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:a Coursdescription

1. Introductionto photovoltaics

Basicinformation about the solar energy and photovolt&eergyconversion

2. Technologyof solarcells

Theindustrial technology of silicon solar cells and thin films solar cellsespbesented

3. Emergingphotovoltaics

Emergingmaterials and devices including dyensitized solazell,organicsolar cell, perovskit
solar cell and quantum dot soleell

4. Photovoltaic systems

Technolog, applications, economics of photovoltaic systems

A Projekt n'WND-POWR.03.02.000-1043/16 5 5 N
aAt RT@ylI NER26S AYGSNReaOBLI Ayl NYS addzRALF R21 Ganyelsk@] AS 1 |
t NEANI Y hLISNIOeaye 2A8RHNI9OBAZAI OBl A B2 odbsie { lHaRA I R2 |



Cell Efficiency (%)

oW
I

36

32

28

Best Research-Cell Efficiencies

ZINREL

A Two{uncson {conosniatr)

Single-Junction GaAs

A Singe orystal

A Concentrator

V' Thinfim crystal
Crystalline Si Cells

0 Singhe crystsl (concantralorn)

0 Wi

| @ Siscon helerostructures (MIT)
V' Thin-fim cryssal

O Dyesensibtoed cels
A Two{uacson {non-concentrator) b

B Four-function or mom (concenyator)
O Fourjunction or mome (non-concentrator)

@ g
O Cuanum dot cats
(varous typas)

B Singhe crystal (nos-concantralr)

Treesfzervag it
Multijunction Cells (2-laminal moncithic)  Thin-Film Technologies
LM & ¥thoe mahnd © CiGS {comoantrator}
[™ WM = matamorphic ® CGs
VM & et swlamotphic O Cdle -
V' Three{uncson [concentranor O Amorphous S (statilzes)
| ¥ Thesequnceon [non-concentran) Emecging PV v

e Cale
WS anoam [monoithia)
NG CliS (vanous lypes)

SUnPower |96
o e o [

- o = o) AMONX [022)

- o - - - - -
UNSWY s




PCE [%]

EmergingPV

@®— Perovskite 25.2 %
A — Tandem

perovskite/Si 28 %
Quantum Dots 16.6%
O— Organic 16.5 %
—O0—DSSC 11.9 %
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In a semiconductocrystallitewhosesize is smaller than
twice the size of itexcitonBohr radius (g, the excitons
are squeezed, leading tuantumconfinement

https://en.wikipedia.org/wiki/Quantum_dot
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Material propertiesand Bohmadii ag of variousbulk semiconductors

E, Electron ay  Hole ap Exciton ay
{eV) m/nig mip g {inm) {nm) ()
[1-%1 Cds 2.48 0.25 (.6 5 | =1 2
CdSe [.73 .12 (.9 §] 3 14 4
CdTe .48 (.09 {).8¢ 7 4 1 5
H-v InP .34 0.073 ().45¢ 1 7 I 8
InAs 0.35 0.023 (.57 12 27 2 20
InSh 0.17 0.012 ().44¢ 16 39 2 Ol
V-V PhSs* 0.42 0.087" 0.083" 17 1) Il 21
PbSe” (.28 0.047" 0.041" 23 26 29 55
PbTer  0.31 0.034"  0.032" 33 56 48 104

ag=emym* a,

gy BohrradiusgFf  nrp o

e semiconductodielectiricconstant

m* effectivemass ofelectronof hole

or for excitonreducedmass 1= m*-1+my*-1

[1] O.Madelung, SemiconductorsDataHandbook Berlin:Springreierlag,2004.
[2] T. D. Krauss and J. J. PetersdddhoidalQuantumDot Optoelectronicsaand Photovoltaicsedited by G.
Konstantatosand E. HSargent



QDsolarcells

Semiconductor
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Size
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Absorbance (arbitrary units)

QDsolarcells

(@) TEM imagshowingPbSeNCswith averagediameterof
5.2nm. (b)Linearabsorptionspectra of a

seriesof PbSa\NCswith averagediameterranging

from 3.3nm to 8.1nmStrongexcitonicabsorption

and ablue-shift of the onsetare sighaturesof quantum
confinementin NCs

https://onlinelibrary.wiley.com/doi/pdf/10.1002/Ipor.200810013
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Solarcellconfigurationswith quantumdots:

1. Photoelectrodes from QDs "arraysA super-lattice)
2. Nanocrystalline TiO, sensitized QDs

3. QDs immersed in a polymer blend ("e" and "nh")



A QDsolarcells

1. Quantumsuperlattice ¢ p-i-n structure.

Quatum super
lattice - (QD9

g

intrinsic

n
Sow down cooling process, transport and collection of hot carriers in p and n contacts

higher voltage or larger photocurrent as a result of MEG




A QDsolarcells

Qunatumsuperlatticeg Structure with aSchottkidiode
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cathodqr electron Anodla 1.  Electrons of QD are excited by solar
energy adsorption
TiO, 30 nm 2.  Electron transfer from QD to TCO via
TiO,
InP 3-5nm 3. Electrons get to the counter electrode

after working at external load

4 21, - e — 3/2 1" at counter electrode

m 5. 3/21"> %I +e atQD

TiO, : QD-sensitized negative charge carrier

Electrolyte: iodine-triiodide redox couple
‘ J QD: InP, CdSe, CdTe, PbS, etc.
TCO: Transparent conducing oxide

