Open Questions in Organometal Halide
Perovskites:
Ferroelectricity, lon migration,
and Long carrier lifetime

Andrew M. Rappe
The Makineni Theoretical Laboratories
Department of Chemistry
University of Pennsylvania

June 15,2015




OMKHPs as High Efficiency Solar Cell

Unit cell of CH;NH;Pbl; (MAPDI,)

Evolution of hybrid I-O
_Perovskite solar cells _
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« High power conversion efficiency (PCE)
reached 20% in 2015! | Device
(Best silicon solar cell has PCE around 26%) ' ;f-\
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PCE increased from 9% to 20% within two years
 Cheap to make
abundant elements - Pb, I, C, N, H
easy to make <$1/m?
(Silicon > $10/m?2)

Vs e\‘
5.3 eV 322 eV

Perovskite  Spiro-OMeTAD  Au

A

June 15,2015 Sci. Rep. 2,591 (2012), Science 345, 542 (2014), Nature 501, 395 (2013) 2

ITO/PEIE  Y:TiO,




Many Things are Unknown ... oy

 Polar order
The A-site organic molecule has permanent dipole moment.
Is MAPDI, ferroelectric?

 Current-Voltage (J-V) hysteresis
The origin is not fully clear.
Ferroelectricity?
Trap states at interface/surface?
lon migration?

o Carrier lifetime
MAPDI; has exceptionally long carrier life time.
The intrinsic origin remains elusive.

Understanding these properties is essential

to further optimize OMHP-based solar cells
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Polar order: Ferroelectricity?

« XRD and Raman spectra demonstrate no inversion symmetry
J. Phys. Chem. Lett. 5, 3937 (2014), Inorg. Chem. 52, 9019 (2013)

» Polarization—Electric field (P-E) loop measurement
J. Phys. Chem. Lett. 5, 3937 (2014)

* Piezoelectric Force Microscopy (PFM) observed switchable

ferroelectric domains
J. Phys. Chem. Lett. 5, 3335 (2014), J. Mater. Chem. A 3, 7699 (2015),
J. Phys. Chem. Lett. 6, 1729 (2015)
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Polar order: Ferroelectricity?

Conflicting experimental observations:

« PFM and P-E hysteresis do not support ferroelectric polarization directly
Nat. Mater. 14, 193 (2015)

 P-E and I-E hysteresis do not show ferroelectricity (large leakage current)
J. Phys. Chem. Lett. 6, 1155 (2015)

* P-E hysteresis—> observe huge polarization (>1000uC/cm?) =>Non-

ferroelectric process (e.g., ion migration). is dominant.
Appl. Phys. Lett. 106, 173502 (2015)

I/E and PIE hysteresis measurements

MAPbI, BiFeO,
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Polar order: Ferroelectricity?

More conflicting experimental observations: _
« Different scan rates give different results (using PFM)

Low scan rate: “No ferroelectricity”
Fast scan rate: “Yes ferroelectricity”
—> poor polarization retention/coercivity. On the time scale

around 1 s.
J. Phys. Chem. Lett. 6, 1408 (2015)

» Crystal size affects polarization retention. Large crystal

shows longer retention
J. Phys. Chem. Lett. 6, 1729 (2015)
Plezo-phase hysteresis performed at different acquisition times

Ferroelectricity in MAPDI; depends on

experimental setup—> not robust
ferroelectricity, may exhibit voltage-induced
local polarization
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A Site Molecule and Ferroelectricity

» Asite MA* has permanent dipole moment, which may induce different polar order
- Randomly oriented - Paraelecric
- Aligned - Ferroelectric
- Anti-aligned - Anti-ferroelectric

» A site molecules may form specific spatial distribution
- Locally ordered nano-domains
- Ferroelectric domains and domain walls

» Alot of effort devoted to understanding molecular behaviors
- Time-dependent permittivity measurement J. Appl. Phys. 87, 6373 (1987)
- Neutron powder diffraction Chem. Commun. 51, 4180 (2015)
- Quasielastic neutron scattering Nat. Comm. 6, 7124 (2015)
- ab initio molecular dynamics Phys. Chem. Chem. Phys. 16, 16137 (2014)
- Monte-Carlo simulation APL Mat. 2, 081506 (2014)

