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Abstract: ZnO-based compositions are of great interest for
high-temperature thermoelectric applications. In this study,
n-type Al-doped ZnO was sintered under varying atmo-
spheres and the changes in electrical conductivity along
with chemical defects were analyzed. The electrical con-
ductivity of Al-doped ZnO (ZnO-Al) exhibited large
variation from 10~ to 10° S/cm as the sintering atmosphere
was changed from air to nitrogen to vacuum. The low
oxygen partial pressure assisted Al substitution in ZnO
and increased the interstitial Zn, which increased the car-
rier concentration and improved the electrical conductivity.
Using vacuum sintering, the electrical conductivity of ZnO
was enhanced as the concentration of Al doping was
increased from 1 to 3 at.%. Two sets of starting powders
were used for sintering studies, one synthesized through
the ball-milling and other through the sol-gel chemical
synthesis. It was found that the Al substitution is improved
by using chemically synthesized ZnO-Al powders.
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Introduction

Zn0 is a promising thermoelectric material due to its
combination of good Seebeck coefficient (around -200
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HV/K) and excellent stability at high temperature (Ozgiir
et al. 2005; Ohtaki, Tsubota, and Eguchi 1996; Ong,
Singh, and Wu 2011). It is a natural n-type wide-band
gap semiconductor because of the slight deviation from
stoichiometry (Ozgiir et al. 2005) that occurs during
synthesis. Similar to other oxide thermoelectric materials,
relatively low carrier concentration limits its potential to
achieve higher figure of merit. Experimental and theore-
tical value of mobility (u) in ZnO has been found to be
quite high in comparison with other oxide-type materials;
however, the carrier concentration (n) needs to be further
increased in order to improve the electrical conductivity
(0) (Ozgiir et al. 2005).

Doping and sintering conditions can modify the
defect chemistry and thereby influence the electrical
behavior of ZnO. Aluminum is a common dopant utilized
for ZnO, and previous studies have revealed that o of
Al,Os-modified ZnO can be increased by more than
three orders of magnitude (Ohtaki, Tsubota, and Eguchi
1996; Tsubota et al. 1997). Electrical conductivity
enhancement has been primarily attributed to the A’ ™
substitution on the Zn®" site resulting in a free electron
(Cai et al. 2003). However, the doping concentration is
restricted due to the limited Al solubility in ZnO with a
maximum of 0.3 at.% at 1,400°C (Shirouzu et al. 2007).
Additional Al,O5 forms the secondary phase correspond-
ing to ZnAl,0,, which has a negative impact on the
magnitude of electrical conductivity (Cai et al. 2003;
Zhao et al. 2014). According to phase diagram of the
Al,05-ZnO system, the reaction between ZnO and Al,Os
varies considerably with temperature, which changes the
function of Al in ZnO matrix. Studies have shown that the
Al,05-doped ZnO sintered at 1,400°C exhibits much better
o value than at lower temperatures, such as 1,100°C
(Zhao et al. 2014; Han, Mantas, and Senos 2001).
Relatively low sintering temperature is required (Jood et
al. 2011; Zhao et al. 2012) to achieve low thermal con-
ductivity in nanostructured ZnO, but that low tempera-
ture will also lower the carrier concentration and hence
electrical conductivity. Thus, a better synthesis approach
is required in order to sinter bulk ZnO with higher carrier
concentration at low temperatures.
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The sintering atmosphere is another important vari-
able that can be used to control the electrical properties of
ZnO. Bérardan (2010) have shown that Al-doped ZnO sam-
ples sintered in nitrogen ambient have larger ¢ than those
sintered in air ambient. This behavior was attributed to the
oxygen vacancy formation. The difference in o could be
explained by the change of carrier density, which is
greatly influenced by the surrounding atmosphere, espe-
cially the oxygen concentration. One important reason for
lowering the carrier density is the formation of electron
compensator Zn> " vacancy whose formation requires oxy-
gen (Zhao et al. 2014). On the other hand, it is intuitive
that partial pressure of oxygen might impact the nature of
Al substitution. Therefore, a comprehensive study was
conducted to investigate the influence of sintering atmo-
sphere on the electrical conductivity of ZnO.