Pt : Catalyst

1
a

Glass—
TCO—
electron
Glass—




:z QDsimmersed in a polymer blend

Photons

R0

Glass

ITO contact

PEDOT (Organic
semiconductor polymer
(e-conducting polymer)

Nanocrysals
(h-conducting polymer)

Al-contact



:z QDsimmersed in a polymer blend

E; (2)
e
= 09" [
Ev —_—
h+O O
Hole-conducting
polymer
Eq (1)
Quantum dot in v E
Semiconducting v
polymer Electron-conducting

polymer



:z QDsimmersed in a polymer blend

Vacuum

The schematic band energy structure of bhat&erojunction organic cell used to produce the results
(b)(left) a schematic showing random distribution of donor (P3HT)aodptor (PCBM) regions in the

blended bulkheterojunction organic solar cell, (right) a schematic diagram of systematic alignment
donor and acceptolayers



:z QDsimmersed in a polymer blend

ADVANCED
Malece \I-wﬁ MATERTALS

www.advmat.de

www.MaterialsViews.com

ZnO Nanowire Arrays for Enhanced Photocurrent in PbS

(C) ITO ZNONW/ Au
Quantum Dot Solar Cells Glass ['°°™™  PbsqQp _ (100nm)
Zn0O (300nm) MoO,;
Joel Jean, Sehoon Chang, Patrick R. Brown, Jayce J. Cheng, Paul H. Rekemeyer, o) (2erm)
Moungi G. Bawendi, Silvija Gradecak, and Viadimir Bulovic* %ﬁ
minialsam|
150nm
—————
(a) ITO PbSQD  Au =N
Glass |(150"™) (300nm)  (100nm) i
Zno MO, | B S .
(50nm) (2o0m) B<-f------ —
d ] :
)
E O,—'ir
HeoOMo I..I=J
Aded------- o LR T {----1»a
(b) ] A Figure 1. (a) Schematic and (b) energy band diagram at short-circuit
- /"" (cross-section along A-A) of a planar QDPV device with parallel light
o - : - absorption and carrier collection pathways. By incorporating solution-
2 — o processed ZnO nanowires, an ordered bulk heterojunction (BH]) archi-
w tecture — shown here by: (c) schematic and (d) energy band diagram

(cross-section along B-B') — can decouple absorption from collection,
evtendine the effective depletion width throuehoaut a thick OD flm



:z IBSCells from colloidal solutions of quantum dots

ARTICLE

Solution-processed intermediate-band solar cells
Nature Comunicationg2019) with lead sulfide quantum dots and lead halide
perovskites

Hiraji Hosokawa 1 Ryo TamakiZ Takuya Sawada', Akinori Okonogit Haruyuki Sato!, Yuhei Dgomial
Shuzi Hayase® 3, Yoshitaka Okadap 2 & Toshihiro Yano!

—t—

* Photo-absgrision

IBSCGnadefrom solutions PbSquantumdots (4 nm) immersedin MAPbBY perovskite
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SiN

X

SRN

(Silicon rich

ﬂ 1100°C silicon nitride)

® ® ® & oo
(Quantum Dots)
® ® ®

Fig. 1. Scheme of formation of quantum dots (QDs) in silicon nitride multilayer according to Zacharias and
Green (M. Lipinski in Archives of Materials Science and Engineering, 46 (2010) 69-87).
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Y™ TandemsiliconsolarcellsusingSiQdots
ddzLISNEASS v5 H VY
E, =1.7eV
— — ogniwo Si
DsNYyS 23yAg2 v — 5=l1ev
(§=1.7eV2nmQD g ]
e A . N H Et .
»LONOT S ldzy St 269\ Y I
\ o e e e - -
- ﬁ_
""""""""""""""""""" Ogniwo Si [ﬂ
) (F=11eV) E Si QD barlery S|I§I

a) Schemeof a two-junction silicon cell. The uppeell is made of ailiconsuperlattice
guantumdotswith an energy gap of 1.7 eV, the bottazell isa classic silicon link. These
cells are connected with each other by a tunpugiction[1].

b) Schemeof the band structure of a twgunction cell[2].