Study molecular behaviors is important

for understanding Ferroelectricity
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Behavior of A Site Molecule

* Quasielastic Neutron Scattering + Monte Carlo

- Residence time for MA* orientation is around 14+3 ps.
(consistent with previous ab initio MD)

- Rotation barrier is on the level of 10 meV.
(estimated from Arrhenius activity energy)

- Suspect that MA* in ferroelectric domain may have larger rotation
barrier (longer residence time)

Complete random 180° rotation
(i) i | (iii)

r e &

(i) and (ii) are unlike to occur
in the time scale 1.2~53 ps

Other rotation patterns are
possible

Nat. Comm. 6, 7124 (2015)
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Monte-Carlo Simulation

g Cwm oy (pp, 3p)(np) -

H = E .E E e — E Kp;.p;:

. (Pi-Eo) + L Amgge, 13 r3 B Pi-P;
ipole,Efield dipole.dipole \l/ dipole.dipole
Dipole-dipole interaction l

PV Value of K estimated from
28 nmx28nmx7.5 nm N~ DFT, favors aligned dipoles
K =25 meV K =100 meV
(anti-ferroelectric) - (ferroelectric)

K = 25 meV—>Antiferroelectric domaihs"

’ Ferroelectric domains+— K = 100 meV

Ferroelectric domains can form @ RT
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DUIK PDNOLOVOItalC elieCt
(BPVE)

* Intrinsically generated photocurrents and photovoltages
from single phase bulk material

e Observed in experiments:

e |nversion symmetry breaking

e Maybe parallel, antiparallel, 8 ;;:;:z::::g .
or even perpendicular i ey
to material polarization o 2
e Strong frequency dependencer'ii_> 2
-4:
Shift current is the main : ;
mechanism for BPVE L

S. M. Young and A.M. Rappe, Phys. Rev. Lett., 109, 116101 (2013)
S. M. Young, F. Zheng, and A. M. Rappe, Phys. Rev. Lett., 109, 236601 (2013)
V. I. Belinicher and B. I. Sturman, Sov. Phys. Usp. 23(3), 199 (1980)
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Shift Current

Jy =0, E E,
Transition intensity
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Shift vector
* Quadraticin Efield, linear in light intensity!  J, =0/"E,E, =51,
 Need to break inversion symmetry

e Rank 3 tensor

Phys. Rev. B. 23, 5590 (1981), Phys. Rev. B. 61, 5337 (2000)
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Shift Current in MAPDbl,

« Bulk photovoltaic effect emerges when system loses inversion symmetry
Shift current effect on two cases: Polar & Non-polar

5 uC/cm? Polarization Along ¢ Near Net Zero Polarization
Large Pb-I; displacement Small Pb-1, displacement
Polar Non-polar
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Shift Current in MAPbl,

« Higher response than BiFeO, (BFO)

Shift current (thin limit) Glass coefficient (thick limit)
8
- - M1 (S0C) - - M1 (S0C)
6F — M1 (NSOC — M1 (NSOC
ﬁ"o - - M2 (50C) - - M2 (S0C)
— — M2 (NSOC — M2 (NSOC
=l
= zz7
S 2
NE 0 - -~ — _
<
-2F
0 | 1 | 5 BFO O

eV
E,=2.74 eV

Polar (M1) gives larger response than Non-polar (M2)

Higher response than BFO may explain large V.
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Current-Voltage Hysteresis

J=-V curve Anomalous hysteresis in MAPDI,CI,_,
; T FF = JmaxVmas —~ [ T ——resc
sc Re-g £ 5o —o— SC-FB
Jmax 2 | o |
PmaX é -gZO [T5e \
= > |z J
: g 107
> Q < i
@) L E | E10 \
ax oc - - :
Voltage Vmax V. z b ngc()s) 400
Power conversion efficiency: 8 %_0 | 0:2 | 0:4 | 0:6 | 018 | 1_'0
n = JSCVOCFF/Pin Applied Bias (V)

