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Defects and diffusion in metal oxides: ISR

Challenges for first-principles modelling

Karsten Albe, FG Materialmodellierung, TU Darmstadt

Johan Pohl, Peter Agoston, Paul Erhart,
Manuel Diehm

Snzoz-strandl

Sn-cus  O-in-plane

FUNDING: DFG-SFB 595, BMBF ,,Gracis”, Helmholtz Virtual Institute ,MiCo“, Schott Solar
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How To Get Hydrogen?

Renewable Energy

|

Biomass

Mechanical Energy \4

Photolysis

No CO,
emission

20% theo.
\/ efficiency

Thermolysis

Hydrogen
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Photocatalysis: Desired Materials Properties
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* 1.23 eV < band gap £3eV

* Engineered pathways of
electron-hole pairs

* No defects acting as recombination sites

* Charge transfer used for water splitting
instead of corrosion

 Efficient H, production and low
overvoltages n

* |dentify transparent passivating surface
layer

* Couple Fermi level of metal catalyst to
the quasi-Fermi levels of the
semiconductor under illumination

* Design a working device

* Design and implement assembling
procedures

PEF

—X
/T~ K7

Qy;Ap

1" Epedor (Ho/H,0)

1,23 eV
ERedox (OZIHZO)
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Materials by Design

Device Integration
Design Concept

Tailored Surfaces and
Interfaces

Tailored Band Gaps

Tailored Nanostructures
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Materials by Design

Design Concept

Tailored Band Gaps
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Electronic Structure Theory

Basic material
properties

Density functional
theory

* Crystal structure

* Thermodynamic
stability

Band-structure properties

* Band gap
* Absorption spectrum

» Effective masses

Defect properties
(imperfect lattice)

Supercell calculations
Defect theory

* Doping
(electrical properties)
* Defects

* Self-trapped carriers

ICTP -Workshop 2014
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Defects in Semiconductors

DARMSTADT
Defect formation energy AH = AHD,q (W,EE)
Defect concentration Cp = Ngjexexp(-AH/KT)
Electron/hole density Co = | fin(E-Eg) g(E) dE
Charge neutrality —Cgt+ Cp+ Z[q-c(DY)] =
Self-consistent solution AH(Eg) —— cp(AH) —— E¢
t |
pO, dependence of g Apo(T,Py) = V2[HytAH(T)] — 2T-[Sy+AS(T)]
(ideal gas) Ano(T,P) = Apo(T,Py) + 72k TIn(PIP,)
High conc. Account for competition of defects and host atoms for N,
Association/dissociation of defect-clusters (law of mass action)
Direct Given AH(p), find concentrations cp
Inverse Given a target concentration, find AH (i.e., find n)

ICTP -Workshop 2014



Ab-initio Thermodynamics of Point Defects
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Determination of the ground-state
properties of pure phases

l

Ground-states of defects in super cells

l

VBM

Calculation of the formation energies at the j

l

Correction of size effects

Determination of the defect formation
enthalpies as a function of the fermi
energy and the chemical potentials in
equilibrium

Self-consistent
determination of the fermi
level

Iﬁ

ICTP -Workshop 2014
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When DFT fails...

In defect calculations: band gaps

= Heavily underestimated ‘ Conduction Band ‘

= Both LDA/GGA functionals —

" Affects: ‘ Conduction Band ‘
= Defect levels —
= Defect formation energies | S .
fectr | 2 .
Correction: scissor operation! — —
= Shift the conduction band ‘ Valence Band ‘ ‘ Valence Band

= Align E,(DFT) and E (EXP)
= Donor type defects follow CB

= Correct formation energies

Alternative: hybrid or semi-empirical functionals

ICTP -Workshop 2014



Pt/CuGaSe2 and Pt/CdS/CuGaSe2

as Photoelectrode

Lk ddatanannssrvoraens
Light OFF
A "'UUUUUpPFFrrrI
>F PY/CdS/CuGaSe,
-g o
[0}
SE
SF !
EL / 5 mAcm’
Ol f
- J Light ON
(f
/ ( 5mVs"
—

ol s ol lasaadanaalaaaslaaaalosaalasial,
-0.1 00 01 0.2 03 04 05 06 0.7 0.8

Potential / V vs. RHE

0.1 M Na,SO, aqg. (pH 9),
300 W Xe lamp, 5 mV s-1
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FCTT_rruﬂLh(.L% Y
Chem Soc Rev