[1] E.-C. Cho,M.A.Green G.Conibeeret al.,Siliconquantum dots in a dielectric matrix for ailicon tandem solar cell$lindwai
Publishing Corporation, Advances@ptoElectronic§2007)1-11
2] G. Coniber Thirdgeneration photovoltaics, Materials Today 10 (20075682



:z Lightconverterfrom perovskitenanoparticles

STUDYING OF PEROVSKITE NANOPARTICLES IN

FOR SILICON SOLAR CELL M. LIPINSKI*, R P. SOCHA**, A, KEDRA**, K. GAWLINSKA*, G. KULESZA-MATLAK*,
L. MAJOR', K. DRABCZYK*, K. LABA***, Z. STAROWICZ*, K. GWOZDZ****, A, GORAL*, E. POPKO**+*

o NN N =179
RN AN = median = 5.8 nm

] RN N mean = 6.3 nm
i AN AR standard dev. = 2.7 nm
2. \
o
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Q
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Size d [nm]

Fig. 1. The TEM image of the CH;NH,PbBr,

ion TEM images (b,c) and electron diffraction pattern with

i (a), High 2
two rings corresponded to (021), (221) and (003) faces of cubic phase according to ref. [27] (d) of the nanoparticles

NanoparticlesMAPbBg



MAPBTr, in PMMA hmax= 927 nm
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:z Lightconverterfrom perovskitenanoparticles

90 100
{ Solar cell (no. 2) without ARC (a)

80 composite layer: MAPbBr, in PMMA

(b)

80
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Fig. 8. The external EQE (a) and internal IQE (b) quantum efficiencies of the solar cell with and without the composite (MAPbBr; in PMMA)
layer. The solar cell is without ARC. The difference between the IQE curves is caused by absorption of the composite layer
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:z Progress imperovskitesolarcells

4000 ~ —
Jtotal number of publications: 13 771 03.10.2019

_|total number of published patents: 3095

I publications
1l patents: 2010-October 2018
2000:
1500:
1000:
500:
ol — = .

2012 2013 2014 2015 2016 2017 2018 2019
Year

N W W
)] o 9)]
o o o
o o o
| |

Number of publications and published patents

Source: Welnf ScienceTopic Perovskitesolarcells
Areview of the patent landscap€intellighttps://go.nature.com/2IGsIR9 (2018).
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Perovskite- Calciumtitanium oxide CaTiQ wasdiscoveredn the UralsMountainsin 1838

by Gustav Rose and named affussiammineralogistLev Perovski
Allmaterialswith the crystallographicstructure of calciumtitanium oxide CaTiQ are named

perovskites

Thegeneral chemical formula for pugerovskitecompoundss ABX,S ¢ K S NEBGH! Q
two cations ofverydifferent sizes, andPCs an anion that binds tboth.

Ideal crystal structure of cubic perovskite
29
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HalideperovskiteABX

Perowskitecrystalline
system (ABX)

Halide perovskiteABX, Oxide perovskite ABOs
A' (Li*, K*, Cs", CH;NH,") Al (Mg2*, C&*, Ba2)
B!l (Pb2+, MgZ+, Ca2+, SI‘?*, Ba2+, Zr]2+) IV /Ti4+ oA+
X (F-, CF, Br, I B (i, SI)

Organo-metalhalide Alkali-halide perovskite
perovskite
Peng Gaet al.,Organohaliddead

perovskites for photovoltaic applications,

Energy& EnviromentalScience2014 30
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1892 r :Firstarticle on halide perovskites

Uber die Cisium- und Kalium-Bleihalogenide.
Von

H. L. Weris.!

Als Fortsetzung der in diesem Laboratorium? begonnenen Arbeit
itber Doppelhalogenide ist von den Herren G. ¥. CampBELL, P. T.
Warpexy und A. P. WuEELER eine Untersuchung iiber die Césium-
Bleisalze unternommen worden. Diese Herren haben die Unter-
suchung mit vielem Eifer und Geschick durchgefiihrt, und es macht
mir Freude, ihnen meinen Dank auszusprechen. Sie haben die
Existenz folgender Salze konstatiert:

Cs,PbCl, Cs,PbBr, —_
CsPbCl4 (‘sPbBrg® CsPblJ,
CsPb,Cl, CsPb,Br, —

Sheffield Scientific School, New Haven, Conn., Oktober 1892.



YN HalideperovskiteABX

X=F,Cl,Br,l
A = organiccation MA (CH3;NH;") , FA(CH3(NH,),") or Cs'
B =inorganiccations(Pb,Sn)

Kationy A:
: oA
MA 0,18 (_{ ~ 1o B
FA 0,190,22 ‘ Py ! @ X

Cs 0,17
Rb 0,15

Cs*(cezu) MAnjetyloamoniowy FAformamidinowy)
Goldschmidtgolerancefactort :

(= RRYCRR)

, R, R(ionicradii
I 0.220 Ru R R
For halideperovskites
B A
' 0-196 0,81< t<1,11
Cl 0.181

“ t =0,89 1.0cubicstructure

dlat < 0,8%etragonabr orthorhombic
Pb 0.119

Sn 0.110
M. A. Green, A. H-Balilie, andH. J. Snaith, NaturePhotonics8, 2014

32
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HalideperovskiteABX

phase color Phaseafter
annealing

MAPD} 0,89 Tetragonalblack

FAPb] 1,02
Hexagonalyellow

CsPhl 0,79 Rhombigyellow

FAPb|, Br, E,=1.48¢2.23eV

Tetragonal

regular

Rhombigyellow

1,49

1,72

20,3

17

10,77

33



N Electronicpropertiesof perovskites

CHNH,Pb| .Gl | electron | 0.04X0.016

hole 0.054\D.022

D diffusion coefficient
L diffusionlength

H.J.Snaithiw s p . Sripnce342(2013) 341

34
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Absorption coefficient (cm™)

