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First-principles calculations
Density functional theory, many-body perturbation theory

Oxides

* Transparent conductors
e Dielectrics

e Thermal barriers

e Complex oxides

e Power electronics

Nitrides 2.
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* Doping

e

e Surfaces z

* Interfaces
e Efficiency, loss

Quantum

defects

e Qubits
* Single photon emitters
e Decoherence

Applied Physics Letters

e Recombination
mechanisms

» Defects

* Impurities

* Efficiency

Hybrid perovskites

UC SANTA BARBARA



Halide perovskites

e Prototype: methylammonium lead iodide
e Efficient optoelectronic materials
MAPDI,

* A:Cs*, MA*, FA*
e Solar cells, light emitting diodes (LEDs)

* General: ABX; * B:Pb?*, Sn?
30— * X:1I5,Br,, Cl...

—0O— Si
—4A— CIGS

—V— CdTe
Perovskites
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Recombination mechanisms
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Rate equation: E = —An — Bn* — Cn fundamental mechanisms
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Recombination in halide perovskites

First-principles studies of recombination rates

T

- Auger dominates at

10° ¢
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§ 100 | X.Zhang et al., ). Phys. Chem. Lett. 9,
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X. Zhang et al., Adv. Energy Mater. 10, 1902830 (2020).
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Focus of this talk

 First-principles studies
- Radiative recombination
- Auger recombination

- Defect-assisted
Shockley-Read-Hall (SRH) recombination

Q First-principles approach:
Density functional theory

o HSE hybrid functional
J. Heyd et al., J. Chem. Phys. 118, 8207 (2003).

o Vienna Ab-initio Simulation Package (VASP);
Quantum Espresso

Energy (eV)




Energy E

Slow radiative recombination?

Rashba spin-orbit coupling
e Spin mismatch

- Phenomenological model with
fitted parameters
F. Zheng et al., Nano Lett. 15, 7794 (2015).

e Momentum mismatch

P. Azarhoosh et al., APL Mater. 4, 091501 (2016).
MAPbDI;: ~1013 cm3s?t
GaAs: ~10° cm3st

Si: ~1014 cms3s1

r

R Momentum k W. Tress, Adv. Energy Mater. 7, 1602358 (2017).
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iples spin texture
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Phenomenological VS. First principles

spin orientation spin orientation

X. Zhang, J.-X. Shen, and C. G. Van de Walle, J. Phys. Chem. Lett. 9, 2903 (2018).



Radiative recombination

Tt

» Fermi's Golden Rule:

Quasi-Fermi occupation

n,e?

Tegmicih?n?V Z

Prefactor

fcl-c -

(1] fux=

Matrix elements

2
fee (1 = fo)|(Eck — €oic)|[Mevk|
cvk
Energy difference

: 1

E p—be 2 [ 2
1+e w7 [Mekl" =3 Y [ (elpilibe )]

1 i
4o Bt L= y2

= Z(l — fok) = NN Vel
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Radiative recombination

T=300K

[111]

U

III|III\1III|\JII|\UII|III

X

Weak dependence on MA orientation (factor of 2)
Limited impact of momentum mismatch on
radiative recombination

High radiative recombination coefficients

(~10-19 cm3st)

Promising for light-emitting applications

H. Cho et al., Science 350, 1222 (2015).
Y.-H. Kim et al., Adv. Mater. 27, 1248 (2015).

. Zhang, J.-X. Shen, W. Wang, and C. G. Van de
Walle, ACS Energy Lett. 3, 2329 (2018).
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Recombination in halide perovskites

First-principles studies of recombination rates

1'l2}5'E st

- Auger dominates at

102 & : o
3 | solarcells ; high carrier densities
E 10
g |
§ 100 | X.Zhang et al., ). Phys. Chem. Lett. 9,
© | 2903 (2018).
a |
£ 10° |
o SRH Radiative | X. Zhang et al., ACS Energy Lett. 3,
o dominated dominated , dominated 2329 (2018)

102 | '

' ] J.-X. Shen et al., Adv. Energy Mater. 8,
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10" 101 10" 101 101 1020 1801027 (2018).

