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(Gj #&#~<4 MIECs should be charge neutral except at interfaces
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Poisson’s equation: connecting (net) charge with potential

0%¢ _ P F= _ 0¢1— Electrostatic potential
dx? E0&r i 0x
Electric field
Let’s say if an MIEC contains 0.1 mol/L of net charge, then:
N . 96500C y 0.1mol
c
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AE = — =1 x 108 V/m2Ax £x &V Ur
Ax 1nm 1V ~10°)J
For a sample with area of 1 cm? 1 pm 106V ~103)J
1mm 1012V ~10*J

1TNT equivalent: [IRg. T
4.184 X 109 oL 4 .
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(c = 1mol/Lorc = 6.02 x 10%cm™3)

Electric potential energy
Ug = p AV
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Goal:
By the end of the semester, you will have a clear physical picture on the diffusion & reactions related
with ions in solid state and have the tools to analyze the fundamental physical chemistry process.

-----------------------------------------------------------------------------
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Electric double layers (EDLSs) p-n junctions (diodes)

Is there any similarities between EDLs and p-n junctions?




Eij &# k<4 Space charge layers

Electric double layers (EDLSs)
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Gouy-Chapman case

Ci t Space chargeregion
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p-n junctions (diodes)
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Mott-Schottky case

Ci t Space charge region
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[Gj &M <4 Things we will discuss in this lecture
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Space charge layers:
® Whatis the physical picture and assumptions of the space charge layer theory?

® How to model the distribution of ionic/electronic defects in the space charge layers?
® \What are the difference between the Gouy-Chapman and Mott-Schottky cases?
® How to model the distribution of ionic/electronic defects in the space charge layers?

® \What are the effects of space charge layers on the conductivity of bulk (poly-crystalline)
materials?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )
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Defects in crystalline solids

. & A . .
0-D: point defects |« 1-D: dislocations .| 2-D defects
— Vacancy e ~—e[ = __—’—_"/
—— Edge dislocations — Surfaces
— Substitution : :
— Screw dislocations — Interfaces
— Interstitial
—— Grain boundaries
Anti-site
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Material 1 Material 2

grain boundaries (GBs)

What happens when two materials are
put together?

Graser et al., Nat. Phys., 2010
(e.g., grain boundaries (GBs), solid/solid d
heterostructure, solid/liquid interfaces)

Vol
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I 2% 4% What happens when two materials are put together?
W PP P 8

Normally defect formation energy is
lower at GBs due to more open space. In[V/]

ty; = ul; + RTIn[V;]

= O,core 0,0
[VO]core K Vo K Vo

Vilw KL RT

)

core = grain boundary
oo = bulk

Hg(; YT

1. At equilibrium, the chemical potential of defects must be the same inside the core and in the bulk (here
we ignore the charge for the moment)

2. A lower standard chemical potential (,,435) means higher [V ].




"L"Gj ## 44 Now we also need to consider the extra charge
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The treatment in the last slide ignored
the fact that oxygen vacancies are
positively charged.

Question: How to give a quantitative
description on the change of defect

concentrations?
Instead, we should use electrochemical
potential rather than chemical potential

Electrochemical potential
fly; = My; + 2F

The existence of extra charge will ,
change the distribution of all charged le]
point defects, including ionic defects

Vo]
and electronic defects (electrons/holes).

(in log scale)




How to solve for concentration profile in the space
WESTLAKE UNIVERSITY Charge region

G
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At equilibrium, the
electrochemical potential is flat

everywhere Defect concentration inside the

space charge layer goes back to

~ _ 0 00 +
fiy; = uy; +RTIn[Vy [+ 2F¢ bulk value exponentially.
iy
ie., aZO =0 ii
O(u), +RTIn[V5]+2F @) ' Y . Y :
P = core
Charge neutral layer ~ Space
Aln[V;] _ _2F6_¢ (“bulk-like") charge layer
0x d0x
2F(p — oo
Therefore, we have: V5] = [Volewexp(— (¢RT & ))




@ &M <4% The complication introduced by immobile dopants
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Gouy-Chapman case Mott-Schottky case
(All defects are mobile) (Majority dopants are frozen (immobile))

[Gdce

Note: We are going to solve for the concentration/potential profiles in both cases in the next lecture.