TUTORIAL REVIEW View Article Online

Recent advances in semiconductors for
photocatalytic and photoelectrochemical
water splitting

(e) e

Cite this: DOI: 1010390 ZesB03 78

CB
-
cB w 7

Photoanode Photocathode
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Electronic band gaps (eV) with optimized
exchange screening parameter w = 0.13:
3,00
> 2,50
(<))
c
— 2,00
o
@ uGGA
(@)
- 1,50 = HSEO06
C .
(] = Experiment
@ 100
. 0,50
Chalcopyrite
0,00

CulnSe, CuGaSe, CulnS, CuGaS, Culn;Seg

J. Pohl, K. Albe, J. Appl. Phys. 108, 023509 (2010)

ICTP —Workshop 2014



TECHNISCHE
UNIVERSITAT
DARMSTADT

Defects in CulnSe,

Phase stability Point defect
formation enthalpies
Apc, ineV
2 -1.8-1.6-14-12 -1 -0.8-0.6-04-02 0
T T T T I T T T T T 0
In4SE3

0.2 o~

0.4 o

-0.6 o

)

0]

[n2Se3 —

©

T

=

o

L

Se CuSe |, -2
8
0O 04 08 12 1.6
J. Pohl, K. Albe, Phys. Rev. B 87, 245203 (2013) Fermi Energy [eV]
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Defects in CulnSe,

Phase stability Point defect
formation enthalpies
Apc, ineV
2 -18-1.6-14-12 -1 -08-0.6-04-02 0
T T T T I T T T T T 0
In4SE3
0.2 =
InSe 04 ()
| o
)
-
[nySe3 Il | LICJ
@i
T
- :
)
: L
Se ol 2 i
qu I' 1 1 1 1 1 | |
o
0O 04 08 12 1.6
J. Pohl, K. Albe, Phys. Rev. B 87, 245203 (2013) Fermi Energy [eV]
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Defects in CulnSe,

Phase stability Point defect
formation enthalpies
Apc, ineV
2 -18-1.6-14-12 -1 -08-0.6-04-02 0
T T T T I T T T T T 0
In4SE3
0.2 =
InSe 04

>

o

)

-

[n2Se3 LICJ

o

T

2

)

L

Se
0O 04 08 12 1.6
J. Pohl, K. Albe, Phys. Rev. B 87, 245203 (2013) Fermi Energy [eV]
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Defects in CuGaSe,

Phase stability Point defect
formation enthalpies
Apc, ineV
2 -18-1.6-14-12 -1 -08-0.6-04-02 0
T T T T I T T T T T 0
In4SE3
0.2 =
InSe 04

>

o

)

-

[n2Se3 LICJ

o

T

2

)

L

Se
0O 04 08 12 1.6
J. Pohl, K. Albe, Phys. Rev. B 87, 245203 (2013) Fermi Energy [eV]
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Antisite Defects in CulnSe, and CuGaSe,

Conduction band edge 1.68 eV

Gag, 1.33 eV (+1/0)

1.26 eV
(+2/+1)
1.04 eV
0.67 eV 0.74 eV (-1/-2)
Culn,Ga
0.11 eV 0.21 eV (0/-1)
0.0

CulnSe, Valence band edge CuGaSe,

ICTP -Workshop 2014
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Conclusions on CIGS

» For atypical Cu(In,Ga)Se, absorber with [Ga]/[Ga]+[In]=0.25,
Cu,, and Cug, hole traps are the most detrimental defects!
Copper-rich conditions maximize the concentration of this defect.

* For [Ga]/[Ga]+[In] > 0.5, Ga,becomes a deep minority carrier trap and
can limit device efficiency.

Al ineV
-2 -1.8-1.6-1.4-1.2 -1 -0.8-0.6-0.4-0.2 0
T Ind\Se}l T T

0

0.2
404
- 0.6
4-0.8
4

12
=4 -14
1-16
1-18
42

« Optimal conditions to minimize Cu,, and
Cug, are located on the copper-poor
side, with not too high Se/metal-ratio!

