Lecture 2:
Electronic Defects
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Electronic defects:

® What is the difference between electronic and ionic defects?

® A brief review on basic semiconductor physics: how to write the charge neutrality equation by
using Kroger-Vink notations?

Brouwer diagrams:

® \What question are we trying to solve by using the Brouwer diagram?

® \What is the key assumption of Brouwer diagram (so-called Brouwer condition)?

® How does a typical Brouwer diagram for metal oxides look like? How can it be used to
predict/understand the conductivity of materials?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture :)
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Perovskite ABO3
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Perovskite ABO, structure; Cubic (ideal tolerance factor);
("Si for perovskite oxides”)

At RT (300 K): uy = 1.43 x 10~ 3cm?V ~1s~1 (almost negligible);
Uy =1.60 cm?V=1s™ p, = 1.27 em*V~1s7t

Compare mobilities of ionic and electronic defects

uy = 1.0 x 10*(T~1/K™1)

lonic
0.86 eV
(oxygen W (_ )cmzl/_ls‘l
vacancy) kgT
Electronic | tn = 4.5 % 10>(T/K)™?%cm?V~1s™1
(electrons
& holes) | Mp = 8.9 X 10°(T/K)™*3°cm?V ~ts™*

Guo, Fleig & Maier, SSI, 2002

At 500°C (773 K): uy = 3.19 X 10~>cm?V ~1s~1(still very low, but can sustain ion motion);

Uy =020 cm?*V=ts™1 u, = 0.14 cm?V—1s™!




Review of semiconductor physics: intrinsic

W ERRZ semiconductors

Electron Energy "Band-to-band” excitation:
null=e’ + h
(free) electron _ l l
Conduction Band ___ Conduction Band (CB) (free) electron  hole
Minimum (CBM)
Bandgap (E,) K, = [e,] [h] =np
Valence Band _N
Maximum (VBM) O Valence Band (VB)
hole K N.-N ( Eg
= exp(——=
el c Ny €Xp knT

N: effective density of state (DOS) at CBM
Ny, : effective density of state (DOS) at VBM



Review of semiconductor physics: intrinsic

TEL L
W) B semiconductors, cont'd

Electron Energy "Band-to-band” excitation:
null=e' +h
(free) electron _ l l
Conduction Band ___ Conduction Band (CB) (free) electron  hole
Minimum (CBM)
Bandgap(Eg) K., = / 1 —
=le'||lh'|=n
Valence Band _N & [ ] [ ] £
Maximum (VBM) O Valence Band (VB)
hole Intrinsic semiconductors:
P . Eg
le'] =[h'] = K¢ < exp(— )
2kgT
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Electron Energy

(free) electron
@<

acceptor level

— =

O

Conduction Band (CB)

—— donor level

Valence Band (VB)

Doping—charge neutrality condition:
[A']+[e'] = [D'] +[h]

D':donor, e.g., Pg;;
A': acceptor, e.g.,Bg;;

Intrinsic semiconductors:
le'] = [W] > [A] > [D)])

p-type semiconductors:
[A'] = [W] > [e’] ([D"] =0)

n-type semiconductors:
[D'] = [e'] » [n] ([A"] =0)



Charge neutrality considering both ionic and electronic
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Perovskite ABO, _ . Note: even un-doped “pure” SrTiO; single crystal contains

VO _ acceptor dopants such as Mn, Al, Fe, Mg etc. (usually on the
SI‘TIO3_5 (STO) level of ~100 ppm, e.g. AlT;, MgT:)

IJ:‘;: Laring N

Electronic defects: [e’], [h]

(Intrinsic) ionic defects: [/ ], [0;'] (uncommon),

(Extrinsic) ionic defects: [AlT;], [Mg7:]

Charge neutrality considering both ionic and electronic defects:

le'] + 2[Vs ] + 2[Srpy] + 2[0;'] = [R'] + 2[Vy] + 4[Ti; "]

® Usually, itis very difficult to solve the equation w/ these many unknowns.
® The common practice is to ignore some defects with very low concentrations by dividing the chemical
potential range into different regimes.
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Surfaces/Interfaces

. = lattice site

JE——

D = jonic defect (e.g., oxygen
vacancy, lithium ion vacancy...)