Opticalpropertiesof perovskites
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o
= |nP
=== CIGS
- C|S
CdTe
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== CH;NH;Pbl;
— CH5;NH,Pbl;

Cl

e, G ¢

200

M. A.Green, AH-BaillieandH. J.Snaith NATURE PHOTONEB:2014 506.

600 800

1,000 1,200
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1,400

35




gg Perovskitesolarcells

VB

ETL: TiQ, SnQ= X ®

_ Absorberc
HTL MeOTAD PTAA
Spirc-ivie D Perowskit halogenkowy

spiro-MeOTAD=
2,20,7,70-tetrakis-( N,NO-di-p-methoxyphenylaming 9,9 O-spirobifluorene)

LITFSIHithium bisgrifluoromethanesulfonylimide) + TBP PTAA polytriaryl aming

MeO — —
OMe
CHs,

M°°O?Qigcr F3C_§_Eﬁ§_cisrpsx HaC CHs
@Q O © - r \@\\

OMe OMe N TBP

Spiro-OMeTAD

\

36



‘g Shockley - Queisser efficiency limit

45 L
40

30 F /
25 F

20

Efficiency n
[%]

15 k Handbook of Photovoltaic

i Science and Engineering, Ed:
10 - +| A.Luque and S. Hegedus,
J. Wiley, 2003.

5L —
i 1.1e¥V -
0 2 | . | . | 4 | .
0.0 0.5 1.0 1.5 2.0 2.5 Eg:l.55eror MAPDI

Band gap energy E,
[eV]
Shockley - Queisser efficiency limit for an ideal solar cell versus band gap energy for: (a) unconcentrated
6000 K black body radiation (1595.9 Wm-2): (b) full concentrated 6000 K black body radiation (7349.0 1
104 Wm-2); (c) unconcentrated AM1.5-Direct [18] (767.2 Wm) and (d) AM1.5 Global (962.5 Wm-?)

37
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08 09 10 11 12 13 14 15 16 1.7
BonomcelED(eV)

T.Leijtenset al., Nature Energy, 3,(2018) 82838

(%) AouBiole UCKSIaAUOD JaMOH
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Advantages: Disadvanges:
A Semiconductor with excellent opto-electronics A Low stability

properties, A Toxicity from Pb
E, can be changed in wide range :1.2 - 2.0 eV,
High absorption,

Low non-radiative carrier recombination rates,
Excellent charge transport: diffusion of lenght >
1mm)

Low crystallization temperature

Simple methods of manufacturing from
solutions: spin-on, ink-jet printing, spray,
Flexibility

A Earth-abundant elements: C, N, H, Pb, I..

A High efficiency > 20%

To oo o To To Do

1. Eperon G. E. et aPerovskiteperovskitetandemphotovoltaicswith optimizedbandgapsScience&54, 861,865 (2016).

2.Eperon G. E. et aFormamidiniuneadtrihalide: Abroadlytunableperovskitefor efficient planarheterojunctionsolarcells EnergyEnviron
Sci7, 982,988 (2014).

3.Unger E. L. et aRoadmapandroad blocksfor the band gapunability of metal halideperovskitesJ.Mater. Chem. A, 1140%11409 (2017).
5. H.JSnaithet al., Scienc42(2013) 341
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Au/Ag
spiro-OMeTAD

meso-TiQ;, SnO;, ZnO

perovskite

Au/Ag/C
spiro-OMeTAD, PTAA

planarlayer
perovskite

ITO

¢-TiOy, ZnO, SnC,, PCBM

Perovskitesolarcells

Au/Ag
spiro-OMeTAD

Mesoporous scaffold/perovskite meso-ALO; Zr0,
perovskite

C-Ti02
FTO

Au/Ag/C

PCBM/BCP/Cyp

planar layer
perovskite

Planar layer perovskite

PEDOT:PSS, NiO, polyTPD
o

K. Kalyanasundarant. M. ZakeeruddinM. G r 2 {Materlal Matters, 2016, 11.1, 3



/M | HalideperovskitesABX and withmixedions

I

FAPb|, Br, E,=1.48¢2.23eV

QA
o B
@ X

(B) Snr decreased,
(X) Br-increased,

MAPb
FAPbJ 1.02
CsPhj 0.79
FAy gsMA 18P (b 558 15)3
FA 5:C9.15Pbk 0.99
FA 5:C9.17°0(b.sBl0.17)3 1.01
FAy 75C9 25P 1) 55y sl

T.Leijtenset al. , IMater. ChemA, 2017, 5,11483

1.49
1.72

1.62

1.52

1.74

1.2

17
10,77

22.1

17.3

20.0
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Efficient Hybrid Solar Cells Based
on Meso-Superstructured
Organometal Halide Perovskites

