Organic solar cells — are 20 yrs of lifetime realistic
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EMPA Workshop: Durability of thin film solar cells

» Introduction: Organic Photovoltaics
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» Mechanisms: intrinsic semiconductor degradation
» Field test: Imaging the degradation of solar cells
» Summary

® 0
© @ ENERGIE
] ... CAMPUS

NURNBERG
&




Introduction: Organic solar cells

Organic Solar Cells is one technology among organic electronics
* use of abundant raw materials
* potentially cheap
* potentiall flexible

* potentially printed

Organic Organic light Photovoltaic Transistors
materials emitting diodes cells and memory
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Introduction: Organic solar cells

Organic Solar Cells are at market entry

* Developments driven of by OLED / lighting

_ 4th wave:
* ....than photovoltaics Organic electronics
3rd wave:
* ....than electronics Solar cells
2nd wave:
OLED lighting

1st wave: OLED
Displays
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Introduction: Organic solar cells

Organic Electronics is based on &t conjugated, exitonic semiconductors

* sp? hybridized carbon bonds

* works for small molecules, polymers, ...
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Introduction: Organic solar cells

Most famous representatives come from the carbon allotropes
* sp? hybridized carbon bonds

* works for Carbon Allotropes ...

Stable semiconductors, metals — / * ground breaking electronic &€ __-. =
or ballistic conductors rOpedics of Hingle shicets "

* outstanding electronic
and mechanical properties
= fairly mature

for parent
fullerenes

* ample room
for derivatives

extremely high RT-charge carrier
mobilities of y 2 200,000 cm?/Vs

ultrastrong materials, semiconductors, metals

e -acceptor components, neuroprotectants, superconductors, magnets
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Introduction: Organic solar cells

7 conjugated semiconductors are excitonic in nature
* Binding energy of ~ 300 meV

* Requires heterojunction for photogeneration of charges
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Introduction: Organic solar cells

7 conjugated semiconductors are excitonic in nature
* Binding energy of ~ 300 meV

* Requires heterojunction for photogeneration of charges

Flat heterojunction (FHJ) bulk heterojunction (BHJ)
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acceptor
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Introduction: Organic solar cells

Organic solar cells require TWO semiconductors for charge generation

* One p-type One n-type

PCPDTBT. E, =1.46eV, 5.5% PSBTBT. E,= 1478V, 5.2%

" 5.
BCy Ly NN NN

PCDTBT, E,=1.85eV, 6.0% HXS-1, E,=1.95eV, 54% PBDTTT-C, E = 1.61eV,6.6%

= ® 0 Brabec et al, AM 2011
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Introduction: Organic solar cells

7 conjugated semiconductors require TWO heterojunctions

* One for charge generation

Light

VVVVVV
Positive Charge H Transparent Packaging

MNegative Charge

Primary Electrode
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Introduction: Organic solar cells

7 conjugated semiconductors require TWO heterojunctions
* One for charge separation — at the interface

* Results in two architectures: normal and inverted

. . Pictures courtesy D. Olson, NREL
..... EXERELE Waldauf et al, JAP 2006

@ NURNBERG
&




Introduction: Organic solar cells

Organic solar cell efficiency — more than 1000 structures published

* More than 40 structures with performance beyond 5 %
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Introduction: Organic solar cells

Organic solar cell efficiency — certified at > 10 %

* Performance comparable to DSSC or a-Si
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Introduction: Organic solar cells

Organic solar cell efficiency — certified at > 10 %

* 3 different systems (1 single junction, 2 tandem junction) certified ~ 10 %
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Introduction: Organic solar cells

Organic solar cells — why do we need another technology?

v Price Experience Curve -

* Technology at 0.1 €/Wp for PV Solar Modules History
* Production in Europe 00-
* Ultralow investments Forecast
il rerr———
* Production on demand g
=
i 3 1.0
* Abundant materials é
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Introduction: Organic solar cells

Organic solar cells — it is about the printing, not the organics!

