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J.P. Wiff, Y. Kinemuchi ∗, H. Kaga, C. Ito, K. Watari
National Institute of Advanced Industrial Science and Technology (AIST), 2266-98 Anagahora, Shimo-Shidami, Moriyama-ku,

Nagoya-shi 463-8560, Japan

Received 23 July 2008; received in revised form 16 September 2008; accepted 20 September 2008
Available online 12 November 2008

bstract

oped ZnO has practical applications in the industry for thermoelectric generation, owing to its stability at high temperatures. However, the
fficiency of energy conversion is not sufficient. In this work, we have focused on an experimental evidence of a first-principles prediction in
b-plane tensile strain and the effective mass behavior in ZnO ceramics. The results showed a systematic c-axis compression of the lattice up to
/a = 1.6010 with increase in the Al additive concentration. It was found that this lattice compression induced an increase in effective mass (m*)

rom 0.27 to 0.30 m0, leading to the enhancement in the Seebeck coefficient normalized by carrier concentration. Besides, both carrier concentration
nd Hall mobility increased with increase in Al additive concentration. It was concluded that in the ion-doped ZnO system, a high compression of
/a ratio due to heavy doping could be a key to improving the power factor.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

Thermoelectric materials are promising for enhancing the
fficiency in industrial processes owing to the conversion of
asted heat into useful electric energy. In such processes, it is
uite common to use temperatures above 500 ◦C, and in gen-
ral metal-based thermogenerators are not suitable because they
eteriorate in air at high temperature. Thus, oxides like ZnO are
ery attractive in that application field; however, their efficiency
s still quite low (ZT800 ◦C ∼ 0.2).1

Usually, the energy conversion efficiency of thermoelectric
aterials is evaluated in terms of a figure of merit, defined as
T = (�2/ρκ)T where α, ρ, κ, and T are Seebeck coefficient,
lectrical resistivity, thermal conductivity, and absolute temper-
ture, respectively. There are several approaches for increasing
he figure of merit, namely, (1) decrease thermal conductivity,

2) decrease electrical resistivity, and (3) increase Seebeck coef-
cient. Unfortunately, all those parameters are related to each
thers, for example by carrier concentration, band structures,
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acancies, defects, etc.;2,3 therefore, a highly efficient thermo-
lectric conversion should be conditioned to an optimum in such
ariables.

Nevertheless, doping is the most influential factor in deter-
ining the electron transport properties; thus, a quantitative

nderstanding of the doping effect is required to enhance the
hermoelectric properties. One of the indices of doping is the
attice parameter. In hexagonal structures, as wurtzite-like ZnO,
/a lattice ratio is a well-known index for characterizing doping
ffects because c/a ratio refers to the most energetically sta-
le configuration for a given hexagonal structure even under
ifferent loading conditions.4,5 In a recent work, the effects of
iaxial ab-plane loadings on band structure, optical transitions,
nd effective mass of the wurtzite-like ZnO structure were stud-
ed by using first-principles density functional calculations.5 The
uthors found that in general, c/a ratio decreases (c-axis com-
ression) in a rather linear fashion with the increase in tensile
train in the ab-plane of ZnO; also, a slight increase in the effec-
ive mass is induced.5 Unfortunately, the authors did not report

xperimental evidence about their prediction.

There are some experimental works about the dopant effect
n heavily doped ZnO thin films;6,7 a non-parabolicity in ZnO
and structure based on the increment of effective mass as a

mailto:y.kinemuchi@aist.go.jp
dx.doi.org/10.1016/j.jeurceramsoc.2008.09.014
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Fig. 4a shows the surface of a Zn0.999Al0.001O sample after
thermal etching at 1250 ◦C for 40 min. Inset shows a close up on
a precipitate located at the grain boundary, both EDS measure-
ments and previous works10,11 suggest that those precipitates
414 J.P. Wiff et al. / Journal of the Europe

unction of carrier concentration was suggested; however, the
ffective mass behavior is still unclear, because the contribution
f lattice distortion on the effective mass was not considered, as
t was predicted by first-principles calculations.5

Therefore, this paper is focused on the experimental evidence
f first-principles predictions,5 the case of ZnO lattice distor-
ion caused by dopant and its influence on the lattice structure,
ffective mass and subsequently thermoelectric behavior.