Experimental Methods

Two types of powders with different initial physical condi-
tions were used for synthesis. One set of starting powders
was obtained using nano-sized precursor powders of ZnO
(~30 nm, purity > 99.7%, Advanced Materials, LLC) and
Al,0; (40-50 nm, purity > 99.5%, Alfa Aesar) by ball
milling for 48 h. For better Al distribution in the ZnO
matrix, the second set of starting powders was synthesized
by sol-gel chemical process. The chemical synthesis utilized
zinc nitrate hydrate [Zn(NOs),-6H,0] and aluminum nitrate
hydrate [Al(NO;);-9H,0] as dopants (1, 2 and 3 mol%),
oxalic acid [(COOH),-2H,0] as a precursor and ethanol as
a solvent. A viscous white gel was formed from the mixture
of these organics which was stored at ambient temperature
for 24 h and then dried at 80°C for 12 h. The dry gel product
was calcined at 600°C for 2 h under nitrogen atmosphere to
form the nano-sized ZnO-Al powders.

Ball-milled ZnO-2%Al (composition: ZngggAlg ¢,0)
powders (hereafter termed as BM-Zn0-2%Al) were pressed
in disk shape followed by cold isostatic pressing at 200
MPa and then sintered at 1,400°C under air or nitrogen for
5 h. Zn0-2%A1 powders obtained using chemical synthesis
(hereafter termed as CS-Zn0-2%Al) followed the same cold
isostatic pressing method and were sintered at a different
temperature (1,200°C) for 5 h under four different sintering
atmospheres: air, nitrogen, 1.33 Pa (107 Torr) and 1.33 x
107> Pa (107 Torr). CS-Zn0-x%Al (x = 1, 2, 3) powders were
pressed using the same process and sintered at 1,200°C for
5 h under 1.33 x 10~> Pa (1072 Torr). In order to compare
the possible effects of the initial physical condition of
different starting powders, pellets pressed using both
BM- and CS-ZnO-2%Al powders were sintered at 1,400°C

DE GRUYTER

under nitrogen for 5 h. The phase(s) and microstructure
of the samples were examined using X-ray diffraction
(XRD, PANalytical X’Pert, CuKa; Philips, Almelo, The
Netherlands) and scanning electron microscopy (SEM,
LEO (Zeiss) 1550 field emission). The Oxford INCA Energy
E2H X-ray energy-dispersive spectrometer (EDS) system
with silicon-drifted detector was utilized for elemental ana-
lysis. Electrical conductivity was measured with the Van
der Pauw method, using a Keithley 6220 as the precision
current source (100 fA resolution) and a 6Y2 digit Keithley
2182A nano-voltmeter whose sensitivity was 10 nV. The
Hall measurements were conducted in the Van der Pauw
geometry to determine the carrier density. A UV-Vis-NIR
spectrophotometer (Hitachi U 4100) was used for absor-
bance measurements on both ZnO-2%Al powders.

Results and Discussion

The XRD diffractogram of BM-Zn0O-2%Al sintered under air
and nitrogen atmosphere at 1,400°C is shown in Figure 1(a).
Both patterns show the formation of a hexagonal wurtzite-
type ZnO phase and a small fraction of the gahnite phase,
ZnAlLO, (marked with an arrow). Figure 1(b) and (c)
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Figure 1: (a) XRD pattern of BM-Zn0-2%Al sintered under air and
nitrogen atmosphere at 1,400°C; SEM micrographs (cross section) of
BM-Zn0-2%Al pellets sintered at 1,400°C under (b) air and (c) nitro-
gen. Insets are higher magnification images showing secondary-
phase precipitates.
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represents the SEM images of a cross section of BM-ZnO-
2%Al pellets. Both samples show dense microstructure with
a small amount of second-phase precipitates that are more
clearly represented in the insets of Figure 1(b) and (c). The
sizes of secondary-phase precipitates were similar in the
samples sintered under air and nitrogen. The grain size of
Zn0O sintered under nitrogen was smaller (about 10 pm)
than that sintered under air (above 20 pm). Several previous
studies have revealed that the zinc diffusion is responsible
for the solid-state sintering (Norris et al. 1963; Gupta et al.
1968; Lee et al. 1959) since the oxygen diffusion coefficient
is several orders of magnitude slower than that of zinc
(Gupta et al. 1968). The oxygen from the atmosphere can
diffuse faster along the grain boundaries at high tempera-
tures and react with zinc during sintering (Gupta et al.
1968). Hence under air atmosphere the rate of ZnO sintering
and grain growth is faster as compared to that under low
oxygen partial pressure condition.

