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ABSTRACT: Recent studies focusing on enhancing the
thermoelectric performance of metal oxides were primarily
motivated by their low cost, large availability of the component
elements in the earth’s crust, and their high stability. So far,
these studies indicate that n-type materials, such as ZnO, have
much lower thermoelectric performance than their p-type
counterparts. Overcoming this limitation requires precisely tuning the thermal and electrical transport through n-type metal
oxides. One way to accomplish this is through the use of optimally doped bulk assemblies of ZnO nanowires. In this study, the
thermoelectric properties of n-type aluminum and gallium dually doped bulk assembles of ZnO nanowires were determined. The
results indicated that a high zT of 0.6 at 1000 °C, the highest experimentally observed for any n-type oxide, is possible. The high
performance is attributed to the tailoring of the ZnO phase composition, nanostructuring of the material, and Zn-III band
hybridization-based resonant scattering.
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■ INTRODUCTION

Thermoelectric generators (TEGs) are solid state devices that
convert heat into electricity. The efficiency of thermoelectric
materials composing the generators is gauged by their
dimensionless figure of merit, zT, given by zT = (S2σ)/(κe +
κL)T, where S is the Seebeck coefficient, σ is the electrical
conductivity, T is the absolute temperature, and κe and κL are
the electronic and lattice contributions to the thermal
conductivity, respectively.1 Although the efficiency of thermo-
electric materials and devices has improved considerably in the
past two decades, they still lag behind conventional heat
engines.2 Additionally, state-of-the-art thermoelectric gener-
ators are currently made of rare and toxic materials. These
limitations make thermoelectric devices prohibitive for most
terrestrial applications and are currently limited for use in
specialty applications, such as space exploration and remote
power systems.2,3

An ideal thermoelectric material has electrical transport
properties of a heavily doped semiconducting crystal and the
thermal conductivity of a glass.4 However, in band-type
semiconductors, the Seebeck coefficient and electrical con-
ductivity are coupled disproportionally with carrier concen-
tration, and the Wiedemann−Franz law proportionally couples
σ and κe.

5 These restrictions make engineering high-efficiency
thermoelectric materials very difficult and have restricted the zT
values of commercial materials to ∼1.2 A possible pathway for
increasing the zT of materials requires reducing the lattice

thermal conductivity via phonon scattering at boundaries and
interfaces. This can be achieved by increasing the number of
interfaces via nanostructuring.6 Relative to other nano-
morphologies, single-crystalline nanowires offer enhanced
electrical conduction due to fewer interfaces and single-
crystalline electron conduction pathways.7,8 Therefore, the
potential for obtaining the highest possible zT for a given
optimally doped material exists when it is synthesized in single-
crystalline nanowire form.
Many reports in the literature, both theoretical9 and

experimental,10 have indicated enhanced thermoelectric per-
formance of materials in the single-crystalline nanowire form.
More specifically, 50-fold11 and 100-fold12 increases in the zT
of silicon nanowires have been reported. Despite all these
recent achievements, there are very few attempts to fabricate
nanowire-bulk modules to determine if individual nanowire
properties extend to bulk devices, which could potentially be
useful on an industrial scale.13

Over the past two decades, metal oxides have become viable
thermoelectric materials due to their low cost, elemental
abundance in the earth’s crust,14 low toxicity,15 and high
stability in oxidizing environments relative to other thermo-
electric materials.15 Many p-type oxide semiconductor materi-
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als, such as Ca3Co4O9 with a high zT of 0.6116 and NaxCoO2
with a high zT of 0.92,17 have been shown to have efficiencies
on par with current commercial materials. Contrarily, many n-
type oxides have yet to exhibit such performance. So far, the
state-of-the-art known n-type oxide thermoelectric materials are
SrTiO3, with a maximum zT of 0.37,18 and ZnO alloys
doped19,20 and codoped,21,22 with a highest measured zT of
0.52.23 The aim of this paper is to combine the superior
thermoelectric properties of the dually alloyed ZnO material
composition with nanowire morphology to increase the zT of
the alloy. It will be demonstrated that the resonant scattering of
carriers in conjunction with nanostructuring will further
increase the zT of the ZnO alloys to the highest ever
experimentally reported for an n-type oxide.