* High productivity 100 IC's
200
* Low investment [nm] 500 | ]
bm] 1L 44,
* Production on demand 2 [ MEM g 1 =
I~ ” .
=
* Low Capex 2.8 10 [FSE
= g Traditional visual printing
) 3[20 AND
BUT gé 50 Future functional printing
100
* This becomes only relevant for & e 1_'0_00 g s o
a TW scenario productivity = [m?h]
.... ENERG B Brabec et al, Organic Photovoltaics, Wiley (2008)
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EMPA Workshop: Durability of thin film solar cells

» Introduction: Organic Photovoltaics
> Lifetime: State of the Art
» Mechanisms: intrinsic semiconductor degradation
» Field test: Imaging the degradation of solar cells
» Summary
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EMPA Workshop: Durability of thin film solar cells

Reviewing State of the Art:

» Unpackaged devices:

» Glass packaged devices:

» Flex packaged modules:

NREL data
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OPV Lifetime: State of the Art

Unpackaged systems

* P3HT:PCBM — normal vs inverted devices

* Lifetimes as short as 10 hours for unstable normal arcitecure
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OPV Lifetime: State of the Art

Unpackaged systems

* Interface degradation is dominating

* Explained by pin-hole formation and passivation of interface

10 PEDOT-PSS

Edge-in
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OPV Lifetime: State of the Art

Unpackaged systems

* dense composite electrodes increase lifetime > 5000 hrs, 1 sun

* WVTR of electrode ~ 10 g/m?d or better required
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OPV Lifetime: State of the Art

Glass packaged systems

* Heliatek — glass packaged tandem modules

* Latest data: extrapolated +30 years of lifetime (ISOS3 protocol)
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OPV Lifetime: State of the Art

Glass packaged systems
* glass — glass packaging: > 10000 hrs stability under 1 sun

* WVTR of glass package ~ 10° g/m?d
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OPV Lifetime: State of the Art

Flex packaged systems

Konarka’
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OPV Lifetime: State of the Art

Flex packaged systems — outdoor testing

> 3 years outdoor lifetime reported (under various conditions)

Konarka®

TUV Rheinland certified IEC 61646 for Konarka flex modules

Correlation between ALT and outdoor is missing!

-—way =0 ® 0 E. Zeira, SPIE 2011, San Diego
gﬁ"M"Eﬂl?’ |1 @ Oe% iRk Konarka Press Release 2011 / 2012
- - - o ] . @® campus onarka Press Release
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OPV Lifetime: State of the Art

OPV lifetime — HERO DATA

Unpackaged devices with wrong architecture die within 10 hours

Same / similar semiconductors are stable in optimized architectures:
* 5000 hrs lightsoaking, unpackaged

* 30 yrs predicted for glass packaged (extrapolated from)

* > 10 yrs predicted for flex package

* Passed IEC 61646, flex modules

* 3 yrs outdoor reported

Lifetime is a function of packaging — WVTR < 10 desired

4?““ e @ @ ENERGIE
Vo e : g ® 0 ® crurus

ZAE BAYERN .. NURNBERG




EMPA Workshop: Durability of thin film solar cells

» Introduction Organic Photovoltaic
> Lifetime tate of the Art
» Mechanisms: intrinsic semiconductor degradation
» Field test: Imaging the degradation of solar cells
» Summary
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OPV Lifetime: Intrinsic degradation

Intrinsic & Extrinsic degradation

* At least 9 processes were suggested leading to device degradation

P

5$5d.1003d

. . 3. Georgyvan et al, presentation SPP1355 (Wirzburg, 2011)
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OPV Lifetime: Intrinsic degradation

How to distinguish between intrinsic & extrinsic degradation
* How to distinguish between semiconductor and interface degradation?
* |nvestigate glass — glass packaged devices!

* Understand burn-in defect
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OPV Lifetime: Intrinsic degradation

Intrinsic semiconductor degradation

* |dentification or deep traps as main degradation path

* Fairly easy to identify via transport measurements
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OPV Lifetime: Intrinsic degradation

Inert degradation
* X-Ray, jV, SCLC, EQE, PDS

* reveals trap formation

a) Cleavage of endcaps

Photooxidation
* UV/Vis, PL, ToF-SIMS, FTIR, .....
* Reveals degradation products

* Not relevant for good packages
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OPV Lifetime: Intrinsic degradation

Organic solar cell degradation — intrinsic vs extrinsic mechanisms

* Intrinsic: Deep trap formation under inert conditions — relevant for OPV lifetime
* Impurities like residues from polymerization

* Crosslinking, secondary reactions

* Extrinsic: OSC are sensitive to photooxidation — irrelevant for good package
* Kinetics of photooxidation not well understood

* Catalytical role of water appears essential
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EMPA Workshop: Durability of thin film solar cells

> -ﬂ-u‘q (| o e \‘a.rl =la
viculild

11SMS:

» Field test:

» Summary
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Imaging Analysis: visualization methods

Imaging defects in PV power plants by IR

=9 ERTTY

16,7 "C !

