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Non-oxide thermoelectrics
“unstable in air”
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P-type N-type



Thermoelectric oxides for high temperature power generation:

Van, Pryds ANSNN 2013

-large band gaps
-high melting points
-large materials discovery space
-established ceramic processing
-cheap
-Stable operation in air
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AgSbO3

Why does this happen, how do you model the stability of oxides in air?



Materials are unstable in different atmospheres due to Defects

Defects are always present in materials
-Lowering of Gibbs free energy through increased entropy
-It is impossible to make a perfect crystal
-for TE, we need dopants, which lead to defects by definition
-polycrystalline materials are usually used for applications
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Materials are unstable in different atmospheres due to Defects

Defects are always present in materials
-Lowering of Gibbs free energy through increased entropy
-It is impossible to make a perfect crystal
-for TE, we need dopants, which lead to defects by definition
-polycrystalline materials are usually used for applications

Relevance for thermoelectrics

-Defects compensate donor/acceptor doping, changing carrier concentrations
-True for Bi2Te3, PbTe, SiGe, oxides, etc…

Relevance for oxides “in air”

Defect chemistry changes with prevailing solid-gas equilibrium



1. In order to study stability, measure properties as a function of 
oxygen partial pressure at fixed T:
pO2 = 10-24 to 1 atm
Air: pO2 ~ 0.2 atm

Problem: systematically understand stability of oxide thermoelectrics
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1. In order to study stability, measure properties as a function of 
oxygen partial pressure:
pO2 = 10-24 to 1 atm
Air: pO2 ~ 0.2 atm

2. Use a thermoelectric oxide with a well-known defect chemistry:
Doped SrTiO3 has been studied for more than 40 years and is also a 
good thermoelectric.
(lots of literature for different temperature ranges!)

Problem: systematically understand stability of oxide thermoelectrics



Sr(Ti,Nb)O3 is a model system for studying stability

Nb5+ replaces Ti4+ donating electron to CB

n = ND = Nb concentration

Shallow Nb donor level

Conduction Band

Valence Band

Extra electron

Koumoto et al., MRS Bull., 31 (2006) 



Sr(Ti,Nb)O3

Nb5+ replaces Ti4+

Either: More Oxygen or More electrons

In presence of oxygen, excess accommodated by 
lattice (not interstitial), 
introducing acceptor Sr vacancies

Nb donor

Conduction Band

Valence Band

Sr vacancy acceptor

RP mechanism
Lee J. Appl. Phys. 06

Compensated doping due to Sr vacancies



Sr(Ti,Nb)O3

Nb5+ replaces Ti4+

Either: More Oxygen or More electrons

At low oxygen levels, Sr vacancies disappear.

Instead, oxygen vacancies form, which are double 
donors

Nb donor

Conduction Band

Valence Band

O vacancy donor

Oxygen vacancies add further carriers



[1] Oxygen Vacancy Formation:

[2] Strontrium Vacancies:

[3] Intentional, extrinsic dopants (Nb)

[4] Electroneutrality (Kroger-Vink notation)

Overview of Defect Chemistry in Donor doped SrTiO3 (Simplified!)

Cf. Moos, Hardtl, JACerS 1997



Overview of Defect Chemistry in Donor doped SrTiO3 (Simplified!)

[1] Oxygen Vacancy Formation:

[2] Strontium Vacancies:

[3] Nb dopants

[4] Electroneutrality (Kroger-Vink notation)

Cf. Moos, Hardtl, JACerS 1997

Key point: these are all 
coupled and dependent 
upon prevailing oxygen 
partial pressure
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Principle of Mass Action:
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Principle of Mass Action:
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Moos, Hardtl JACeRS 97
(La,Sr)TiO3

pO2 changes carrier concentration, changing transport properties



• All platinum wiring for broad oxygen activity 
compatibility

• MFC gas control with O2, N2, and 3% H2/N2 providing 
1 atm to 10-23 atm O2 partial pressure control

• pO2 monitor on instrument exhaust
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See also: Byl, Bérardan, Dragoe, Meas. Sci. Tech. 2012

HBS, PAS, JFI
J. Mat Sci. 2015

pO2 dependent Conductivity and Seebeck coefficient

Pt-13%Rh



-10% Nb doped SrTiO3 ceramic (prep. In reduced state)
-1% Nb doped SrTiO3 single crystal (prep. In reduced state)
-consistent with previous literature
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Oxygen partial pressure?