FB: Forward Bias: SC: Short Circuit
J. Phys. Chem. Lett 5, 1511 (2014)

* The rise time to reach stabilized power output is slow
» Determination of PEC is ambiguous

» J-V curve is sensitive to experimental conditions
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Parameters affecting J-V Hysteresis
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Possible Origins of J-V Hysteresis

» Trap states at interface/surface
 Ferroelectricity: remnant polarization
 Bulk photovoltaic: large V.

 lon migration

* Light-induced structural transformation

. Trap states at surface
? 10 F
5 4
8 10 He-l UPS
.%‘ 10° + (hv=21.2eV)
5 2 " from Pb|2
€ 10 | from PbCl,
101 L | | l | L

10 8 6 4 2 0
Ultraviolet photoemission spectra for CHsNH:Pblsthin films
vapor deposited on native oxide terminated silicon from
Pbl.(blue) and PbCl:(red) precursors.
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lon Migration in OMHP

Glant switchable photovoltaic effect Photoinduced giant dielectric constant
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2x2x1 super-cell of MAPDI;,
16 formula units

PBE-DFT + dispersive
corrections in VASP

nudged elastic band (NEB)
using VTST

different charge states of hydrogen:

H*, HO, H-

modeled by fixing the number of
electrons per cell

sample a slice of lateral adiabatic

b)

June 15,2015
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Adiabatic PES of Hydrogen in MAPbI,

a) positive: H' . neutral: H’ . negative: H

L3 2

-3 m

relative energy [eV]
- ]

L

y—position [Ab =
W -

- -
relative evergy (eV]
y=posaition [A)

= L

« All three hydrogenic defects are found to be repelled from the A

Site
 H*is stable in the vicinity of |
 HOisin an interstitial Pb-I site — lonic character MAPDI,

H- is closer to the Pb site
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rgy

olH*

Trap stateg’ t surface

n

I Pb I

« Bourgoin-Corbett mechanism:? interstitial migrates via successive changes of
its charge state

« Similar mechanism relevant for Si-interstitials in Si%3 - might be relevant for
other defect types too

1 Bourgoin & Corbett, Phys. Lett. 38A, 2 (1971)
2 Bar-Yam and Joannopoulos, Phys. Rev. Lett. 52, 1129 (1984);
3 Car et al., Phys. Rev. Lett. 52, 1814 (1984)
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Minimum energy path for H* in MAPbl,

Proton migration between equatorial iodines in MAPDbI,
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reaction path (A)

enhanced by successive
displacements of iodide
atoms.

* The energy barriers for
lodide-iodide H* transfer
can even be as low as
0.17 eV if proton migration
between different | sites is
considered
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Observation of Long Carrier Lifetimes
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Explanation of Long Carrier Lifetimes (1)

» Defects with favorable formation energies have shallow
levels = Electronically benign

Conduction Band

MA | Pb V. |Pb [MA | Pb

i MA I i I I
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Adv. Mater. 26, 4653 (2014)
J. Phys. Chem. C, 119, 5253 (2015)
Angew. Chem. 54, 1791 (2015)
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Explanation of Long Carrier Lifetimes (2)

» Charge separation induced by long range potential
fluctuations associated with molecular orientational
disorder.

« Large scale DFT calculations suggest that the

Iocallzatlon Iength IS 40 60 nm.
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Nano Lett. 15, 248 (2015)
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Explanation of Long Carrier Lifetimes (3)

-

111 molecular orientation 011 molecular orientation

Energy (eV)

 Dynamical band gap: CBM position fluctuates at room ‘ J " o
temperature

Nat. Comm. 6, 7026 (2015)
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Domain Walls and Carrier Lifetimes

» Potential steps from domain walls aid carrier separation
« Carriers move along potential maxima in multi-domain samples

CDW

J. Phys. Chem. Lett., 6, 693 (2015) Nano Lett. 14, 2584 (2014)

Domain wall = Polarization gradient - Built-in electric field
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Layer-resolved local density of states

4MW V'V \\ + 1 — Total LDOS
= 4w\"’\’\\ . .— I LDOS
8 4% Qg/w \Vad l ' 1 — PbLDOS