[n3Se3

Ay, in eV

ICTP -Workshop 2014



TECHNISCHE
Sn0,: Intrinsic Conductivity and p(0O,) £ DT
10
E 330 ¢ 130 ¢ 1 ,
= o . (1}
o -0, +V,*+2¢'=0
= T — Mt ey - 2 2 o @)
I T e R
c i P 1
- | nsc .
g é 1090 ¢ o o - o o d KO (T) 1/2 ][e ]
3 L 2
s L 840C o
| 00 v e Isstandard defect
0.1 S SRR L chemistry correct ?
0.0l 0.1 I
POz (atm)

e Whats about other

intrinsic defects ?
J. Appl. Phys., Vol. 44, No. 10, October 1973
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TCO: What do we expect?

charge neutrality

> . o7 +1
— A’
Pt 0
“deep” - Donor S| .o
5 (+1/0) |
Fermi energ;y
charge neutrality
Intrinsic g
n-typeTCO §
E “shallow” - Donor
— 5

Fermi energy

In principle oxygen vacancies or cation interstitals can be donors

ICTP -Workshop 2014
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' ' E,(LDA (no d))
———— B
4 E : Eg(LDA (d)) Constant formation energies for the
E,(GGA (no d))
EH[GGMU} neutral charge stat
-(PBEO) ge state
E, oExp.) .
- Strongly reduced formation
YA energies for positive charge states
LDA (nod) —ll— Indium oxide and tin oxide are truly
LDA @ -3- o |
-2 GGA (nod) —@— intrinsically n-type semiconductors
GGA+U (d) -3- .
+FEL:; 9 The behavior is more complex for
-4
Zn0O

0 05 1 15 2 25 3 35 4
Fermi energy [eV]

\CTP ~Workshop 2014 Agoston, Albe/ Phys. Rev. Lett. 103 (2009) 245501, Phys. Rev. Lett. 106 (2011) 069602
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Band Gaps and Defect States UNIVERSITAT
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IHEDS SHO2 ZHO
— T E_(LDA ( ' ' E4(LDA (d))
(LDA (no d)) 4L E:&DA {gf)dn C E(GGA ()
(GGA (no d) E,(GGA (nod)) E(LDA+U)
_ (GGA () E,(GGA+U) E,(PBED)
= (GGA=U) — E°(PBE0) Ey(Exp)
2 1 Ey(HSED3) 2 E E(Exp) |
= e /‘ e— @ g
6 e -~
G 0 /-
k= LDA (nod) —5— // LDA (nod) —ll— LDA (d) —F—
E GGA (nod) —@— LDA (d) -{3- LDA+U (d) -4~
5 GGA (d) -@- 2 GGA (nod) —@— GGA (i) —@—
= GGA+U(d) -O-- GGA+U (d) -O- PBE0 —57—
HSED3 —s7— A PBED —s7—

Phys. Rev. Lett. 103 (2009) 245501, Phys. Rev. Lett. 106 (2011) 069602

005115 225 3 35 4

0 05115 2 25 3 35 4
Fermi energy [eV]

0051152253 35 4
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Acceptor Defects
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-Increased formation energies of acceptor defects in all TCOs
-Doping limits agree with experiment for In,O, but not for SnO,

Formation energy (Erq i = CBM) [eV]

10

Vs, (Sn,)
V,, (In,0,)
0, (In,05)
0. (Sn0,)

-4

-3.5

-3 25 -2 15 -
Oxygen chemical potential [eV]
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SnO2 VS. In203

—h
o
no
—
|
1

C 4op=6x10%

Electron concentration [cm'3]

Doped SnO, has no oxygen interstitials !
Therefore high conductivities can be expected

101 10710 107 10° 10°

P. Agoston, C. Korber, A. Klein, M. J. Puska, R. M. Nieminen and K. Albe, J. Appl. Phys
C. Korber P. Agoston, A. Klein Sensors and Actuators B 139 2 665-672 (2009)
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Diffusion: Migration Barriers [ e

D' =v, - 2% f -exp AS_ +AS" .exp AH(Er, p)+ AHT(E,)
° KT

N J/

ICTP -Workshop 2014
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Point defects in ZnO: Kinetics

=()
interstitial

vacancy

Appl. Phys. Lett.
88, 201918 (2006)
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Materials by Design

