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The Basis for Polymer Organic Solar Cells

Ultrafast photoinduced electron transfer between a conjugated
polymer and a fullerene was discovered in 1992".

Donor

_0
3,7 - dimethyloctyloxy 1-(3-methoxycarbonyl) propyl-1-phenyl
methyloxy PPV ' [6,6]C,

Forward electron transfer rate: 45 fst
Backward electron transfer rate: ~1 us

“N. S. Sariciftci, L. Smilowitz, A. J. Heeger, and F. Wudl, Science 258, 1474 (1992).
'C.J. Brabec, G. Zerza et al., Chem. Phys. Lett. 340,232 (2001).
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How Do Organic Solar Cells Work??
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Charge Generation

Polymer PCBM
29eV
4.2 eV
5.2eV
6.0 eV

//%
« »

i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

" M®=L National Renewable Energy Laboratory



i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Basic Characterization of Solar Cell Performance
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Outlook for Organic Solar Cells

e | ow cost organic photovoltaic (OPV) devices
- Printed or solution processed at high speed on flexible substrates
- Using roll-to-roll processing for dramatic reduction in capital and production costs
- Low materials and balance of systems costs

e Near term: > 10% efficiency, lifetime > 10,000 hours
- Applications in building integrated PV (BIPV) consumer electronics, etc.

e | ong term goal: > 15% efficiency, lifetime > 15 years

- Grid connected - roof top power generation & solar farms
- Large scale power generation to meet the terawatt challenge

Power Plastic™ made in Lowell, MA USA
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Solar Cell Technologies

World

i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

Records

Efficiency (%)

50

48

o

40

36

w
N

N
(o)

N
NS

20

16

12

Best Research-Cell Efficiencies

Multijunction Concentrators

¥ Three-junction (2-terminal, monolithic)
A Two-junction (2-terminal, monolithic)

Single-Junction GaAs
ASingle crystal

A Concentrator

WV Thin film crystal

Crystalline Si Cells
® Single crystal

O Multicrystalline

@ Thick Si film

@ Silicon Heterostructures (HIT)

IBM
(T. J. Watson
Research Center)

Boeing

Kodak

No. Carolina
State Univ.

Kodak Solarex

Boeing

Thin-Film Technologies

@ Cu(In,Ga)Se;

o CdTe

O Amorphous Si:H (stabilized)
+ Nano-, micro-, poly-Si

0O Multijunction polycrystalline
Emerging PV
ODye-sensitized cells

@ Organic cells (various types)
A Organic tandem cells

# Inorganic cells

< Quantum dot cells

Varian
Varian  (216x)

(@SOAA \REL

University Univ. Sharp
ARCO SO'BZI;:ga‘(J A NREL (sr;auaaor:ae) e §4sstnt§tar'\ritr» Nu‘warea) Unikd Solar
/ " NRELEUOCIS United Solar ~_,” im transfer) (CdTe/CIS) (eSincSins)
~_~ Boeing e’
Photon Energy X Sr%rp
United
EPFL K(azneka Solar

e

Georgia
ch Tech

LiNREL
t-i
Spectrolab Fraunhofer ISE  Boging- ooar
(metamorphic, 299x) | (metamorphic, 454x) Spectrolab (lattice matched
(lattice 36nzaldwed Spire 418x)
Y Semiconductor
Boeing-Spectrolab  Boeing-Spectrolab
(metamorphic, 179x) Y 43.5%

NREL

(inverted, metamorphic)

(metamorphic, 240x)
ey

NREL (inverted,
metamorphic,1-sun) _ - =

NREL (inverted,
metamorphic,

325.7x) Sharp
(IMM, 1-sun)

-
—‘

UNSW/
Georgia Eurosolare

(14X) Sanyo

UNSW UNSW/C“""-GiS::____‘./"
\ -

NREL -
Japan Spectrolab, e - F?ﬁ ;'XS)E
NREL _ Enoruy —v IES-UPM
Spectrolab Radboud ~(1026x) Ata
(4.0cm2, 1-sun)
@) -
------ Wmmm———————— )\
""""""""""""""""" Radboud
UNSW NREL Univ.

