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Point Defects in Non-metals
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Lecture Outline

Thermodynamics of defect formation

m) - Macroscopic thermodynamic approach
= Gas and solid state in equilibrium
= Experimental methods

* Microscopic thermodynamics
= Reduction/oxidation reaction

* Microscopic point defects
= Energetics of defect formation

* Brouwer diagrams — Defect concentrations
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Point Defect Formation: a Chemical Reaction

Partial reduction of a variable valence oxide

MO £ MO, , + 20, 0000000 O 0000000
00 o°o°©/\N 0500 o‘/

2MO & 2MO, , + O, oooooo%f\‘\( 00 00

| | 000000 = 0,0.0.0

JMO £ -MO,_,; + QO, 00000 0000000
000 0 0,00 0

o = oxygen nonstoichiometry

1. What is the nature of the defects that result from oxygen loss?
2. In fact, we don’t need to know the answer in order to measure the thermodynamics. -
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Macroscopic Thermodynamic Description

oxygen in the gas phase Equilibrium:

HUo(s0l) = uy(gas)  chemical potential of oxygen

Is directly given by oxygen partial
0000000 Ho (gas) pressure in the gas phase
0000000
OOOOOOOO Ideal gas: at ref?/rence pressure 2902 = o, /pgj:
509,00 4o (T) = W(T) + RTn (p57)
0000000
0000000 Goal: measure 3 at known p,

oxygen in the solid phase N _ _
o (T,Po,) reflects thermodynamics of defect formation
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Macroscopic Thermodynamic Description

chemical potential

Gibbs (free) energy
oG B _ G partial molar
GT.pn))=H-Ts o) M =G Gusereny
] / \ 1 P,T,n]'ii
or use lower case
enthalpy  entropy = U, = Hi —-TS, H; = hi —1Is,

partial molar enthalpy partial molar entropy
0 /\1/2
Ho(T) = 4o(T)+RTIn (po2 )

relative chemical potential
relative partial molar

to(T) = ud(T) = AGg = RTIn(p5, ) = AHE —TASS  enthalpy and entropy

relative partial molar Gibbs energy these G, H and S terms are functions of 5 in MO4_;
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Macroscopic Thermodynamic Description

Al = AHS —TAS = RTln(%zz) «— terms depend on &

Al ARS = 0(Aud/T)

Enthal = AS :AHO AFIQ _
Yo T ey e
oMz = 0T In(po, )
Entropy 0 —_ASS  AS=-1R = 2
Both from one plot  In(pg, )= AH, _ASg
P Po, RT R

Nonlinearity from heat capacity effects, or
temperature induced change in defect chemistry
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Measuring Thermodynamics of Defect Formation

Goal: measure 6 at known po, Mass as a function of T under various gases
%% O, or 3%H, 12-20 hr per gas condition
Ar (balance Ar)  10% O, pOrous — 77—
monolithic 0 - 41500
sample
Gas Flow -2 - 41200
MFC1 MFC2 MFC3 MFC4 a -4 / —~~
| | | | | | | | £ 4900 0
E .64 ' =
Water ~ < \— 600
Bubbler )\ | 5. ]
: 4300
I : Ce0 95ZrOOSOZ_S, pH,=0.10 atm
g- - -10 1 | - 1
Purge-1 & - Fjl — 17— 71— 170
Purge-2 ,, a 0 100 200 300 400 500 600 700
R Balance \ w : Time (min
Protective|  System — (min)
NETZSCHTGA | fon-temperatire L, ohaust «  Moderate pO,: O,/Ar mixtures
STA Series 22
held at 700 °C * Low pO,: H,O/H,/Ar mixtures
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Establishing Thermodynamic Functions

to(T) = 5 (T) = AGS = RTIn(ps (5)) = AH(8)g —~TAS(5)g

Example: CeOy.; ln(ﬁ% ) _ AHg B Asg
) RT R
2.00
1.95 |
95- T,°C pO,, atm »
1.90T 300 10-23 In(po, )
- — N\
1.85 900 10-19 _ASg
< 180 1000 1016 R \\[ 5
N 1.80- AHg \\Q7
1.75¢ etc = \\
1.70 conditions for CeO1 g T >
165 : . 1 . 1 A ] \ ]
-25 -20 -15 -10 5 0
log, (pO_/atm) another set for CeQO4g, etc.
10 2
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Thermodynamic Functions