Figure 2 shows the electrical conductivity of the sam-
ples described in Figure 1. The electrical conductivity of
Zn0-2%A1 prepared in nitrogen atmosphere is about an
order of magnitude greater than when it is sintered in air.
The conductivity was found to increase slowly with mea-
surement temperature. In the solid-state reaction of ZnO
and Al,O; during sintering, there are two most likely reac-
tions, namely, A" substitution on Zn?>* and AP " forming
the gahnite phase (Cai et al. 2003; Bérardan 2010; Singh
2004; Zhan et al. 2011). In atmosphere with sufficient oxy-
gen, the reactions can be expressed as:
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Figure 2: Electrical conductivity of BM-ZnO-2%Al sintered at 1,400°C
under air and nitrogen, as a function of measurement temperature.
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One of the byproducts of the Al,O5 substitution reaction is
oxygen. Based on the Le Chatelier principle (Joos et al.
1991), the lack of oxygen helps the reaction [1] move for-
ward, which can increase the amount of Al as a dopant in
Zn0 leading to an increase in the concentration of free
carriers. According to reaction [2], Zn vacancies are more
likely to appear in the presence of oxygen. The zinc vacan-
cies can compensate for the free electrons and then lead to
lower electrical conductivity (Willander et al. 2010; Wang
et al. 2009). Therefore, the nitrogen atmosphere improves
the electrical conductivity of ZnO by impeding the zinc
vacancy formation. Further, there is a higher concentration
of interstitial zinc defects in ZnO sintered under nitrogen
than that sintered under air which plays the role of an
electron donor (Willander et al. 2010).

The electrical conductivity for ZnO sintered under
nitrogen atmosphere is about ten times greater than
when it is sintered in air; however, the magnitude is
still low in comparison to good thermoelectric alloys
(about 10° S/cm). Also the high sintering temperature
(1,400°C) is not good for thermal conductivity reduction.
Chemically synthesized ZnO-Al powders could be one
possible solution to achieve higher doping concentration
at relatively low sintering temperature and thereby pro-
viding a further boost in the electrical conductivity. In a
comparative experiment, the sol-gel-synthesized Zn0O-Al
powder compacts were sintered at a lower temperature of
1,200°C under different atmospheres: air, nitrogen, 1.33
Pa (1072 Torr) and 1.33 x 10 Pa (10~ Torr). The XRD
diffractogram of this group is shown in Figure 3(a). All
the XRD patterns confirm the formation of ZnO phase and
a small fraction of ZnAl,0, phase. Figure 3(b)—(e) repre-
sents the SEM images of the pellets’ cross sections show-
ing porous structures and the grain size distribution. For
samples prepared in air, ZnO had grains around 5 pm
with closed pores of less than 1 pm located in the corner
of grains. On the other hand, the structure of the sample
prepared in nitrogen was slightly more porous than the
one sintered in air and some pores exhibited long rod
shapes. The Zn0-2%Al samples sintered under vacuum
conditions (107 and 107> Torr) exhibited porous struc-
tures (about 70% relative density), which is likely to
result from the dominant vapor transport mechanism for
grain growth under vacuum conditions (Zhao, Chen,
Miner, and Priya 2014). The structures consist of 5-10
pm grains interspersed by nanoprecipitates. Both the
grain size and the pore size of Zn0-2%Al sintered under
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Figure 3: (@) XRD pattern of CS-Zn0-2%Al sintered under different
atmospheres. SEM micrographs (cross section) of CS-Zn0-2%Al sin-
tered at 1,200°C under (b) air, (c) nitrogen, (d) 1.33 Pa (1072 Torr)
and (e) 1.33 x 107> Pa (107> Torr).

vacuum were larger than that of the sample sintered
under air and nitrogen.