Design Concept

Tailored Surfaces and
Interfaces

Tailored Band Gaps

ICTP -Workshop 2014



Oxygen . @ Indium : TECHNISCHE
ITO'(001) Oxygen (1. layer) : o Indium (1. layer): o ovvosal

01 F

o

Surface energy [eV/ ]

1
g
—

3 25 2 15 -1 05 0
Oxygen chemical potential [eV]

ICTP —Workshop 2014 E. Morales, U. Diebold, Appl. Phys. Lett. , 139, 665-672 (2009)



Oxygen e Indium : TECHNISCHE
03'(001) Oxygen (1. Iayer) o Indium (1. Iayer). g}'}'\gﬁés&gl

Simulation
N!_|
<
>
2
>
o))
| -
]
[
)
(0]
& 0
t
o
n
-0.1

3 25 2 15 -1 05 0
Oxygen chemical potential [eV]
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In,0,-(001)

Oxygen

Oxygen (1. layer)

. o Indium _ 5 TECHNISCHE
_ Indium (1. ) =\ UNIVERSITAT
. o Indium (1. layer) : ° ARG T

N

P T N
= & S
P T,

s

o~

b
w

Surface energy [eV/A
(e ]
o -

-0.1

o
N
RN /

3 25 2 15 -1 05 0
Oxygen chemical potential [eV]
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Doping Effect

3 10 T T T | 2
bt o0 . C,= 4 nm
?:) _ o effect of Fermi level | CC= 719% -
) > 5

)
8 [
© G
Y—
o Q OIL®e | @
o £
o =
> C 5 [ direct effect|
- — 3 - |
)
@© CIL) [peroxide splitting
Y a

-10 | | ! ! ! 1

Oxygen chemical potential [eV]

»  Peroxide splitting highly favorable

ICTP -Workshop 2014



Oxygen : @ Indium : TECHNISCHE
ITO-(001) Oxygen (1. layer) : o Indium (1. layer): o ovvosal

Simulation Experiment

ICTP —~Workshop 2014 P. Agoston, K. Albe, Phys. Rev. B 84, 045311 (2011)
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Oxygen . @ Indium

ITO'(OO].) Oxygen (1. layer) : o Indium (1. Iayer).:

@ O

Improved agreement with experiment
when the effect of doping is considered

ICTP -Workshop 2014



Thermodynamics of Nanomaterials
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F_

12148

Dispersion

1.0 4

0.8 +

0.6 -

0.4 -

0.2

00!

-

0.0

1/3
n=N
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Materials by Design

Design Concept

Tailored Band Gaps Tailored Surfaces and
Interfaces

Tailored Nanostructures

ICTP -Workshop 2014
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Volume Strain by Surface Stresses

MgO (compressive): GaN (tensile)

cuempHysciem MINIREVIEWS

DOI: 10.1002/cphc.201200257

Size-Dependent Lattice Expansion in Nanoparticles:
Reality or Anomaly?

P. Manuel Diehm,* Péter Agoston, and Karsten Albe™

ICTP -Workshop 2014



Surface Energy vs. Surface Stress

Surface Energy /4 Surface Stress f”
Work required to produce Work required to enlarge/minimize
extra surface existing surface

dW = ydA dW =d(yA)= f,Ade,
_1d{zA)

geometrical surface

surface region

............................................................

undisturbed bulk

solid phase (B) f — 7/ i

ICTP -Workshop 2014
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Calculated Surface Stresses (DFT)

Material Surface  Condition X-direction y-direction 7y fx fy
(eV A—?)
hex-Si (0001) (1100) (1210) 0.114 -0.045 -0.039
(1100) (1210) (0001) 0.086 -0.065 -0.032
(1210) (1100) (0001) 0.097 -0.043 -0.030
hex-C (0001) (1100) (1210) 0.419 0.003 0.029
(1100) (1210) (0001) 0.184 -0.160  0.056
(1210) (1100) (0001) 0.227 -0.337  0.020
GaN (1100) (1210) (0001) 0.125 -0.106 -0.055
(1210) (1100) (0001) 0.133 -0.031 -0.030
ZnO (1100) (1210) (0001) 0.075 -0.088 -0.059
(1210) (1100) (0001) 0.079 -0.011 -0.038
BeO (1100) (1210) (0001) 0.109 -0.089 -0.054
(1210) (1100) (0001) 0.113 -0.039 -0.044
MgO (001) (100} (100) 0.073 0.223 0.223
CdO (001) (100} (100) 0.051 0.210 0.210
KF (001) (100} (100) 0.016 0.037 0.037
CsF (001) (100} (100) 0.011 0.033 0.033
CsCl (110) (110} (100) 0.014 0.058 -0.002
c-SITi0z  (001)  SrO-termination (100} (100) 0.166 0.116 0.116

