
Functional Inorganic Materials
Fall 2021

# Date Who Topic

s Tue 02.11. Maarit Introduction + Materials design

2 Thu 04.11. Antti Computational materials design

3 Tue 09.11. Maarit Superconductivity: High-Tc superconducting Cu oxides

4 Thu 11.11. Maarit Ionic conductivity (Oxygen): Oxygen storage and SOFC

5 Tue 16.11. Maarit Ionic conductivity (Lithium): Li-ion battery

6 Thu 18.11. Antti Thermal conductivity

7 Tue 23.11. Antti Thermoelectricity

8 Thu 25.11. Maarit Hybrid materials

9 Tue 30.11. Maarit Luminescence and optically active materials

10 Thu 02.12. Antti Piezoelectricity

11 Tue 07.12. Antti Pyroelectricity and ferroelectricity

12 Thu 09.12. Antti Magnetic and multiferroic oxides

Tuesdays: 14.15 - 16.00
Thursdays: 12.15 - 14.00
Remote Zoom lectures



LECTURE 1: Materials Design
 Doping & Substitution

 Aliovalent Substitution

 Mixed Valency

 Vacancies & Interstitials

 Electronic & Ionic Conductivity

 Oxygen Engineering

 Relative Ion Sizes & Tolerance Parameters





LECTURE EXERCISE 1
1. Assign the type of doped carriers (n-type or p-type) for the

following materials (rationalize your answers!): Al-doped Si,
(Zn0.98Al0.02)O, (Pb0.98Na0.02)Te, (La0.9Sr0.1)2CuO4, La2CuO4.1.

2. Calculate the tolerance parameter for the following perovskite
compounds (assuming the ioniv radius values given below),
and judge are them feasible. Also, predict which of them is
most easily reduced; most importantly, explain why:
LaMnO3, LaCoO3, LaNiO3, LaCuO3.

IONIC RADII: La3+ 1.36 Å
Mn3+ 0.65 Å
Co3+ 0.61 Å
Ni3+ 0.60 Å
Cu3+ 0.54 Å
O2- 1.40 Å



ELECTRICAL
CONDUCTIVITY



 What are: EF and Eg ?
 How large is Eg for a semiconductor / an insulator ?
 Can you explain the different temperature dependencies

of electrical conductivity for metals and semiconductors ?

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FSchematic-band-diagram-of-metal-semiconductor-and-insulator-E-F-and-E-g-are-the-Fermi_fig4_281144294&psig=AOvVaw1LOP_qSqxhYSgIYs7g1zAa&ust=1635514219061000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCMCiobSb7fMCFQAAAAAdAAAAABAP


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.researchgate.net%2Ffigure%2FSchematic-band-structure-of-metal-insulator-and-semiconductor_fig1_263733837&psig=AOvVaw1LOP_qSqxhYSgIYs7g1zAa&ust=1635514219061000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCMCiobSb7fMCFQAAAAAdAAAAABAD
https://www.google.com/url?sa=i&url=https%3A%2F%2Fenergyeducation.ca%2Fencyclopedia%2FBand_gap&psig=AOvVaw1LOP_qSqxhYSgIYs7g1zAa&ust=1635514219061000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCMCiobSb7fMCFQAAAAAdAAAAABAJ
https://www.google.com/url?sa=i&url=https%3A%2F%2Fcommons.wikimedia.org%2Fwiki%2FFile%3APeriodic_table_metalloids.jpg&psig=AOvVaw1LOP_qSqxhYSgIYs7g1zAa&ust=1635514219061000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCMCiobSb7fMCFQAAAAAdAAAAABAW


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.iceeet.com%2Fsemiconductor%2F&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABAX
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.atg.world%2Fview-article%2F3739%2Fdoping-in-semiconductors&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABBS
https://www.google.com/url?sa=i&url=https%3A%2F%2Felectronicsreference.com%2Fmodule5%2Fsemiconductor_doping%2F&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABBi


https://www.google.com/url?sa=i&url=https%3A%2F%2Felectronicsreference.com%2Fmodule5%2Fsemiconductor_doping%2F&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqGAoTCNDZrMOR7fMCFQAAAAAdAAAAABCkAQ
https://www.google.com/url?sa=i&url=https%3A%2F%2Felectronicsreference.com%2Fmodule5%2Fsemiconductor_doping%2F&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABBi
https://www.google.com/url?sa=i&url=http%3A%2F%2Fhyperphysics.phy-astr.gsu.edu%2Fhbase%2FSolids%2Fdope.html&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABAL


https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.chegg.com%2Fhomework-help%2Fquestions-and-answers%2Fdensity-donor-atoms-1015-atoms-cm-intrinsic-carrier-density-si-given-curve-given-fig-118-r-q31437858&psig=AOvVaw1cq_HIK1OfDOuiBq1_L1_l&ust=1635512810292000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCOjWtJWW7fMCFQAAAAAdAAAAABAz


What is the dopant concentration ? !