Exampigs i ) Metal Oxide
~Oz MO_,
'\/ (JV5 + @ 2Xe' 05 S Vi +2e' +1/20,
@
. Ho = 1/2 po,
ngronment ,Uoz = Mgz + RTln(pOZ/pgz)
NG D
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Example: Metal Oxide MO, _,

Defect reactions and mass action laws:
-

Frenkel pair null - 0} +V;
&
\/ (JVy + ® 2 Xe' “*Band-to-band” null = e' + h’ K, =
L

Environment
PO,

1/21v 11012
Po, '“[Volle']
) OxygenExchange 05 SV, + 2e’' +1/20, Ko = 2 [03]

0

Assumption: metal cations (M) are immobile
(usually true, since the migration of cations is

much more difficult compared with anions) Electroneutrality also applies  le] +2[0;'] =[] + 2[Vo]

In principle, one can solve for four unknowns using these four equations, but it
is much easier to ignore the minority defects with low enough concentration.
Brouwer condition: only two majority defects with opposite charges matter.
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Ejj ##M k4 The Brouwer diagram:the log[ ]~ log pO, plot

Regime I: “Intrinsic” regime

The majority charge carriers are ionic defects

Vi’ [Vol > [h], [0;'] > [e']
[e’] . ., |
— Electroneutrality J,e’] + 2[0;'] =M+ 2[V5]
O
s
p null - 0" + V,, Kp = [0;'][Vy] —= [0;"] = [V;] = /KF
O
= [h'] 1211012
Volle']
05 s Vy+2e" +1/20, | Ko = Po, " | ff]
[05]

log pO,

: Ko _ - _
') = ] = P, /KKy~ < pg, 1/

Po, 1/2 Vol
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e ° ¢ o e 99 o
W) &A% Regime I:“Intrinsic” regime

Regime I: “Intrinsic” regime

The majority charge carriers are ionic defects

/ KO = — _
[e ] - \/pO 1/2 [V] > pOz 1/LI-I(Ol/ZI(F 1/4 X pOz 1/4
2 0

null > e’ + h', K, = [e'][h'] —— [h] P021/4

log [defect]

Notes:
® A “small” change of oxygen chemical potential can lead to a large change in

the concentration of electronic defects;
® n-type to p-type transition can be triggered by changing pO,

log pO,

Mo/#o2 —
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Ejj &M <4 Regime ll: Oxygen-poor

Regime |I: "oxygen-poor” regime

le’] The majority charge carriers are [V;] & |e’]
‘ Vol s (Vo1 > [h], [e'] > [0]]
— y Electroneutralit e'l + 2197"] = + 2[V,
: o] v e+ 20071 = [T + 2[Ve)
LICJ_J 1/21y: 112
O, p [V ][e ] i — / -
= Ko = s 3 = [Vl X po, 1/6 Te'] « Po, 1/6
O [h] [00]

[h'] < po, 1/6
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Ejj #&#M<4 Regime lll: Oxygen-rich

Regime lll: “oxygen-rich” regime

X
/[] The majority charge carriers are [0;'] & [h']

‘ o) (1> [Vg], [0/] > [e']

- Electroneutrality /LV’]'+ 2[0{'] = [h'] + ZDVb]

O y

% [VO] It is more convenient to rewrite the oxygen incorporation

T, reaction in this case:

S [0} 1[n T2

- 1 J 17 .
20,50/ +2h | Ko=——7— = [0{]1xpo,"® [h]xpo,*/°

[e’] 2 pOz




Combine the three regimes together: a prototypical

——
3 = 5 : .
W) Z22255 Brouwer diagram of metal oxides

Oxygen-poor Intrinsic Oxygen-rich Note:

(Chemical)
stoichiometric regime

(V6] = [0;]

® \We only considered intrinsic
Frenkel pairs = can be extended
to extrinsic ionic defects or
Schottky pairs (Vy, + Vy);

logy/Kr

® The x-axis can be expressed by
either log pO, or chemical
log/Ket potential of oxygen gas/neutral
oxygen;

log [defect] ——

. . . . ® The existence of a stoichiometric
stoichiometric point

/ (log KozKel_ZKF_l) [el] point.
Metal Oxide MO_ 4

6 = [0;'] = [V5]

log pO,




log(Concentration)