Michael M. Lee,* Joél Teuscher,® Tsutomu Miyasaka,? Takurou N. Murakami,?* Henry ]. Snaith®*

SCIENCE VOL 338 2 NOVEMBER 2012 643

B 20

-
[*)]
L

Meso-Al,O;
10,9 %

%))

[ %oN 01 S
1,8 %

0.2 0.4 0.6 0.8 1.0 1.2
Voltage (V)

D (eV)

Current density (mA cm2)
(]

o

v TO, Perovskite Hole-transporter ALO, Perovskite Hole-transporter

o

42
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Twoetap method

6 Pbl,/DMF 6 CH,NH,I/IPA

perty correlation in perovskite solar cells:
e-step versus two-step deposition of
sNH,Pbl;, APL Materials, 2014

—
TWO-STEP COATING
L ——
Pbl,

Sping coating 3000 r. p. m, 30s
Annealing40 Cc¢ 2 min., 100 C -5 min.

CHNH;l

Dippng 40 s
Annealing 100 C, 10 min

Two-stagemethod- production of perovskites in mesoporous skeletablictures(TiO,, ZnO)

43

ng-Hyeok Im i in., Morphology-photovoltaic



‘% Perovskitesolarcells

one-step method

NATURE COMMUNICATIONS 2014
Ultrasmooth organic-inorganic perovskite thin-film
formation and crystallization for efficient planar

heterojunction solar cells

Wei Zhang', Michael Saliba', David T. Moore?, Sandeep K. Pathak!, Maximilian T. Hérantner!,
Thomas Stergiopoulos', Samuel D. Stranks!, Giles E. Eperon’, Jack A. Alexander-Webber!, Antonio Abate!,
Aditya Sadhanala3, Shuhua Yao?® Yulin Chen!, Richard H. Friend3, Lara A. Estroff2>, Ulrich Wiesner?

& Henry J. Snaith!
PbX2 + 3CH3NH3I — CH3NH3PbI3 + 2CH3NH3X (X = Cl, I, AC)
Solvent

X

T WXV
\W\“ $ \

44
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NATURE MATERIALS , 2014

Solvent engineering for high-performance
inorganic-organic hybrid perovskite solar cells

Nam Joong Jeon'’, Jun Hong Noh'", Young Chan Kim', Woon Seok Yang', Seungchan Ryu'
and Sang Il Seok?*

Division of Advanced Materials, Korea Research Institute of Chemical
TechnologyKoreg
Departmentof Energy Sciencé&lniversity SuwonRepublicof Korea

100 °C
—_—

Sy -2 - I - Ul -
< » <

] 1 SEe—— 100 °C e

Perovskite solution Spinning Toluene Intermediate Dense and uniform

spreading dripping phase film perovskite film

PbI, — DMSO — MAI — MAPbI; + DMSO T

45
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25
FTO/TiO,/CH;NH;PBI,/Spiro-MeOTAD/Au
2.2 mm
204
500 nm FTO |
80 1m J e 1153 Y = 15+ J =210 mA/cm’
200 nm @ T|02+perow§k|t 3 g V°c= 998 mV
400 nm || perow&klt £ —
) Spiro-OMeTAD = 10 FF=70,0%
E. =1508 %
300 nm I i 200 nm
v T —— 5 —
S =0,25cm?
4.4 eV -4 0 T T T T T T T T T T
© 0 200 400 600 800 1000
EM Napiecie [V]
I 43 Y 5 22 eV
Characteristics ofV perovskite cell made in LF IMIM
S .
FTO TiO, Perowskit oMelq'c,)t\D PAN IT'KO@I

Cells developed at LF IMIM
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Opto-Electronics Review 25 (2017) 274-284

OPTO-ELECTRONICS
REVIEW

Contents lists available at ScienceDirect

Opto-Electronics Review

¢ o

ELSEVIER journal homepage: http://www.journals.elsevier.com/opto-electronics review

Searching of new, cheap, air- and thermally stable hole transporting materials for
perovskite solar cells

K. Gawlinska®*, A. Iwan®*, Z. Starowicz?, Grazyna Kulesza-Matlak?, K. Stan-Glowinska?, M. Janusz?,
M. Lipinski?, B. Boharewicz®, I. Tazbir¢, A. Sikora®¢

2 Institute of Metallurgy and Materials Science, Polish Academy of Sciences, ul. Reymonta 25, 30-059 Krakow, Poland
b Military Institute of Engineer Technology, ul. Obornicka 136, 50-961 Wroclaw, Poland
< Electrotechnical Institute, Division of Electrotechnology and Materials Science, ul. M. Sklodowskiej-Curie 55/61, 50-369 Wroclaw, Poland

Oh 2h 3h 4h

w/o
HTM

Destructionof MAPD} perovskite in the cell (without HTM and without encapsulation). A yellow color indicates
the presence of Pbl2. The cell exposed to sunlight. Test of S9 and S7 popotyazofnethineksfor

encapsulation 48
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A B
104 — - —— , Y 28°C 380°C 460°C
5 established ® &
G perovskites ;
%0'8_ = @ ———» CsPbl,
o @) e
= o d
@)
0.6 -
A RbPbl;
T T T T T T T melting