Carrier density (cm™)

X. Zhang et al., Adv. Energy Mater. 10, 1902830 (2020).
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Auger recombination

» Fermi's Golden Rule:

o 2T

hn?

1234

Vatrix elements

fifa (1= f3) (1 — fa) |f"d3r1:e3a1|E 0 (e1 + 62 — €3 —€4)

Quasi-Fermi occupation Energy conservation

« First-principles calculations for very dense k-point grid, e.g., 50
X 50 x 50 for sampling the first Brillouin zone

= Directly search for all possible Auger events that conserve
energy and momentum

= Usually on the order of a few tens of millions of possible events
f 2 e rr |2 rd |2 i 2
| Mi234]" = ‘Mmad — My | + H’ﬂm‘ + | M{534]

Direct process: ﬂfffgﬂ = (12 |W310y)
Exchange process: .MFESLL — {ﬂr’l'ﬁbﬂﬁ’q’{fx’dwﬂ
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Energy [eV]

Auger recombination

eeh hhe
5 [ L — ————
hhe
4 4
10-28: -
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1/2 -g
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8105 E
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Band gap (eV)

» Theory: C,,=7x10* cm°statE, = 1.6 eV

e Exp.:10%° ~ 1028 cm®s! [R. L. Milot et al., Adv. Funct. Mater. 25, 6218 (2015).]

Band gap (eV)

14



Auger recombination

v | | | T ¥ ﬁ!
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Bandgap (eV) K. A Bulashevich etal., Phys. Stat. Sol. (c) 5, 2066 (2008).

MAPDI; has a much greater Auger coefficient ~100x 15



Origin of strong Auger

1 0—2? —

§/CBB—CB6 o

= 10%
° P

d: 10-30 :

CB1, CB2
only

' all conduction ]
bands

(em®s

103 ¢

1 2 3
Band gap (eV)

J.-X. Shen, X. Zhang, S. Das, E. Kioupakis, and C. G. Van de Walle,
Adv. Energy Mater. 8, 1801027 (2018).
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Spin-orbit energy splitting

w/0 spin-orbit coupling w/ spin-orbit coupling
6 6 e ——
5F - 5t
41 - 41
) 3 B =
E @ Energ
5 2 \9;2. splitting\\ | /
) )
o1} TR .
0 - of 1
1 : -1t -
— |
2 — -2 T~

Energy splitting in conduction bands causes resonance for eeh Auger



Band-structure engineering

halide subsitution

SOC-induced splitting (eV)
N

| — Cl

_______

_______

Band gap (eV)

|
FMAPbCI; }-

_—[MAPbIBr3]—

|
F{MAPbIs |5
|
4- : i ‘
0+ 4 ] ~
P — r | / £ -__/
§~' 4, —=— ;@ gz%
X /~ﬁa-\J|>s// ==0ce

FMASnCI3 _—[MASnBr3]— _—[MASn|3]—

Energy [eV]

M

X. Zhang, J.-X. Shen, and C. G. Van de Walle,

Adv. Energy Mater. 9, 1902830 (2019).

» X-site substitution can suppress eeh Auger

18



What about hhe Auger?

FMAPBCI; | _—[MAPbIBr3]— _

~ O
| 1 |
| |

Energy [eV]

Energy [eV]

X. Zhang, J.-X. Shen, and C. G. Van de Walle, Adv. Energy Mater. 9, 1902830 (2019).

B-site substitution allows suppressing hhe Auger
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Suppressing lattice distortions

6.0 T T T T J

50 I Br 1 12 )
4.0-— ! ! Jg[uct] - H Z(&i _900)

3.0

Og(oct) (°)

2.0_— Cl g, | Br A
10

0.06

Rashba Splitting

Br cl

0.02 Cl i
| Br | Br
| | |
0

Ak, (2T/a)

MAPbXs MASNnXs FAPbXs FASNnXs
X. Zhang, J.-X. Shen, and C. G. Van de Walle, Adv. Energy Mater. 9, 1902830 (2019).

