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Strategies for high stability

Application of additives
15
PhZrTiO
E_'n i Flpkry
o
5
o In AIR
SN0, With UV light
0

100 200 300 400 500
Time (min)

Normalized PCE (a.u.)

*
(] '_' i bl D i S

. +

RbCsMAFA
——Ref
—&—H3pp-1:500
—&—H3pp-1:75

600 800 1000

Time (h)

200 400

Use of Ferroelectric Oxides
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Defects in Halide Perovskites

o— —0 Trap states Passivated
Qo
o @ 0 l @ 0. @ 0 e 0 ® 0 © ; ! 43

Ideal lattice Vacancy int.  Interstitial int. Anti-site Substitutional Interstitial
substitution int.  impurity ext. impurity ext.

Line defect int. Grain boundary ext.* Unsaturated surface bonds ext.*

Subsfrate Grain
boundaries

Defects are recombination centers and induce device degradation under non-equilibrium conditions.

Mater. Horiz., 2020, 7,397--410
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Defect passivation and suppressing ion migration

Imperfections Passivation © Electron
Undercoordinated | MA Undercoordinated  Undercoordinated Pb-1 Metallic lon Migration
lions Vacancies Vacancies lions Pb?*ions Antisite Pb Cluster at Grain Boundary
1 . ' ' ' ‘'
: ! : ! ¢ ! ! i e\ Conversion to Wid
! Cations 1 Anions ' Ammonium ! Lewis Acid ! Lewis Base ! Lewis Acid : Lewis Base OIVerso e
' A ' ' ' '

\
J aslewis Acid ' Bandgap Ma_teﬂals
' \ ' \

lon Migration

\—-——‘""\f/) Coordinate Bonding

lonic Bonding

Defects
- Deep level traps = Major non-radiative recombination centers (affect Voc and Efficiency)
- Shallow level charge traps = lon migration

B. Chen, et al., Chem. Soc. Rev., 2019, 48, 3842--3867



i Nanotecnologia

A .
\ Nanostructured '8- | C N 2 q EXCILENCIA
Materials for [ 1wl ] OCHOA
Photovoltaic Institut Catala
Energy de Nanociéncia
!

Defect Formation

a) Defect formation energy
Vacancies  Interstitials; Anti-sites

non-radiative
recombination

ionic-electronic
propoerties

Increasing formation energy (or decreasing probability of occurrence)
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Point defects

Deep level traps:

e undercoordinated halides ions

 undercoordinated Pb..ions,

* lead clusters

* Pb-I antisite defects (Pbls) — from process fabrication

Shallow level traps:
e | or MA vacancies in the bulk of the material

Example: 12 Point defects in the methylammonium lead triiodide (MAPbI:):

Three types of vacancies (Vws, Ve, V)

Three types of interstitial sites (MA, Pb;, 1))

Two types of cation substitutions (MAes, Pbwa)

Four types of antisite substitutions (MA,, Pbi, lwa, le)

B. Chen, et al., Chem. Soc. Rev., 2019, 48, 3842--3867
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Point defects

Aceptors Donors

(a) | (b)
o 1.5 — - . o -
A o \T2n
E IS S M —
kS D e
)
Z
m 0.5 F
S
§ . —{ 0.0

li MAp, Viva Vep lua  Iep MA; Pbya Vi Pb; MA; Pb,

Shallow Point Defects - Low formation Energy
Deep Point Defects - High formation Energy

B. Chen, et al., Chem. Soc. Rev., 2019, 48, 3849--3867
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Ethylenedi-
ammanium
(EDAZY

Propane-1,3-
diaminium (PR)

Butane-1,4-dia-
minium (BU)

C8 diamma-
nium iodide

Octylammo-
nium [OA)

Tetrabutylam-
monium [TBAT)

izo-Butylam-
mounism
[iso-BAT)

Butylammou-
nium [BA7)

2,2, 2-Trifluoro-
ethanaminium
(FEA")

*HE'""‘/\NHB‘

*HGNMNH‘;*

‘I—bNm"m"

0 -
Hy ™A

‘HENMM

v
A

.
Hal

1,&-diiodzoc-
tane [DNO)