. Experimental

.1. Sample preparation

Zn1−xAlxO samples with x = {0.001, 0.005, 0.01, 0.02, 0.03
r 0.05} were prepared by solid-state reaction of ZnO (99.8%,
akusui Tech. Co., Japan) and �-Al2O3 powders (AKP-G015,
9.995%, Sumimoto Chemical, Japan).

Fifty grams of ZnO and Al2O3 powders were mixed in stoi-
hiometric quantities in a polyethylene bottle containing 80 ml
f ethanol and 130 g of ZrO2 balls at 100 rpm for 20 h. After-
ards, ethanol and ZrO2 balls were removed and the slurry was
ried under vacuum (∼1 Pa) at 60 ◦C for 24 h. Dry powders were
ieved using a mesh #250.

Samples were compacted in pellets of 5 mm of thickness
nd 30 mm in diameter. All samples were uniaxially pressed
t 30 MPa for 30 s and then hydrostatically cold-pressed at
00 MPa for 1 min. Finally, all samples were sintered in air at
400 ◦C for 10 h at a heating rate of 10 ◦C/min, achieving a
ensity over 99% with respect to their theoretical compositions.

A sample with no Al additive (x = 0) was sintered under
he same condition with doped ones as a reference for X-ray
haracterization. The reference sample exhibited a high elec-
rical resistivity; thus no thermoelectrical characterization was
erformed on it.

.2. Characterization

All samples were analyzed using an X-ray diffractome-
er (Rigaku RINT2000, Japan) with Cu anode (K�) at 40 kV,
00 mA, and step scan of 0.01◦. Germanium powder was used
s an internal standard for calculating the lattice constants by
east-squares method using the XLAT Cell Constant Refinement
oftware.8

Before thermoelectrical characterization, all samples were
ut in pieces of 5 mm × 5 mm × 14 mm approximately. After-
ards, all faces were polished to ensure a high reproducibility

n measurements. Seebeck coefficient and electrical resistiv-
ty were measured by static DC method (ULVAC-ZEM-1,
apan) under He atmosphere from room temperature (RT) up to
00 ◦C and temperature gradients of 20 ◦C, 30 ◦C, and 40 ◦C.
ll measurements were repeated twice and in both cases,

imilar values of Seebeck coefficient and electrical resistiv-
ty were found, suggesting that at least after short intervals

t 800 ◦C, the samples are chemically and thermally stable.
arrier concentration and Hall mobility were analyzed by DC
all measurement at RT (Resistest 8300, Toyo-Technica, Japan)
nder a magnetic field of 0.75 T. Samples had square shape and

F
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0 mm × 10 mm × 0.15 mm in size. Four platinum electrodes
ere sputtered at the corners of the sample for the Van der Pauw
ethod. In all cases the ohmic behavior at the electrodes was ver-

fied, and the Hall voltage was at least two orders of magnitude
tronger than noise voltage.

Scanning electron spectroscopy (EDS) was used to charac-
erize the mirror-like polished surface sample before and after
reatment at 1250 ◦C for 40 min in air for thermal etching.

. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of Zn1−xAlxO
= {0.001, 0.005, 0.01, 0.02, 0.03, or 0.05} samples. All samples
ontain ZnO (JCPDF #75-0576) as the main phase and ZnAl2O4
JCPDF # 05-0669) as a minority secondary phase.9 However,
hen Al additive concentrations were just 1 at% (x = 0.01), then

he ZnAl2O4 diffraction peaks were visible.
Fig. 2a and b show a and c lattice parameters of Zn1−xAlxO

amples, respectively. In general, lattice parameter a tends to
ncrease while c tends to decrease with respect to the ZnO stan-
ard sample with increasing amount of Al additive. Fig. 3 shows
he total distortion of ZnO lattice, estimated from the c/a lattice
atio, as a function of Al additive concentration. In spite of the
cattering in a and c values, a clear correlation between c/a ratio
nd doping concentration is observed.