« Tunable lattice distortion and Rashba splitting by
chemical substitution



Suppressing lattice distortions

eeh
10-2T T T T T | T T T T | T T T T E 1 0-27 T T T T
= w/ distortion
= /o distortion
108 ' 1028
P P
: :
= 102 = 102
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2 0
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® o)
[@))] [@)]
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10-32 ! ! ! ! | ! ! : ! | 1 1 1 1
1 2 3
Band gap (eV)

1 0-32 L

1 w/ distortion
= /o distortion

1 2 3

Band gap (eV)

Suppressing lattice distortions and thus the Rashba
splitting reduces Auger by one order of magnitude
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Recombination in halide perovskites

First-principles studies of recombination rates

T

10° ¢

T T =TT

102 3 !
- solar/cells
—>

10!

10°

nation lifetime (ns)

dominated

M| PR | PRI PP
107 108 10" 1020
Carrier density (cm3)

-”:I-ﬂl s sl N
1015 1{]16

X. Zhang et al., Adv. Energy Mater. 10, 1902830 (2020).
e Defect-assisted (“SRH”) recombination limits efficiency

X.Zhang et al., J. Phys. Chem. Lett. 9,
2903 (2018).

X. Zhang et al., ACS Energy Lett. 3,
2329 (2018).

J.-X. Shen et al., Adv. Energy Mater. 8,
1801027 (2018).

UC SANTA BARBARA
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“Defect tolerance”

» “Defect tolerance”: defects are present, but
do not cause strong nonradiative carrier
recombination

» Concept emerged from early, less accurate,
first-principles calculations for defects in
MAPDI,

» none of the relevant defects had levels
deep in the band gap

» Commonly invoked to explain the high
efficiency of perovskite solar cells

» However, deep-level defects with
concentrations ~101° cm—3 are observed
experimentally!

 Thermally stimulated current (TSC)

optically
filled

A. Baumann et al., J. Phys. Chem. Lett. 6, 2350 (2015).

* Deep level transient spectroscopy (DLTS)

0-

"
—
1

b1(pF)
N

Forward
Reverse

T T IE1 T
0 100 200 300 400
Temperature(K)

S. Heo et al., Energy Environ. Sci. 10, 1128 (2017).
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Point defects In halide perovskites

First-principles calculations of formation energies and defect levels
C. Freysoldt et al., Rev. Mod. Phys. 86, 253 (2014).

Example: iodine interstitial (1)) O (chemical potential of 1)
Fermi level

Ef 19T=E. [I91=E bulk— f_|_qE / (chemical potential of electrons)
i tot L' tot H F

e Density functional theory

e Hybrid functional

* J. Heyd, G. E. Scuseria, and M. Ernzerhof,
J. Chem. Phys. 118, 8207 (2003).

e Spin-orbit coupling
e Supercells, atomic relaxation

Defect concentration: Nyef = Njrese E /¥8T

UC SANTA BARBARA 24



Defect-assisted recombination in halide perovskites

q=+1 S Wiie Uive W—
[
C
@ j n phonons
. S (+/0) = AWM
v Q =—1
c q
= ©
= i .
L : O
! Valence band
v
g(+/0) E, e Usually, C o e 2F
£(+/0): charge-state transition level  Mid-gap defects have best

relevant for SRH recombination balance between C, and C,
25



Configuration coordinate diagram

ﬁ Energy e Wiglile W—

_li
D++ e o S('l'/O)
Transition between

charge states D* and DY

Valence band

»
Configuration coordinate Q
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Configuration coordinate diagram

A Energy Energy depends on
atomic configuration

Configuration coordinate Q
UC SANTA BARBARA 27



Configuration coordinate diagram

A Energy Energy depends on
atomic configuration

Charge state D° has different
D*+e~ atomic configuration from D*

)