NRELI Konggk

|

1980

1985 1990

1995

2000

2005

el
« »NR=L

201 0 (Rev, 9-2011)

National Renewable Energy Laboratory



i iNREL

NATIONAL RENEWABLE ENERGY LABORATORY

First Products and Cost Outlook

e Consumer electronics
e BIPV applications
- Semitransparent

e Excellent low intensity and
diffuse light performance

e | ow cost materials and
processing

A‘lA
KONARKA®
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First Products and Cost Outlook

e Consumer electronics
LIFE-CYCLE ASSESSMENT OF ORGANIC SOLAR CELL TECHNOLOGIES

: : Annick Anctil'?, Callie Babbitt', Brian Landi*® and Ryne P. Raffaelle*
e BIPV app lications 'Golisano Institute for Sustainability, RIT, Rochester, NY, USA
’NanoPower Research Labs, Rochester, NY, USA

*Chemical & Biomedical Engineering, RIT, Rochester, NY, USA
“National Renewable Energy Lab (NREL), Golden, CO, USA

- Semitransparent
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—nhancing Device Performance
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Two Device Architectures

e Standard architecture

- Must be fabricated in an inert
atmosphere

- Employ low work function
back metal contacts

- Susceptible to oxidation
¢ Inverted polarity devices
- Can be fabricated in air

- Can use stable high work
function metal contacts
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Metal oxides as HTL materials in standard
OPV device architectures
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e PEDOT:PSS improves contact

between ITO and donor

- Increases fill factor, photovoltage

and efficiency

- Increases series resistance &

decreases photocurrent

e Acidic suspension incompatible with

/n0O-based TCO materials

e Reduces device stability due to

acidity of ionic salt

Etching of ITO by PSS, leaching of 60 -

In into PEDOT 0.
- Water adsorption into PEDOT:PSS 207

- formation of insulating domains 0
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Metal Oxides as Hole

Contact Materials
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e PEDOT:PSS has been replaced with
thin film metal oxide HTLs

- n-type: MoOs, V205 & WOs via
thermal evaporation

- p-NiO deposited via PLD

e \Work function of NiO tuned through
control oxygen content

e Band offsets allow for hole extraction
and proper electron blocking
characteristics

e Optimized NiO thickness - 10 nm
- Enhanced photocurrent
e Stable encapsulated devices in shelf
life study
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p-Type semiconducting nickel oxide as an
efficiency-enhancing anode interfacial layer
in polymer bulk-heterojunction solar cells

Michael D. Irwin, D. Bruce Buchholz, Alexander W. Hains, Robert P. H. Chang*, and Tobin J. Marks*

Department of Chemistry, Department of Materials Science and Engineering, and Materials Research Center, Northwestern University, 2145 Sheridan Road,

Evanston, IL 60208

Contributed by Tobin J. Marks, December 21, 2007 (sent for review September 12, 2007)

To minimize interfacial power losses, thin (5-80 nm) layers of NiO,
a p-type oxide semiconductor, are inserted between the active
organic layer, poly(3-hexylthiophene) (P3HT) + [6,6]-phenyl-Csq
butyric acid methyl ester (PCBM), and the ITO (tin-doped indium
oxide) anode of bulk-heterojunction ITO/P3HT:PCBMY/LiF/Al solar
cells. The interfacial NiO layer is deposited by pulsed laser depo-
sition directly onto cleaned ITO, and the active layer is subse-
quently deposited by spin-coating. Insertion of the NiO layer
affords cell power conversion efficiencies as high as 5.2% and
enhances the fill factor to 69% and the open-circuit voltage (Voc)
to 638 mV versus an ITO/P3HT:PCBM/LIF/Al control device. The
value of such hole-transporting/electron-blocking interfacial layers
is clearly demonstrated and should be applicable to other organic
photovoltaics.

interface | photovoltaic | solar energy

I n a world of ever-increasing energy demands and the need for
renewable energy resources, photovoltaics are becoming an
increasingly appealing option for energy production (1). Organic
photovoltaic (OPV) cells (2-8) offer a potential alternative to
conventional Si solar cells, as exemplified by (i) dye-sensitized
(9), (i) polymer (10), and (iii) small-molecule (11) cells. Of
these, polymer cells offer the combined attraction of low cost,
light weight, mechanical flexibility, and amenability to manu-
facture by high-throughput, low-cost, large-area reel-to-reel
coating processes. It is estimated that such solar cells could be
commercially viable if power conversion efficiencies (PCEs) on
the order of ~10% were achieved (12). To date, the highest PCE
polymer solar cells have been fabricated with an active layer
composed of a blend of regioregular poly(3-hexylthiophene)
(P3HT) (13) and the fullerene derivative [6,6]-phenyl-Cg; bu-
tyric acid methyl ester (PCBM) (14) (Fig. 1). The P3HT +
PCBM blend forms a phase-separated ‘“‘bulk-heterojunction”
(BHIJ) nanostructure that provides a large interfacial area for
exciton dissociation. When photo-excited, the P3HT network
acts as an electron donor and transporter of holes to the cell
anode, while the PCBM network acts as an electron acceptor and
transporter of electrons to the cell cathode (10, 15-19). While
one materials limitation of this BHJ design is doubtless the less
than optimum match of the narrow P3HT:PCBM optical ab-
sorption to the solar spectrum (12), it is also likely that the
multiple, poorly understood interfaces represent a significant
and generic performance constraint to this type of solar cell.
Nanoscale “engineering” of the anode—organic interface has
been successfully implemented in organic light-emitting diodes
(OLEDs) for enhancing electrode—organic interfacial physical
and electrical contact, resulting in reduced turn-on voltage,
blocking of misdirected carriers, enhanced thermal durability,
and increased current/power efficiency (20-24). In BHJ OPVs,
interfacial effects probably limit realization of the maximum
theoretical open-circuit voltage (Vo). It is generally thought that
the magnitude of V,, parallels the energetic difference between
the highest occupied molecular orbital (HOMO) of the BHJ

