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Photovoltaic Panel Production.rates

Global Cumulative PV Capacity in Gigawatts since 1992
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0 2016: estimate 302 GW
B @ 2017: projection 368 GW
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e 2023 before the global cumulative capacity is at 1 TW
* At current rates, over 400 years to produce 30 TW
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Grand Vision of Rapidly Manuiaciured PV
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Newspaper Solar cell

’ g
:

If we can “print” solar cells like we print newspaper, we could cheaply prod
electricity we need very rapidly

1 “upcycled” newspaper plant could produce a TW/yr

* Printable perovskites offer a revolutionary new PV technology
* Perovskite stand alone devices
* Perovskite / perovskite tandems
* Perovskite / other technologies
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Important new marke

* Building integrated PV
 Switchable windows
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1 IR
Wheeler et al. Nat Comms 2017.

e Wearable PV

Disaster Relief

* Mobile electricity
e Self powered drone technologies
* Cartrickle chargers coocLeEs

SO A R-FOVWERED
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* Power Beaming

NATIONAL RENEWABLE ENERGY LABORATORY



Thin film (bulk) perovskite

Solvated Perovskite precursor molecules
which crystalize as the solvent dries
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Silicon — industry leader for utility/residential PV
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-V semiconductors — highesi.efficiency. & cost

Best Research-Cell Efficiencies iiNREL
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$25,000 to lift a pound into space
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Emerging PV offers potential = bui.still.emerging

Best Research-Cell Efficiencies LiNREL
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Pb-halide Perovskite semiconductors

=g
| |
it

Best Research-Cell Efficiencies

RENEWASLE ENERGY LABORATORY

Protesescu, L. et al. Nano Lett. 15, 3692-3696 (2015).

Perovskite crystal
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Perovskites: Efficient, inexpensive, flexible, radiation hard, tunable (composition, size)...
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How did Pb-halide Perovskite PVs.gel.io.where they are?

» Incredible rise in efficiency (<4 to 23% short time)

» As tolerant to defects as any other electronic
material we know.

« Solution or vapor-deposited material

 New Semiconductor system p0|sed to greatly

reform optoelectronics:

O

O

O

O

O

Solar Cells

LED / Solid State Lighting
TV / Display technology
Quantum Computation, spin dewces/memory

Lasers, photodetectors, sensors, Gamma
detectors

« Stability and Phase Transitions are critical to
understand before deployment.

L.iNREL
Ly
G e oy
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Perovskite stability

« |dentify the unstable part of perovskite solar cells and fix it
o  Whyis this so challenging?
— lon migration (Li, A-site cation, halides, metals)
—  Moisture ingress
- Low formation energy for crystallization

Stability vs. humidity

Constant need for studies providing greater T
insight into degradation = —
As a function of: =[N

e 20[>

«  Atmosphere (temperature, humidity, ...)

« Device configuration (absorber chemistry, oLt L L : : :
ETL, HTL, additives (Li*, efc.) & w0 |
concentration, electrodes, polarity) £ 08 :

« Substrate S

g 0.6 —@— RH=16%+-

: , : 5 —8— RH =33%

All while fracking output under standardized Z 04t @ RH =52%"

1 1 ! ! ] 1

measurement conditions 63— %
Time (Hours)

Influence of electrode interfaces on the stability of perovskite solar cells: reduced degradation using MoO, /Al
for hole collection. Sanehira, Tremolet de Villers, Schulz, Reese, Ferrere, Zhu, Lin, Berry, Luther, ACS Energy

Letters 2016.
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Components to a Perovskite.solar cell

Au, Ag, or Al

MoOx thickness varied
from 0-200nm

Spiro-OMeTAD

FTO
Pattern

Active

Area Metal

MAPbI; Electrodes:
Tio, Au, Ag, or Al
FlO——
Glass

Perovskite Active Layer: Phase segregation, phase stability, ion migration,
thermal decomposition...

Interfaces: Band alignment, trapped charges, catalysis, water ingress...

Contact Layers: doping, redox, thermal stability...
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Influence of elecirode

If all of these can operate at the same efficiency — optimize based on the most stable!