Configuration coordinate Q
UC SANTA BARBARA 3



Configuration coordinate diagram

Electron capture

+ _ l Cn phonons
D + e €(+/0) AWV

NANN—
NN\ Valence band
N NN\

»
Configuration coordinate Q
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Configuration coordinate diagram

Configuration coordinate

Electron capture diagram from first principles

UYAVAVAVAVE = i
NNNN\> '
WYAVAVAVAVE = I
O -
-10 0 10 20 30
Q (amu'”? A)

)
Configuration coordinate Q  Generalized coordinate: Q — \/Z Ma (Ra — Rea)’
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Prominent defect: iodine interstitial

* Low formation energy — high concentration
e Four capture processes

1.5

-
o

Formation energy (eV)
o
&)

0.0

N N N | N N N | N N N | N N N
0.0 04 0.8 1.2 1.6
Fermi level (eV)

X. Zhang et al., Phys. Rev. B 101, 140101 (2020). UC SANTA BARBARA 31



Configuration coordinate diagram: If =1}

_ Configuration coordinate
e Generally small capture barriers diagram from first principles
— high capture coefficients T T T T T

e Capture coefficients do not decrease as
expected with energy difference from band
edge (i.e., C x e 2F)

* Two reasons:
e Anharmonicity
e “Marcus inverted region”

X. Zhang et al., Phys. Rev. B 101, 140101 (2020).

-10 0 10 20 30
Q (amu'2 A)
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Capture coefficients

1 0-4 T T T I v I

e IF2?andI? =17

charge-state transitions

—
Q
(o]

* Four capture processes

Ch+Cj

Ctot — 0 CO
1 n p
ot gt

Capture coefficients (cm3s™)

oM L— 1 .

100 200 300 400 500
Temperature (K)

X. Zhang et al., Phys. Rev. B 101, 140101 (2020).

e Total capture coefficient:

+
048] Cry 55| 0

£ (+/0) —f————
£(0/-) ~————

1.12 Cp

0.78| Cp

Valence band

UC SANTA BARBARA
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Capture coefficients

10

oy — —
< S o
o (0] D

|

Capture coefficients (cm3s™)
S

10714

0 l 108
Cp 0

—
o
»

10*

A coefficient (s™)

102

1
1 N 1 N 1 N . | . | . |

100

200 300 400 500 100 200 300 400 500
Temperature (K) Temperature (K)

X.Zhang et al., Phys. Rev. B 101, 140101 (2020).

Total capture coefficient:
Ch + CO
(:%ot — (jo
14 == +

Nonradiative recomblnatlon rate:

R=An; A= Ny Cy:
The iodine interstitial is an efficient
nonradiative recombination center

Likely responsible for the observed
rates in experiments
e Ny~ 10> cm™3

 A.Baumann etal., J. Phys. Chem. Lett. 6,
2350 (2015); S. Heo et al., Energy Environ. Sci.
10, 1128 (2017).

—A~10"s?

34



Other point defects .

 Also examined other native point defects 3

e Pbinterstitial (Pb;) and antisites are high in energy
= unlikely to be present

* lodine vacancy (V|): no charge-state transition levels in the
band gap = cannot act as a recombination center

e Lead vacancy (V,,): explicit calculations of recombination
rates show that V,, does not cause efficient nonradiative
recombination

—> lodine interstitial likely responsible for the observed 1
nonradiative recombination: A = 107 s for N~ 10> cm™3

e lodine-rich synthesis conditions should be avoided

e Extreme iodine-poor should be avoided as well
e promote the formation of hydrogen vacancies

Formation energy (eV)

-2

UC SANTA BARBARA

EF[!ir'I

0 04 08 12 1€
Fermi level (eV)
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Hydrogen vacancies in MAPDI,

3

Formation energy (eV)
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20

Hydrogen vacancies have been mostly overlooked when considering point defects
MA: CH;NH; = two types of H vacancies

- V,4(C): removing H from a C atom
- V,/(N): removing H from a N atom

V,,(N) is an exceptionally strong recombination center (10* cm3s?)