ICTP -Workshop 2014



Lattice Expansion
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Material Max. change (%) Size (nm) Method

CeO2 —0.32 5-1200 XRD
+0.15 5-1200 XRD
+0.33 5-60 XRD
+0.45 6-25 XRD
+1.85 15-30 XRD

+2.6 21-6.7 ED
+3.51 3-30 XRD

+3.7 3-20 ED

+6.8 22-118 ED
rutile-TiOo a: +0.50, c: —0.09 5-25 XRD
V/Vp: +1.40 5-20 XRD
anatase-TiO» a: +0.37, ¢: —0.53 2-65 XRD
a: +0.31,c: —0.34 5-40 XRD
a: —0.08, ¢: —0.29 5-35 XRD
MgO +0.12 10-50 XRD
—0.07 9-15 XRD

t-BaTiOs a:. +2.76,¢: —0.12  100-350 ED
t-BiFeQy a: +0.23,¢: —0.47 11.0-86.4 XRD
t-PbTiO3 a: +0.46, ¢: —1.44 28-149 XRD
c-PbTiOg +0.05 28-149 XRD
c-SrTiO3 +0.28 12-40 XRD
MnCrp0y4 +0.76 11-18 XRD
Ni0‘52n0_4F9204 +0.36 10-230 XRD

Zn0O a: +0.47, ¢: +0.85 ~10 ED
a: +0.34, ¢: +0.59 11.7 XRD
a. +0.04, ¢: +0.15 50-800 XRD
SnO, a: +0.32, ¢: +0.58 25-9.0 XRD
LiCoO, a:. +0.46, ¢: +0.93 10-30 XRD
CaWQ, V/Vp: +0.65 5-30 XRD

Material Max. change (%)  Size (nm)

Method Source

NaCl —0.33 48-15
KCI —0.69 1.8-15
NaBr -0.82 3.5-15
LiF -0.87 32-9
Pt —-042 3.8-122
Au —0.69 1.8-15

-0.27 3.5-125
Ag -3.08 3-17.8
Cu —2.09 24-92
Bi —2.34 3.5-10
Ni +0.49 18.6-51.3
SixGe1_x +1.5 7-35

ED
ED
ED
ED
ED
ED
ED
ED
ED
ED
XRD
ED

[40]
[40]
[40]
[40]
[13]
[40]
[11]
[12]
[13]
[40]
[41]
[42]
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Stress Distribution: MD vs. FEM
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Pressure (eV/A®)

(b)

Fig. 3. Hydrostatic stress in a Cu nanoparticle: (a) the atomistic simu-

lation results, (b) the finite element computations.

-8.00
-6.00
-4.00
-2.00
0.00
043

om (eV/A%)
-245
-2.20
-2.16
212
-2.08
-2.04
-2.00
-1.96
-1.92
-1.88
-1.84
-1.80
-1.82

Fig. 2. Hydrostatic stress in a spherical particle.

Int. J. Mat. Res. (formerly Z. Metallkd.) 102 (2011) 6
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Ab-initio Phase Diagrams

Calculate the total energies of a set of structures
(e.g. from DFT)

Fit a model Hamiltonian to the set of structures
(least squares fit / genetic algorithm)

/

Predict new ground states
or
just include more structures

Calculate the phase diagram
(using Monte Carlo)

ICTP -Workshop 2014
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BOS-Model

How to calculate the energy of a binary alloy system with two species A and B?

