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ARTICLE INFO ABSTRACT

Keywords:

Thermoelectric ZnSb has a native surface oxide layer of SboOs +ZnO, while HT oxidation in air resulted in se-

ZnSb lective oxidation to ZnO, with no detectable Sb by STEM-EDS. The ZnO consisted of an inner nano-granular and a
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SIMS unless metallised.

more columnar outer layer. Thermogravimetry showed parabolic oxidation kinetics at 200-325 °C with an
activation energy of 117 kJ/mol, comparing well with literature for oxidation of Zn. Two-stage 160, +20,
oxidation followed by SIMS suggests growth by mixed Zn and O diffusion through a protective ZnO layer that still
cannot prevent considerable high temperature oxidation in air, with formation of insulating electrical contacts,

1. Introduction

Thermoelectric (TE) materials convert heat in a temperature
gradient into electrical energy [1,2]. Metallic TE materials exposed in air
to the high temperatures that may be involved will degrade by oxida-
tion. In particular, resistive oxide layers may form at their electrical
contacts. Understanding and limiting the oxidation of metallic TE ma-
terials is therefore vital to the widespread use of thermoelectric gener-
ators (TEGs) at high temperatures.

ZnSb was early discovered and applied as a TE material [3], but
while little improvement in efficiency reduced interest in the 1970 s,
recent decades have brought a resurgence of interest in ZnSb as it pro-
vides a compromise between several important properties for TE ma-
terials. It is thermally stable, the average efficiency is competitive, and it
is made up of abundant and non-toxic elements. However, studies of
oxidation of ZnSb are scarce [4]. Berland et al. reported on oxygen
contents of their prepared ZnSb samples [5]. Pothin reported that ZnSb
alloy samples contained ZnO particles that affected mechanical prop-
erties [6]. In both cases, the oxygen was located at grain boundaries.
Decomposition of ZnSb during heating in water vapour inside an E-TEM
indicated that Zn sublimates and Sb remains near the surface [4]. In
various other reports where ZnSb is synthesised, authors often specify
that care was taken to avoid ZnSb oxidation. All in all, more knowledge
is needed about oxidation of ZnSb and how it determines the degrada-
tion of ZnSb-based thermoelectrics, the device fabrication, and the
design of new alloys.
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In this work, the kinetics of oxidation of ZnSb at elevated tempera-
tures in air was studied by thermogravimetry (TG) and the resulting
oxide layer was investigated by X-ray photoelectron spectroscopy (XPS)
and scanning transmission electron microscopy (STEM). Two-stage
oxidation in %0, and 80, followed by secondary-ion mass spectros-
copy (SIMS) depth profiling was performed to shed light on the domi-
nating growth mechanism.

2. Materials and methods
2.1. Sample preparation

ZnSb was made by melting a 1:1 mixture of elemental Zn and Sb with
purities of 99.99% in an evacuated quartz ampule that was subsequently
quenched in water. The resulting ingot was crushed and ball milled
using stainless steel balls and vial in Ar atmosphere before hot-pressing
at 500 °C for 30 min at 20 MPa under N> flow in an in-house built hot-
press. The hot-pressed disc was ground and polished with SiC paper to
remove surface inhomogeneities and contaminants and cut into 5x5x5
mm® samples. The relative density of the hot-pressed samples was 98%
as measured by the Archimedes method. X-ray diffraction of the powder
before hot-pressing and of the hot-pressed sample both showed the ZnSb
phase with additionally around 2-5 wt% metallic Sb. This amount of
additional Sb phase is commonly seen in our samples and in other re-
ported works [7]. For characterisation of oxide scales, samples were put
in a tubular furnace and heat-treated at 325 °C in ambient air for 50, 115
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or 200 h.

2.2. Characterisation

XPS surface characterisation was done in a Kratos AXIS UltraP™?
spectrometer with monochromatic Al Ka radiation (hv=1486.6 €V). The
collected data were processed with the CasaXPS software package. The
background was subtracted using a Shirley-Sherwood subtraction, and
the spectra were energy calibrated to the carbon contamination C 1 s
peak at 284.8 eV. Samples for scanning transmission electron micro-
scopy (STEM) were made by focused Ga ion beam (FIB) milling in a
JEOL 4500 Multibeam instrument. A protective carbon layer was
deposited prior to the Ga milling in order to protect the sample from
milling damage. Lamellae cut out with the FIB were studied in a JEOL
2100 F TEM at 200 kV with an Oxford X-Max 80 energy-dispersive X-ray
spectrometer and with a FEI Titan G2 60-300 TEM at 300 kV with a FEI
Super-X EDS detector, employing bright field (BF), annular dark field
(ADF), and high angle annular dark field (HAADF) detectors for
enhanced structural and atomic mass contrast. Data processing was done
in the open-source python package Hyperspy [8] and Gatan Microscopy
Suite Software package.

