 

the diffusion of Al atoms in the ZnO stt·ucture [42). 

SEM-FEG nticrograph of the san1ple sintered at 650 °C using HT 
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Fig. S. XRD patterns of Al-doped ZnO ceramics simered at 600 •c and 650 •c 
with a pressure of 250 MPa using RT and HT mode. 

mode (Fig. 4(e)) revealed a decrease in the grain size from 457 nm to 

260 nn1 as compar·ed to the sample sintered using RT mode. The dif

ferences in heat tt·ansfer between the grains could have caused the grain 

size difference; RT mode had better contact as compar·ed to HT mode 

(51]. This polyc1ystalline sample was further annealed in air at 600 ° C 

for 24 h (not shown) to obtain fully oxidized cerantic and ensure stable 

measuren1ent and reproducibility of electi·ical properties. XRD and SEM 

analysis of the annealed san1ple did not show any significant changes in 

the phase stt·ucture and the grain size. 

3.2. Thennoeleccric propercies 

The the1moelectric properties were detemtined for the annealed 

ceran1ic sintered at 650 •c (HT) as it contains minin1al/no secondary 

phase and exhibit a relative density of 98.6%. see Fig. 6. The resistivity 

as a function of ten1perature is given in Fig. 6(a); for the san1ples O ac% 

and 2 ac%. lt is shown that addition of Al in ZnO reduces the resistivity 

especially at low ten1perature ( < 200 °C). At 50 •c the resistivity 

reduced from -197 a.cm to -0.46 a.cm for O Al ac% and 2 Al ac%, 

respectively. This difference is atttibuted to the substitution of Al3+ ions 
on the zn2+ site creating extt·a free electt·ons (17-22). lt is obseived that 

the resistivity of both san1ples decreases with an increase in tempera

ture, which is significant of a senticonducting bellavior. At high tem
perature the valence electrons gain enough energy to reach the 

conduction band, hence, the lowest resistivity of about 0.03 a.cm at 

500 •c (60). Sjjndergaard et al. (61) repo1ted a lowei· resistivity 

compar·ed to our samples for the same Al content, i.e. resistivity values of 
0.005 and 0.0015 a.cm at room temperature wei·e obtained for san1ples 

sintei·ed at 850 •c and 900 •c, respectively, using spar·k plasma sintering 

in vacuum. This difference is probably due to high car1iei· concentt·ation 
caused by diffei·ences in preparation methods and pa1ticularly the 

annealing treatment aftei· sintering. Sjjndei·gaar·d et al. (61) performed 

an annealing tt·eatment in air for a week at 800 •c while in our case, the 
tt·eatment was chosen at much lowei· ten1perature, to avoid the grain 
growth, i.e. 600 0C (because of lower sintering tempei·ature) for 24 h in 

air also. Obviously, the annealing at 800 0C for such a long time leads to 

the creation of more oxygen vacancies that significantly reduce the 

resistivity. 

The Seebeck Coefficient as a function of temperature is given in Fig. 6 

(b). The negative sign indicates and confirms the n-cype conductivity. 

Adding 2 ac% Al reduced the Seebeck coefficient value from 800 to 

175 µV/Kat 50 •c. This decrease could be caused by the increase in the 

carriei· concenti·ation. The broadband Eq. (1) indicates invei·se rela

tionship between Seebeck coefficient and carTier concentration (62). 

8m'n2k� r( ':.\î
3eh2 3n/ 

(2) 

The absolute Seebeck Coefficient, ISI, for the 2 Al ac% san1ple in

creases with an increase in ten1perature from 50 • C to 500 °C; which is 

related to the scattering of the electrons at high temperature. The 

behaviour is diffei·ent from pure ZnO which showed a decrease in the ISI 
with tempei·ature increment. Sjjndergaard et al.(61) reported sintilar· 
behaviour to that of 2 at% Al-doped ZnO with ISI of about 125 µV/Kat 

50 •c for sintering at 850 •c and 900 •c. 

The ten1perature dependence of the theimal conductivity of the 

polycrystalline cerantic presented in Fig. 6( c) revealed that doping with 

Al into ZnO cerantic reduces the thei·mal conductivity from 47 W/m.K 

(0 at°/4) to 27 W/m.K (2 at%) at 50 •c. This was caused by phonon 

scattei·ing at the grain boundaries because of redu ceci grain size (17-22). 

It is clear·ly shown that the thermal conductivity detemüned in this 

present work is almost sinülar· to that repo1ted by Sjjndergaar·d et al.(61) 

probably because of sintilar· grain size. 
The pe1formance of the cerantics was detem1ined using figure of 

merit, ZT, given in Fig. 6(d). An increase in ZT was observed with 
tempei·ature increment for ail san1ples. lt was obseived that O ac% pei·

forms better than the 2 ac% ceran1ic by a ZT value of 0029 at a 
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ductivicy (d) Figure of merit (ZT). 

temperature of 500 •c. The improvecl perfo1mance is because of high 
Seebeck Coefficient shown by O ac% ceranucs. The performance of the 
2 ac% can be enhanced by improving the solubility of Al in ZnO through 
process manipulations such as sintering temperature increment and 
operating in vacuum to increase the electrical conductivity. Also, new 
materials could be incorporatecl with the Al-doped ZnO ceranuc to 
enhance the electrical conductivity and seebeck coefficient while 
maintaining the nanostructure of ceranuc. 

4. Conclusions

The synthesis and spark plasma sintering of Al-dopecl ZnO powder
was described. The addition of 2 at% Al in ZnO powder reduces the grain 
size from 177 to 75 nm. The relative density of Al-doped ZnO sintered at 
a temperature of 650 •c reaches high relative density of 98.9%. Sin
tering above 650 ° C causes an increase in the grain size which conse
quently decreases the relative density due to the presence of pores. The 
addition of Al into the ZnO ceranucs caused a decrease in the grain size 
from 5.4 µm (without Al) to < 470 nm (with 2 ato/o Al). Sintering above 
650 •c and applying the axial pressure dming room ten1perature leads 
to the formation of the spinel phase, ZnAl204, which is unwanted for 
thetmoelectric properties. Applying the pressure during holding time 
prevents the formation of spinel phase. The concentration of spinel 
phase is influencecl by the oxygen pattial pressure. The resistivity of the 
Al-dopecl ZnO ceranucs slightly reduces, which causes a decrease in the 
absolute Seebeck Coefficient as a result of increasecl ca1Tier concentra
tion. The reduction in the grain size leads to a decrease in the thermal 
conductivity due to phonon scattering at the grain boundaties. As a 

result, ZT value of 0016 at 500 •c, smaller than the one of pure ZnO 
ceran1ics was obtained. The low Seebeck Coefficient and electrical 
conductivity value of Al-dopecl ZnO ceranuc causecl the decrease in the 
performance. Even so, these results revealed the in1po1tance of recluced 
thetmal conductivity and low resistivity to improve the thermoelectric 
properties of Al-doped ZnO ceranucs. lt is advisecl to do further exper
in1ents to optimize the amount of Al dopants in ZnO ceranucs and maybe 
consider incorporation of new materials to develop new composites 
and/or play with oxygen stoichiometty by optimizing sintering and 
annealing parameters especially the operating atmosphere to in1prove 
the1moelectric properties. 
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