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Abstract

Doped ZnO has practical applications in the industry for thermoelectric generation, owing to its stability at high temperatures. However, the
efficiency of energy conversion is not sufficient. In this work, we have focused on an experimental evidence of a first-principles prediction in
ab-plane tensile strain and the effective mass behavior in ZnO ceramics. The results showed a systematic c-axis compression of the lattice up to
c/a=1.6010 with increase in the Al additive concentration. It was found that this lattice compression induced an increase in effective mass (m*)
from 0.27 to 0.30 my, leading to the enhancement in the Seebeck coefficient normalized by carrier concentration. Besides, both carrier concentration
and Hall mobility increased with increase in Al additive concentration. It was concluded that in the ion-doped ZnO system, a high compression of
c/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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1. Introduction

Thermoelectric materials are promising for enhancing the
efficiency in industrial processes owing to the conversion of
wasted heat into useful electric energy. In such processes, it is
quite common to use temperatures above 500 °C, and in gen-
eral metal-based thermogenerators are not suitable because they
deteriorate in air at high temperature. Thus, oxides like ZnO are
very attractive in that application field; however, their efficiency
is still quite low (ZTgpp-c ~0.2).!

Usually, the energy conversion efficiency of thermoelectric
materials is evaluated in terms of a figure of merit, defined as
ZT=(a2/,0/<)T where «, p, k, and T are Seebeck coefficient,
electrical resistivity, thermal conductivity, and absolute temper-
ature, respectively. There are several approaches for increasing
the figure of merit, namely, (1) decrease thermal conductivity,
(2) decrease electrical resistivity, and (3) increase Seebeck coef-
ficient. Unfortunately, all those parameters are related to each
others, for example by carrier concentration, band structures,

* Corresponding author. Tel.: +81 52 736 7157, fax: +81 52 736 7405.
E-mail address: y.kinemuchi @aist.go.jp (Y. Kinemuchi).

0955-2219/$ — see front matter © 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jeurceramsoc.2008.09.014

vacancies, defects, etc.;3 therefore, a highly efficient thermo-
electric conversion should be conditioned to an optimum in such
variables.

Nevertheless, doping is the most influential factor in deter-
mining the electron transport properties; thus, a quantitative
understanding of the doping effect is required to enhance the
thermoelectric properties. One of the indices of doping is the
lattice parameter. In hexagonal structures, as wurtzite-like ZnO,
cla lattice ratio is a well-known index for characterizing doping
effects because c/a ratio refers to the most energetically sta-
ble configuration for a given hexagonal structure even under
different loading conditions.*> In a recent work, the effects of
biaxial ab-plane loadings on band structure, optical transitions,
and effective mass of the wurtzite-like ZnO structure were stud-
ied by using first-principles density functional calculations.> The
authors found that in general, c/a ratio decreases (c-axis com-
pression) in a rather linear fashion with the increase in tensile
strain in the ab-plane of ZnO; also, a slight increase in the effec-
tive mass is induced.” Unfortunately, the authors did not report
experimental evidence about their prediction.

There are some experimental works about the dopant effect
in heavily doped ZnO thin films;*’ a non-parabolicity in ZnO
band structure based on the increment of effective mass as a
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function of carrier concentration was suggested; however, the
effective mass behavior is still unclear, because the contribution
of lattice distortion on the effective mass was not considered, as
it was predicted by first-principles calculations.’

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

2. Experimental
2.1. Sample preparation

Zn;_,Al,O samples with x={0.001, 0.005, 0.01, 0.02, 0.03
or 0.05} were prepared by solid-state reaction of ZnO (99.8%,
Hakusui Tech. Co., Japan) and y-Al,O3 powders (AKP-GO15,
99.995%, Sumimoto Chemical, Japan).

Fifty grams of ZnO and Al,O3 powders were mixed in stoi-
chiometric quantities in a polyethylene bottle containing 80 ml
of ethanol and 130 g of ZrO, balls at 100 rpm for 20 h. After-
wards, ethanol and ZrO, balls were removed and the slurry was
dried under vacuum (~1 Pa) at 60 °C for 24 h. Dry powders were
sieved using a mesh #250.

Samples were compacted in pellets of 5mm of thickness
and 30mm in diameter. All samples were uniaxially pressed
at 30MPa for 30s and then hydrostatically cold-pressed at
100 MPa for 1 min. Finally, all samples were sintered in air at
1400°C for 10h at a heating rate of 10°C/min, achieving a
density over 99% with respect to their theoretical compositions.