The ball-milled ZnSb powder was used for thermogravimetry in a
Netzsch STA 449 thermobalance. Samples of estimated surface area
2.18 cm? were heated at a rate of 5 °C/min and kept at the target
temperature under a flow of dry natural air 150-200 h.

The two-stage isotope exchange oxidation experiments were con-
ducted in a horizontal tube furnace with an in-house gas phase analysis
(GPA) system equipped with a quadrupole mass spectrometer (QMS) to
monitor chemical and isotope compositions. The gases used were high
purity oxygen (~99.99% °0) and labelled oxygen (fraction of 180 ~
97%). The specimens were placed in a quartz tube and after evacuation,
the first isotope (1602) was introduced. The quartz tube was then
inserted into the furnace at 325 °C. At the end of the first stage of
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oxidation (after 12 h), the quartz tube was moved out of the hot zone for
fast cooling, then evacuated at room temperature for 15 min for com-
plete removal of the first oxidant isotope to ensure the same thermal
conditions as first oxidation. Then we introduced the second oxidant
180, and inserted the quartz tube back into the furnace still at 325 °C
and kept it there for 24 h. At the end of the second stage, the samples
were quenched by retraction out of the hot zone and subjected to SIMS
profiling with a Cameca IMS 7 f Magnetic Sector SIMS. The primary
beam (Cs*, 15 kV) intensity was set to 10 nA and the raster size set to
200 pm. With a total sputtering time of 747 s, the crater depth was 432
nm as measured with a profilometer.

3. Results and discussion
3.1. X-ray photoelectron spectroscopy

XPS was done on a ZnSb sample kept at room temperature (RT) and a
sample heated to 325 °C in ambient air for 115 h. Fig. 1a) and b) show
spectra for the RT sample of the Sb 3d and O 1 s region and the Zn LMM
Auger region, respectively. The two peaks in Fig. la) located at
approximately 541 and 538 eV, originate from excitations of the Sb 3d3,
2 orbitals and were fitted with a Gaussian-Lorentzian line shape. At
lower energies, peaks are found from the 3ds/, orbitals; these were fitted
based on known values for peak shift and area relative to the 3/2 peaks.
The signals were compared to reference values and identified as metallic
Sb from ZnSb and an oxide of Sb, most likely SboOs. The remaining
signal originates from O 1 s orbitals in various oxide compounds and
were not assigned in more detail. For identification of Zn, the LMM
Auger region was selected since the chemical shifts of the Zn 2p peaks
are too small to identify different Zn species reliably. Fig. 1b) shows a
similar observation for Zn as seen in Fig. 1a) for Sb, a metallic Zn signal
from ZnSb and an oxide Zn signal from ZnO, indicating that a native
mixed oxide layer forms at room temperature on ZnSb. Given the
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Fig. 1. XPS spectra collected from an unheated sample (a) and b)), and from a sample heated in air at 325 °C for 115 h (c) and d)). a) and c) show the Sb 3d and O 1s
region where the heated sample (c)) no longer has any Sb 3d signal. b) and d) show the Zn auger LMM region where the heated sample (d)) only shows the presence

of ZnO, no ZnSb as in the unheated sample (b)).
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expected XPS signal depth, and the signal from ZnSb, the thickness of the
native oxide layer is estimated to be only a few nanometres.

Fig. 1c) and d) show XPS spectra from the same energy ranges for a
sample heated to 325°C in air for 115 h. Significant changes are
observed compared to the room-temperature spectra. The Sb 3d and O
1 s region in Fig. 1¢) only shows various O 1 s signals and no Sb signal,
and the Zn region in Fig. 1d) shows the presence of ZnO and no metallic
Zn from ZnSb. Thus, heating ZnSb in air transformed the top surface of
the sample from a thin layer of mixed oxide to a thick layer of pure ZnO.