Inspection by Drone IR images
-» Localizing string defects on a cell level
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Imaging Analysis: visualizaton methods

‘Imaging defects — what are we looking for

* Light beam induced current (LBIC)

* Lock-in Thermography (LIT)

IR
camera

* Electroluminescence (EL) pawer supy
* Shunts

> Electrodes / bus bar failure
* Cell breakage
> Delamination

> Interface failure
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Imaging Analysis: visualizaton methods

Lock-In IR Thermography

Visualizing Shunts AND series /contact resistances
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Imaging Analysis: visualizaton methods

Photocurrent Imaging

EL imaging and LBIC imaging are fairly identical

PCPDTBT:PCBM
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Imaging Analysis: visualizaton methods

EL Imaging

Visualizing Shunt, Series Resistance and Contact Resistance

Requires knowledge of the repalcement circuit

10000
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Imaging OPV degradation: Case study

Measurement protocol
Konarka specifically provided 10s of P3HT / PCBM modules

7 B
EL - before and after light soaking
< >
(65° C /|UV)
. soaking/
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Degradation pattern of OPV: Case study

Defect EL ILIT DLIT v Visual Microscopy

Module, test,
interval
p M248 (85/85 Ta1a) M248 (85/85 Tisa) V1248 (85/85 Ta9) M2£8 (85/85 Tiaa)
_I—p 15.45V, 180mA, 5min Voc -8V
— dark areas at edge of cell dark areas at edge of cell dark areas at edge of cell visual delamination
Measuring
parameters
Short

description D05

<
M251 |85/85 T34 M251 (85/85 Ty) M251 (85/85 Taa)
Ve -8V
Information dark zreas at edge of cell dark areas at adge of cell visual delamination

Further information

L Specification Delaminatior of encapsulation il
Visualization method EL, IR, visual
Depiction Bubblas of Gas or Fluid at the ecge of the cells to the encepsulation which results in delamination
Consequence Inactivity of the regarding cell regions
Cause Waterand air is entering through the encapsulation into the module
Appearance/Frequency 4of 11 Modtles
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Degradation pattern of OPV: Case study

> Degradation processes in P3HT / PCBM modules

(1) Missing electrode

(2) Layer tear off

(3) Bus bar defects — impurities

(4) Semiconductor layer impurities

(5) Shunts

(6) Semiconductor degradation

(7) Packaing defects
- diffusion of water
- 2nd diode degradation

Irrelevant

Irrelevant
Irrelevant

Irrelevant

Irrelevant
Irrelevant

relevant
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EMPA Workshop: Durability of thin film solar cells

> OPV:

» OPV Lifetime:

» SC Degradation :

» Field test:

» Summary:

The importance is the printing

+30 yrs for glass (extrapolated, ISOS 3)
+10 yrs for film (extrapolated, ISOS 3)
IEC 61646 passed for flex technology

intrinsic: trap formation (relevant)
extrinsic: photooxidation (not relevant today)

Interface degradation is most relevant

Lifetime is a function of packaging
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EMPA Workshop: Durability of thin film solar cells

» Will organic solar cells give + 20 yrs of lifetime

* Probably Yes

» Would it be smart to think about business models requiring less
than +20 yrs of lifetime

* Probably Yes
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Degradation pattern of OPV: Acknowledgement

" Lifetime: Konarka
Konarka

o Materials: DFG (SPP1355, Exc. Cluster),
BMBF, EC(FP VII), CUT, FFG
» @E Technology: DFG, BMBF, BMU, EC (FP VII)
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Degradation pattern of OPV: Acknowledgement

That was a long story...

Thank you for your attention!
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