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Defects and Defect Complexes in Metals — from L.S. Darken
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Scope

Role of Defects

1. Mechanical Properties

2. Kinetics of Phase Transformation

3. Electrical conductivity of Semi-conductors and ionic crystals
4. Luminescence Phenomena

5. Photoconductivity

6. Color

Purpose of Defect Chemistry

1. Control of the concentrations of various defects
2. Control of the crystal properties related to defects

EUI-.II Iu.[H Urm Byeong-Joo Lee

e g wEiScloncaani Tachnaln www.postech.ac.kr/~calphad




Type of Defects

Point Defects
1. Atomic Defects
Vacancies
* Interstitials
* Impurities
 Complexes

1. Electronic Defects

Line Defects
 Dislocations

Planar Defects
1. Surfaces
2. Interfaces
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Point Defect — Concentration

Statistical Approach
1. An occupied state E=0
2. Anunoccupied state E=E,
—E,/ kT —E, kT
p_F° __n _ e M _ BT
" Z  n+N 1+ M N
Thermodynamic Approach
AG =nAH, —T(AS, +AS.)
AG =n(AH, —=TAS,) = kT[(N + n)In(N + n)—= NIn N — nlnn)]
oAG _ (AH, —TAS,)+ kT In =0
on N +n
n AS — AH -AH,
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Point Defect — Intrinsic vs. Extrinsic

AH
Inx,=ln4 - «|. L
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Intrinsic defects
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Point Defect — Measurements of vacancy formation energy
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Temperature dependence of e-resistivity
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Point Defect — vacancy-impurity interaction

___int
nv_nv +n[—V

int gy €Xp By
Set  EM=0 n, S kT
E, ,=E nim Z
ex ( E. Vj Zn, ex (_E"Vj
n_, Erv EXP\ " r B 1P\
e EI |4 - _EI—V
v g™ +g, Vexp[ T ) N —n, —Zn, +Zn, exp(kT)
N >>(Z+1)n,
n n —F
11;11/ — I Z eXp -V
Y kT
For n/N=1% and E, ,=-0.1eV npy/n"=0.63 at 700K
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Point Defect — impurity-defect interaction (nitrogen/dislocation in Fe)

int

Set EN'=0
Eyv,=Ey
_ENd ENdj
eXp| ———
n 8 na p( T j ) Ena © p( KT N
T - E - gint for gn 2> 8w
N 8y T8 eXp(kTNdj N

- E
n, :n}\l}t[lJr‘?r’l‘f ex p[ k]i\[d jj
N

For dislocation density = 5% 1012 cm/cm?
number of interstitial atoms =4.3x 107 /cm (8.4 x102%)!3
Ey=-0.3¢V, at 700K
ny = 1.37 n™
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Electronic Defect — electron/hole in conduction/balance band
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Defects in Stoichiometric Ionic Compounds — Kroger-Vink Notation

Symbol Definition
M Atom of electropositive element
X Atom of electronegative element
My M atom on M site (sometimes denoted as M3,
Nu N atom on M site
Vu Vacancy on M site
M, M atom on interstitial site
M Positively charged M ion on interstitial site (singly ionized)
MY Positively charged M ion on interstitial site (doubly ionized)
X, Negatively charged X ion on interstitial site (singly ionized)
Vi Positively charged vacancy (relative to perfect lattice) on X site
Vi Negatively charged vacancy (relative to perfect lattice) on M site

1. Electroneutrality
2. Mass conservation
3. Fixed Site ratio M:X
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Defects in Stoichiometric Ionic Compounds — Frenkel defect
M, =M +V,

aM*an{l

K =——"=[M][V,]

AG=n AH, —T (n AS, +AS,)

AS - kln{(N”v)! (N+n,.)!}

Nln | Nln.!
\% 1

n, n; AS, AH,
: =exp| —— |exp| ———
N+n, ) | N+n, k kT
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Defects in Stoichiometric Ionic Compounds — Schottky-Wagner defect

null =V, +V,,

%k

K, =V, V)]

Coexistence of Frenkel and Schotty-Wagner defects
[V 1=IM1+[V,]
K, =[M][V,] K, =V 1V, ]

K +K, =M 1+ [V DIV, 1=V, 1
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Defects in Stoichiometric Compounds — Interactions among defects

Between MX and M gas

M(g)=M"+n K, =L })][” ] K, =In[M ]+In[n']-1nP,
M

M, =M +V, =MV, ] InK, =In[M,]+1In[V,,]

null =n +p’ k, :[n][p*] InK, =In[n ]+In[p"]

Electroneutrality (n 1+[V, 1=[p 1+[M;]

Low PM [p 1= [VM] T [p'] = (Vi) Wyl = (M) [n'.] - M}

high P,, [n]=Ml’] 2 B

in between (M 1=1Vy]

Logarithm of cencentration
of species, In[ ]

2In[p ]=-InK.P, +InK K,

fa EUI-_T.I Iu.[H Urm Byeong-Joo Lee

www.postech.ac.kr/~calphad

sity of Sci nd Technolo



Defects in Stoichiometric Compounds — Intrinsic/Extrinsic defects

Dilute solution of CdCL, in NaCl V1= [Cd 3 1+1V5 ]
[ % ' F K
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Defects in Stoichiometric Compounds — Determination of defect type

Density and Lattice parameter measurement: CaO doped ZrO,
for 15mol% CaO : Zr, ¢sCa; 50, g5
*  Vacancy in Oxygen site
« Interstitial Cation

Measured lattice parameter: 5.131A (CaF2 structure)
— volume of unit cell: 135.08 X 10-2* cm?
Mass of unit cell
1. 4% (0.15%40.08 +0.85%91.22 + 1.85%X16)/N, =452.60 /N,
— density = 5.57 g/cm’
2. 4 X (0.15%40.08%(2/1.85) +0.85%91.22X%(2/1.85) + 2% 16))/N,
=489.29 /N, — density = 6.01 g/cm’

* Experimentally measured density is close to 5.57
— useful as oxide ion conductors in high temperature fuel cells
and as oxygen pressure sensors in electrochemical cells
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Defects in Stoichiometric Compounds — Determination of defect type

Electrical conductivity measurement:
Zn0O becomes conductive if heated at low oxygen pressure
Experiments show: ZnO is an n-type semiconductor

03

and o= [n'] = Py, 1" ~_
Two possibilities co ., T
(a) Formation of anion vacancies: -5 ~
: . . o S .
(b) Formation of cation interstitials 250 SRS
03 | I x-\x
(@) O0o=30:,()+V,o+n K = po, Voln] Y e
(b)  Zn(g)=2n +n k=il
pZn
Zn(g) + 10, (g) = ZnO(s) K=p, po KK =[Zn1[n]- py’
. , ' —1/4
[Zn; ]=[n] o=[n]=p,

% Fast diffusion of Zn in ZnO support (b)
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Example — Effect of impurity elements on the Oxidation rate of Zn
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