■ RESULTS AND DISCUSSION
a. Materials Characterization. X-ray diffraction (XRD)

analysis (Figure 1) indicated the formation of both aluminum

and gallium spinels in all dually doped ZnO samples. The
compositions shown in Figure 1, Zn96Al3GaO100,
Zn96Al2Ga2O100, Zn97Al2GaO100, and Zn98AlGaO100, corre-
spond to the respective atomic compositions of the raw
materials used to fabricate each sample. These compositions
will be used to identify the samples throughout the paper. The
XRD analysis indicated no presence of unreacted gallium and
aluminum oxide phases in the samples, and that alumina and

the gallium oxide reacted with ZnO. Subsequently, some of the
aluminum and gallium supplied precipitated as spinel from the
al loy with composit ions of (ZnO) x(Al2O3) y and
(ZnO)x(Ga2O3)y, respectively, at all the concentrations studied.
These solubility limits are less than the independent solubility
limit of both aluminum and gallium in zinc oxide,24 and
contradict a previous claim that dual doping can increase the
solubility limit of group III metals in zinc oxide.23 It is more
likely in the previous report that peak broadening due to lattice
distortions by Ga doping25 was responsible for engulfing the
precipitant peaks. It has also been shown that as the
temperature increases, spinel formation will be much faster
due to faster diffusion kinetics.26 Despite the relatively low
temperature of 1200 °C used during pressing, the local
temperature at the nanowire grain boundaries will be very high
when using spark plasma sintering (SPS) due to their high
resistivity and consequential Joule heating.27 Therefore, more
spinel compound will form than would be expected at 1200 °C
in 5 min. Representative, scanning electron micrographs of the
ZnO nanowires before pressing (Figure 2a) and the pellet after
pressing (Figure 2b) indicate that the pellets are phase-pure up
to the maximum allowed resolution of the backscattered
electron detector. Furthermore, high-resolution transmission
electron microscopy (HRTEM) images of the nanowires before
pressing (Figure 2c) indicate that they are single crystalline and
grow in the [001] direction. Destructive analysis on the pellets
was performed to determine if the single-crystalline nanowire
morphology still exists in the pellet. Although the nanowires
were broken into pieces, the HRTEM analysis indicated that
the anisotropic crystalline pieces of ZnO with [001] growth
directions were still recoverable (Figure 2d). The grain
morphology was maintained during sintering due to SPS
minimizing the grain growth relative to other sintering
methods.27 The use of nanowires and nanoparticles as
building-blocks in conjunction with SPS increased the reaction
rate and permitted even shorter sintering times relative to the
bulk. This is due to the higher specific surface area and shorter
required diffusion distances in nanomaterials.28 Therefore, the 5
min sintering time was sufficient to completely react and
consolidate the nanowires without destroying their morphol-
ogy.

b. Electronic Transport. Both aluminum and gallium have
previously been utilized as electron donors in ZnO.20,23,29The
n-type conductivity was achieved by substituting Al or Ga with
3 valence electrons for Zn with 2 valence electrons in the
wurtzite lattice. For every Zn atom replaced with a group III
element, 1 additional electron is donated into the conduction
band, as can be seen in the charge balance (eq 1).

= ++ + −Zn III e2 3 (1)

The known self-compensation of n-type carriers by zinc
vacancies does not occur before the solubility limits of Al or
Ga, resulting in the maximum solubility of the dopants to solely
determine the carrier concentration of the samples.29 The
temperature dependence of electron mobility (μH) calculated
from the resistivity (ρ) and Hall coefficient (RH) can be seen in
Figure 3a. For materials where mobility is limited by phonon
scattering, μH ∝ T−x, where x is 1 for degenerate semi-
conductors and 1.5 for nondegenerate semiconductors. A
power law fit to the curves yields a trend with x slightly larger
than 1, consistent with a degenerate semiconductor. This slight
deviation from theory can be attributed to other scattering
mechanisms playing a minor role in the electron transport.