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.sciencedirect.com%2Fscience%2Farticle%2Fpii%2FB9780128188903000047&psig=AOvVaw1VMQSQmjXGens_gfB7I1Jc&ust=1635511570445000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCNDZrMOR7fMCFQAAAAAdAAAAABA2


Simple metal oxide semiconductor: ZnO
- Intrinsically n-type
- What kind of native defects ?

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.technology.matthey.com%2Farticle%2F64%2F2%2F202-218%2F&psig=AOvVaw10yHwwuDQl-2UaDUtLZ4Wt&ust=1635513112270000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCIjg_LSX7fMCFQAAAAAdAAAAABAu


Zhengning Gao and Parag Banerjee, Review Article: Atomic layer deposition of
doped ZnO films, Journal of Vacuum Science & Technology A 37, 050802 (2019);
https://doi.org/10.1116/1.5112777

What is the substitution level ?

https://www.google.com/url?sa=i&url=https%3A%2F%2Favs.scitation.org%2Fdoi%2F10.1116%2F1.5112777&psig=AOvVaw10yHwwuDQl-2UaDUtLZ4Wt&ust=1635513112270000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCIjg_LSX7fMCFQAAAAAdAAAAABAD
https://doi.org/10.1116/1.5112777


T. Tynell, R. Okazaki, I. Terasaki, H. Yamauchi & M. Karppinen,
Electron doping of ALD-grown ZnO thin films through Al and P substitutions,
Journal of Materials Science 48, 2806 (2013).



PEROVSKITE STRUCTURE

General formula: ABO3-
A: large cation
B: small cation (transition metal)
O: oxygen (sometimes halogen)

V(A) + V(B) = 6
e.g. LaIIIScIIIO3, SrIITiIVO3, NaINbVO3

CN(A)=12, CN(B)=6, CN(O)=6

A

B

O

B

O

Mineral Perovskite: CaTiO3
- Named after Russian mineralogist, Count Lev Aleksevich von Perovski
- Discovered by Gustav Rose in 1839 from samples found in Ural Mountains



http://www.chem.ox.ac.uk/icl/heyes/structure_of_solids/Coords/PerovAcell.cmdf
http://www.mindat.org/photo-110551.html


Perovskite
ABO3

Perovskite – Multifunctional structure

Capasitor
(high dielectric constant)

BaTiO3

Catalyst
La(Co,Mn)O3

Metallic conductor
LaCrO3

Magnetoresistor
LaMnO3

Major constituent of earth
MgSiO3

Record-high melting point
Ba3MgTa2O9

Electric insulator
SrTiO3

Piezoelectric material
Pb(Zr,Ti)O3

Superconductor
CuBa2YCu2O6+z

Ion conductor
La(Co,Ga)O3



ALIOVALENT SUBSTITUTIONS: Perovskite (La3+,Sr2+)CoO3

 Effect on Co valence ?
 Typical substitution levels ?
 What else may happen ?

https://www.google.fi/url?sa=i&url=https%3A%2F%2Faip.scitation.org%2Fdoi%2F10.1063%2F1.4902756&psig=AOvVaw3a75iAEwGMXrCHqpt6VCDf&ust=1635707930929000&source=images&cd=vfe&ved=0CAgQjRxqFwoTCMjKj4Pt8vMCFQAAAAAdAAAAABAE


OXYGEN
NONSTOICHIOMETRY:
(La3+,Sr2+)CoO3-δ

 Oxygen vacancies
 Random or Ordered
 Balance:

redox versus vacancies

http://ma.ecsdl.org/content/MA2016-02/39/3004.abstract


Perovskite ABO3

- No space for
interstitial oxygen

Ruddlesden-Popper An+1BnO1+3n
- Enough space for interstitial oxygen

O



IONIC CONDUCTIVITY
 Mobile Vacancies or Interstitials



Distortions and Imperfections in  Perovskite Structure:
- often the source of the desired properties

Changes in
atomic positions

Oxygen
deficiencyIDEAL

Let’s talk more about oxygen (non)stoichiometry →



2

2Fe + O2  2FeO

4/3Cr + O2 
2/3Cr2O3

4/3Al + O2 
2/3Al2O3

2Mg + O2  2MgO

Metal is stable
Oxide is stable

0Ellingham diagram

- (Gibb’s) free energy
of formation versus
temperature for
metal oxides

- Temperature at
which a metal oxide
is spontaneously
reduced to a metal



AgO: (AgI
0.5AgIII

0.5)O



TG of AgO in air

TG of YBa2Cu3O7-δ in air

Gradual oxygen loss
→ Mixed-valent Cu



High-Tc
Superconductivity

CuBa2YCu2O7-

ρ

Temperature (K)