Shirouzu et al.10 studied the distribution and solubility limit
f Al in sintered ZnO ceramics (0.3 at%), and although their sam-
les were prepared by a colloid method and at a given additive
oncentration (1 at%), their lattice parameters follow a simi-
ar c/a tendency with those observed in this study: 1.6006 and
.6020 for doped and undoped samples, respectively.
ig. 1. X-ray diffraction patterns of sintered Zn1−xAlxO samples with
= {0.001, 0.005, 0.01, 0.02, 0.03, or 0.05}.
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Fig. 4. (a) SEM image of sample with nominal composition Zn0.999Al0.001O
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ig. 2. Tendency of a and c lattice parameters as a function of Al additive
oncentration, respectively.

ould correspond to a spinel phase. Fig. 4b shows EDS spec-
ra from regions (1) and (2) suggesting that they correspond
o an Al-doped ZnO grain (Al content is under the detection

imit) and a spinel phase (ZnAl2O4), respectively. Therefore,
ig. 4 indicates that this sintering method will always produce a
pinel phase independent of Al additive concentration probably

ig. 3. Variation of the c/a lattice ratio as a function of Al additive concentration.
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fter thermal etching. Inset shows a possible precipitate of spinel phase formed
t the grain boundaries. b) EDS analysis from regions (1) and (2), suggesting an
l-doped ZnO and spinel phase composition, respectively.

ecause of problems in the Al dispersion. However, the influ-
nce of the spinel phase on the thermoelectric properties will be
eglected because its maximum concentration was only 3 vol%
espect to the Al-doped ZnO phase, and no abnormal behavior
n electric resistivity and Seebeck coefficient were observed (not
hown).

Fig. 5a and b show the carrier concentration (n) and Hall
obility (μ) as a function of Al additive concentration, respec-

ively. Carrier concentration and Hall mobility increase as the
l additive concentration rises due to the net increment of Al3+

opant ions. According to a previous work, the maximum in
arrier concentration observed in Fig. 5a could be explained,
onsidering that at high additive concentrations, only a limited
ortion of the added Al might be effective as a dopant.12

Fig. 6 shows the carrier concentration as a function of c/a lat-
ice ratio, indicating a non-linear behavior. As the ZnO lattice is
ompressed up to c/a = 1.6014, the carrier concentration slightly
ncreases; however, at higher compressions of c/a ratio the car-
ier concentration rises up to a limit value of 1 × 1020 cm−3. This
endency could be explained by the fact that as c/a achieves
he maximum compression, the Al doping in the structure is

eometrically restricted.

Fig. 7 shows the absolute value of Seebeck coefficient (α) as a
unction of carrier concentration. Seebeck coefficient increases
s the carrier concentration decreases in agreement with the
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ig. 5. Carrier concentration (n) and Hall mobility (μ) as a function of Al
dditive concentration at room temperature, respectively.

13
ollowing model proposed by Jonker.

= −kB

e

(
ln

(
Nc

n

)
+ A

)
(1)

ig. 6. Carrier concentration (n) as a function of c/a lattice ratio at room tem-
erature. A limit value of carrier concentration of around 1 × 1020 cm−3 is
chieved.
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ig. 7. Absolute value of Seebeck coefficient (α) as a function of carrier con-
entration (n).

here kB is the Boltzmann constant, e is electron charge, Nc is
he effective density of states, and A corresponds to a transport
erm; for simplicity, hereinafter A will be considered constant.
hus, the Seebeck coefficient depends on carrier concentration
nd effective density of states. The carrier concentration contri-
ution to the thermoelectrical properties has been discussed in
revious works;2 however, the contribution of band structure,
nd subsequently electron effective mass (m*), has not been
xhaustively studied yet.

To evaluate the effective mass, the following equations are
sed:14

= −kB

e

(
(r + 2)Fr+1(η∗)

(r + 1)Fr(η∗)
− η∗

)
(2)

here, η∗ = η/kBT is the reduced Fermi level and Fr is the
ermi integral of order r.

r =
∞∫
0

xr

1 + exp(x−η∗) dx (3)

The parameter r is called scattering parameter and it depends
n the scattering mechanism at a given temperature.15 A rea-
onable value for r at room temperature can be assumed to be
= 0.5.7 Additionally, a general expression for carrier concen-

ration can be expressed as follows:16

= 5.437 × 1015
(

m∗

m0
T

)3/2 ∞∫
0

ε1/2(1 + βε)1/2(1 + 2βε)