Figure 1. XRD spectrographs of the dually doped ZnO nanowire
pellets of various nominal compositions employed in this study. After
consolidation, the primary phase found in all the pellets was ZnO.
Furthermore, the samples containing gallium indicated the formation
of ZnGa2O4 (*) spinel and (ZnO)13(Ga2O3)2 (•) in increasing
quantities as more gallium was added. Additionally smaller amounts
ZnAl2O4 (°) spinel and (ZnO)3(Al2O3) (†) are present.
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Carrier concentration (nH) was also calculated from the Hall
coefficient and plotted versus temperature (Figure 3b). The
resulting plots indicate that carrier concentration is independ-
ent of temperature and constant throughout the entire
measurement, further confirming the degenerate semiconduc-
tor behavior. The group III element solubility for each sample is
presented in Table S1 (Supporting Information). The
calculated carrier concentrations at the pressing conditions
are consistent with the phase diagram in this region, which
indicates that the equilibrium solubility of Al in ZnO is 0.2% at
1250 °C and 0.5% at 1400 °C.30 Therefore, most of the dopant
added to the ZnO is inactive and must have precipitated out as

gallium and aluminum spinel phases. This was confirmed by the
XRD analysis depicted in Figure 1. All the carrier
concentrations being less than the maximum values reported
of 8 × 1020 and 3.7 × 1020 cm−3 for aluminum31 and gallium32

doped ZnO, respectively, confirms the fact.
Electrical resistivity measurements were performed simulta-

neously with the Hall coefficient measurements, and the
resistivity was observed to increase linearly with temperature
(Figure 4a). It is important here to mention that pellets of
pristine ZnO nanowires were also fabricated. However, they
were found to be highly resistive, well above the measurement
range of our instrumentation. Therefore, no data from pristine

Figure 2. (a) Scanning electron micrograph of the as-synthesized ZnO nanowires employed in this study. (b) Backscatter SEM image of the
nanowire pellet after densification in the SPS indicating phase purity on the macroscale. The inset is an optical micrograph of one of the pellets
fabricated. (c) HRTEM of an individual ZnO nanowire showing that it is single crystalline and grew along the [001] direction. (d) HRTEM of a
broken ZnO nanowire obtained by crushing the consolidated nanowire pellet. This analysis indicated that single-crystalline nanowire-shaped grains
with the same growth direction are retained within the pellet after compaction.

Figure 3. Plots indicating the variation of the (a) carrier mobility and (b) carrier concentration for various dually doped zinc oxide nanowire pellets
with temperature. The decay in the mobility is proportional to T−1, consistent with that expected of degenerate semiconductors in which acoustic
phonon scattering limits the carrier mobility. The carrier concentration is independent of temperature for each sample, characteristic of degeneracy
in the samples.
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ZnO nanowire pellets were included. The Seebeck coefficient
was also measured up to 1000 °C and, with all samples, has an
approximately linear temperature dependence (Figure 4b). All
samples have a Seebeck coefficient that is inversely proportional
to their carrier concentration and follows normal band-behavior
dominated by acoustic phonon scattering, with the exception of
Zn97Al2GaO100. This composition seems to violate the classical
band-transport theory which predicts an inverse proportionality
between carrier concentration and Seebeck coefficient for a
given material. Such a behavior is expected due to resonant
electron scattering.33−35 It has previously been reported that as
the concentration of aluminum increases, the impurity band
moves from a donor state with an ionization energy of 120
meV36 to well within the conduction band.37 Additionally, the
gallium impurity band has been predicted to be inside the
conduction band.38 These impurity energy levels in the
conduction band alone could potentially resonantly scatter
the host semiconductor’s electrons, but would have weak effects
above ∼300 K due to acoustic phonon scattering dominating
transport. The Seebeck coefficient of the 2% Al, 1% Ga sample
is enhanced independent of temperature, and makes the
temperature-dependent scattering of electrons by the impurity