R
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YBa2Cu3O7-
7-

SUPERCONDUCTIVITY depends on OXYGEN CONTENT





in O2

in N2

YBa2Cu3O7-

Cu-1212 in O2



O2-

Mg2+

Fe2+

Fe3+Ti4+

Cl-

Si4+

K+

Na+

B3+ C4+

Ca2+

Al3+

MATCHING of IONIC RADIUS values important
for the formation of the CRYSTAL STRUCTURE
→ NEW-MATERIAL DESIGN TOOL





ZnS

NaCl

CsCl

Binary
AB compounds

Pauling’s Rule
rC/rA < 0.155 CN = 2
0.155 < rC/rA < 0.225 CN = 3
0.225 < rC/rA < 0.414 CN = 4
0.414 < rC/rA < 0.732 CN = 6
0.732 < rC/rA < 1.00 CN = 8
rC/rA > 1.00 CN = 12

(CN = 5, 7, 9, 10 and 11 are also
possible in complex structures)

http://cst-www.nrl.navy.mil/lattice/struk.picts/b1.s.png
http://cst-www.nrl.navy.mil/lattice/struk.picts/b2.s.png




Linus Pauling (1901–1994)
 American chemist, quantum chemist, biochemist and peace activist
 Graduated from Oregon State University
 1939: “The Nature of the Chemical Bond”
 1954: Nobel Prize in Chemistry
 1962: Nobel Peace Prize …

https://www.google.com/search?q=linus+pauling+the+nature+of+the+chemical+bond&sa=X&biw=1280&bih=607&stick=H4sIAAAAAAAAAONgFuLQz9U3sLQsMFXiArHMzJIKzA20BBxLSzLyi0LynfLzs_3zcioXsermZOaVFisUJJYCGekKJRmpCnmJJaVFqQr5aWBeckZqbmZyYo5CUn5eyg5WxglsjACXpCZ0YAAAAA&tbm=isch&source=iu&ictx=1&fir=P1RouiKq0ciljM%252CPkMk0_3VYXqHPM%252C%252Fm%252F066bp70&vet=1&usg=AI4_-kTJNKFIzrwdS13Z2aDydJY-qvLTLA&ved=2ahUKEwi0x9PV1vfzAhUCuosKHSWAAmkQ_B16BAg0EAI
https://www.google.com/search?q=linus+pauling+general+chemistry&stick=H4sIAAAAAAAAAONgFuLQz9U3sLQsMFXiArHMzJIKzNK0BBxLSzLyi0LynfLzs_3zcioXscrnZOaVFisUJJYCGekK6al5qUWJOQrJGam5mcUlRZU7WBknsDECAFMfz15SAAAA&tbm=isch&source=iu&ictx=1&fir=A_2vCFG6z64z4M%252C_eC-s1ZT9nDicM%252C%252Fm%252F066bp6f&vet=1&usg=AI4_-kRiuN0CJmv6k3-Xy2E7m4tUN4vS6g&sa=X&ved=2ahUKEwjVibuV1_fzAhWVQvEDHc5lCq4Q_B16BAgBEAI


TOLERANCE FACTOR (t)
 1926 Goldschmidt

V.M. Goldschmidt , “Geochemische Vertailungsgesetze der Elemente”,
Skrifter Norske Videnskaps-Akad, Oslo, I. Mat-Naturr. K1 (1926)

 t: measure for the degree of mismatch between two different
atomic layers

 Calculated from preferred bond lengths

 Preferred bond lengths are estimated from ionic radii
R.D. Shannon, Acta Cryst. A 32, 751 (1976)

Victor Moritz Goldschmidt
(1888-1947)



Tolerance factor for
ABO3 perovskite

a/2

t = 1 : ideal matching (0.80 < t < 1.05 possible)
t < 1 : A is too small  change in oxygen position
t > 1 : B is too small  B reduced  oxygen vacancies

(rA+rO)
t = ___________

2 (rB+rO)

A

B

O
2 a/2

a



Changes in
atomic positions

Oxygen deficiency

t = 1
t < 1 t > 1

Ideal perovskite

(rA+rO)
t = ___________

2 (rB+rO)



orthorhombic
hexagonal
cubic



p-type doping n-type doping

EFFECT OF
COORDINATION
SPHERE

http://jes.ecsdl.org/content/151/10/J69/F1.expansion.html