1-Chloronaph- cl
thalene [CN)

Tetrap-
henylphospho-
nium iodide @_'P_Q
(TRPI) i) '
Trioctylphos-
phine (TOP)
Trioctylphos-
phine cxide
(ToPO)
_\_\—\_/ GO
Rubrene |see Figure 51, Supporting
Information)
lodopentaf- F
luorobenzene F F
(IFFE) . .
2-Pyridylthiourea 5 O
N
H H
1,3,4-Thia- 5—--|l
dizzolidine- 5'5"’\", NH
Z-thione H
(TozT)
1,3,4-Thiadia- 5. .5 .5
zolidine-2,5-di- HN-N\I’IT

thione (TDZDT)

Benzylamine

1-Adamantyl-
amine (ADA)

Diethylenetri-
amine (DETA)

A-tert-butylpyri-
dine (TBP)

Pyrazine

Pyridine (Py)

Poly (4-vunylpyr-
idine) (PVPy)

2-{1H-pyrazol-
1yl pyridine

defects

Additive engineering to passivate

Urea fL
HaH™ "HH: N, N-Dimethyl- D
formamide /N_{H
Sulfamic acid 2] (DMF)
HO_%_"HE Dimethylsulf- 0
o axide (DMSO) 5
3-Aminopro- HO. HH;
panioc acid 1/\/ N-Methyl- o]
2-pyrrolidone EfN_
Diethanalamine H (NMP)
(DEA) HO™ ‘q..r""‘-OH
N-Cyclohexyl- [+]
2-pyrrolidone ﬂNO
Aminopropyl FEHMEJ'-% (CHP)
trimethoxysilane o > .
. Tetrahydrothio- [+]
phene oxide §
IS & N
HO NH; Polyvimyl pyrral-
idone (PVF) (Nlo
Polyurethane {}1\/
(Pu}
Poly(2-thyl- o
Terephthalic o OH 2-mazoline)
id (TPA > )¢ PECXA
acid [TPA) Ha 0 ( )
Polyethylane o.
glycol (PEG or Hi o-H
n
J-Ammonium + PED)

valeric acid
(5-AVAY)

H. Zhang, et al., Perovskite photovoltaics: The significant role of Ligands in Film Formation, Passivation and Stability. Adv. Mater. 2019, 31, 1805702
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Sulfamic acid o
HO-S—NH,

4
3-Aminopro- HO NH5
panioc acid :[_)r/\/
Diethanolamine H
(DEA) HO™ ™~"~""0H
Aminopropyl H2NMSiZD
trimethoxysilane o >

~
Dopamine HD@V\
HO NH.
Polyurethane
(PU)

Terephthalic O} - OH
acid (TPA) Pan Wans

5-Ammonium Hgﬁ 0
valeric acid L\_>—CIH
(5-AVAT)
4-phospho- Haﬁ 0, OH
nobutan- C|¥\_/P:0H
T-aminium

Additive engineering in PSC

Benzylamine

1-Adamantyl-
amine (ADA)

Diethylenetri-
amine (DETA)

4-tert-butylpyri-
dine (TBP)

Pyrazine

Pyridine (Py)

Poly (4-vunylpyr-
idine) (PVPy)

2-(1H-pyrazol-
1-yl)pyridine

S NH,

=
Ly N
N N
AN
NI

oy EXCELENCIA
* SEVERO
oT 0 OCHOA

Institut Catala
de Nanociéncia
i Nanotecnologia

Benzylamine | = NH;
=
1-Adamantyl-
e
amine (ADA)
Diethylenetri- FI
amine (DETA) HoN™ " NH,

4-tert-butylpyri- Nf -
dine (TBP) 3 /> {

Pyrazine {\N
|

Pyridine (Py) h
N

Poly (4-vunylpyr-
idine) (PVPy)

H. Zhang, et al., Adv. Mater. 2019, 31, 1805702
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Urea ?L Benzylamine T*Y“NHZ Benzylamine T’Y“NHE
H;N™ "NH, N >
Sulfamic acid o
HO-8—NH, —
1-Adamantyl- /™ ~
4 _ ;«}—NHQ 1-Adamantyl- o\ "
amine (ADA) = amine (ADA) S T
3-Aminopro- HO. -~ NHz
panioc acid I
- - Diethylenetri- H ' ;
Diethanolamine H : ) ~ Diethylenetri-
(DEA) Ho ™~ Nop amine (DETA)  HoN™ >"~""NH, HzN/\\,-Hx/‘“\NHz

amine (DETA)

How to select the best additive to enhance

Dopamine

Polyurethane
(PU)

- efficiency and stability???

