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Impurities and dopants

• Foreign atoms can dissolve interstitially or substitutionally.

• At small concentrations they are usually called dopants or 
impurities, depending on whether they are added on purpose 
or not. 

• For dopants that are added to substitute native atoms –
especially to larger levels - we also use the term substituent.

• We may refer to all of these as a solute (and the host 
structure as the solvent.



Impurities and dopants

• Substituents that have the same valence as the native atom 
they replace are called homovalent. Substituents that have a 
different valence than the native atom they replace are called 
aliovalent or heterovalent.

• Foreign atoms can affect the materials property by introducing 
mechanical strain if the size does not fit exactly, and by 
introducing charged defects.

• Here we will consider mainly foreign atoms that fulfil their 
valence by accepting electrons (acceptors) or donating 
electrons (donors). This comprises interstitially dissolved 
foreign atoms and aliovalent substitutionally dissolved foreign 
atoms.



Foreign atoms may or may not be present in  
equilibrium concentrations 

The defect chemistry is mainly a repetition from earlier chapters –

extended into more focus on foreign atoms that form charged defects.

Before starting on the defect chemistry, we shall consider the 

dissolution reaction as being at equilibrium or not. We shall put this 

into some kind of system…

As example, we consider the dissolution of the foreign cation Mf from 

a source of MfOa into the host oxide MOb.



1. Not equilibrium: The solute is frozen in.

• because the temperature is too low: The solute Mf can effectively not 
diffuse between the source/sink phase MfOa and the host structure 
MO. 

a)  If the frozen concentration of solute is below the solubility limit, and no 
second phase is present, the system is then stable.

• If equilibrium was allowed (e.g. by waiting very long, or increasing the 
temperature a little) nothing would happen – the source is empty.

b   If the concentration of solute is below the solubility limit, but a second 
solute-rich phase is present, the system is metastable. 

• If equilibrium was allowed, more solute would dissolve.

c)  If the frozen concentration of solute exceeds the solubility limit, the system 
is metastable – a common case.

• If equilibrium was allowed, solute would precipitate.



2. Equilibrium: The solute is mobile.

• because the temperature is high enough: The solute Mf can effectively 
diffuse between the source/sink phase MfOa and the host structure 
MOb. 

a) The total amount of solute present is below the solubility limit. 

- In this case the source is empty, and the concentration of solute is 
therefore again constant, as in all the cases 1). 

b) The total amount of solute present is above the solubility limit. 

- In this case there is source/sink MfOa present, and the concentration 
of solute is variable by exchange of solute between the bulk and the 
source/sink of second phase.

Only for this last case (2b) does it usually make sense to treat the doping 
defect reaction as an equilibrium. For all the other cases that reaction will 
be just a way of describing how you add or substitute (and charge 
compensate) a certain amount of solute which thereafter is considered 
constant. Be aware of this…it will save you much trouble preventing you 
from trying to incorporate that equilibrium when you don’t need it! 



We start by considering constant solute concentrations 

…because they are frozen (all cases 1), or because they are fully

soluble way below the solubility limit (case 2a).

We will often not even bother to write a defect reaction for the

dissolution of the foreign species – we just state that the defects 

of the dissolved solute are there, in addition to the native defects.



Schottky dominated metal halide MX doped with 
higher valent metal halide MfX2

• Electroneutrality comprising native defects and foreign species:

• Schottky equilibrium:

• Simplified limiting cases:

Intrinsic:

Extrinsic (doped):

Minority defect: 
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This is a kind of Brouwer diagram, 
but vs the concentration of dopant



Oxygen deficient oxide substituted with 
lower-valent cation
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• Most important example!

• Total electroneutrality:

• Limiting cases:

The good old..

and at higher pO2…

Check that you understand (from Ch. 3) how 
to obtain the pO2-dependencies!
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Metal-deficient oxide doped with lower 
valent cations 

• Example: Singly charged 

metal vacancies in M1-xO!

• Doped with an acceptor.

• Concentrate on seeing 

qualitatively the native 

defects (here at high pO2) 

and how the dopant takes 

over (here at lower pO2) 

enhancing the oppositely 

charged defect (here 

holes) and suppressing 

the defect (here the ionic 

point defects) with the 

same charge as itself.  
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Metal-deficient oxide doped with lower 
valent cations 

• Same oxide with singly 

charged metal vacancies 

in M1-xO. 

• Now doped with a donor.

• Note how the doping here 

enhances the ionic point 

defect and may make the 

material an ionic 

conductor, while the 

electronic defects go 

through a n=p minimum.
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Doping of oxides which may have regions with 
both oxygen and metal deficit   

• Example:

• M2-xO3-y

• Dope with 

lower valent 

Ml2+
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Doping of oxides which may have regions with 
both oxygen and metal deficit   

• Example:

• M2-xO3-y

• Dope with 

higher valent 

Mh4+



Full Brouwer diagrams of doped 
compounds

• We have seen two examples of Brouwer
diagrams for doped oxides over entire range of 
pO2. They show a few common features that 
the experienced defect chemist (you?) 
recognises and uses:

• Oxygen over- and under-stoichiometry 
dominate at high and low pO2, as in the 
undoped oxides.