3.2. STEM with EDS

FIB lamellae for STEM investigations were prepared of the oxidised
ZnSb. A STEM-HAADF image of the oxide layer interface is shown in
Fig. 2a) with an EDS line scan across the interface in Fig. 2¢). The EDS
line scan was taken from top to bottom in the image and showed a
transition from mainly ZnSb 1:1 elemental composition with some O
present to an oxide film consisting of ZnO. There is practically no Sb in
the oxide layer. HAADF images are sensitive to variations in the average
atomic number of the sample, hence the bright region is ZnSb, followed
by a transition to the ZnO layer. The ZnO layer appears to have an
interior lower intensity region and an outer higher intensity region. The
EDS line scan shows no significant variation in elemental composition
between these regions. Comparing the STEM-HAADF image with the
more structurally sensitive STEM-ADF image of the same region
(Fig. 2b)), the interior layer appears however to be finely grained,
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possibly amorphous, while the outer layer has columnar-type grains.

A STEM-HAADF image with EDS mapping of a heated sample is
shown in Fig. 3, where it becomes clear that the Sb grains remain along
the ZnSb-ZnO interface. As there is already a presence of metallic Sb
grains in the pristine alloy, it is reasonable that additional Sb left behind
from selective oxidation of Zn to ZnO, forming new grains of Sb or leads
to growth of the existing ones. Sb remains completely unoxidised, and
pure ZnO grows from selective oxidation of Zn.

Fig. 4 shows a STEM bright-field (BF) image with diffraction patterns
from three different areas. Fig. 4b) shows the well-defined pattern of
large (micrometre range) ZnSb grains. In the interfacial region, Fig. 4c),
a ring pattern was observed indicating a more finely polycrystalline
microstructure. If the region contained an amorphous phase as well, a
large diffuse background intensity would have been visible. As this was
not the case, we conclude that this region is composed of nanocrystalline
ZnO grains. The outer region of the ZnO film has larger grains based on
the diffraction, Fig. 4d), and were growing in a columnar fashion based
on the STEM-ADF in Fig. 2b).

Neither we nor previous investigators of ZnSb oxidation find any
Sb,0s in oxide scale Zinc oxidation is favoured due to the more negative
Gibbs free energy values of ZnO formation (AfG0 ~ —320 KJ/mol) than
that of SbyOs5 (AG° ~ —160 KJ/mol).

3.3. Thermogravimetry

Weight gain curves of the crushed ZnSb samples in dry natural air are
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Fig. 2. Cross-section of oxide layer on ZnSb grown by heating in air for 115 h at 325 °C. a) STEM-HAADF image with EDS line scan range indicated. b) Corre-
sponding STEM-ADF image showing that the ZnO scale has an interior nanograined and an exterior columnar layer. c) The EDS line scan across the interface between
ZnSb and ZnO from the range indicated in a) shows that the oxide film in ZnO without any Sb. HAADF intensity is also plotted for easier alignment.
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Fig. 3. STEM-HAADF image with EDS mapping of a heated sample reveals Sb-rich particles in the metallic phase along the interface to the oxide layer.

ZnSb Micro grains

ZnO Nano grains

ZnO Micro grains

Fig. 4. ZnSb-ZnO interface as seen with STEM-BF in a). Microprobe diffraction
images are shown in b), ¢) and d) taken from indicated areas in a).

shown in Fig. 5. There was no measurable mass gain below 150 °C.
Essentially parabolic behaviour was first observed from 200 °C and
upwards, while it at 325 °C showed beginning tendency of sub-parabolic

kinetics.
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The weight gain in each experiment for the range 200-325 °C was
plotted as a function of the square root of time and fitted to the parabolic
rate equation, allowing the calculation of the parabolic growth rate
constant K, plotted in Fig. 6 as an Arrhenius plot of log K, vs 1/T. The
activation energy of 117 KJ/mol is in good agreement with reports of
activation energies of 121 and 130 KJ/mol for oxidation of Zn foil [14]
and Zn powder [15], respectively, substantiating that mainly ZnO forms
during oxidation of ZnSb at elevated temperatures. Also, the K, values in
Fig. 6 are in good agreement with those for Zn oxidation obtained by
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Fig. 6. Arrhenius plot of calculated parabolic oxidation rate constants from TG
experiments, showing an activation energy E, of 117 KJ/mol.
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Fig. 5. a) Weight gain as a function of time for ZnSb powder of estimated surface area of 2.18 cm? in dry natural air at 150-200 °C (left) and 225-325 °C (right).
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other workers at higher temperatures after extrapolation [14,16].
3.4. Two-stage oxidation