Li Na K Rb Cs MA FA

M. Saliba T.Matsui, K.Domanski J-Y.Seq A.UmmadisinguS. MZakeeruddinJ:P.CorreaBaena W. RTress A.Abateand A.
Hagfeldt Incorporationof RubidiumCationsnto PerovskiteSolarCellsimprovesPhotovoltaicPerformance, Science, 2016,
354(6309), 206.
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H-,O
a
n[(CHzNH3*)Pbls] [(CH3NH3*),.1(CH3NH) nPblg][H5 O]
Decomposition pathway

in the presence of water H

n- 1[((: HgN H3+)Pb|3]

H,O and Pbl,

CH3NH2 methylaminevolatile and watetsoluble H
water-solublel]

AMAPDI, + 2H,0 8 MA,Pbl, ®,0 +3Pbl,

Another mechanism according to [2]

1. J M. Frost, K. T. Butler,Btivio C. HHendon M. VanSchilfgaardend A.Walsh, NanoLett., 2014, 142584;2590
2.J A. Christians , P. A. Miranda Herrera , P. V. Kamatm Chem.Soc 2015 137, 1530 .
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sz Thermalstability

Requirements: X i
Celloperating temperature-40 to>85°C./ St £ 2 LISNJY A2y dzLJ G

Lamination-mp n 6 [/

MAPDX unstable at 88C- MA sublimates ai85°Ceven in an inert

atmosphere
X ADVANCED Institute for Materials Research
MakeS ¢ Adv EnergyMater, 20151500477 ANERSTS | Hassel University
: www.advenergymat.de Wetenschapspark 1, 3590 Diepenbeek, Belgium

www.MaterialsViews.com
ot HH . Electron Microscopy for Materials Research (EMAT)
Intrinsic Thermal Instability of Methylammonium Lead University of Antwerp

Trihalide Perovskite Groenenborgerlaan 171, 2020 Antwerp, Belgium
X-LaB, Hasselt University

Bert Conings,* Jeroen Drijkoningen, Nicolas Gauquelin, Aslihan Babayigit, Jan D’Haen, Agoralaan Building D, 3590 Diepenbeek, Belgium
L:.e.n D Oheslaeg{?r, Anitha Ethirajan, Jo Virbeeck, Jean Manca, Edoardo Mosconi, Computational Laboratory for Hybrid/Organic Photovoltaics (CLHYO)
Filippo De Angelis, and Hans-Gerd Boyen* CNR-ISTM, 1-06123 Perugia, Italy

MAPDX is not suitable for industrial production!
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NATURE ENERGY | VOL 3 | JANUARY 2018 | 68-74 |

E_T]] MATERIALS

Alloys

§Beij'mg Computational Science Research Center, Beijing 100094, China

"National Renewable Energy Laboratory, Golden, Colorado 80401, United States

Zhen Li," Mengjin Yang,T Ji-Sang Park,” Su-Huai Wei,”" Joseph J. Berry,” and Kai Zhu*"

pubs.acs.org/cm

Stabilizing Perovskite Structures by Tuning Tolerance Factor:
Formation of Formamidinium and Cesium Lead lodide Solid-State
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¢M 3Dmetal halide perovskites used in photovoltaics

#M | Mixed cations [FAMA], [FACS]

Faza, kolor Faza po
wygrzaniu

MAPb} 0,89
FAPb 1,02
CsPhj 0,79
FAy sdMAG 18PD(b 55B15 193
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Tomad_eijtens Kevin BushRongrongCheacharoenRacheBeal
AndreaBowringand Michael DMcGehee
Towardsenabling stable lead halidgerovskitesolar cellsinterplaybetweenstructural,environmental and
thermalstability, J.Mater. Chem. A, 2015,11483
Departmentof Materials Science, Stanfokthiversity Lomita Mall Stanford CA, USA.
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¢M 3Dmetal halide perovskites used in photovoltaics
#M | Mixed cations [FAMA], [FACS]

Eg[eV] PCE [%] cell
_-___

FA 63 1Pb(b sB.17)3 1,74 23,6 Tandem monolit
PSC/Si PSC/Si
Fhy 7:C% 2Py sS85 1,2 Tandem
17,0 PSC/PSC [3]
Fhy sC%.1P0b(hBro 53 1,8 PSC/PSC
[1] High-performance photovoltaic [2] NRELBestResearckCellEfficiencies2017

perovskite layers fabricated through
intramolecular exchange

Woon Seok Yang,'* Jun Hong Noh,'* Nam Joong Jeon," Young Chan Kim,"
Seungchan Ryu,! Jangwon Seo,! Sang 11 Seok™?t

IDivision of Advanced Materials, Korea Research Institute of
Chemical Technology, 141 Gajeong-Ro, Yuseong-Gu, Daejeon 305-
600, Korea. “Department of Energy Science, Sungkyunkwan
University, Suwon 440-746, Korea.