Terephthalic AN OH
acid (TPA) Hd N/ \;D
5-Ammonium o

HaN_ )
valeric acid _\_>—DH
(5-AVA¥)
4-phospho- Hal O, OH
nobutan- C|;\_/P:QH
T-aminium

Pyridine (Py)

Poly (4-vunylpyr-

idine) (PVPy)

2-(1H-pyrazol-
1-yl)pyridine

' |
»;QF/

T

oz
Sy
—N N
NN
(O

aine (1BF)

Pyrazine

Pyridine (Py)

Poly (4-vuny|pyr-

idine) (PVPy)

N
N\
J

=

=,
& ,
N

H. Zhang, et al., Adv. Mater. 2019, 31, 1805702



A

o

.
N t t d L) EXCELENCIA
E Nonostcture o% [CN25
Photovoltaic Institut Catala
Energy de Nanociéncia
i Nanotecnologia
Passivation with zwitterions
(positively and negatively charged functional groups)
-25
«;; ol »«’E‘ Deep defect passivation
2 - n g anionic Pb-I and cationic Pb clusters
E 151 = PCEM 'R E -15 —=— Forward
= | |—#— Chaoline chloride : b | = —a— Reverse
= L = . . . .
g -0 on FAg gsMAg 7Py 53876 17); : 3 g -10 on FAg ssMAq 15PD g 5Brp )5 % Non-radiative recombination:
- F ' o
: sl ' 3 : % Voltage Increase
= '] = ]
= L \ | 5 ‘ . .
S . L] | S, ! Efficiency Increase
5 | I 1 1 1 I 1 1 1 I I.I— # 5 1 1 I 1 1 1 I 1 I 1 |}
00 02 04 06 08 10 1.2 00 02 04 06 08 10 1.2
Voltage (V) Woltage (V) )
O
. a P A g:\( 0 Ke
A L ST B X O’C|)‘>O 0 3
a ‘e CH
gl S—— 3 =Y positive charged ammonium group (+— ’ - :tcd -
-ot-phosphatidylcholine
#k_“ Choline N (CH3)3 ) - CH
@ Chloride negative charged phosphate (—PO.’) B R
Vacancy . CIH: CIH:
Choline chloride Choline iodide
25
— T T e e e e e e e e e T T T T T T T T s s s ===
£ 20¢f — ¢30%Ioss
ﬁ __________________________________________ -—
oo
15t 1sun
0 5 10 15 20 25

J. Huang, et al., NATURE ENERGY 2, 17102 (2017)

Time (h)
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Current density (mA cm”?)

Efficient, stable silicon tandem cells enabled by anion-engineered
wide-bandgap perovskites

B 20.0 1.22 C
20 we s B g ' 201 002,
L 18.04 o~ ’>" W cq N',\
= EA < 110] %8 5 BB go £
15 ] O 17.0 5" w : 151 203009000000 00000
. 16.0 ki = ~15 PCE =20.7%
phenethylammonium- 1 s 2
104 based two-dimensional O N o% 29% 0% 76% 100% TSN o 2% 50% 78% 100% § 101 W10
.y Q.
(2D) additives 210 0.85 3 5
5] o Co-To) € 51 o
i 205 0.80 < £ 0 10 20 30 40 50 60 70
S % w K - Time (sec)
] ) 57 poai | O
o]—=—PEAI (17.46%) e é B 52 worsy o B3 o] W
——PEA(|,,.SCN, ) (19.66%) _Bros{ B0 070 ;
—e— PEASCN (18.83%) , PEA(ly 25sSCNo 75) 3
o 1
00 02 04 o6 08 10 12 ©Oscuonzx sk o W O soNowzw so% 79% 100w %o 0z 04 06 08 10 12
Voltage (V) Voltage (V)
D 1.0 z T e T T D T LT T} LT T =Ty Spempem mepmyemp syempespe: Fepespeny mpempespe. spnpent mpempenye gempempes BEH
z #® R - I S-3-J

a
.............