www.pnas.org/cgi/doi/10.1073/pnas.0711990105
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donor material and the lowest unoccupied molecular orbital
(LUMO) of the acceptor material (25-28). This difference, less
the exciton binding energy, defines the theoretical maximum V;
however, in actual devices, the output is typically 300-500 mV
less than this maximum. The hypothesized source of this loss is
the field-driven nature of the devices, the presence of dark
current, and Schottky barriers formed at the interfaces (28). One
way to enhance OPV performance would then be to suppress
these losses to the greatest extent possible. An effective electron-
blocking layer (EBL)/hole-transporting layer (HTL) could, in
principle, achieve this goal by preventing current leakage and
consequent counterdiode formation (29).

In the simplest PHT:PCBM BHI cells, a blended solution of
P3HT + PCBM in a 1:1 (wt:wt) ratio is typically spin-cast onto
tin-doped indium oxide (ITO)-coated glass, which serves as the
anode, and is annealed to form the active layer. The cell is then
completed and its area defined by the sequential deposition of
LiF and Al as the cathode (Fig. 14). Note that inherent to the
simplest BHJ cell architecture, the active layer donor and
acceptor materials are both in direct contact with the anode, and
it is possible for the acceptor material (PCBM) to transfer
electrons to the hole-collecting anode, thereby compromising
cell efficiency. PBHT:PCBM cells having this architecture typi-
cally exhibit PCEs of 2.7-2.9% where PCE is defined in Eq. 1,
with P,y the power output of the device, Py, the power of
incident light source (mW/cm?), and Ji. the short-circuit current
density (mA/cm?).

Poue _ Vool FF
Pw  Pu

PCE = [1]

To prevent electron leakage from the BHJ acceptor to the
anode, to aid in photogenerated hole extraction, and to planarize
the ITO surface, a thin semiconducting poly(3,4-ethylenedioxy-
thiophene):poly(styrenesulfonate) (PEDOT:PSS) electron-
blocking layer (EBL) is typically spin-cast as an aqueous disper-
sion onto the ITO before active layer deposition (Fig. 1B). This
device design has achieved confirmed power efficiencies up to
4% (10). Despite these positive characteristics, note that aqueous
PEDOT:PSS dispersions are at pH ~ 1 and corrosive to the ITO
anode (30, 31). Furthermore, many researchers find that PE-
DOT:PSS depositions yield inconsistent film morphologies and
electrical properties in accord with the demonstrated electrical
inhomogeneity of these films (32, 33). Finally, polymer light-

Author contributions: M.D.I., R.P.H.C,, and T.J.M. designed research; M.D.I., D.B.B., and

AW.H. performed research; M.D.I., D.B.B., AW.H., R.P.H.C,, and T.J.M. analyzed data; and

M.D.I, D.B.B., AW.H., R.P.H.C,, and T.J.M. wrote the paper.

The authors declare no conflict of interest.
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Solution Deposited NIO...
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e Nickel metal precursor ink

- Developed in our group for ink
jet printing of Ni metal grid lines

- Reformulated ink for thin film

e Niink is spin coated and annealed
in air to form NiO thin film

e NiO films
- Thin flims 5-10 nm

- Largely amorphous with no
observed diffraction in XRD

Steirer, et. al., Organic Electronics, 11 (2010) 1414
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e PCDTBT has demonstrated higher Voc
due to deeper HOMO level relative to

P3HT*

*Park et al. Nature Photonics
(2009) vol. 3 (5) pp. 297-303
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High Performance Donor System - PCDTBT
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e PCDTBT has demonstrated higher Voc
due to deeper HOMO level relative to

P3HT*

e 6% PCE achieved w/ PC71BM and TiOx
optical spacer”