E S5FTmed ' 7 £ 5F[Pobtaahr * ;7
< 0 Performance < 0 }—Idegradation
E — MoO,/Al E
2 4D | — - MoO,/Ag -1 & -5 -
& —— MoO_/Au 9
&-10 |- _Au"/ - §-10f -
a —Ag Q
e-1D -1 €-15 -
o o
S 20 = L 1 L | — S '20 e 1 1 1 | —
O 0.0 0.5 10 ©O 0.0 0.5 1.0
Voltage (V) Voltage (V)
A) Au, Ag, or Al—l FTO E
MoO, thickness varied Pattern

Active
Area

from 0-200nm 1\ ’
Spiro- OMeTAD—I e -~
MAPbl, — | —— ~
Tio, S
”°:|—‘
Glass

Metal
Electrodes:
Au, Ag, or Al

MoO/Au MoO/Ag MoO /Al

Influence of electrode interfaces on the stability of perovskite solar cells: reduced degradation using MoO, /Al

for hole collection. Sanehira, Tremolet de Villers, Schulz, Reese, Ferrere, Zhu, Lin, Berry, Luther, ACS Energy
Letters 2016.
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Where are the weak links.dn.the.device stacke

Au, Ag, or Al

MoOx thickness varied
from 0-200nm

FTO
Pattern

Active

Spiro-OMeTAD Area Metal
MAPbI; Electrodes:
Tio, Au, Ag, or Al
FlQ——
Glass

Perovskite Active Layer: Phase segregation, phase stability, ion migration, thermal
decomposition... MAPDbI; replaced with FAMACsPbIBr

Interfaces: Band alignment, trapped charges, catalysis, water ingress...

Contact Layers: doping, redox, thermal stability...
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Li-Free, hydrophobic HIMs

* Facile synthesis/purification m@ Qo

 Hydrophobic (incl. Li-free)
e Suitable HOMO level

* Easily tunable ! @
* Good hole mobility M.f% g: g,i'f

EH44 offers improved hydrophobicity

OMe OMe

MeO OMe
@ . -l o
MAPDbDI3 active layer
Spiro LITFSI sp,,o 10 %
77 . (e Ve SPO
> HTM PCE (%) [max] (MAcm=) (V) FF (%)
spiro Li-TFSI 10.2 [13.3] 17.5 0.99 0.55 8.4
Li-Free: Employs predoped HTM as a dopant

EH44 TFSI 10.2 [13.2] 18.6 0.94 0.60 7.9

HTM + AgTFSI > HTM*TFSI- + Ag(s)

T. Leijtens, T. Giovenzana, S. N. Habisreutinger, J. S. Tinkham, N. K. Noel, B. A. Kamino, G.

sadoughi, A. Sellinger and H. J. Snaith, Appl. Mater. Interfaces, 2016, 8, 5981-5989. Alan Sellinger - CSM

18
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Optimized EH44 vs. Spire-OMelAD

Alan Sellinger - CSM

Au MeO OMe
HTM Q ¢
— FAMACs N
Perovskite NN
! Q
OMe
FTO EH44
glass
OMe OMe

§ 2 80 N
E i MeO
£ =1 A \
> 15 2 60 -] // Me0\©\
e g
8 10 ] 40—_ N
c o
£ 54 —— Spiro-OMeTAD 20-f —— Spirc-OMeTAD
a — EH44 1 —— EH44
0 o 1 | ACA Bl ; l L A A l TV 1Ty ' AL I At ) ] L Z9%. Il S Meo
00 02 04 06 08 10 12 400 500 600 700 800 .
¢ spiro-OMeTAD
Potential (V) Wavelength (nm) P

Tailored Interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Christians,
Schulz, Tinkham, Schloemer, Harvey, Tremolet de Villers, Sellinger, Berry, Luther, Nature Energy, 2018.
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Stability: Spiro vs. EH44

»EH44 helps but doesn't
solve stability

»Dynamic changes in all PV
parameters ...

yWhat about other interface?

»TiO2 - most studied
photocatalytic
semiconductor

»Substrate drives the
crystallization

ETL options
PZI’]O, SﬂOz,

fullerenes

A.

B.