Enthal Entro
-500 Py 300 Py
—~ N '250'
Q -450f <
E z
3 E -200;
T -400} =0
| " -150- —_—
Y10 S S S S S -100 : : : : : .
0.00 0.05 0.10 0.15 020 0.25 0.30 0.00 0.05 0.10 0.15 0.20 0.25 0.30
O o)
sy AHY AS? _ .
Value? Invert 1n(p§2)= RTO — RO to solve for 3 at given T and Po,

Insight into chemical and physical nature of defects from functional forms of H and S
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Lecture Outline

Thermodynamics of defect formation

* Macroscopic thermodynamic approach
= Gas and solid state in equilibrium
= Experimental methods

m) - Microscopic thermodynamics
= Reduction/oxidation reaction

* Microscopic point defects
= Energetics of defect formation

* Brouwer diagrams — Defect concentrations
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Microscopic Thermodynamic Description

Equilibrium: minimize G of the system

G- G\O =AG=AH vac TASWC N,.. = moles of vacancies

T no vacancies

RRRRRILRS
RN R

With vacancies non-interacting (dilute limit)

QRS 4 g -
20000000¢ AG =N, (Al ~TASyL") - 163
* * * * §.§. ’ “excess” entropy
2000Q00Q¢

* * * * * 4 * * S;f;izﬁg RInO not directly proportional to N,,,

Vacancies in metals

AG =N, (Ah, , ~TAS™-%) + RT{NW ln[ No )+NA ln( N, ﬂ
A vac A vac

N,+N N,+N

non-interacting, randomly distributed vacancies
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Point Defect Concentration in Metals

AG

AG=N, (Ah, —TAs?" ") +RT|N, In No +N,In N,
f vac f vac vac A NA N

e N,+N +
fractional concentration
N / = fh = -

| N G _ %G _an,,. ~TAS™ %% 4 RTIn| — e || ()

: - 6N vac aN vac , , N A + N vac
minimize G Ag;‘,vac
wrt Nvac r A \

_ _ non—config . ’
= y = exp (Ahf,vac TASf,Uac ) _ exp (Agf,vac )
o RT RT
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Defect Formation as a Chemical Reaction

prod react

Generic reaction  bB+cC — dD+¢E Equilibrium: Z‘/iﬂi = ZV]-/J]-
i j

in the state oi interest ideal gas  ,,°(T) p; dilute component 4(T) Xi
0 — — n
H; = +RTIna, 1(T)=u(T,p°)+RTIn [ﬁo] w(T)= (T, pure)+ RT In| ——
f T p T npure
in the reference state standard pressure standard concentration
prod react arara’y..| products araran ..
EQM”ibV‘iMM: ZVIUO . Z V,UO — _RTln plL pzp Q _| 1 7p2 7pS
~ e a’a2g reactants a’na2g
1\ ] ) rl “r2 r3 *°° 1 Wy Uy eee
Y
0
Arxng

avpl avpz aVP?’ A O
Equilibrium: pl p2 p3 =exp ¢”g =K
Vi1 4Yr2 4Yr3 eq
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Vacancy Formation Reaction in Metals

Minization of G, considering configurational entropy gave

ZU[ZC - exp

Treat as
defect reaction

L_(Ahfm T s

f vac

RT

M,, -V, + M,

—(Amgo)] N

K avacaM,surf .
eq,vac o
M, bulk
A 0 _ Ah —TA non—config
rxng T f ,vac Sf,vac

Arxngo — Arxnho _TAT.XTLSO

prod react

Arxngo = Zviluio _ZV]’U]O :luz())ac
! ]

332238338
.*.*.*.*.*Q*Q - "
C*.*.*.*.*Q*.*.*.
C*.*.*.*.*Q*.+.*.
C*.*.*.*.*Q*.*.*.
C*.*.*.*.*Q*.*.*.