*Park et al. Nature Photonics
(2009) vol. 3 (5) pp. 297-303
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High Performance Donor System - PCDT
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ST

e PCDTBT has demonstrated higher Voc
due to deeper HOMO level relative to
P3HT*

e 6% PCE achieved w/ PC71BM and TiOx
optical spacer*

e PEDOT:PSS not well matched to HOMO
of PCDTBT

*Park et al. Nature Photonics
(2009) vol. 3 (5) pp. 297-303
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:PC70BM active layer

:NREL

e PCDTBT has demonstrated higher Voc
due to deeper HOMO level relative to
P3HT*

- PEDOT:PSS not well matched to
HOMO of PCDTBT

- Solution NiO after O2 plasma
treatment serves as much better
contact to PCDTBT

- Enhanced lifetime relative to PEDOT

- Steirer, et. al. submitted
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Improved performance w
solution NiO and PCDI
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e PCDTBT has demonstrated higher Voc

due to deeper HOMO level relative to
P3HT*

- PEDOT:PSS not well matched to
HOMO of PCDTBT

- Solution NiO after O2 plasma
treatment serves as much better
contact to PCDTBT

- Enhanced lifetime relative to PEDOT

- Steirer, et. al. submitted

Norm. Jgc

Norm. FF

1.0

® NiO
® PEDOT:PSS

Norm. V-

Norm. PCE

0.6 kg . . : , . .
0 100 200 300 400 0 100 200 300 400
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PCDTBT | o\ | mavoma | T 8 [PCE (6| oo | na om2
\NiO; 879 11.5 65 6.7 140+10 | 2.3+0.1E-3
PEDOT:PSS | 845 11.1 60 5.7 15+1.0 2.0+2.0
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Inverted polarity
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bulk heterojunction devices

Device ID: 021006 MSW4-¢
Feb 14, 2006 14:37
Spectrum: AM1.5 Global

"'-» Ne=L

s -

Current {mA)

T2 -l Do

V,. = 0.5560 V
I, =1.0738 mA

J, = 10,612 mA/em’
Fill Factor = 43.77 %

NREL
Organic Hybrid Cell

Device Temperature: 25 0£1.0°C
Device Area: 0.101 ¢cm”
Irradiance: 1000.0 W/ m

X25 IV System

PV

0.1

Performance Characterization Team
T T T T 1

-

Dz D3
Voluge (V)

I, = 0.73431 mA
V,, = 03560 V
P, =0.26140 mW

Efficiency = 2.58 %

Band LUMO
— ZnO PCBM
Effective
- Work Work
Function Function
VIS
% _HOMO_
P3HT Ag
caitivad

ITO /ZnO 50 nm / PBHT:PCBM 250 nm / Ag

Sample: 021006 MSW4-¢

Feb 14, 2006 15:00
«?’ ' NREL
go T 1 '

s -

Quantm Efticiency (%)
N
-
I

NREL
Organic Hybrid
Temperature = 25.0 = 2°C

Device Area=0.1012 cm2

HLBQE system
PV Perfermance Characterization Team
1 L | 1 1 l 1 T 1 l T 1 | |

lxlllilllllllllll!:l

[ LU
o Lol
300 A0¢

M.S. White, D.C. Olson, et al., Appl. Phys. Lett. (2006)

Inverted P3HT:PCBM devices now

> 3.7% with HTL/Ag contacts
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Improved Lifetime with Inverted
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Device Architecture

® ® [TO/ZnO/P3HT:PCBM/PEDOT:PSS/Ag
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—nhanced lifetimes with composite electrodes
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e Composite electrodes show stabilized efficiencies (Tso) greater than 5000 hours

e Edge-in diffusion rate < pinhole diffusion rate (not primary lifetime limitation)

e Unencapsulated devices under constant illumination in air Lloyd, et.al. in prep.
e Al thought to fill pin holes in Ag, form stable oxide barrier

al ——
‘§;é*h|?=L National Renewable Energy Laboratory
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Long term stabillity of encapsulated inverted devices
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Active layers protected from oxygen/maoisture ingress
Glass/epoxy encapsulation, 45 C substrate temp
>10,000 hours under sulfur plasma illumination

Cost of such ultra-barriers necessitates development of
Improved architecture and materials
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Conclusions

e |ndustrial upscaling brings higher efficiencies and better reproducibility

- Commercial organic solar cells have prospects for very high speed
printing/deposition rates of meters/second

e [mproving device lifetime is an engineering problem (chemical, electrical,
and mechanical)

- Instability is not an intrinsic property of organic dyes
e Multiple pathways exist to new efficiency regimes

- OPV is a platform for a myriad of new mechanisms for energy conversion
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