N
(=]

),.©

o~

~ Current Density (mA cm’
o o W ) »

-
o

RH (%)

Efficiency (norm)

30 34 4
= @
20 — 32 3
-
10 —SOAQ
- L. 1 . T 0
' == Spiro-OMeTAD
-4~ EH44
08
T —— 4 ——
06 = . !
04 - T I 1 T T T
1 17T
02
a8 T T T 17
0 20 40 60 80 100 120 140 160
Time (hrs)
TiO,/JFAMACs/spiro-OMeTAD/Au D.
20
— =
& 3
E 15— =
O - ——
E 10—3
2 .0
e 3
8 0 “ w0 hrs
® 3| — 265hrs
o 4| —79S5hrs
E 5= 107.1 hrs
O = | — 160.1hrs
-10 “""lﬁ“"Ti’[":l"l T ay
02 00 02 04 06 08 10 12 02 00 02 04 06 08 10 12
Potential (V) Potential (V)

Tailored Interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Christians,
Schulz, Tinkham, Schloemer, Harvey, Tremolet de Villers, Sellinger, Berry, Luther, Nature Energy, 2018.
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Vertical composition: HIiks.and.SnOs vs TiO,

Steve Harvey .  ToF-SIMS profiles of fresh, full device stacks
_ e @ Secondary ions . . .
Primary lon, (B) _ogllaue « Changes in perovskite active layer observed

[

between TiO, and SnO,
« Crystallization influenced by substrate

FAMACS
L

ET
LTS _\
a 50 I o D |

10

Ao s INREITC o, C
10°

AU

10"

107

Intensity (a.u.)

0 1000 2000 3000 4000 0 1000 2000 3000 4000 0 50 100 150 200 250 300 350
Sputter Time (s) Sputter Time (s) Sputter Time (s)

Tailored Interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Christians,
Schulz, Tinkham, Schloemer, Harvey, Tremolet de Villers, Sellinger, Berry, Luther, Nature Energy, 2018.
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ETL inferface: SN0, vs 11O,

Steve Harvey

»TOF-SIMS C.
-Changes in TiOz: )
) ) ) ) 10
- A-site distribution (FA, 5
10
MA, Cs)
. . 10°
-Implications for: Band 10"
structure, photo-carrier 3 w0’ 3
dynamics & o >
e 3 =
. - 10
-Changes in SnO2: 5 -
. . 10 10‘5 LARARBAAAR AR ERAARBAA A A A
-More uniform profiles 10’ o'
-Less vertical changes i L] ¥
after operation 10° — e 10°
0 1000 2000 3000 4000 0 50 100 150 200 250 300 350
Adjusted Sputter Time (s) Adjusted Sputter Time (s)

Tailored Interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Christians,
Schulz, Tinkham, Schloemer, Harvey, Tremolet de Villers, Sellinger, Berry, Luther, Nature Energy, 2018.
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Stable unencapsulated.device

~77 mWicm?
300- 1650 n ®
,a ~ 20 o
S 3
‘ § 15 3
E 3
-2,10—_
(3 '% ] 3 — Initial
a —: === 500 hrs
“ =
~10-20% Humidity g ]
Unencapsulated © 53
C. 30 j',i)aq '10-I|lI|I|I|III|I|I|I|I|I|I||

.
o

20 28 3 2 0.0 0.2 0.4 . 0.6 0.8 1.0 1.2
o Potential (V)

o Me Mgk 4 o o
1 1

ol PO T SR S T S T O
D 10 ,'vv--,_‘__

RH(%)

TN e T vww

g 0s ;‘ lllumination Joc Voc FE PCE
% 08 — _time (mA/em?) (V) (%)
R [ = Ohrs 22.35 1.088 0.679 16.52
w 02 - SnO,IFAMACsIEW/MoO/AI —
. w— Champion SnO, device - 500 hrs 21.55 1.049 0.698 15.78
. A ) 1 ) 2!“] L) ) L 450 Al L 1 650 1 ) ) atl)o 1 Ll L i

Ratio 0.964 0.964 1.028 0.955

Time (hrs.)

Tailored Interfaces of unencapsulated perovskite solar cells for >1000 hour operational stability. Christians,
Schulz, Tinkham, Schloemer, Harvey, Tremolet de Villers, Sellinger, Berry, Luther, Nature Energy, 2018.
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Stablility improvemenisito.cdaie...

W‘U"an ]
Moot LTS TP g S|

Efficiency (norm)

- TiO,/MAPI/spiro/Au |
=— TiO,/MAPI/spiro/MoOy/Al
-&- TiO,/FAMACs/Spiro/Au
0.2 — =0~ TiO,/FAMACs/EH44/Au —
4 ~@— TiO,/FAMACSs/EH44/MoOy/Al | |
—@- SnO,/FAMACS/EH44/MoO,/Al
— Champion SnO, device

0.0_-|III|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIII|IIII|IIII

0 200 400 600 800 1000
Time (hrs.)
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So how has this semiconductor escaped us for so long???