Figure 4 shows the electrical conductivity of CS-ZnO-
2%A1 samples under different atmospheres. It can be seen
that the sample sintered under air exhibited very low
electrical conductivity on the order of 10~ S/cm. The o of
CS-Zn0-2%Al sintered under nitrogen was 480 S/cm at 50°
C and decreased to 380 S/cm at 300°C. Comparing CS-ZnO-
2%A1 sintered under air and nitrogen, the sample prepared
in nitrogen atmosphere exhibits a tremendous improve-
ment in electrical conductivity (seven orders of magni-
tude). The electrical conductivity of the CS-Zn0-2%Al was
larger in comparison to BM-Zn0-2%Al sintered under the
same nitrogen atmosphere (Figure 2), even though the
later one used a higher sintering temperature of 1,400°C.
The lower sintering temperature of 1,200°C reduces the
substitution of A" ijons in ZnO matrix (Zhao et al.
2014). The CS-Zn0-2%Al pellets sintered under vacuum
conditions of 1.33 Pa (107 Torr) and 1.33 x 107> Pa (10~
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Figure 4: Electrical conductivity as a function of measurement
temperature for CS-Zn0-2%Al sintered at 1,200°C under different
atmospheres.

Torr) exhibited even higher o on the order of 660 and 1,150
S/cm at room temperature that decreased to 450 and 750
S/cm, respectively, at 300°C. According to Hall measure-
ments, samples sintered under 1.33 x 107> Pa vacuum
had a higher carrier concentration at room temperature
1.08 x 10%° cm™ compared to CS-Zn0-2%Al under 1.33
Pa (4.93 x 10” cm™) and nitrogen (1.77 x 10" cm™).

The sintering atmosphere as well as the initial pow-
der condition is important for the completion of the sin-
tering process and final defect chemistry. As mentioned
earlier, the sintering mechanism of ZnO involves the
diffusion of Zn ions (Norris et al. 2007; Gupta et al.,
1968; Lee and Parravano 1959), resulting in high defect
concentration at the surface. When sintered in air, oxy-
gen is sufficiently available to react with Zn on the sur-
face resulting in Zn vacancies. Zn vacancies have been
proven to be electron compensating centers that have
lowest formation energy of all of the possible native
defects in n-type ZnO (Willander et al. 2010; Wang et al.
2009). On the other hand, interstitial Zn atoms function
as electron donors and are formed through the reaction
(Takata, Tsubone, and Yanagida 1975):

Zn0 = Zn)* +1/20,(g) 3]

High oxygen partial pressure impedes reaction [3] leading
to a smaller amount of interstitial Zn. The oxygen in
atmosphere also assists with the formation of the second-
ary-phase ZnAl,0,, which lowers the availability of Al as
dopant. According to a prior study (Takata, Tsubone, and
Yanagida 1975), chemisorbed oxygen should be taken
into account to explain the electrical property change.
Chemisorbed oxygen is found to provide electrons at
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low temperatures, which would be hindered in air
(Takata, Tsubone, and Yanagida 1975):

Oy5 = 1/20a(g) + € (4]

All of the above factors give rise to a lower electrical
conductivity of ZnO-2%Al sintered under air. On the
contrary, the absence of oxygen has the following
effects: (1) it assists interstitial Zn formation and
increases the carrier concentration; (2) it impedes the
second-phase formation and improves the Al incor-
poration in the ZnO matrix and (3) it increases the
amount of electrons with the release mechanism of
adsorbed oxygen (0.4) at the surface of ZnO (Takata,
Tsubone, and Yanagida 1975). We anticipate that vapor
transport mechanism is dominant during sintering
under vacuum conditions. During sintering, Zn,O, gas
was supposed to be formed in the vacuum tube at high
temperature (>900°C) and deposited on the inside
walls during cooling. The elemental analysis
(Supporting Information, Figure S1 and Table S1) on
the particles deposited on the wall of quartz tube
revealed that there was higher oxygen concentration
compared to zinc, which indicates interstitial Zn
formation.