For the two-stage 160,,/180, oxidation a sample of ZnSb was oxidised
at 325 °C under 160 mbar of oxygen, first in 160, for 12 h, then in 20,
for 24 h. A SIMS depth profile through the oxide layer is shown in Fig. 7,
to a crater depth 432 nm. The second oxidant, ‘20, shows a clear signal
at the surface of the oxide layer, but decays inwards, while the first
oxidant, 60, increases inwards until the signal decays as the sputtered
depth proceeds into the ZnSb substrate. Despite the longer annealing
time in 180, than in '°0,, the outer part of the oxide because the oxide
growth rate decreases with time. The profile with an accumulation of
180 near the surface may indicate that the oxide grows outward, hence
by diffusion of Zn through the oxide as the primary mechanism for
oxidation [17,18], and agreement with the general view of faster
diffusion of Zn by vacancies in bulk [11,12] and grain boundaries [13]
than of O by interstitials [9,10] in ZnO under oxidising conditions. We
note that the grain boundaries in the columnar outer layer provides a
fast pathway for Zn diffusion in the growth direction [13]. However, the
concentration of 180 is still lower than that of 1°0 even at the surface, so
80 must be diffusing inwards also. All in all, it appears that both ions
diffuse at not too different rates.

What is clear, however, is that there is no sign of short-circuit
transport of gaseous Oy through pores or cracks, as this would have
given an 180 peak close to the ZnO/ZnSb interface. While oxidation of
pure Zn has a Pilling-Bedworth (P-B) ratio of volume of the oxide over
that of the oxidising metal > 1, and forms a dense and protective oxide
layer, selective oxidation of Zn in oxidation of ZnSb leaves a P-B ratio
< 1 making the layer liable to crack. However, both the parabolic
growth and the two-stage oxidation indicates that this is not the case,
The nanocrystalline inner region of ZnO (Fig. 2) can thus not be a result
of crack formation, but arise from early growth on top of or from
transformation of the original mixed oxide layer.

3.5. Implications for ZnSb thermoelectrics

Many of the intermetallic TE materials with the highest figures of
merit (ZT) suffer from high sublimation rates and poor oxidation resis-
tance. The oxidation leads to decomposition and formation of a resistive
oxide layer that limits functional stability and degrades electrical con-
tacts. We have shown that oxidation of ZnSb forms a protective layer of
ZnO0, and the derived parabolic rate constants therefore allow estimates
of the thickness of the ZnO oxide scale as a function of time at operation
at a given temperature. If the growth is determined by diffusion of zinc
vacancies, this may be difficult to suppress, since it would take acceptor
doping, and it is notoriously difficult to effectively acceptor-dope ZnO.
Instead, it is likely that substitutional or interstitial doping by Sb>" or
Sb>" cations in addition to protons from ambient water vapour makes
the ZnO layer inevitably donor doped, enhancing the concentration of
zinc vacancies and hence diffusion and corrosion rate. For the electrical
contacts, the donor doping of the ZnO layer may give it considerable n-
type conductivity, but metallisation plating may still be needed for
prolonged operation of ZnSb-based TE materials at elevated tempera-
tures in air.

4. Conclusions

ZnSb oxidises in air at elevated temperatures by mainly parabolic
growth of a dense, adherent, and protective layer of ZnO by selective
oxidation of Zn, leaving remaining Sb in particles in the alloy near the
interface. Outward diffusion of Zn dominates the growth mechanism, in
agreement with literature data, although oxygen diffusion appears to be
significant, too. The oxide grows in a columnar fashion, allowing
enhanced diffusion of Zn along grain boundaries. A thin inner layer of
nanocrystalline ZnO is speculated to arise in the initial stage of growth.
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Fig. 7. SIMS profile of counts per second of oxidant isotopes in a two-stage
oxidised ZnSb sample at 325 °C.

The empirical parabolic oxidation rate constant and its activation energy
of 117 KJ/mol allow estimation of the thickness of the ZnO layer on
ZnSb as a function of temperature and time of operation. It is likely that
the oxide layer is effectively donor doped which increases the concen-
tration of zinc vacancies as the main diffusing point defect, and that
deliberate acceptor doping to counteract this is impossible. While the
dominance of donors generally enhances the n-type conduction in the
ZnO layer in electrical contacts, protective and/or metallisation plating
appears generally important for prolonged use of ZnSb based TE in-
termetallics at elevated temperatures in air.
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