Ejj #&#Mi4+ Gouy-Chapman case: how to set up the problem!?

WESTLAKE UNIVERSITY

C; 4 Space charge region Gouy-Chapman case = all defects are mobile

We assume a positively charged core with
+ Q.ore Charge.
(ignore the details of the space charge core)

Assume that there are only two types of mobile
defects, with positive and negative charge of
+zefl-ze

0 "oo" In the bulk ("0") of the solid, electro-neutrality

applies, we have:
Surface/Interface

Grain Boundary (GB)

C_ (90) = ¢4 (®) = Cio




WESTLAKE UNIVERSITY

Ejj #&#M<4+ Gouy-Chapman case: concentration/potential profile

C; 4 Space charge region
> In the space charge region, the electrochemical

potential of each defects determines the equilibrium:

iy (x) = pp(x) + zegp(x)
f_(x) = p_(x) — zeg(x)

ue(x) = p + kpTlncy (x)

|

ze($o — o)
c(0) = ¢y (0)exp(——— )
a ~ B
Po i We can set ¢, = 0 (reference point), then
H+
1) _ o 209,
¢0<g X Ci,oo p kBT




Ejj #&#M<4 Gouy-Chapman case: concentration/potential profile
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C; a Space charge region zep(x)
N A e (%) = cjexp(— )
: 7 kBT
zep(x)
C_(x) = cj eXp(+
= (| »
. Atx = 0:
zeg,
p(0) = zec,(0) — zec_(0) = 2zec; sinh(— )
o ’ kgT
O "OO"
O e i, If zepy < kgT, we can linearize the equation:
H+ zepg ze(x)

p(0) = —2zec; » — | p(x) = —2zec; »
¢oo kBT ' kBT
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Ejj #&#M<4 Gouy-Chapman case: concentration/potential profile

C; 4 Space charge region p(x) = _ZZeCiOOZ€¢(x)
. " kgT
i Apply Poisson’s equation:
| d?¢ p(x)  2z%e%c;
: - = ¢(x)
: x 8081' gOSTkBT
E . SOSI‘kBT
- > We define Debye length A, as: | 1, = . >
0 "o 27Z{Ci €
Gol~~""""" " I Then we have:
e d’¢ _ ¢(x)
D= = [0 = goexp(=2/4p)
> X (We set ¢, = 0)




(Gj #&#M <4 Debye length: how wide is the space charge region!?
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EocrkgT

In Gouy-Chapman case, Debye length /), is definedas: | A, =

2 2
2Z5Cr o0 €

Note: 1. ¢ ¢, dielectric constant (permittivity) strongly affects
space charge width

Unpolarized

2. Cj o : Charge carrier concentration in
the bUlk Ahlgher Charge carrner Polarized by an applied electric field.

concentration will screen the core e e o e e e e
charges more effectively.

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/dielec.html#ca

https://en.wikipedia.org/wiki/Grain_boundary

2
Forz =1,&.=10,T =300K:

Ci o

)

108 cm?3
(~12 mM)

10%°cm?3
(~0.12 mol/L)

~10 NM

10%2¢cm3
(~120 mol/L)

~1nm

e o

]
.
®
@
.
°
'3
®



http://hyperphysics.phy-astr.gsu.edu/hbase/electric/dielec.html#c1
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From continuum-level modeling to atomistic scale

PCCP
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Discrete modeling of ionic space charge zones in
solids¥

Chuanlian Xiao, © Chia-Chin Chen{® # and Joachim Maier (& *

The discrete model of space charge zones in solids reveals and remedies a variety of problems with the
classic continuous Gouy—Chapman selution that occur for pronounced space charge potentials. Besides
inherent problems of internal consistency, it is essentially the extremely steep profile close to the inter-
face which makes this continuum approach questionable. Not only is quasi-1D discrete modeling a
sensible approach for large space charge effects, it can also favorably be combined with the continuum
description. A particularly useful application is the explicit implementation of crystallographic details and
non-idealities close to the interface. This enables us to consider elastic, structural or saturation effects
as well as permittivity variations in a simple but realistic way. We address details of the charge carrier
profiles, but also overall properties such as space charge capacitance and space charge resistance. In
the latter case the difference in the total charge (at identical concentration) is of importance, in the first
case it is the inherent difference in the centroid of charge (at identical total charge} that is remarkable.
The model is equally applicable for ionic charge carriers and small polarons.