To clarify the influence of vacuum sintering and the
chemical synthesis process on Al doping, different Al
amounts were used in the sol-gel synthesis. This group
of three pellets with different Al amounts was sintered at
1,200°C, under 1.33 Pa (1072 Torr). The electrical conduc-
tivity of CS-ZnO with 1-3 mol% Al as a function of tem-
perature is shown in Figure 5 and these results show that
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Figure 5: Electrical conductivity as a function of measurement tem-
perature for CS-ZnO-Al (with Al in the range of 1-3 mol%) sintered at
1,200°C under pressure of 1.33 Pa (1072 Torr), showing increasing
electrical conductivity with increasing percentage of Al.
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greater Al percentage resulted in a larger electrical con-
ductivity. At room temperature (RT), the o of Zn0O-2%Al
(666 S/cm) and ZnO-3%Al (857 S/cm) was 3.5 and 4.5
times higher than that of Zn0-1%Al (194 S/cm). The ¢ of
all samples decreased with increasing temperature,
which could be explained by stronger carrier scattering
at higher temperature when electron concentration is
relative high. At 500°C, the ¢ of Zn0O-2%Al (223 S/cm)
and Zn0-3%Al (301 S/cm) was 4 and 5.4 times higher
than that of Zn0-1%Al (56 S/cm). According to Hall
measurements, Zn0-3%A1 had a carrier density of 7.11 x
10" cm™> which is larger than carrier density of 4.93 x
10" cm™ for the Zn0-2%Al. These results directly reflect
the effect of vacuum sintering and Al concentration.

As a comparison (Supporting Information Figure S2),
the electrical conductivity of ZnO-Al sintered under air
increased from O to 1 mol% Al (5 S/cm at RT) and then
decreased back to 3 S/cm at RT for 2 mol% Al, which
indicates that the electrical conductivity exhibits peak
behavior. This trend is similar to the result reported in a
prior study that adding 0.25 at.% Al leads to more than a
factor of 100 improvement in room temperature electrical
conductivity (about 350 S/m) compared to pure ZnO, but
further Al addition sharply decreases the room tempera-
ture electrical conductivity to 1 S/m when sintered in air
(Jood et al. 2011). Al in excess of 0.25 at.% does not help
in increasing the carrier concentration. In this prior
study, samples were pressed using ZnO-Al nanopowders
synthesized by chemical process under microwave irra-
diation. Adding additional Al would not enhance the
electrical conductivity when the sintering was conducted
in air. According to the phase diagram of Al,05-ZnO, the
solubility of Al in ZnO is limited in air (~0.3 at.% at
1,400°C) and at lower temperatures, such as 1,200°C,
the solubility is even lower. However, under vacuum
conditions, a greater concentration of Al can be incorpo-
rated into ZnO as shown in Figure 5.

The initial powder mixture is another factor resulting
in electrical behavior variation. Comparing Figures 2
and 4, it is clear that ZnO-2%Al sintered at 1,400°C
using chemically synthesized powders has electrical con-
ductivity ten times greater than Zn0-2%Al sintered at
1,200°C using ball-milled powders of ZnO and Al,Os,
both of which were sintered in nitrogen. When both
types of samples (BM and CS) were sintered at the same
sintering temperature of 1,400°C under nitrogen, CS-ZnO-
2%Al had electrical conductivity 30 times greater than
that of BM-Zn0-2%Al (Figure 6). From this result, it can
be concluded that using sol-gel-based chemical synth-
esis process to prepare nanopowders improves the elec-
trical conductivity of sintered ZnO-Al.
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Figure 6: Electrical conductivity as a function of measurement
temperature for CS- and BM-Zn0-2%Al.