W o\ g r000000000090-00-000000000-000000-0000.0000n .
© 08 | o I g o e e o TR R & ;
vl —o— PEA(l525SCNg 75) 1
o 06 —
N - -
g o PEAI ]
5 | -
> 02 -
- P .
00 , , l ) 1 1 l 1 1 1 1
0 200 400 600 800

Time (hour)

1000

3

Byungha Shin, et al., Science 10 Apr 2020: Vol. 368, Issue 6487, pp. 155-160, DOI: 10.1126/science.aba3433
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ISOS Protocols for PSCs

nature
f]l”“f %y

nature CONSENSUS STATEMENT

Cﬂergy https://doi.org/10.1038 /54156 0-019-0529-5

OPEN

Consensus statement for stability assessment and
reporting for peroysl - -
ISOS procedures Stable PSC:

Mark V. Khenkin®"? Eugene A. Ka
Christoph Brabec™®, Francesca Brung
Rongrong Cheacharoen®, Yi-Bing C
Konrad Domanski®', Michat Duszz
Yulia Galagan®22, Diego Di Girolam:
Harald Hoppe?, Jeff Kettle??, Hans K
Yueh-Lin Loo®"3, Joseph M. Luthe
Muriel Matheron®%, Michael McGe W E
Ana Flavia Nogueira©3*, Cagla Odal g SN

Francesca De Rossi®#, Michael Salib 5 3
Samuel D. Stranks©*¢, Wolfgang Tress®?2, Pavel A. Troshin*’*8, Vida Turkovic®, Sjoerd Veenstra®?, ST TR “‘

Iris Visoly-Fisher®'3, Aron Walsh©*%5%, Trystan Watson©*, Haibing Xie®", Ramazan Yildirm®3, )
Boae” LY SV WYY AA&’A

Shaik Mohammed Zakeeruddin?*, Kai Zhu®¢ and Monica Lira-Cantu®™
T ; LA AAA
AA"A“‘A\ A ‘“‘“)",\ o
AL L b v ottt

> 1000 h under continuous light irradiation 1 Sun

A

Less than 10% Efficiency loss

Khenkin, M.V., Katz, E.A., M.Lira-Cantu, et al. Nat Energy 5, 35—49 (2020).
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Shallow lodine Defects Accelerate the Degradation
10f A T Replacement of | with an alternative anion
. W/ PAI
8l / ! B v/ PATFA
\ O
g Sp Trifluoroacetate (TFA-)
3 F
= \ -
i ! ..__.-' H\'\-\. |
2t 2% = X 0-
" | B ; [
19 20 21 22 23
5 Power conversion efficiency (%)
° o o @ = . NH,
c ——f e Control . -
o . S20f  ——/-w/PA Phenylalanine (PA+) *
< ——/-=----w/ PATFA
’ = HO o
Vi gl >15F 24
® o 2 | Eoofew
€ P18} .
o ) 25 16 . ‘ 1.0
o o —@ 8 g 2g'ime eI:?Jsed (56)0 3 ;s T 1 6 % |OSS
%O 0I2 OI OIG 018 10 12 O * = e
Eine(V; — TFA™ ) = —4.01 eV : : 0 : : - a oslh
Voltage (V) %) 3 15 % |OSS
o
@ burn-in
Table 1. Distribution of the Device Photovoltaic P t QO.B-
able 1. 1stribution o e Device otovoltaic Farameters m
Voc (V) Jsc(mAcm’Q) FE PCE (%) SPO E +/ """ Contl’ol < 30 % IOSS
) S 0.4 ——[----- w/ PAI
Control (11.%7739)i 0.012 (zztts;)i 012 ggﬂi 0012 é%%zs)i 035 203 = 0. P w/ PATFA
W/PAI 1103 + 0009  24.49 + 0.13 0786 + 0014  21.23+036 214 Continuous illumination, open-circuit, T ~ 40 °C
(1.101) (24.62) (0.806) (21.86) 0.2 Ls ) . . . .
w/ 1.120 £ 0.013 2451 £ 0.10 0.796 + 0.019 21.84 + 0.35 22.4 "
PATFA  (1.127) (24.61) 0.829) (22.98) 0 200 400 600 800 1000