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

2.2. Characterization

All samples were analyzed using an X-ray diffractome-
ter (Rigaku RINT2000, Japan) with Cu anode (Ka) at 40kV,
200 mA, and step scan of 0.01°. Germanium powder was used
as an internal standard for calculating the lattice constants by
least-squares method using the XL AT Cell Constant Refinement
software.®

Before thermoelectrical characterization, all samples were
cut in pieces of Smm x 5mm x 14 mm approximately. After-
wards, all faces were polished to ensure a high reproducibility
in measurements. Seebeck coefficient and electrical resistiv-
ity were measured by static DC method (ULVAC-ZEM-1,
Japan) under He atmosphere from room temperature (RT) up to
800 °C and temperature gradients of 20°C, 30°C, and 40°C.
All measurements were repeated twice and in both cases,
similar values of Seebeck coefficient and electrical resistiv-
ity were found, suggesting that at least after short intervals
at 800°C, the samples are chemically and thermally stable.
Carrier concentration and Hall mobility were analyzed by DC
Hall measurement at RT (Resistest 8300, Toyo-Technica, Japan)
under a magnetic field of 0.75 T. Samples had square shape and

10mm x 10 mm x 0.15 mm in size. Four platinum electrodes
were sputtered at the corners of the sample for the Van der Pauw
method. In all cases the ohmic behavior at the electrodes was ver-
ified, and the Hall voltage was at least two orders of magnitude
stronger than noise voltage.

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

3. Results and discussion

Fig. 1 shows the X-ray diffraction patterns of Zn;_,Al,O
x={0.001,0.005,0.01,0.02,0.03, or 0.05} samples. All samples
contain ZnO (JCPDF #75-0576) as the main phase and ZnAl,O4
(JCPDF # 05-0669) as a minority secondary phase.” However,
when Al additive concentrations were just 1 at% (x=0.01), then
the ZnAl,O4 diffraction peaks were visible.

Fig. 2a and b show a and c lattice parameters of Zn;_,Al, O
samples, respectively. In general, lattice parameter a tends to
increase while c tends to decrease with respect to the ZnO stan-
dard sample with increasing amount of Al additive. Fig. 3 shows
the total distortion of ZnO lattice, estimated from the c/a lattice
ratio, as a function of Al additive concentration. In spite of the
scattering in a and ¢ values, a clear correlation between c/a ratio
and doping concentration is observed.

Shirouzu et al.'? studied the distribution and solubility limit
of Alin sintered ZnO ceramics (0.3 at%), and although their sam-
ples were prepared by a colloid method and at a given additive
concentration (1 at%), their lattice parameters follow a simi-
lar c/a tendency with those observed in this study: 1.6006 and
1.6020 for doped and undoped samples, respectively.

Fig. 4a shows the surface of a Zng.999Alp o1 O 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 works'®!! suggest that those precipitates
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Fig. 1. X-ray diffraction patterns of sintered Zn;_,Al,O samples with
x={0.001, 0.005, 0.01, 0.02, 0.03, or 0.05}.
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Fig. 2. Tendency of a and c lattice parameters as a function of Al additive
concentration, respectively.

would correspond to a spinel phase. Fig. 4b shows EDS spec-
tra from regions (1) and (2) suggesting that they correspond
to an Al-doped ZnO grain (Al content is under the detection
limit) and a spinel phase (ZnAl»Oy), respectively. Therefore,
Fig. 4 indicates that this sintering method will always produce a
spinel phase independent of Al additive concentration probably
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Fig. 3. Variation of the c/a lattice ratio as a function of Al additive concentration.

c.p.s /a.u.

0.5 1.0 15 2.0 25
Energy, ElkeV

Fig. 4. (a) SEM image of sample with nominal composition Zng 999 Alp.001 O
after thermal etching. Inset shows a possible precipitate of spinel phase formed
at the grain boundaries. b) EDS analysis from regions (1) and (2), suggesting an
Al-doped ZnO and spinel phase composition, respectively.

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

Fig. 5a and b show the carrier concentration (n) and Hall
mobility (u) as a function of Al additive concentration, respec-
tively. Carrier concentration and Hall mobility increase as the
Al additive concentration rises due to the net increment of Al>*
dopant ions. According to a previous work, the maximum in
carrier concentration observed in Fig. 5a could be explained,
considering that at high additive concentrations, only a limited
portion of the added Al might be effective as a dopant.'?

Fig. 6 shows the carrier concentration as a function of c/a lat-
tice ratio, indicating a non-linear behavior. As the ZnO lattice is
compressed up to c/a=1.6014, the carrier concentration slightly
increases; however, at higher compressions of c/a ratio the car-
rier concentration rises up to a limit value of 1 x 10?° cm~3. This
tendency could be explained by the fact that as c/a achieves
the maximum compression, the Al doping in the structure is
geometrically restricted.