Continuous = Discrete as the A, shrinks

2a 3a na X’
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Ejj #&#M<4 Gouy-Chapman case: concentration/potential profile

4 Space charge region

¢ (x) = Ppoexp(—x/Ap)

s~ l

C+(x) = Ci,0 <1 - kBT

zepoexp(=x/4p)
~ Cj,o0 1-
' kpT

Electrostatic
potential

v

> Concentrations

C=(x) =/Cio EXD kT
. zedoexp(—x/A)\ |
~ Ci oo <1 + kBT >
2.2 1 v
2 i 0o
px) = —— (/)TOC' exp(—x/1p) | M
B




Ejj #&#M<4 Gouy-Chapman case: concentration/potential profile
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Electrostatic
- ¢ (x) -
C; 4 Space charge region 7 potential
7 | l
| zedp(x)
| €+ (X) = C0eXP(— )
| kgT |
: Concentrations
: zep(x)
: c_(x) = c;exXp(+
| () = Cueoexp(+ ) l
| }
: \ _ zed(x
: > X plx) = ZZeCi’ooSII’Ih(— I gw)) CIEIgf
O "OO" B
o B i If zepy~ kgT, then we cannot linearize the equations,
the solution becomes more complicated.
K+
See pg. 546-550 in Bard & Faulkner Electrochemical Methods

¢0<2 or pg. 223-225 in Maier, Phys. Chem. Of lonic Materials.
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@ &M <4% The complication introduced by immobile dopants

Gouy-Chapman case Mott-Schottky case
(All defects are mobile) (Majority dopants are frozen (immobile))

[Gdl,]
V5] :
+

le']

Note: We are going to discuss how to solve for the concentration and potential profiles of these two cases in
this lecture.




Ejj &M <4 Mott-Schottky case: how to set up the problem!?
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Mott-Schottky case = one of the majority

C; 4 Space charge region charge carrier defects (usually dopants) are

core < j immobile (frozen)
+ i Assume the negatively charged (-ze) defects
+ | are immobile, while the positively charged
i defects are mobile (+ze)
Qcore ! = :
+ | Ci,0 -
: Ex. 1 in p-n junctions, the dopants at
B : “depletion layer” are frozen, while
+ E electrons/holes are mobile.
i Ex. 2in (Sm,Ce)O, sSm, are immobile while
0 1 "o 28 V;, are mobile at intermediate temperature.
Surface/Interface In the bulk ("") of the solid, electro-neutrality
Grain Boundary (GB) > Bulk still applies, we have:
Intuitively, the space charge_ regio_n_becomes tI_1ickerin c_ () = c; () = ;0
Mott-Schottky case due to insufficient screening
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&#M~<4 Mott-Schottky case: concentration/potential profile
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. Space charge region

Since —ze defects are immobile:

C_ (X) = Cjo | (const.)

In the space charge region, the screening (negative)
charge is mainly provided by the —ze defects,
therefore:

p(x) = —zec_ (x) = —zec;

Apply Poisson’s egn.:

d?¢ p(x)  zecq

2
dx E0Er  Eo&Er

.

const.
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4 Space charge region

-Ze

i A

D e e -

&#M~<4 Mott-Schottky case: concentration/potential profile
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Poisson’s egn.

d?¢

dx?

p(x)  zec;

We need to integrate twice to get the potential profile.