Average photovoltaic parameters of the control and treated devices. Parenthesis indicate parameters
measured from champion devices for each condition. Abbreviations are Voc, open-circuit voltage; Jsc,
short-circuit current density; FF, fill factor; PCE, power conversion efficiency; SPO, stabilized power

output.

Time elapsed (h)

15
Yang Yang, et al., Joule 4, 1-17, November 18, 2020
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3-Phosphonopropionic Acid

1.0 1%

0.5 -

N, High Stability

0'0 T T T T T T

Normalized PCE (a.u)

Haibing Xia Zaiwei Wang

0 200 400 600 800 1000

Time (h)
16
H. Xie, et al, Accepted Joule, 2021 M. Lira-Cantu. Nature Energy 2, 17115 (2017)
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Additive Selection: Why phosophonate/Carboxillate
O
O
HDEEWHH%DH
OH
3-Phosphonopropionic Acid

—PO(OH).and —COOH anchoring agents in DSSCs:

— PO(OH).was employed to increase the surface binding stability
- Carboxylic acids were employed to increase the electron injection efficiency.

Bonding through the phosphonic acid group = more stable than carboxylic or amine groups
but ...charge injection rates can be affected
(by the tetrahedral phosphorous center and loss of conjugation)

17
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Effect of type of molecule

Additives with phosphonate and carboxylate functional groups

20 -
18555+ =
a2y
=161
S
= 14
L [ |Ref: HP (no additive)
124 [ |H2pp
___ |H3pp
104 [_]Hépp
| |H16pp
3 4 [ ]4-Methoxy

® x

-

HP H2pp H3pp H6pp H16pp 4-Methox

Increasing chain lenght e e——T

H2pp
0
o)
HO—I%Jj\OH

OH

H16pp

o)
HO—!IfI’—CHz(CHz)mCHg)I\OH
OH

4-Methox

H. Xie, et al., M. Lira-Cantu, Joule, 5, 1-21, 2021



PE

Nanostructured
Materials for
Photovoltaic
Energy

o% [CN29

Institut Catala
de Nanociéncia
i Nanotecnologia

EXCELENCIA
SEVERO
QOCHOA

PCE (%)

20

[N
o1
1

Effect of molecule H3pp concentration

e 4

Ref 1:5001:2501:150 1:50 1:75 1:251:12.5

C
‘o_o{o_ﬁ@m
335

Ref 1:5001:2501:150 1:50 1:75 1:251:12.5

HP:H3pp ratio

221

J.. (MA/cm?)

141

12

20+

18

16

S 54 ke "

3

*

*

*

Ref 1:5001:2501:150 1:50 1:75 1:251:12.5

d
T

*

e

Ref 1:5001:2501:150 1:50 1:75 1:251:12.5

H. Xie, Joule, In revision, 2021



A

-
% Nanostructured '80 | ‘ N 2 I; SEVERD
Materials for [ el ] OCHOA
Photovoltaic Institut Catala
Energy de Nanociéncia

i Nanotecnologia

Champion Solar Cell: 21.1 % eff

 — Au —_—

<«<—— Spiro-OMeTAD ——
«—— Perovskite:H3pp ——

m-TiO, /Perovskite

—

« ¢TiO,/FT0 —

3-Phosphonopropionic Acid

Rbo.0sCSo.0sMAo1sFA.7sP bl.os( lossB rvos)s

0]
HO\E/\)J\OH (RbCsMAFA),
éH 100 T T T T T
| -— — 125

20 M ”'g
.a"" \ 20 S
— * <

< o
£ o 15 E
< o g}
T 0]
E10 . & i 10 ©
i Jsc (MA/cm2) Voc (mV) FF (%) PCE (%) o \ o))
) o}
Ref 21.96 1130 79 19.58 - -5 E
\ >