band improbable. Contrarily, another mechanism that could
cause resonant scattering and is more dependent on the band-
structure and less on temperature involves the hybridization of
the host band-structure with that of the impurity band. In this
case, the impurity bands have plane-wave-like wave functions
that correspond with those of the host structure and allow the
impurity electrons to enhance the power factor.35 The degree
of hybridization between the bands must be balanced to achieve
maximum resonance. If the degree of overlap is too much, then
the impurity band will behave like the host, and no power
factor enhancement will be observed. On the other hand, too
little overlap will result in high-Seebeck localized states that do
not contribute to the overall performance of the material.35

When this theory is applied to the dually doped ZnO system,
the group III valence s-bands could hybridize with the ZnO
conduction band, resulting in an increased effective electron
mass. This resonant phenomenon has not previously been
observed in individually Al or Ga doped ZnO systems, but
unexplainable Seebeck enhancements have been seen pre-
viously in other dually doped samples23 in addition to this
study. Resonance donor states have also been observed in many
other transition metal-doped II−VI compounds.39 If the

Figure 4. Plots indicating the variation of (a) electrical resistivity and (b) Seebeck coefficient of the dually doped ZnO samples with temperature. All
samples, except Zn97Al2GaO100, exhibited an inverse proportionality between the Seebeck coefficient and electrical resistivity, characteristic of
classical degenerate semiconductors. The lone discrepancy is attributed to resonant-level scattering of electrons in Zn97Al2GaO100.

Figure 5. (a) Plot indicating the variation of the thermal conductivity of the dually doped ZnO nanowire pellets with temperature. The data
indicated a reduction in the thermal conductivity with an increase in the dopant concentration. This is attributed to the creation of more phonon
scattering centers from nanoparticle precipitants. (b) Plot indicating the variation of the lattice thermal conductivity, κL, with temperature. The lattice
thermal conductivities of all the samples decayed with temperature proportional to T−1, as expected of degenerate semiconductors where U-
processes dominate phonon scattering.
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conduction band is hybridized, a changed effective mass would
be observed; these values can be approximated using the single
parabolic band (SPB) model.40−42 Detailed information about
the SPB calculations is included in the Supporting Information.
Theoretical estimation of lowest and highest nominally doped
samples, Zn98AlGaO100 and Zn96Al3GaO100, indicated that they
have an effective mass of 0.29 me and 0.26 me, respectively,
similar to that of pure ZnO (0.29 me).

43 However, the two
other samples studied, Zn96Al2Ga2O100 and Zn97Al2GaO100, had
effective masses of 0.41 me and 0.90 me. Table S2 (Supporting
Information) summarizes the properties of the samples at 1073
K for direct comparison. The large increase in the effective
mass results in a much larger Seebeck coefficient, and
consequently, larger power factor of the optimally performing
sample (Zn97Al2GaO100). The variation of effective mass with
carrier concentration indicates a breakdown in the SPB model,
and that an alternate transport behavior is occurring. Hybrid-
ization of the impurity states with the conduction band is a
probable scenario that explains the enhanced thermopower and
anomalies with the SPB model.
c. Thermal Transport. The thermal conductivity of the