Science2015, 348(6240),1234
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nature ARTICLES

ener gy PUBLISHED: 17 FEBRUARY 2017 | VOLUME: 2 | ARTICLE NUMBER: 17009

[2] 23.6%-efficient monolithic perovskite/silicon
tandem solar cells with improved stability

Kevin A. Bush', Axel F. Palmstrom'f, Zhengshan J. Yu?f, Mathieu Boccard?, Rongrong Cheacharoen',
Jonathan P. Mailoa®, David P. McMeekin® Robert L. Z. Hoye?, Colin D. Bailie!, Tomas Leijtens’,

lan Marius Peters?, Maxmillian C. Minichetti', Nicholas Rolston’, Rohit Prasanna’, Sarah Sofia?,
Duncan Harwood®, Wen Ma®, Farhad Moghadam®, Henry J. Snaith?*, Tonio Buonassisi,

Zachary C. Holman?*, Stacey F. Bent' and Michael D. McGehee'

TStanford University, Stanford 94305, USA. Z Arizona State University, Tempe 85281, USA. 3Massachusetts Institute of Technology, Cambridge 02139,
USA. 4Uniwarsity of Oxford, Oxford OX13PU, UK. D2 Solar LLC, San Jose 95131, USA. 6Sunpreme, Sunnyvale 94085, USA. T These authors contributed
equally to this work. *e-mail: Zachary.holman@asu.edu; Mmcgehee@stanford.edu

3] Science i

Cite as: G. E. Eperon et al., Science
10.1126/science.aaf9717 (2016).

Perovskite-perovskite tandem photovoltaics with
optimized bandgaps

Giles E. Eperon,** Tomas Leijtens,”* Kevin A. Bush,?> Rohit Prasanna,> Thomas Green,’ Jacob Tse-Wei Wang,'
David P. McMeekin,! George Volonakis,* Rebecca L. Milot,! Richard May,> Axel Palmstrom,> Daniel J.
Slotcavage,” Rebecca A. Belisle,” Jay B. Patel,’ Elizabeth S. Parrott,' Rebecca J. Sutton,’ Wen Ma,® Farhad
Moghadam,” Bert Conings,"® Aslihan Babayigit,"®* Hans-Gerd Boyen,® Stacey Bent,” Feliciano Giustino,* Laura
M. Herz,! Michael B. Johnston,! Michael D. McGehee,?" Henry J. Snaith'

IDepartment of Physics, University of Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. “Department of Materials Science, Stanford University, Lomita Mall,

Stanford, CA, USA. *Department of Chemistry, University of Washington, Seattle, WA, USA. “Department of Materials, University of Oxford, Parks Road, Oxford OX13PH, 56
UK. 5SunPreme, Palomar Avenue, Sunnyvale, CA, USA. 8institute for Materials Research, Hasselt University, Diepenbeek, Belgium.
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Mixed cations|RbCsMAHA

Science REPORTS

Cite as: M. Saliba ef al., Science
10.1126f5cience.aah5557 (2016).

Incorporation of rubidium cations into perovskite solar
cells improves photovoltaic performance

Michael Saliba,'*+ Taisuke Matsui,?* Konrad Domanski,'* Ji-Youn Seo,' Amita Ummadisingu,' Shaik
M. Zakeeruddin,' Juan-Pablo Correa-Baena,” Wolfgang R. Tress,' Antonio Abate," Anders Hagfeldt,*
Michael Gritzel't

1) sboratory of Photonics and Interfaces, Ecole Polytechnigue Fédérale de Lausanne, Station 6, CH-1015 Lausanne, Switzerland. 2Advanced Research Division, Materials

Research Laboratory. Panasonic Corporation, 1006 Kadoma, Kadoma City. Osaka 571-8501 Japan. 3Laboratory of Photomolecular Science, Ecole Polytechnigue Fédérale
de Lausanne, Station 6. CH-1015 Lausanne. Switzerland.
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SQ Mixed cations|[RbCsMAHA

Current Density (mA cm )
o

Current Density (mA cm ™)

6+ 16, maximum power point tracking
0 10 20 30 40 50 60
Time (s) "
0 3 T —— 1 1 U N ——"
0.0 0.2 04 0.6 0.8 1.0 00 02 04 06 08 1.0 1.2
Voltage (V) Voltage (V)

A) JV characteristic for 10 mVscell with 21.8% efficiencybc= 1180 mV,
1.=22.8 mA cit'FF 81%)
B)cell with the highest Voc. 19% PCE stabilized for 0.5ceth

Salibaet al. Sciencg2016, 354(6309R06
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:z Mixed cations|[RbCsMAHA

Kationy mieszaneRbCsMAHA

85°C continuous illumination at max power point
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Thermal stability test. Aging 500 hours aP85full solar lighting at the point of
maximum power in the atmosphere N2. Aging procedure more stringent than for

industrial standards.

Salibaet al. Science2016, 354(6309R06
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/M Layered perovskites
L,

R(A).1B %10 YT M I  HrEithe ouineroffayexXRuddlesderPopperstructure).