H3pp 21.98 1117 78.4 19.26 L4
0 ! L L . . = 0- T T T T T T T T T m‘“‘o
0 02 04 06 08 1.0 12 400 500 600 700 800 900
V(V) Wavelength (nm)

H. Xie, et al., M. Lira-Cantu, Joule, 5, 1-21, 2021 M. Lira-Cantu. Nature Energy 2, 17115 (2017)
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Recombination behaviour

24|
R 1.14
= 21 (] 2 ¥ ">“‘ )
Sonllgpy) D0t g e %L*
O 1) > t
16 1 1.08
HP H3pp:HP HP H3pp:HP
Optical-pump THz-probe (OPTP)
S 09 — 09 -
& >
® 1 —HP
> 06 < 06 T op P
Z W
S W 03 - OPTP
2 <
- 03 0.0 silica glass/perovskite
00 01 02 03 04 05 0 200 400 600 800 1000
Time (us) Pump probe delay (ps)
Charge carrier life time (non-radiative recombination) Light-induced mobile charges

H. Xie, et al, Accepted Joule, 2021 M. Lira-Cantu. Nature Energy 2, 17115 (2017)
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Effect of additive

(a) Lightintensity dependent V__
(b) Transient photocurrent

(c) Open circuit voltage decay.

e |deality factors with ni«=1.80 and 1.85

 Very similar p-n junction quality and
trap-assisted recombination

e Similar carrier transport and
recombination properties

Haibing, X. et al., Joule, 2021

FTO/c-TiO,/m-TiO,/HP/spiro-OMeTAD/Au

Open circuit voltage (V)

Open circuit voltage (V)

Normalized current (a.u)

1,15

1,10 |
1,05
1,00 -
0,95 -
0,90 -
0,85
0,80

0,75

5
o

o
®

o
o

1.2

1.0

08|
06|

0.4

0,61 0:1
Light intensity (Sun)

04}

0.2

0.0

Time (s)

ref  t=51 b
- H3pp
10 20 30 40 50 60 70
Time (us)

(o
e ref t=1.75s
i — H3pp t=1.89
0 5 10

15
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Current (A)

Effect of additive: Trap density

01F
E FTO/NiO/ kite/Spi
001L  FTOMIO, /perovskite’PCBM i b - ] IIPEroVSKRe/opiro
01 | i
—=HP Bl
1E-3 —o— HP: H3
—e— HP:H3pp Z 1E-3 PP
1E-4 } ] = i
5
1E-5 ] 3ies
1E6 lobinmd  Vyy, =283V, N, =775710% cm’ 1E6os  Vin =098V, N,=268710" cm’
T | | = Voltage (V
Voltage (V) oltage (V)

Space-charge-limited current (SCLC) for electron-only (a) and hole-only (b) devices with
and without the addition of the H3pp additive.

- Passivation of deep defects is negligible.

Haibing, X. et al., Joule, 2021
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Operational stability
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Haibing, X. et al., Joule, 2021
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TRPL at different light intensity (fluences)
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Haibing, X. et al., Joule, 2021
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No incorporation of the additive into the structure

d Ref b
I l I A —1:500 Ref
—1:250
l I —1c125
—1:75 —~
? T ——1:50 -
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= \A»l [0}
..9 A 1 l l AR -A‘ A -E
= LA £
- \.\_J A At lAA h A .L —
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0 10 20 30 040 °0 60 13.6 13.8 14.0 142 14 4
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RbCsMAFA

The full width at half maximum (FWHM) of the main perovskite peak (-111), 26 = 14°, is 0.147 for both of the

reference and H3pp-doped (1:500) samples, reflecting that the average grain size is not affected by H3pp.

No new peaks and peak shifts are observed, implying that the H3pp not likely incorporates into the perovskite

crystal lattice, in agreement with the solid-state NMR results.