pellets was calculated from the values of thermal diffusivity (α),
density (ρ), and specific heat (Cp) using the following
relationship: κ = αρCp. It was observed that as the amount of
group III dopant increased in the sample, the thermal
conductivity was lowered (Figure 5a). A maximum 4-fold
decrease in thermal conductivity relative to that of single-
crystalline ZnO is observed in these dually doped samples at
300 K.44 In addition, it was observed that nanostructuring led
to a decrease in the thermal conductivity. Use of nanostructures
in the fabrication of the pellets led to at least a 25% reduction in
the thermal conductivity relative to their bulk counterparts at
1073 K.23 Overall, alloy scattering coupled with boundary
scattering at the nanowire interfaces within the consolidated
sample can be attributed to these large decreases in thermal
conductivity. The precipitated spinel phases also provide more
interfaces and increase the phonon scattering within the
samples as can be seen in the XRD (Figure 1) and TEM
(Figure S1, Supporting Information) analyses, thereby further
reducing the thermal conductivity of the samples. From these
results, it can be concluded that this strategy for making ZnO
alloy nanostructured thermoelectrics results in the lowest
thermal conductivity reported to date for ZnO-based systems.
The electronic thermal conductivity, κe, was calculated using
the Wiedemann−Franz law, κe = LT/ρ, where L is the Lorenz
number, T is the absolute temperature, and ρ is the electrical
resistivity. For degenerate semiconductors, the Lorenz number
varies as a function of the Fermi level resulting in values of up
to 10 orders of magnitude less than the free electron value of
2.44 × 10−8 WΩ K−2 expected for metals.42 Therefore, it is
necessary to calculate these values for each composition due to
varying chemical potentials. Assuming Umklapp scattering as
the dominant process for this material system, the single
parabolic band model can be used to calculate the Lorenz
numbers as shown previously.40,42 This results in values of L
ranging from 1.66 × 10−8 to 2.08 × 10−8 WΩ K−2, much less
than that for metals. The lattice thermal conductivity, κL, can be
calculated from κ = κe + κL and is plotted in Figure 5b as a
function of temperature. Umklapp-processes are confirmed as
the dominant phonon scattering mechanism as the lattice
thermal conductivities are proportional to T−1 for all carrier
concentrations. The slight deviations from this value can be

attributed to alloy and interfacial scattering, specifically at lower
temperatures where U-processes are not as dominant.

d. Thermoelectric Figure of Merit. Plots indicating the
variation of zT with temperatures for all samples studied are
shown in Figure 6. The zT of all samples increased with

increasing temperature, as expected. The largest zT value
measured was 0.60 at 1273 K for the composition with the
largest effective mass, Zn97Al2GaO100. The trends in this study
are consistent with that previously reported,23 and it results in
the highest experimental zT value to-date for ZnO alloys. The
previous report did not measure high temperature thermal
conductivity or publish carrier concentration data to determine
the amount of dopant incorporated into the lattice. Variations
in the pressing conditions relative to the previous work could
cause different amounts of the dopants to be incorporated,
resulting in a slightly different composition with the maximum
zT. Therefore, it is difficult to ascertain which nominal
composition is equivalent to the one in this study. Nevertheless,
the apparent anomalous result in both studies can be explained
through band resonance in samples with similar amounts of
dopant added to give the maximum zT. Overall, the results
imply that a reduction in the lattice thermal conductivity by
nanostructuring and alloying has a large effect on the
thermoelectric performance. This in conjunction with resonant
scattering enabled this high zT of 0.6 in the ZnO alloy.

■ CONCLUSIONS
Bulk assemblies of aluminum and gallium dually doped ZnO
nanowires were fabricated using spark plasma sintering. These
nanobulk alloys were characterized for their thermoelectric
properties, and a peak zT of 0.6 was observed at a temperature
of 1273 K in Zn97Al2GaO100. This zT value is the highest
experimentally reported to-date for any n-type oxide. The
enhanced zT value of the Zn97Al2GaO100 composition is
attributed to resonant scattering coupled with the retention of
nanostructuring after consolidation. Although this material still
lags behind state-of-the-art thermoelectric materials in terms of
thermoelectric performance, it can be synthesized into modules
at a much lower cost. This makes ZnO alloys a viable cost-
effective thermoelectric material option for waste-heat recovery
in the terrestrial market.