Oxygen partial pressure controlled by gas equilibrium:

Residual oxygen 
depending on sourceFrom forming gas mixture

Limit of oxygen sensor

Mass action:

Simulation based on known K(T)



Oxygen partial pressure controlled by gas equilibrium:

Residual oxygen 
depending on sourceFrom forming gas mixture

Limit of oxygen sensor

Mass action:

Simulation based on known K(T)

T>1000 K, non-negligible changes in oxygen content v. Temperature



Isothermal measurements vs. pO2

T = 1173 K

?
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Ceramic 10% Nb-SrTiO3



Isothermal measurements vs. pO2

T = 1173 K

Ceramic 10% Nb-SrTiO3

1 data point = 1 day!



Isothermal measurements vs. pO2

T = 1173 K

Ceramic 10% Nb-SrTiO3

Reversible pO2 dependence



Isothermal measurements vs. pO2

T = 1173 K

Ceramic 10% Nb-SrTiO3

4 orders of magnitude decrease
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Isothermal measurements vs. pO2

T = 1173 K

Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Ceramic is strongly pO2 dependent
Xtal is not

What is expected from defect chemistry?



Defect model, Rate constants 
summarized in 
Moos, Hardtl JACeRS 1997



1. Solve for n v. pO2

T = 1173 K



1. Solve for n v. pO2

2. Find , S for given n

The various transport parameters, such as , AV, AC, were previously reported. Cf. Moos, Hardtl
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T = 1173 K

Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation

No curve fitting, constants from Moos, Hardtl for SrTiO3



T = 1173 K

Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation
Ceramic is strongly pO2 dependent
Xtal is not

Ceramic similar to Equilibrium 
Simulation

Difference between Xtal/Ceramic:
Kinetics…



T = 1173 K

Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation Hard to reach equilibrium even at 1 day



Kinetics for Xtal
Versus Ceramic will be 
different due to
Grain boundaries, pores

Grain size 
1.7 m

We need to know 
Kinetics too



Meyer et al. PRL (2003)

Oxidation of Donor doped SrTiO3: Sr vacancy migration is rate-limiting step

T = 1173 K
Single xtal Nb doped SrTiO3



Pasierb et al. JPCS 1999
T = 1173 K
Ceramic Nb doped SrTiO3



Diffusion enhanced at grain boundaries

L < Grain size L > Grain size

Merkle, Maier, Angew. Chem. 2008

Material 24 hours 20 years

Ceramic 400 m 3.5 cm

Xtal 0.3 m 24 m

Grain size ~ 2 m



Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation

Material 24 hours 20 years

Ceramic 400 m 3.5 cm

Xtal 0.3 m 24 m

Grain size ~ 2 m



Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation
Single Xtals are stable in air

Ceramic samples are not

Not easy to use single crystals in 
actual applications



Wang et al. APX 2010

“Nanostructuring” can be incompatible with stability in air…

SrTiO3



Are thermoelectric oxides “stable in air”?

Yes and No

In equilibrium, oxides are not a priori more or less stable than 
non-oxides

You need to take into account defect equilibria and kinetics

Temperature matters too. 
T<900 K defect kinetics slow down a lot for SrTiO3

(but efficiency is lower)



Other consequences

Are P and N oxides stable under the same conditions at the 
same temperatures with the desired ZT?

Interaction of oxide thermoelectrics with other oxygen-
containing materials at the module/systems level?

No clear benefit for systems complexity in general



Ceramic 10% Nb-SrTiO3

Xtal 1% Nb-SrTiO3

Simulation Grain size ~ 2 m

Donor doped SrTiO3 will be challenging to 
use in air environments in ceramic form.

What are the defect reactions and kinetics 
relevant for other popular oxide materials?