P e AN AAmANA A,

= 4-\_,\,/VV\JVU'/L’V\ B
c L ‘
34 W T . |CBM A AL
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B af -
S R MW VN
) M, wAq | W V\' AA
8 af YAV B -
S A AV T :

0 ") 0 4 o0 0.0 “To 20

E — Er (eV) Potential (V)

« CBM is located at domain wall A: P, components meeting with a head-to-head

configuration

« VBMiis located at domain wall B: P, components meeting with a tail-to-tail

configuration

S. Liu et al., J. Phys. Chem. Lett., 6, 693 (2015)
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Spin Effects on Carrier Lifetimes

Favorable and unfavorable spin helicities

\%ﬂ

Spin-forbidden
transition

Favorable spin helicity

N

Spin-allowed
transition

Unfavorable spin helicity

Spin helicity can be controlled by structural distortions

June 15,2015
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Spin Effects on Carrier Lifetimes

Space group: I[4cm, Room temperature

* Pb displacements give
rise to favorable spin
helicity

0.20 Energy: meV
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-80
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App A

F. Zheng et al, submitted (2015)
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Materials design: Halide Substitution

» Halide substitution has significant impact on efficiencies
* What are the materials design principles?
» Theoretical guidance is needed.

=l [ e CsSnl,
[ @ CsSnlygFgs
- A GCsSnl,oFq 5 + 2% SnF, 20 T | T | T | T | T
s CsSnl, g.F o5 + 5% SnF, i
- @ CsSnl,gF, o + 5% SnF, with ZnO
- ¥ CsSnlygeFg 05 + 10% SnF, 15 —&— CH,NH,Pbl, ,Cl, (500nm) —
20 N —=— CH,NH,Pbl, (140nm)
T =
5 § 10 [~ N
<
E E 3
" = Jsc: 13.2 mAcm™ Jsc: 17.9 mAcm™2
o °[ |Voc: 071V Voc: 0.97 V N
“5: | | FF: 045 FF: 0.70 i
i O N 42% n: 122%
C 0 .
B L 100mWem™2AM1.5 \ \ |
- | % I U NI B .
0.0 0.2 0.4 0.6 0.8 0.0 0.2 0.4 0.6 0.8 1.0
Photovoltage (V) Voltage (V)
Chung et al., Nature 485,486 (2012) Stranks et al., Science 342, 341 (2013)
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Materials design: Halide Substitution

Atomic structure of CH;NH3Pbl, Cl,

Equatorial
Substitution

Apical
Substitution

Structure | |P.| (uC/cm?) Band Gap, SOC (eV)

CH;NH;Pbl, 5.0 0.69
CH;NH,Pbl; Cl, , equatorial 6.2 0.83
CH;NH,Pbl, ,Cl, , apical 4.4 0.84

J. Phys. Chem. Lett. 6, 31 (2015)
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Glass coefficient response of MAPDI, ,Cl, Fa=

M1-Structures (pelar @

M1: net dipole along z

3
' a (M1)
Enhancement due to Cl S (M1)
. e
g 2{9PME AT —imeme € (M1)
I P A ———— d (M1)
=i .
X
2 £ §
= § & ¥
o O .
o o I
1 . " . L . Indicate maximum o o o°oia°°
0 ! oV 2 3 CH,NH,PDI, (c) (d)

M1 response

e Cl substitution increases response in some cases
e Equatorial site substitution gives larger response
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Summary

 Ferroelectricity in OMHPs is in debate:
- Experimental setup may strongly affect the ferroelectricity
- A site molecular dynamics is important for understanding the

ferroelectricity
- Bulk photovoltaic effect in polar order has higher magnitude

than BiFeO,, which may explain the large V..

 Origin of J/V hysteresis is still unknown:
- lon migration may play an important role in J/V hysteresis
- Hydrogen migration in MAPDI; is studied systematically

e Intrinsic reason of long carrier lifetime:
- Low defect density; disordered dynamics of molecules; ...
- Domain and domain wall can help separate carriers
- Rashba spin helicity plays a significant role in explaining long
carrier lifetime
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