& K 4
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Koy < K5 (Eg > AGg,y, )

Wide IBand-gar_) lon Condpctor

-1/6 1/6
q [~
V2+

Stoichiometric Region

log pO,

Anand, Haile, Snyder et al., Acc. Mater. Res., 2022

extrinsic ionic defects

In(Concentration)

More “realistic” Brouwer diagram w/ Schottky pairs

Ko » K5 (Ey < AGgy, )

Small Band-gap Semicondutor

1/3kT

1/3kT
[ =

-1/3KT
N

E Intrinsic Region E

Chemical Potential

to =1/2po,
Uo, = 1o, + RTIn(p0,/p0,")
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AE;= Edef - Eperfect + qEr —
|

|

Fermi level

AN;u;
i

® Very commonly used by semiconductor
physicists, especially those who do DFT

Defect Energy

p-type calculations, since E-can be used as a tuning
0 | limit shift > | limit shift
VBM ) . CBM ' ® Can be used to construct/convert to Brouwer
Fermi Level diagrams.

Anand, Haile, Snyder et al., Acc. Mater. Res., 2022



More “realistic” Brouwer diagram w/ Schottky pairs or

b A < A .. ..
LUJ ‘]* extrinsic ionic defects

Acceptor-doped CeO, 5
€.g., Srno.zceo.801.9-5

Sms3* replacing Ce4* > Smg,

B B B BLELLL BRALLL B BRRLLL BLELLL BLALLL BRRLLL BERLLL ELELL ELRL

vy AA— ees =R
v @
Surface ]

10" —o—650°C i
1 —o—586°C ]

— ] —2—521C O3 Buk
© | —v—466°C
O,

10'2-: \
25

102 10 10%® 10® 10* 10%
pO, / atm

Logf,. — 3+ / /
2 Chueh et al., Chem. Mater., 2012 Ces* > Cece e
“"small polaron”

Log (carrier concentration)

O

Tuller and Bishop, Annu. Rev. Mater. Res., 2011
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® Direct measurement of defect concentration can be rather difficult;
® The most common practice is to measure the conductivity of materials.

Expression of conductivity: o=n-ze-M=cN,-ze-M = czFM

o : Conductivity

c : Charge carrier concentration; N,: Avogadro constant; F: Faraday constant
ze : Electric charge, for Li*t, z = 1

M: Mobility (usually denoted as g, but not to be confused with chem. potential)

If we assume that the mobility stays constant within a range of chemical potential, then: |0 & Cdef

Usually, what we measure is the total conductivity g;,;: Otot = O] T Ojon

A\ 4

Og; = NeeMg + npth Oion = Nion Zion€ Mion




SrTiO; serves as a perfect example to show the log o ~

W BAART log pO, plot

Perovskite ABO
3 log o,,, ~ log pO, plot

log (o) [S/mj

Perovskite ABO, structure; Cubic (ideal tolerance factor);
("Si for perovskite oxides”)

log (pO,) [bar]

We want to understand: Ohlyetal., J. Am. Ceram. Soc., 2006

® \What do the different slopes tell us about ionic and electronic defect equilibrium?
® \What does the shaded area mean?
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2 -
[ 1 116
!/
1016 < A A= [ATi] 14 \
il V=[Vp] ‘ What is
el el A=2V P happening here??
5 10 - E c
i @,
"%'_, 1014 il E_1 -
o qom - g
Bt =l 700°C
10" 4 -1/4 Ih ~
1010 T T T r I ' _3 -
1024 1020 10-16 10-12 108 104 100 1 k
i O, / bar ] 201 - s e e S e 1
p=[h]p,, 1/4 PO, de Souza et al., PRB, 2014 e P T A T .
- [
n=[e'] < py,~1/* 0g (pO,) [oar]

Ohlyetal., J. Am. Ceram. Soc., 2006

Oror = Nele + peuy +V(Zye)uy
At ~973 K for SrTiO,:
Ue, Up ~ 0.2.cmM?[(V-S) VS. Uy ~ 4 X 1074 cm?[(V-s)
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W) @# A4 Brouwer diagram for lithium storage materials

For a lithium-storage material LiX that can tolerate both Li-excess and

Li-deficiency, we consider four point defects: Li;, V;;, e’, h Li-deficient Intrinsic Li-excess
Frenkel pair null s Li; + V;; Kp = [Li;][Vii]
“Band-to-band” null se' + h Ko = [e'][M] ‘
g
le’] g
[Li;]|e
Liintercalation Li < Li; + e’ Ky = l %
ari !
WL = pp; + RTlnay,

We assume K,; > K (small bandgap)
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Ejj &#M <4 VWhat can we get from such a Brouwer diagram!?