Note that the standard Gibbs energy of reaction does not include solid state configurational entropy
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Microscopic Defect formation in Metal Oxide

Define the point defects involved in the reaction -MO £ MO, , + QO,

M2+ Oz
0000000
OO0 0 0O O Vacancies created at oxygen ion sites
0000000 O? ions must be removed as neutral species
oooooooo Electrons have to be ‘placed’ somewhere:
0000000
. Electrons trapped at vacancies
OOOOOOOO 1. Electrons trapped at i
2. M?* reduced to M*, electrons trapped at metal sites
3. Electrons added to the conduction band, itinerant electrons
_ _ . species /effective ' negative
Describe using formal defect notation: pSe charge e positive
site x neutral
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Microscopic Defect formation in Metal Oxide

Define the point defects involved in the reaction

M2+ O

o'.\’

)00
3«?0
000

2
o cq)ogo
0 0
c
o
0 0

O
o

000
O
o
QL0
o

1. Electrons trapped at vacancies

0, © %0, +V3

0% > 150, 4V S)+ 2¢°

Reactions obey charge, site, and mass balance

‘Isolated’ charged defect formation impacts electron count:
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MO £ MO, , + QO,

charged defects

2. M?* reduced to M*, electrons trapped at metal sites

0% +2 M5, <5 %0, +m@

3. Electrons added to the conduction band, itinerant electrons

X ' '
My +e <> My



Consider Electrons in Conduction Band

prod react

2+ 2-
Og —> 1/202 (g) + VO +2e” Arxngo = Zviluio o Z V]/u]O g o Oo O,
i j
alo/z aV" a2_ 1 ( A 1/ 2 ) OQOAOA
Aredgo = 1/2/’182 +1u0-- —|—21ng_ _ILlOX =—RTIn -0~ ~—RTIn POZZVBZQ_ o u o
h o o 00000

A8’ =RTIn(% )+ RTIn(z,. 2°)

relative partial molar quantities

Recall: Ho = :U(O) T RTIH(%Z) — RTln(f)ézz ) = Ho _:uco) =hq —hg —T (s, _Sg) = AHS) _TAgco)

partial molar configurational entropy on removing O

0 [ 70 cO 2 [ ] C
—A,48 =AHg —TAS, +RTIn(y,.x.) = AH - T() for reduction reaction

A1 A8 oxidation has opposite sign
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Contributions to Thermodynamic Terms

prod react

Treat oxidation for sanity’s sake 10,(g)+V;+2e” - O} A8 = Zi)viu? - Zj)vju?
A8 = Moy = Hys =241 = V245 Ay’ =AHS A" =455 ~Rln(z, z2) configurational
O Vo e 2 oxd © Yo entropy change
§oxd config <0
0 0 0 0 0 !
A K = hgé —hgé, —2h2_ —1/2hg2 ApaS =85 Sy —25_ =250, ~— entropy of gas
\ v ) phase oxygen (large)
“excess” entropy in the solid A GO
(vibrational, electronic, magnetic) oxd = non—config
Recall, we measure
Partial molar enthalpy of oxygen Partial molar entropy of oxygen
(70 _ 170 10 97,0 1,10 Q0 _ Qo 1h0 T
AI_IO o hoxo hV(')' Zhe— /2h02 ASO o ondsnon—conﬁg /2502 + Soxd,conﬁg

\ Northwestern |ENGINEERING



Thermodynamic Functions

500 Enthalpy 300 Entropy
250]\ AS =S +A S°

=~ 2 O oxd ,config oxd =~ non—config
Q 450} o
@) L
£ € -200-
2 3 ~ 125 J/mol-0/K
T -400} =0
| N 150 —_—

B -100 . . . . . .