The uniform distribution of Al atoms in ZnO nanopow-
ders and lattice imperfection could be two important
factors in improving the electrical conductivity. The
increased Al substitution in ZnO avoids the diffusion
barrier from Al,O5 into the ZnO matrix. The precipitation
of ZnAl,O, happens through the Al aggregation.
Moreover, when the calcination of ZnO nanopowder is
conducted under nitrogen the lack of oxygen causes an
increase in interstitial Zn (Takata, Tsubone, and Yanagida
1975). In ball-milled powders, the Al stays in Al,0; pow-
ders even when it is well mixed with ZnO. The doping
process happens through reaction [1], and Al needs to
diffuse through the interface of ZnO and Al,Os. To prove
the different Al configuration and relevant particle size in
two types of powders prepared by ball-milling and che-
mical synthesis, we examined the BM- and CS-ZnO-Al
nanopowders using XRD, SEM and absorbance spectra
as shown in Figure S3 and Figure 7. The XRD patterns
show that both powders are rich in the zinc oxide phase.
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The XRD reflections of CS-ZnO-Al nanopowders are
broader, implying low crystallization and imperfect lat-
tices. Through SEM images and particle size analysis,
both powders were found to have uniform size of 80
nm. So there is no significant difference in surface ratio
of the two kinds of powders.

Figure 7 displays the absorbance spectra of these two
types of powders (BM and CS) with different Al additions.
The absorbance spectra of ball-milled ZnO-Al powders
shows negligible changes with increasing Al amount.
This result indicates that the structure of ball-milled
Zn0-Al powders is almost the same as that of pure ZnO
and Al does not substitute in the ZnO lattice. In the case
of sol-gel chemical synthesis, the absorbance curves
form reflections at higher wavelengths. The reflections
are more obvious with increasing Al concentration.
During the chemical synthesis process, AI>" ions mix
with Zn?* ions. Al atoms stay in the ZnO matrix and
modify the ZnO absorbance behavior, especially at high
wavelengths (Qu 1993). The absorbance increases from
Zn0O without Al to ZnO-2%Al and then has a slight
decrease for ZnO-3%Al. It is possible that a small amount
of ZnAl,0,, which has high opacity in the long wave-
length range, has formed in the Zn0-3%Al powders dur-
ing calcination.

Figure 8(a) shows the Seebeck coefficient (a) of CS-
Zn0-2%A1 sintered under different atmospheres. All the
Zn0 samples exhibited negative Seebeck coefficients over
the entire temperature range indicating n-type conduc-
tion. The value of a at room temperature was found to be
—-75 PV/K for CS-Zn0-2%Al sintered under nitrogen,
which increased to —100 pV/K at 300°C. The value of «
for CS-Zn0-2%A1 under vacuum was found to be around
-60 to —80 pV/K. The decrease of Seebeck coefficient
value is probably because of the increase of carrier con-
centration. The power factor (Figure 8(b)) of ZnO samples

ZnO powder by synthesis

0%Al
1%Al
2%Al
3%Al

@) (b)[
T ZnO powder by ball milling .
S 0%Al S+
= / 1%Al =
é’ L 2%Al ;
3%Al

g ° 8 I}
38 8
[ . [
o o
2 n
< Qo
< <

400 800 1,200 1,600 400

Wavelength (nm)

800
Wavelength (nm)

1,200 1,600 2,000

Figure 7: UV-VIS-NIR spectra of ZnO-x%Al (x = 0, 1, 2, 3) compared by (a) ball milling and (b) chemical synthesis.
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Figure 8: Seebeck coefficient and power factor as a function of measurement temperature for CS-Zn0O-2%Al sintered at 1,200°C under

different atmospheres.

under nitrogen and vacuum is larger than 2 pW/cm K,
which is higher than the result of a recent paper at the
same operation temperature (Jood et al. 2011).

Summary

We investigated the effect of sintering atmosphere and
initial powder state on the electrical conductivity of Al-
doped ZnO. Under different sintering atmospheres, ZnO-
Al samples exhibited a large difference in electrical con-
ductivity. BM-Zn0O-2%A1l samples showed an order of
magnitude greater electrical conductivity when sintered
under nitrogen as compared to air. Samples prepared
using sol-gel-synthesized powders sintered under
vacuum and nitrogen showed 107 times higher electrical
conductivity than the samples sintered under air. The
electrical conductivity of Zn0O-2%Al sintered in vacuum
at 1,200°C was found to reach 1,000 S/cm, which is
typical for thermoelectric alloys. The results showed
that low oxygen pressure promotes Al substitution in
Zn0 and impedes the formation of Zn’* vacancies, lead-
ing to an increase in the amount of interstitial Zn and
thereby electrical conductivity.
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