Fig. 7 shows the absolute value of Seebeck coefficient () as a
function of carrier concentration. Seebeck coefficient increases
as the carrier concentration decreases in agreement with the
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Fig. 6. Carrier concentration (n) as a function of c/a lattice ratio at room tem-
perature. A limit value of carrier concentration of around 1 x 1029 cm™3 is
achieved.
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where, n* = n/kgT is the reduced Fermi level and F; is the
Fermi integral of order r.
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The parameter r is called scattering parameter and it depends
on the scattering mechanism at a given temperature.'> A rea-
sonable value for r at room temperature can be assumed to be
r=0.5.7 Additionally, a general expression for carrier concen-
tration can be expressed as follows: !0

« \32% 1n 12
m T) /s (14 Be) (1+2ﬂ8)d8

mo 1 + exp(e — 1%)

n =5437 x 1015<

“

where B is a non-parabolic coefficient and m* is the effective
mass. The value for coefficient 8 will be assumed to be 0.1.
Fig. 8 shows the effective mass (m*) as a function of c/a
ratio. Effective mass was estimated by resolving numerically
the Egs. (2)—(4) at room temperature. The effective mass slightly
increases from 0.27 to 0.30my as the c/a ratio decreases (c-axis
compression), apparently agreeing with the behavior predicted
by Alahmed et al. in a previous first-principles simulation.’
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Fig. 8. Effective mass (m*) as a function of c¢/a lattice ratio. Inset corresponds
to absolute value of Seebeck coefficient at room temperature as normalized by
In(1/n) to cancel the carrier concentration () contribution.

Besides, inset in Fig. 8 shows the absolute value of Seebeck
coefficient at room temperature as a function of effective mass
(m*). According to Eq. (1), Seebeck coefficient is presented as
normalized by In(1/n) to cancel the carrier concentration con-
tribution. Thus, as the lattice (c/a) is compressed, the effective
mass increases and a net enhancement of Seebeck coefficient is
induced. Unfortunately, effective mass variation is quite small,
so it is hard to distinguish the contributions of lattice compres-
sion to the variation of effective mass from non-parabolicity of
ZnO band structure. However, the effective mass increases only
at high c/a lattice compression as it has been predicted by first-
principles calculations.’ suggesting that the c/a ratio could play
arole in the enhancement of effective mass as it is suggested in
Fig. 8.

Fig. 9 shows Hall mobility as a function of the effective
mass. Considering Drude’s formulation, Hall mobility could be
expressed in terms of electron charge (e), carrier collision time
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Fig. 9. Hall mobility (1) as a function of effective mass (m*) at room tempera-
ture.
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Fig. 10. Power factor (PF) as a function of c/a lattice ratio at room tem-
perature and 800°C. The maximum power factor increases from 3.9 to
8.5x 107*Wm™'K~? as the temperature rises from room temperature to
800°C.

(7), and effective mass (m*) as follows:!”
et
n = ﬁ 5

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

In this model, the defects are mainly located at grain bound-
aries acting as carrier traps. Thus, a potential barrier will be
induced at the grain boundary. The magnitude of this barrier
depended on carrier concentration; this is because a significant
proportion of total carriers will be trapped at the grain boundary
at a low carrier concentration, reducing the apparent mobil-
ity through the material, and contrarily the proportion of total
carriers trapped at the grain boundary decreases at a high car-
rier concentration and therefore the apparent mobility should
increase. Thus, Hall mobility is mainly affected from carrier
traps at grain boundaries than change in effective mass or c/a
lattice ratio.

Fig. 10 shows power factor as a function of c/a ratio for sin-
tered Al-doped ZnO samples measured at room temperature and
800 °C. The highest power factor is achieved at the highest c/a
compressions, 3.9 to 8.5 x 10~*Wm~—! K2, at room tempera-
ture and 800 °C, respectively. A change in the slope is observed
around c/a=1.6014, suggesting that a high c¢/a compression is
required to enhance the power factor.

4. Conclusion

Sintered Znj_,Al,O samples with x={0.001, 0.005, 0.01,
0.02, 0.03, or 0.05} were thermoelectrically characterized from
room temperature up to 800 °C. The lattice parameter ratio c/a
was used to propose an explanation of doping effect on the See-
beck coefficient, effective mass, and power factor behaviors.
As the doped ZnO lattice is compressed along the c-axis, the
effective mass (m*) slightly increases, enhancing its net con-
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tribution to the Seebeck coefficient. In particular, the effective
mass dependence with c/a lattice ratio seems to be in agreement
with the previous first-principles simulation.’

Additionally, the results suggested that the maximum car-
rier concentration should be limited by high c¢/a compressions,
whereas the Hall mobility is mainly affected by the change
in microstructure or defects. A correlation between c/a lattice
ratio and the maximum power factor for this kind of ceramics
(8.5 x 107*Wm~'K~2 at 800°C) was also found. Finally, the
results suggest that in ion-doped ZnO system, a high compres-
sion of c/a ratio due to heavy doping could be a key to improve
the power factor.
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