Refined Bond Order Simulation Mixing model (BOS: Zhu, dePristo 1995)

1 :
—M](M] — 1)/:{1

1 : AB
E‘;'(MH) — E‘; +§ ;MHAEH +2

where
E’Z1 is the site energy of an atom of species A with coordination Z
M, is the number of odd neighbors in the n-th shell

AEfB is the difference in the site energy when changing a n-th neighbor to odd species

;5;1 IS an asymmetry parameter (asymmetry considered for nearest neighbors only)

(for species B replacee, - €, and /”jf —>,”ji3 )

(Pohl, Albe, Acta Materialia 57, 4140 (2009))

ICTP -Workshop 2014
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Bulk Phase Diagram Pt-Rh

Theoretlcal Pt Rh Bqu phase diagram

I I L 250 T
E L from conccnn .rmon +
- from order parameter
i | 200
< 1600 | (Pt. Rh) 1.
= <
L i 13 150
2 2
5 1200 f 18
o ~1030 K &
£ L e E 100
g ® . @S
800 .
./ (Pt) + (Rh) A 50 7
: 400 r .
E— 1 L 1 1 L L 1 1 L U, ' N |
z 0 20 40 60 80 100 0 01 02 03 04 05 06 07 08 09 1
g Atomic percent rhodium Pt concentration Xp
IYSXiE322EE
é ao-'c-t-tioilttltllliit!ti!t
: -0.5 .
-1 L
210 215 220 225 230 235 240 245 250
temperature T (K)
Warren-Cowley Short Range Order Parameters (Pohl, Albe, ACTA MAT 57, 4140 (2009))
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Nanophase diagram
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250 .

200
<

=150
©
g
5

= 100
(¥
[_.

50

0

\

|

|

|
[

T T
bulk
— — — - particle
7.8 nm

Pt concentration xp,

02 03 04 05 06 07 08 09

1

Effects for shrinking particle size:

ordering temperature sinks
concentration stability range of some
ordered phases broadens

stable phases shift towards higher con-
centrations of segregating species (Pt)

two-phase regions shrink

Beilstein J. Nanotechnol. 2012, 3, 1-11.
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2 % Pt, Diameter 7.8 nm

250 T T T T T T I T T

disordered

200

150

100

Temperature T (K)

50 r

0 1 1 1 | | 1 1 | 1 1‘ 2 % Pt, 50
0 01 02 03 04 05 06 07 08 09 1
Pt concentration Xp,
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6 % Pt
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250 . . ! ; . .

disordered

200

150

100

Temperature T (K)

50 r+

0 1 1 1 | | |

0 01 02 03 04 05 0.6 0.7

Pt concentration Xp,
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10 % Pt
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disordered

250
200
<
= 150 t
w
E
)
S
=100
uP]
H
50 |+
12
0
0
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03 04 05 0.6 0.7
Pt concentration Xp,

3. 10 % Pt, 50 K
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18% Pt
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disordered

250 .
200
<
=150 t
0]
E
]
S
=100
L
=
50 p+ o
12
0
0 0.1
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02 03 04 05 0.6 0.7
Pt concentration Xp,
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Vacancies in Lattice Model: KMC
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Vacancy Formation Energy: Lattice model
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Vacancies in Lattice Model

Ej(R):Ej(R=oo)+%7Q

Surface energy y Surface stress

202/Rxy E.{
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Vacancies in Nanoparticles

2( TAV
£ (R)=E[(R=or) + 2LV
Surface energy y Surface stress f

i}

2//Rx £2 E. 2tIRxav —E |

£ atomic volume
AV = 2 - AVrel:= formation volume
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Surface Energy vs. Surface Stress

Surface Energy /4 Surface Stress f”
Work required to produce Work required to enlarge/minimize
extra surface existing surface

dW = ydA dW =d(yA)= f,Ade,
_1d{zA)

geometrical surface

surface region

............................................................

undisturbed bulk

solid phase (B) f — 7/ i
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Materials by Design

Device Integration
Design Concept

Tailored Surfaces and
Interfaces

Tailored Band Gaps

Tailored Nanostructures
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Take home messages

= The properties of point defects and surfaces in oxides are most

sensitive to the Fermi-energy
- We need Fermi-level engineering
= Defects not only go along with excess energies but also stresses

—> Strain effects due to point, line and planar defects

can be significant

= Thermodynamics and kinetics on the nanoscale can be very
different

- We need a better understanding of nanoeffects
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