Figure 6. Plot indicating the zT variation with temperature of the
dually doped ZnO samples. A peak zT of 0.6 at 1273 K was achieved at
an optimally doped composition of Zn97Al2GaO100.
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■ MATERIALS AND METHODS
ZnO nanowires used as a raw material for this study had diameters in
the 50−100 nm range, and averaged 5 μm in length. These nanowires
were mass produced on a kilogram quantity scale using a microwave
plasma jet reactor, a process that has been described in detail in a
previous publication.45 The fabrication of bulk pellets composed of
doped ZnO nanowires involved the following steps. The as-obtained
ZnO nanowires were mixed with commercially available Ga2O3 and
Al2O3 nanoparticles in the required proportions in a high-energy mill
(SPEX CertiPrep, 8000 M Mixer/Mill) operated at 20 Hz for 15 min.3

The resulting powder mixtures were then transferred into a boron
nitride (BN) spray-coated (obtained from ZYP coatings, Inc.) graphite
die (Poco HPD-1)46 and consolidated using spark plasma sintering
(SPS). This sintering was performed at a temperature of 1200 °C and
a pressure of 100 MPa for a total duration of 5 min under a vacuum of
10−4 Torr. A pulsed DC power supply with ON/OFF time intervals of
50 ms was employed for sintering the pellets. For consolidating and
sintering the powder mixtures using SPS, the pressure and temperature
were respectively ramped at 10 MPa per minute and 200 °C per
minute. The same ramp rates were used while cooling the consolidated
pellets. The consolidated Zn1−x−yAlxGayO pellets were then removed
from the BN coated graphite die and polished into 12 mm diameter, 1
mm thick cylindrical pellets that have flat and parallel faces.
Archimedes’ principle, along with coupled geometric and mass
measurements, was used to measure the density of each pellet.3

These measurements confirmed that the density of all the pellets
fabricated was ≥95% of the theoretical density. To obtain reliable data,
two pellets of each composition were fabricated for the measurement
of their thermoelectric performance.
The characterization of the ZnO nanowires was performed using

scanning electron microscopy (SEM),47 X-ray Diffraction (XRD),48

high-resolution transmission electron microscopy (HRTEM),48 X-ray
photoelectron spectroscopy (XPS),47 Raman spectroscopy,49 and
photoluminescence (PL) and reported extensively in previous
publications.49 The material characterization of the highly dense
pellets fabricated was also performed using XRD and HRTEM. In
addition, backscattered and secondary scanning electron microscopy
(SEM), and energy dispersive spectroscopy (EDS) were also
employed to characterize the pellets. As-obtained pellets were directly
employed for SEM, XRD, and EDS analysis of the samples. However,
a destructive technique involving chipping consolidated pellets,
followed by loading these chips onto TEM grids was employed for
the HRTEM characterization of the pellets.50,51

Thermal conductivity measurements of the consolidated pellets
were done in accordance with ASTM standard E1461.52 The three
parameters necessary for the determination of thermal conductivities
of the pellets, density, heat capacity and thermal diffusivity, were
respectively obtained using Archimedes’ principle, differential scanning
calorimetry (DSC) and laser flash analysis (LFA).53 As mentioned
above, the density of the pellets was determined using Archimedes’
principle. LFA was performed using a Netzsch LFA 457 microflash
apparatus. Both LFA and DSC were performed under dynamic
vacuum conditions of 10−5 Torr. Thermal diffusivity and heat capacity
were measured from room temperature (25 °C) to 1000 °C.53

The electron mobility, carrier concentration, and electrical
conductivity were measured using a custom-built Hall measurement
system at various temperatures ranging from room temperature to
1000 °C, and under a vacuum of 10−6 Torr.54 A 1 T magnet was
employed in these measurements. These measurements were
performed under both positive and negative field conditions. Finally,
the Seebeck coefficient was determined by measuring the voltage drop
across the pellet under an applied temperature gradient.55 These
measurements were also performed at various pellet temperatures in
the 25−1000 °C range, and under a 10−5 Torr dynamic vacuum. All of
these measurements were repeated two times on each pellet, so as to
ensure accuracy. From these measurements, the thermoelectric
performance of the pellets as functions of their compositions and
temperatures was deduced.

■ ASSOCIATED CONTENT
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