Boundary conditions are:

$(0) = ¢g & P(A) = oo = 0

¢'(A) =0
:
¢'() = —=(x - 1)
E0&r
.
_ ZeCi _|2&0&r 9
() = 208, (=27 A= \/ Zec;




&M A4+ Mott-Schottky case: how to set up the problem?
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C; 4 Space charge region ZecC; o 2¢gp€
‘ . b () =0 gy = [
core «_ i 2&0&, ZeC; o
+ i B
- i N W | This solution only applies within the space
: ' charge region.
Qcore - i
+ :
N poC—1)2 0<x<A
+ 2, | ¢ (x) =170 =
O " "
R ¢ oo 1 = 2&0&r Po
o B e i ,} ZeCio
My | -
: +(x) _ _ze$o X N2
>< 5 b o exp( - G—D)O<x<A)




Ejj &#~<4 Mott-Schottky case: total charges in space charge region
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C; 4 Space charge region If we think about the whole sample (core + space charge
g region + bulk), the charge neutrality condition should
core w_ : :
: still apply.
+ :
+ | ' i Therefore, we have:
0 N Usc i
core ;
* : Qcore = —0sc = Z€Cj 0l
+ |
+ i In other words, if we know the core charge Q.,., then
: we can predict the width of the space charge region A:
: o
O A "OO"
A Qcore
_ =
¢0 ---------------------- i ------------- H+ Z€Ci
My |
: : 2&p€
>< i We can further calculate ¢ using: } = 0érPo
i ¢oo Z€Ci,oo




Ejj &M <4 Mott-Schottky case: Gauss’s Law
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C; 4 Space charge region We can reach the same conclusion by applying 1-D
Gauss's Law:

_ Qenc +=> “enclosed charge”

Electric field <=t E

" Cioo At position x = 0:
J X
¢(x) = Po(5 ~ 1)2

!

oo" _do 2¢p x
] FO="%="7 GV
H+ 1
E(O) _ 2¢0 _ Qcore 1= 2808r¢0
Do A EoEr | zeciw




@ &M <4+ Compare Gouy-Chapman and Mott Schottky cases
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Gouy-Chapman case Mott-Schottky case
(All defects are mobile) (Majority dopants are frozen (immobile))

[Gdce]

Vol

o+ o+ o+

Space charge layer 1= €oérkpT ) 2e08r0 | . |2 = Qcore
(SCL) width P [227¢; 0 €2 ~ | zeci o ZeC; o
Independent on the core charge Q. Dependent on the core charge Qe

In both cases, a higher bulk concentration ¢; o, = shorter SCL width (faster screening)
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W) & <4 Implications on the conductivity: series layer model
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Oion = Cy; ZyzF My;

Grain boundary
If we assume the mobility of V) is the same in the bulk and

grain boundary, then the ionic conductivity is mainly
affected by the depletion of oxygen vacancies.

Consider the series layer model:

Ny
Q
3 Rpuik Rsc
y —B— -
T - =
- J
Y Coulk Csar
Space charge layer (SCL) electrode
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W) &M <4 Implications on the conductivity: parallel layer model
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Oion = Cy; ZyzF My;

Grain boundary

We can also construct the parallel layer model:

R bulk
—-——

Cbulk T

—| —

RSCL

CSCL

—

log cy;

< [
< »

N A

Space charge layer (SCL) electrode




W) E255 Question: how to evaluate resistance and capacitance!
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Series layer model Parallel layer model
4
£
—
Rbulk
electrode electrode
Reuik Rsal — Cou
—illl— A W LN
B B I N Rsc. B
] ] ——
Cbulk CSCL ] CSCL .

—

How to theoretically model and experimentally measure Rg; & Cg, 2




[Gj &M <4% Things we have discussed in this lecture
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Space charge layers:
® What is the physical picture and assumptions of the space charge layer theory?

® How to model the distribution of ionic/electronic defects in the space charge layers?
® \What are the difference between the Gouy-Chapman and Mott-Schottky cases?
® How to model the distribution of ionic/electronic defects in the space charge layers?

® \What are the effects of space charge layers on the conductivity of bulk (poly-crystalline)
materials?

Goal of this lecture: you should be able to answer the questions above by the end of this lecture : )
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