0.00 0.05 010 0.15 0.20 0.25 0.30 000 005 010 0.15 020 025 0.30
0 )

Lowest 2Ce}, + 0% <> 2Ce', +Ve +140, Dominated by large S of gas phase oxygen

IV\CV'eaSl'V\g 0 zceée +OXO < (CC 'Ce V(B. Ce 'Ce)x +1/202 Report: Agg + 1/2582 = §oxd,conﬁg + ondgr(l)on—conﬁg
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Configurational Entropy*

Zp’illpgzzp?"} tends to -0 as — 0

Depends on nature of reaction 5., :RIH{ZV”ZV’Z o
rl r2 r3 °°°

neutrality —
1. Electrons trapped at vacancies Seonfy constraint Suoniy
150, + V3 <> 0§ Rin(y,. ) N/A ~ RIn(5)
2. M?* reduced to M*, electrons trapped at metal sites b Rln(%j
140, + VS +2M, <> O, +2 M, RIn(x,.xw,) %z <Z  ~3RIn(S)
3. Electrons added to the conduction band, itinerant electrons
140, + V3 +2e' <> O RIn(x,.22)  Z;<x.  ~3RIn(s)

At large 9§, need to include concentration of product in the quotient

\ Northwestern |ENGINEERING *partial molar change in solid state configurational entropy



Example: Sr(Tiy sMn, )05 5

0.30 400
pO, (atm) ) c0 @ cO 1/ &0
~ 0254 o : 0.208 ) . ] ASO o Soxd,conﬁg + ondsexcess o /ZSO2 -4 -200
< 3 ——0.150 <X
© 0204 § —0.028 o AL . .
£ 3 0.0087 e 2 ) _ gﬂkﬁ 1-150 €
< = 0.0046 BRIy = : — : o
S 0154 - e 819x10* ay £ 1 e i | 9
@ S a4 214x10* < 200 1B : *ﬁﬁ 1-100 =
3 2 vy 979x10° oo -
c 010972 ¢ 300x10° T —0 ) 5
o) AS; =2RIn| —— |+ const =
2 0o -100 4 3-0 {50
o) .05 1
OOO -1 0 ondggccess =53+12 ]/mOI_O/K .
v 1 v 1 v 1 v 1 v 1 v 1 v - T T T T T T T T T
200 400 600 800 1000 1200 1400 1600 0.00 0.05 0.10 015 0.20 0.25
Temperature (°C) H
/1 e 1 X X
Mn,, +VJ +%0, <> Mn,, +0,
2+ 4+

negligible Mn3+* (1)

N\ Northwestern |ENGINEERING X. Qian, J. He, E. Mastronardo, B. Baldassarri, C. Wolverton, S. M. Haile, Chem. Mater. 32 9335-9346 (2020).



Lecture Outline

Thermodynamics of defect formation

* Macroscopic thermodynamic approach
= Gas and solid state in equilibrium
= Experimental methods

* Microscopic thermodynamics
= Reduction/oxidation reaction

m) - Microscopic point defects
= Energetics of defect formation

* Brouwer diagrams — Defect concentrations
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MO £ MO, ,+ 502 presume an oxygen vacancy is created, defect state agnostic

We wish to define the oxygen vacancy and calculate its energy of formation

05 = %0, +V3 Oy +2My » %0, + V5 +2M)y, [OB—)%OZ+V5'+2e']
MO £ (MO, ;)" + 2de” + 40, 0000000 0000000
ol B 20000000 oo o 0
IMO £ L(MO,.,) + 2¢" + 10, 00000000 w O 0 O 00 .
o 2 020000 0 0 030
AredG:%[ﬂMOh; _:UMo]"",Uo +2E, o o o o o O o
Ho ="2po, M. =E; o o o o o O O o
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From Energetics to Concentration

non—confi config
A,G= %[ﬂMOH - :UMO] + 4o +2E; o, | :[hM015 — TSMOl_5 g]‘ TSM01_5