Haibing, X. et al., Joule, 2021
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control ‘ Grain Size

.
H3PP This Work
Haibing, X. Submitted
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Grancini, et al. Nat. Commun. 8,
. TSC 15684 (2017).
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Haibing, X. et al., Joule, 2021
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Haibing, X. et al., Joule, 2021
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Electron energy loss spectroscopy (EELS) chemical composition maps

Perovskite
R |

> T S

m-TiO,/perovskite

FTO/c-TiO,

500 nm

Homogeneous distribution

Haibing, X. et al., Joule, 2021
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Intensity (a.u)

Transmittance (a.u)

P g
.
15 20 25 30 35 40
20 (°)
1243 1268 1708/1710
1000 1200 1400 1600 1800 2000 1200 1300 1600 1800
Wavelength (nm) Wavelength (nm)

Interaction additive/HP

P=0 stretching: 1,220 - 1,300 nm
C=0 stretching: 1,600 - 1,800 nm.

-P=0at 1268 cm?! 2 to 1243 cm™!
- C=0 unchanged

Haibing, X. et al., Joule, 2021
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DFT Calculations

Shuxia Tao

The H3pp additive strongly
bonds to the perovskite

€ s through the —PO(OH),
B P=0 _ _
2000} B c-o | functional group via two
- - 1754 1756 types of hydrogen bonds

(H-1 and O~H), passivating
shallow point defects (e.g.,
FA and | vacancies).

Wavenumbe!
—
n
o
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1000
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Good correlation with the FTIR data
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loN MIGRATION: IMPEDANCE SPECTROSCOPY
Frequency (f) dependent capacitance (C)

., -m - Ref From Nyquist Plot of impedance spectra (IS)
104‘ .I E _ "
& C=1/(2nfz")

3 u".... \ fis frequency in Hz
W ¥ . ] Z" is the imaginary part

’ one sun ™ The capacitance in the low frequency range
19 ‘.i 1 (1-100 Hz) is one order of magnitude lower
lll.....' in the H3pp doped device, indicating an

. s, effective reduction in ion migration and
10 7 Iz e T s - = 1"6 charge accumulation at the interfaces.
10 10 10 10 10 10 10 10

Frequency (Hz)

Capacitance (nF)
-’

Zhao et al., Sci. Adv. 2017;3: eaao5616 J. Xing et al., Phys. Chem. Chem. Phys. 18, 30484-30490(2016). Haibing, X. et al., Joule, 2021
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loN MIGRATION: ACTIVATION ENERGY
Temperature dependent conductivity (Dark)
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1000/T (K

higher activation energy than Ref sample = indicating the ion migration is mitigated.

Zhao et al., Sci. Adv. 2017;3: eaao5616 J. Xing et al., Phys. Chem. Chem. Phys. 18, 30484-30490(2016).

Haibing, X. et al., Joule, 2021
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Deep Defect Vs Shallow Defect passivation

Thermal admittance spectroscopy
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H. Xie, et al., M. Lira-Cantu, Joule, 5, 1-21, 2021
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Deep Defect Vs Shallow Defect passivation

Thermal admittance spectroscopy
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Haibing, X. et al., Joule, 2021
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Deep defect passivation == Efficiency
Shallow defect passivation s Stability

3-Phosphonopropionic Acid
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36
H. Xie, et al., M. Lira-Cantu, Joule, 5, 1-21, 2021 M. Lira-Cantu. Nature Energy 2, 17115 (2017)
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Conclusions
Passivation of both shallow and deep defects is needed!

The current understanding of point defects in PSCs indicates that passivation of deep
defects (e.g., Pb-I antisite defects) reduces the nonradiative losses and has a direct impact
on the device performance (V.. and efficiency)

In our work, the PLQE and OPTP results at low fluences (~1 sun) rule out any variation in the
non-radiative defect concentration. However, analyses at increasing fluences (above 10
suns) indicate a small decrease in the deep trap density, which has an enormous impact on
the device stability but not on the device performance.

The H3pp additive strongly bonds to the perovskite through the —PO(OH), functional group
via two types of hydrogen bonds (H+l and O~H), passivating shallow point defects (e.g., FA
and | vacancies).

Other intrinsic factors could be influencing stability: concentration, size and structure of the
additive.
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