• The “intrinsic disorder” region in the middle is 
expanded and dominated by the dopant. This 
part is split in one compensated by an 
electronic defect and one compensated by an 
ionic defect.

• With acceptor doping the oxide becomes a p-
type electronic conductor at high pO2, and 
ionic at low pO2.

• With donor-doping the material becomes an n-
type electronic conductor at low pO2 and an 
ionic conductor at high pO2. 



Full Brouwer diagrams of doped 
compounds

• When is the doped oxide 

stoichiometric?

• When the concentrations of the 

cation and anion vacancies are 

equal so that the composition is the 

same as in the stoichiometric host 

structure?
– (identify this point in each diagram)

• Or when the concentrations of 

electrons and holes are equal (n = 

p) so that the average valence of the 

host structure corresponds to that in 

the stoichiometric host structure?
– (identify also this point in each diagram)

• Answer: It is a matter of choice.



Variable concentration of solute

High temperatures, solute present in second phase (source/sink).

Case 2b

Now, the dissolution reaction itself contributes an equilibrium that 

must be satisfied and not just a constant value of the dissolved

solute.



Doping M2O3 with excess MlO

• Consider the situation at high pO2 where Ml2+

substitutes M3+ and is compensated by electron holes:

• Equilibrium coefficient: 

• Electroneutrality and insertion gives:

• Solubility of MlO increases with pO2
1/8 !
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Doping M2O3 with excess MlO

• At lower pO2, Ml2+ is compensated by oxygen 

vacancies:

• Equilibrium coefficient: 

• Electroneutrality and insertion gives:

• Solubility of MlO is now independent on pO2 !
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Doping M2O3 with excess MhO2

• At low pO2 Mh4+ substitutes M3+ and is compensated by electrons:

• Equilibrium coefficient: 

• Electroneutrality and insertion gives:

• Solubility of MhO2 increases with decreasing pO2 !

• At higher pO2: Compensation by ionic defect; independent of pO2. 
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Hydrogen as a dopant

Hydrogen can dissolve as protons H+, atoms H, molecules H2, or hydride 

ions, H-. We here consider only protons, H+. We have earlier learnt that 

protons in oxides dissolve interstitially as Hi
. or, equivalently, OHO

. defects.

H2O can act as a dopant oxide for protons, H+, 

The concentration can be frozen, as for other foreign atoms. 

If at equilibrium in contact with water vapour, this water vapour is the source 

and sink. Its activity can be represented by pH2O and is thus variable.

We can also use H2 gas as source of protons (which would correspond to 

using metal as source for a dopant cation).

H2 and H2O are in equilibrium via H2(g) +1/2 O2(g) = H2O(g) 



Protons in oxygen deficient oxide, e.g. M2O3-d

• Hydrogen as source

• Water vapour as source

• Equilibrium coefficient

• If protons and electrons dominate:
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Effect of water vapour on acceptor-
doped M2O3

• Electroneutrality:

• Equilibrium:

• Limiting cases:

• Can you derive the pH2O-
dependencies of the minority 
defects?  
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Variable solubility of acceptor 
compensated by protons

• Dissolution of acceptor and charge compensating protons:

• Electroneutrality inserted into the equilibrium coefficient yields:

• In other words; The solubility of acceptors compensated by protons 

increases with pH2O
1/4. 
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Defect – dopant association

• Electrostatic and mechanical relaxations bind defects together.

• Example: 

• Immobilises charged defects
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Concluding remarks

• This chapter brought mostly repetition and training of what 
you learned in Ch. 3. 

• In addition you have familiarised yourself with many aspects 
of foreign atoms.

• Check your understanding of the terms: 

– Solutes, impurities, dopants, substituents.

– Interstitial vs substitutional foreign atoms

– Acceptor vs donor solutes/dopants/impurities/substituents

– Homovalent vs heterovalent (aliovalent) substituents

– Equilibrium concentration of solutes vs Frozen concentration of solutes 
(reason?)

– Variable vs constant concentration of solutes (reasons?)

• Being able to draw a Brouwer diagram for a given native 
defect pair and the adding a donor or acceptor level and 
sketching its impact on the two native defects is good,

• Being able to draw the entire Brouwer diagram across all 
defect situations is even better.     



Outlook

• This concludes our lectures in defect chemistry.

• It should enable you to derive expressions for the concentration of defects as a 

function of temperature, pO2, pH2O, and doping type and concentration. 

• The next Chapter (5) treats random diffusion of species; atoms, ions, and defects. 

The diffusivity of atoms and ions requires defects and is thus proportional to the 

concentration of defects. 

• Chapter 6 treats random diffusion in an electrical field, giving rise to currents and 

the term electrical conductivity. Conductivity is also proportional to the 

concentration of defects.

• Chapter 7 finally couples two types of transport – typically ionic and electronic –

into solid state electrochemistry. Here we meet terms such as chemical diffusion, 

ambipolar diffusion, creep, sintering, reactivity, corrosion, permeability, and 

applications such as fuel cells, electrolysers, sensors, and gas separation 

membranes.