Present in high concentrations under I-poor and H-poor conditions
H-poor

10 ; T T —
— ff.,-"' - C.
o -

a4l i
I:r:‘E 10 E /______—— E
2
= / Co
s |/
£ 109 .
fah] L
8
o
= 3
5105 r
53]
Q

[ Vu(N)
107 . 1 . 1 . 1 .
100 200 300 400 500

Temperature (K)

X. Zhang et al., Nat. Mater. 20, 971 (2021).
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Qualitatively different behavior in FAPDI,

e FA (formamidinium): CH(NH,),

* V,(C) and V,(N) have much higher formation energies (lower concentrations) than in MAPbl,

* V,(C) has substantially lower capture coefficient

e Rationalizes why FA is essential for realizing high efficiency

Formation energy (eV)

Ll
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ey

- solid lines: I-rich
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X. Zhang et al., Nat. Mater. 20, 971 (2021).
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Getting rid of H vacancy problem by using CsPbl,

), | ﬂ
N

é;»océdﬁp

C%&fighfraAQ" ‘”fﬁ
céro 0 Q¢
VTN

Cstb

¢

CsPDbl;: deep-level defects are present (V,, I, and |;)
Explicit computation of recombination coefficients: | is the dominant recombination center
Similar total capture coefficient as I.in MAPbl;, but no need to worry about H vacancies!

e Origin of current inferior performance of CsPbl
Ways to enhance stability: alloying, strain, and improved growth techniques

Formation energy (eV)

Fermi level (eV) Fermi level (eV)

X. Zhang et al., Cell Rep. Phys. Sci. 2, 100604 (2021).

Fermi level (eV)

Capture coefficient (cm3s™)

10 ¢

107 §

10

5. poor stability (small Cs* - small tolerance factor)

| in CsPbl,

100 200 300 400 500

Temperature (K)
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Putting values In perspective

A coefficient in halide perovskites is

comparable to or higher than those in MAPDbI; 1.4 x 107
conventional semiconductors MAPDI, 1.5 x 107
* Halide perovskites are often called MAPbl,.Cl, 0.5 x 107

“defect tolerant”

e “Defects may be present, but do not harm efficiency’

* Notion based on older calculations showing that FAPDI, 0.7 x 10/
defects do not introduce deep levels in the band gap

, MAPbI,_ Cl, 1.2 x 107

, _ S " FAPbBr 2.1 x 107
e Calling hybrid perovskites “defect tolerant” is °
) . _ 7
mlsleadmg GaN 0.1-1.0x 10
e We do not call GaAs or GaN “defect tolerant” —we GaAs 0.05-0.4 x 107
worry a great deal about defects!
e Distinctive feature of hybrid perovskites: they M. B. Johnston et al., Acc. Chem. Res. 49, 146 (2016).
. .. ] F. Olivier et al., Appl. Phys. Lett. 111, 022104 (2017).
can be grown with low defect densities using E. Yablonovitch et al., Appl. Phys. Lett. 50, 1197 (1987).

low-cost deposition techniques
X. Zhang et al., ). Phys. Chem. C 124, 6022 (2020). UC SANTA BARBARA 39



Summary

Radiative recombination

- Rashba spin splitting: spin texture, normal optical transitions

- Rashba momentum splitting: limited impact, a factor of 2
J. Phys. Chem. Lett. 9, 2903 (2018); ACS Energy Lett. 3, 2329 (2018).

Auger recombination

- Resonance in band structure

- Band-structure and lattice-distortion engineering allows reducing Auger
Adv. Energy Mater. 8, 1801027 (2018); Adv. Energy Mater. 9, 1902830 (2019).
Defect-assisted SRH recombination

- Halide perovskites often touted as “defect tolerant”;
our work demonstrates that defects do impact efficiency.

- Hydrogen-related defects act as strong nonradiative recombination centers

X. Zhang et al., Phys. Rev. B 101, 140101 (2020):
J. Phys. Chem. C 124, 6022 (2020); Nat. Mater. 20, 971 (2021).

Rigorous first-principles calculations elucidate mechanisms
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