A,.G= %[ﬂ;{ol_fs — Hyvio ] + o +2E — 5 Tsﬁgg_é

QM01_5 ~ (ZVC-)- )

1/6 moles of MO

o

_ * . config

at equilibrium

AG=0 =AG,. =3Tsglf
S 5AGV..
Q= = 0= 0
oof3) ey -nf 25"

~AG,,
Zyg =&P| ~pp

\ Northwestern |ENGINEERING



From Energetics to Concentrations

(@)

Vacancy concentration depends on Fermi energy, as well as on oxygen chemical potential

Express AGV,, relative to a reference state
(@)

AG&; = %[ﬂ;/[ol_é — Hvo ] + plo +2Ey

* ~ *,0
H MOy s ~ H MOy

AG,.. = AG). +(to — o) + 2(E; — Ey)

\ Northwestern |ENGINEERING

~AG,.,

0
Hyvo = Hyvio

AGV(;- = %[ﬂ;/[ol_(s ~— Hvio ] + Ho +2E;

00000

OO‘()()o
0Q 0«0
OOOGOOO
0000000

000

QL0 0 0
o



Connect to Defect Chemical Reaction

1 _
complete entropy Ho = V2o, H, =k

O, = %0, (g)+V; +2e \
. . excludes
A8 = . —po, + o +2E; = —[AHg —T(ASS -RIn(y,. x> ))} configurational
° ° © entropy

1 1 2 -4 1
MO £ L(MO,_ ;) + 2¢ + 50,

AG‘(;,. = %[ ,u;,iool_g — L ] + 1 +2E) also excludes configurational entropy
by extension
. * 0
Recognize  H[uih, J-ut  Hibol-sl, = AGh=0.8'  AG, -A.g
AGV(;” A.,& depend on Eg, pO, AGgg, Aredgo are fixed
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Comparing Approaches

Macroscopic thermodynamics U (s0l) = 1 (gas)
0 —0 Alj [ 7 0 C 0
#o(T) = 3 (T) = AGS, = RT In( g5, (5)) = AH(S)4 —TAS(5)q
| 02002000
invert to solve for & (T, pO.,) OOOOOOOO
. . . 0200000
Point defect chemical reaction 595950, MO+.5
x 1 . - 0 [ 70 0 cO0 C oooooooo
OO — /202 (8) + Vo +2e Arealh = _AHO Areds = _ASO o Sred,conﬁg
A”edgo - 1/2#82 +/JS/5 +2,Ll§_ _'ucoag Ag(o) = §oxd config +ond§r?on—conﬁg _1/258
’ ’ 00000020
2620 020
Point defect formation 0200500 -
2d+ _ _ * O O O e'O
MO £ (MO, ;) + 2de” + 20, AGV(;. = %[ﬂMol_5 —ﬂMO]+ Uo +2E; 62525949

A,,G= %[:UMol_é — Hvio ] + Uy +2E; AGV(;- =A 48

-AG,..
L =ex 9 entropy argument
Xy p RT
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Lecture Outline

Thermodynamics of defect formation

* Macroscopic thermodynamic approach
= Gas and solid state in equilibrium
= Experimental methods

* Microscopic thermodynamics
= Reduction/oxidation reaction

* Microscopic point defects
= Energetics of defect formation

m) - Brouwer diagrams — Defect concentrations
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Treatment of Defect Concentrations