1 + exp(ε − η∗)
dε

(4)

here β is a non-parabolic coefficient and m* is the effective
ass. The value for coefficient β will be assumed to be 0.1.
Fig. 8 shows the effective mass (m*) as a function of c/a

atio. Effective mass was estimated by resolving numerically

he Eqs. (2)–(4) at room temperature. The effective mass slightly
ncreases from 0.27 to 0.30m0 as the c/a ratio decreases (c-axis
ompression), apparently agreeing with the behavior predicted
y Alahmed et al. in a previous first-principles simulation.5
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Fig. 8. Effective mass (m*) as a function of c/a lattice ratio. Inset corresponds
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Fig. 10. Power factor (PF) as a function of c/a lattice ratio at room tem-
p
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o absolute value of Seebeck coefficient at room temperature as normalized by
n(1/n) to cancel the carrier concentration (n) contribution.

esides, inset in Fig. 8 shows the absolute value of Seebeck
oefficient at room temperature as a function of effective mass
m*). According to Eq. (1), Seebeck coefficient is presented as
ormalized by ln(1/n) to cancel the carrier concentration con-
ribution. Thus, as the lattice (c/a) is compressed, the effective

ass increases and a net enhancement of Seebeck coefficient is
nduced. Unfortunately, effective mass variation is quite small,
o it is hard to distinguish the contributions of lattice compres-
ion to the variation of effective mass from non-parabolicity of
nO band structure. However, the effective mass increases only
t high c/a lattice compression as it has been predicted by first-
rinciples calculations.5 suggesting that the c/a ratio could play
role in the enhancement of effective mass as it is suggested in
ig. 8.

Fig. 9 shows Hall mobility as a function of the effective
ass. Considering Drude’s formulation, Hall mobility could be
xpressed in terms of electron charge (e), carrier collision time

ig. 9. Hall mobility (μ) as a function of effective mass (m*) at room tempera-
ure.
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erature and 800 ◦C. The maximum power factor increases from 3.9 to
.5 × 10−4 Wm−1K−2 as the temperature rises from room temperature to
00 ◦C.

τ), and effective mass (m*) as follows:17

= eτ

m∗ (5)

However, evidently, the tendency shown in Fig. 9 contradicts
his equation. A possible explanation for this discrepancy in the
all mobility behavior could be made by considering a model
roposed by Srikant et al.3

In this model, the defects are mainly located at grain bound-
ries acting as carrier traps. Thus, a potential barrier will be
nduced at the grain boundary. The magnitude of this barrier
epended on carrier concentration; this is because a significant
roportion of total carriers will be trapped at the grain boundary
t a low carrier concentration, reducing the apparent mobil-
ty through the material, and contrarily the proportion of total
arriers trapped at the grain boundary decreases at a high car-
ier concentration and therefore the apparent mobility should
ncrease. Thus, Hall mobility is mainly affected from carrier
raps at grain boundaries than change in effective mass or c/a
attice ratio.

Fig. 10 shows power factor as a function of c/a ratio for sin-
ered Al-doped ZnO samples measured at room temperature and
00 ◦C. The highest power factor is achieved at the highest c/a
ompressions, 3.9 to 8.5 × 10−4 Wm−1 K−2, at room tempera-
ure and 800 ◦C, respectively. A change in the slope is observed
round c/a = 1.6014, suggesting that a high c/a compression is
equired to enhance the power factor.

. Conclusion

Sintered Zn1−xAlxO samples with x = {0.001, 0.005, 0.01,
.02, 0.03, or 0.05} were thermoelectrically characterized from
oom temperature up to 800 ◦C. The lattice parameter ratio c/a

as used to propose an explanation of doping effect on the See-
eck coefficient, effective mass, and power factor behaviors.
s the doped ZnO lattice is compressed along the c-axis, the

ffective mass (m*) slightly increases, enhancing its net con-
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16. Bhan, R. and Dhar, V., Carrier density approximation for non-parabolic and
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ribution to the Seebeck coefficient. In particular, the effective
ass dependence with c/a lattice ratio seems to be in agreement
ith the previous first-principles simulation.5

Additionally, the results suggested that the maximum car-
ier concentration should be limited by high c/a compressions,
hereas the Hall mobility is mainly affected by the change

n microstructure or defects. A correlation between c/a lattice
atio and the maximum power factor for this kind of ceramics
8.5 × 10−4 Wm−1K−2 at 800 ◦C) was also found. Finally, the
esults suggest that in ion-doped ZnO system, a high compres-
ion of c/a ratio due to heavy doping could be a key to improve
he power factor.
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