DlaR=kation butyloamoniowy(n butylammonium)
R¢ largealkylammoniuncations

PEA €£H,NH; phenylethylammoniuntation

BA = (HyNH; butylammoniumcation
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:z 2D-3Dstructures- the waysof icreasingstability

nature

AP, ARTICLES
energy

Efficient ambient-air-stable solar cells with 2D-3D
heterostructured butylammonium-caesium-
formamidinium lead halide perovskites

Zhiping Wang, Qiangian Lin, Francis P. Chmiel, Nobuya Sakai, Laura M. Herz and Henry J. Snaith™

Clarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX13PU, UK.

3D perovkite FAsCs/Pb(l,Br y)s
2D perovskite(BA)(MA)Phyl, 5

2D-3Dstructure
BAg.09(FA0.83CS0.17)0.01 PB(I ¢ 6Brg4)3 ( X =0.09)

62



' @® FA/Cs
- ® Pb

@ |/Br
e BA

VA Iy ]

L A L Lo =
Model struktury 23D
CB,p CByp
CByp CBsp CB3p

m C 299 F-WW

VB,p VByp

Model of energetic bands of 2BD structure, CBconductivity band, VB valence band.

Z Wanget al., NATURE ENERGY 2, 2017, 17135
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2D-3Dstructures
3D
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Wide bandgap (£, =1.72 eV)
20 00000000033933933333333
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(a) Stabilized cell efficiency (SPO) of the best cell (SPO ratio of SPO t¢*?CE

Z Wanget al.,NATURE ENERGY 2, 2017, 17135
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Voltage (V) Time (s)
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JV characteristics3Dperovskitefor BAg o5(FAq §3CS0.17)0.0sPP(l 0.8Bro )3 (Ey = 1.61 eV). Statistical
distribution

Z Wanget al.,NATURE ENERGY 2, 2017, 17135
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Table 1] Solar cell performance parameters determined from J-V curves and stabilized power output measurements.

Device PCE (%) Jsc (MAcm™2) Voc (V) FF SPO (%)
Wide-bandgap FAO_83 CSO.TI Pb(loe Bl'o_4 )3 (x =0)

Average 151410 188 £09 115+ 0.02 0.70 £ 0.03 141+ 09
Champion 16.9 19.8 114 0.75 15.3
Wide-bandgap BAo_Og(FAo_33 CSO_17)0_91 Pb(loe Bl'o_4 )3 (x =0.09)

Average 155+ 11 189 £ 0.7 117 £ 0.02 0.70 £ 0.04 15.8 £ 0.8
Champion 17.2 19.8 118 0.73 17.3
Low-bandgap BAo.05(FA0.83Cs017)0.91Pb(lo.gBro.2)3

Average 181415 2214+ 07 1.09 & 0.04 0.75+ 0.05 175 +=1.3
Champion 20.6 22.7 114 0.80 19.5

Average device characteristics with standard deviation were obtained on the basis of 32 cells for each set. The champion cell data are taken from the J-V curves shown in Fig. 4.

Z Wanget al.,NATURE ENERGY 2, 2017, 17135
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Aging- AM1.5 xenon lamp with a power of 7@&W/cm? in the air (approx. 45 RH%) without
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with a power of 100mWcra Light pulse aging witBuntestXLS +. The structure of the cell
glass/FTO/SnOZL60/ perovskitspiroOMeTAQwith LETFSI antBP) / Au.

Z Wanget al., NATURE ENERGY 2, 2017, 17135
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Vol. 38, No. 1 Journal of Semiconductors January 2017

Recent progress in stability of perovskite solar cells*

Xiaojun Qin"-2, Zhiguo Zhao' 2, Yidan Wang'-2, Junbo Wu':2, Qi Jiang?, and Jingbi You®* T
! China Huaneng Group, Beijing 100031, China

2China Huaneng Clean Energy Research Institute, Beijing 102209, China

3Key Lab of Semiconductor Materials Science, Institute of Semiconductors, Chinese Academy of Sciences, Beijing 100083,
China

4Collegc of Materials Science and Opto-Electronic Technology, University of Chinese Academy of Sciences, Beijing 100049,
China
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Tailored interfaces of unencapsulated perovskite
solar cells for >1,000 hour operational stability

Jeffrey A. Christians @', Philip Schulz®", Jonathan S. Tinkham?, Tracy H. Schloemer®?,
Steven P. Harvey @7, Bertrand J. Tremolet de Villers @', Alan Sellinger @2, Joseph J. Berry ©™
and Joseph M. Luther®™

'National Renewable Energy Laboratory, Golden, CO, USA. 2Department of Chemistry, Colorado School of Mines, Golden, CO, USA.
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NREL Scientists Demonstrate Remarkable Stability in Perovskite Solar Cells
January 30,2018

https://lwww.nrel.gov/news/press/2018/nrel_scientists_demonstrate _remarkable_stability in_pe

rovskite.html »



Current density (mA cm™®) ®

New HTL andlectrod