For Li-ion battery materials, we have:
Charge stored: Q o |[Li;] — [V;] |
Open-circuit potential: Egc & py; o Inay; Li-deficient Intrinsic Li-excess

A

' ‘

\ '

&

------------ - 0 ¥
2,

(@)}

O

Capacity (in linear scale)

v

Eoc « logay;

Simulated battery charge/discharge curves (!)
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Why do halide perovskites attract so much attention?

* Wide range in composition design: from inorganic compound (e.g. CsPbl,)
to organo-metallic compound (e.g. MAPDbL,);

* Highlight absorption coefficient + very long diffusion length of electrons
and holes (i.e., very low charge recombination rate)

Since halide perovskites are called “ionic semiconductors"”, we should be
able to understand from the perspective of defect chemistry:

® X * Halide perovskites are mixed ionic-electronic conductors. Therefore, it is
important to differentiate ionic and electronic conductivities;

e.g. Methylammonium lead iodide . _ _ L _ L
CH,NH_PbI, (MAPbI,) Peculiar ion transport behavior under illumination. lonic conductivity is

shown higher under light compared with dark condition.
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I &% 4% Brouwer diagrams for halide perovskites: Intrinsic
W 8 P

1 R L e
_Iz(g) +VI _)II +h

2
(@) ! P (d)
] [ T n T
l/‘ . o Cd I -~
t e~ | v, N ~ pw
MA ? = 6t - G
Fo: T - A A _m eon
- . -
© __,'Vr o / | A 0 Pt 0.57
ug fb Y MA R 4 > It .
© h ~
> o 4 -0.18
— ]‘]. E‘ ‘8 T - {}'
R N ] o=~ -% ~y ion
7 % 5 4
— -
log-£(1,) log (P(l,) / bar)
Senocrate and Maier, J. Am. Chem. Soc., 2019
Conclusions:

The tested pl, range is within the I-P transition region in the Brouwer diagram;

(The measured slope has some uncertainties)
The dominate ionic mobile defects are the iodine vacancies

Brouwer diagram of MAPbDI, 1.
Measure ionic (o,,,) and electronic
(0.0 cONductivity as a function of pl, 2.




W) &A% Brouwer diagrams for halide perovskites: Intrinsic

1 y , .
EOz(g) SIS II - OI SIS VI

() | 0 (f)

A Ry
' - \01 ‘ < 60 +“ Oeon
l Vaeal . [V;] j £ P
w - ] b
B N -7 P 65 2 -1
w7 el e m_Y"
5 [ ___ __1- = v w.-°v 022
o 90 .70 -7
o el / . ! .
S~ - i 1 1 i L
= -4 3 2 -1 0
log P(O;) —= log (P(O,) / bar)
Senocrate and Maier, J. Am. Chem. Soc., 2019
: Conclusion:
Brouwer diagram of MAPDI, . L .
. . Incorporated O ions act as accept dopants, which increases the electronic
Measure ionic (o,,,) and electronic (o,,,) .
- . conductivity.
conductivity as a function of pO,



[Gj &M <4 Things we have discussed in this lecture
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Electronic defects:
® \What is the difference between electronic and ionic defects?

® A brief review on basic semiconductor physics: how to write the charge neutrality equation by
using Kroger-Vink notations?

Brouwer diagrams:

® \What question are we trying to solve by using the Brouwer diagram?

® \What is the key assumption of Brouwer diagram (so-called Brouwer condition)?

® How does a typical Brouwer diagram for metal oxides look like? How can it be used to
predict/understand the conductivity of materials?

Goal of this lecture: you should be able to answer the questions above now (hopefully) :)
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End of Lecture 2
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