. species : ' negative, e positive, x neutral
Formal Defect Chemistry N ¥ g;:fzfége 9 P x
V.. Vo1 Vp2 Vp3
volumetric /'[ vl —Arxngo _K - A,y Ay A5 .
M2+ 02 concentration site exp RT — Neg T 2aea

o
O
o

o
o

00
o
000
ol
o
o°0

/\1/2 2
: .o Po, Xy-Xo | .0
o Reduction  OF <%0, + V3" +2¢' K, :[ 0245 ] . 2

Ko,

O

QL0

OOO
O

O

¥

000000 o e )
o o o o MM+OO(_)VM+VO +MM,surf+OO,surf
0000000 [zzM

Frenkel cation defect My, <>V + M:"

g Schottky defect formation _{ Xvi X

Energetics independent <

of Er and pO, _ y ) . Koy Xy
Frenkel anion defect Oy <> O/ + 7, Kea=

Typically one dominates
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Treatment of Defect Concentrations

oo -A,.g"
Reduction Og <> %0, + V3" +2¢' K, = pézzvaz: = exp( R;"g j
has units
—Ap Ago o 4
Frenkel anion defect ~ Og <> O/ + V3" Kea = HoiZyy; =&XP| —27 Kea=[Vo'110]]
. . —E 0 _ ro
B _ _ _ 8
Electronic defects nul< e + h Ky =77, _exp[ R; J K, =np=N.N, exp( = J
4 unknowns:  Xor Xy: X X,  ractional

concentrations volumetric concentrations, [ ], n, p

¢ ( X ]
Additional equation from electroneutrality constraint: Y g.c; =0 2V 1+ p=2[O{]+n

Wide band gap ionic material (electrolyte) at moderate pO,: n, p are low 2[V5 ]=2[O{]
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Brouwer Diagram of Defect Concentrations

Take equilibrium constants to be known, evaluate defect concentrations as f(pO,) at a given temperature

. TEETee et e e rredereried
ol% / 9’ 1A " A= p=200]1"]
~ A1/2 r _ o0 " > _ _— -
Moderate pO, [V5']1=[O! = [y =31 L~ [O”] &
POz Vo 1=104] :: (V3] \\[ =51 ,
- ~ = Oy
=K., =[V5T =[V51=(K; 4)"? = const S, [~ | ]/ \\]‘*
g / \~n=p
=K, /const=pyn* = nopy’ Q [ e et
S pOCpO ', / nOCp021/4
p=K, /n = p=ps B \ 2
Low pO, 2V 1=n = K, =p5 4lVST = ,/"’ ‘\ g
e
= [V5] nocp/® K= [Of]< py’ K, = po<ps AN NN NN NN NN AR

LOG Po,
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Small Band-gap Semiconductor

2[Vo°]+,/ M AV 1=n ) p =2.[0i']

Courtesy G. J. Snyder and S. Anand

A1 " % 1n i i
Kred_péz[vo]n FA_[V 1[O]] Knp=np i_ﬁ i p=n i ﬁ? P
Moderate pO, p=n 175" ; ; [O]
~ ~ =11 L
=K, =n* =>n=(K,)"* = const _é {57 = | | o
=K, /K, =p5[Vsl=const  In[V3]=In(p,;) + const = | %\ i
O ] | I
Q I 1
c ] | |
ln[Vg]RTlnﬁgZ) + const \CO_L' | A% |
= ’ =
: L |
Low pO, 2[V5"1=n = K., =po, 4VST | > i i w
i Intrinsic Regioni N

= [V5], necpo/® = In[]= 3R1T (RTlnpl/z) + const
chemical potential

#6(T) = 1 (T)+ RTIn(p5;, )
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» Defect formation in ionic solids and in compound semiconductors are
analogous processes

» Language used to describe them is distinct

= You now have the Rosetta stone for translating ogOOQOOO
- Macroscopic chemical view 0200000 62626232
= Completely defect agnostic OOOOOOOO OO@OOOOO
« Point defect chemical reactions ooc’oooc’o oooog@oo
o 00000
= Require site, mass and charge balance OOOOOOOO
» Defect formation energies oo oo oo oo
= Assume charged defect, with electrons released/consumed OOOOOOOO
« With energetics known & form of entropy assumed 0021)00900
= Can compute defect concentrations as f(x, T) 00000000
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CONGRATULATIONS!

You've made it through a tough lecture at the end of a long
day!

| wish you all the success In the world as you navitage
these challenging times!

N S S NN

McCORMICK SCHOOL OF

ENGINEERING
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