Perovskite crystal

O A-site cation

NATIONAL RENEWABLE ENERGY LABORATORY



Overcoming Phase Challenge.in . CsPbXs Perovskites

330 T T I
o ) ) . ..
o leepol, Nanocrystals with bright light emission
C 280 - Desired |
! Cubic Phase ' . ]
httan y ool
230 ¢ s _L,,....I!
b Cst(CI/Br)3 CsPb(I/Br),
180 CsPbCl, CsPbBr, CsPbl,
FWHM
(sPbBry = 12nm-42nm
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Quantum dots CsPbl,; stable in the cubic phase at RT

XRD counts

cubic CsPbl3

10 20 30 40
20 (degrees)

Quantum dot-induced phase stabilization of a-CsPbl; perovskite for high-efficiency photovoltaics. Swarnkar,
Marshall, Sanehira, Chernomordik, Moore, Christians, Chakrabarti, and Luther. Science, 2016
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Rietveld refinement fitting.of XRD
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Quantum dot-induced phase stabilization of a-CsPbl; perovskite for high-efficiency photovoltaics. Swarnkar,
Marshall, Sanehira, Chernomordik, Moore, Christians, Chakrabarti, and Luther. Science, 2016
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Oleylammonium ion ligand.shell

s T

\ 5
e SN
" \.\‘\‘\} . f

Ligands required for high temperature, colloidal synthesis
However, these ligands are bulky and insulating

Replacement of ligands:
— Enables layer-by-layer deposition
— Improves charge transport
— Complete removal of ligands leads agglomeration
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Method to fabricate conductive.CsPbls QD films
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QD Array
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Layer-by-Layer
Assembly

Pb(NO,), in MeOAc

Quantum dot-induced phase stabilization of a-CsPbl; perovskite for high-efficiency photovoltaics. Swarnkar,
Marshall, Sanehira, Chernomordik, Moore, Christians, Chakrabarti, and Luther. Science, 2016
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PV devices from all-lnorganic.Perovskite QDs
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First colloidal perovskite
nanocrystal solar cell

Layer by layer
spincoating of QDs with
Pb(NOs), treatment in
MeOACc

Highest PCE &

stabilized power output
of any CsPbXj; solar cell

Unprecedented Voc

Quantum dot-induced phase stabilization of a-CsPblsperovskite for high-efficiency photovoltaics. Swarnkar,
Marshall, Sanehira, Chernomordik, Moore, Christians, Chakrabarti, and Luther. Science, 2016
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Perovskite NC ionic playground
@ Pb>, Sn* etc.
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Norm. PL

Anion exchange simply by
mixing 2 types of NCs!
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Wavelength (nm)

Nedelcu, Kovalenko et al. Nano Lett 2015.
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AX salt freatment on CsPbls. QD films
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Enhanced mobility CsPbl; quantum dot arrays for record-efficiency, high-voltage photovoltaic cells. Sanehira,
Marshall, Christians, Harvey, Ciesielski, Wheeler, Schulz, Lin, Beard, and Luther. Science Advances, 2017
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CsPbl; QD films with tailored surface properties

CsPbl,QD
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Enhanced mobility CsPbl; quantum dot arrays for record-efficiency, high-voltage photovoltaic cells. Sanehira,
Marshall, Christians, Harvey, Ciesielski, Wheeler, Schulz, Lin, Beard, and Luther. Science Advances, 2017
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FAI freatment enhances.mobilify
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2 orders of magnitude higher than SOA PbS and PbSe

Enhanced mobility CsPbl; quantum dot arrays for record-efficiency, high-voltage photovoltaic cells. Sanehira,
Marshall, Christians, Harvey, Ciesielski, Wheeler, Schulz, Lin, Beard, and Luther. Science Advances, 2017
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FAI freatment leads to record. QD .solar cell
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Enhanced mobility CsPbl; quantum dot arrays for record-efficiency, high-voltage photovoltaic cells. Sanehira,
Marshall, Christians, Harvey, Ciesielski, Wheeler, Schulz, Lin, Beard, and Luther. Science Advances, 2017
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Reasons to be interested in QD perovskites

*  More familiar traditional organic solvents (hexane, octane, toluene, chloroform...)
« Ability to blend with PCBM (reduced hysteresis), other additives, polymers, etc.

*  Moves away from the complications that: large grains = better performance
 Would be hard to implement that in fast printing module production

* No retained solvent, no need to worry about the crystallization dynamics
« Better PLQY, excellent LED potential - enhanced photon recycling

« |deal solution processed candidate for top cell in multijunction devices
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