Nano-morphology and charge photo-generation

In oBHJs based on fullerene and bridged dithiophenes

with Carbon and Silicon bridging atoms
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Conversion of Sunlight into Electricity

Konarka’
Three step process

1. Absorption of photons in a material

2. Photo-induced charge separation

3. Collection of charges at electrodes
N1 n k-swith
electronic
functionality!

The Problem:

Semiconducting polymers cast from solution have
low mobility with recombination lengths

in the 10-20 nm range
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Konarka’

Self-Assembly of
NBul k Heterojunc

by
Spontaneous Phase Separation
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Working principle of OPV
Konarka’
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Donor and Acceptor components
form charge separating heterojunctions
Konarka’
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Bulk Heterojunction Material

Bicontinuous interpenetrating networks
Self-assembled nanoscale material with

charge-separating junctions everywhere!
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Konarka’

The Dream

2Xible Future of Solar

A

LaowCost OPsai nSBlhr&slls 1| Cc O

Roll-to-roll manufacturing of plastic solar modules
at Konarka facility in New Bedford, MA

®

Konarka®
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Device architecture

Konarka’

Must break the symmetry ---

Use two different electrodes with different work functions.
Electrons will automatically go toward lower work function contact
_ anq holes toward higher Work function contact

vy TRRRSRERSS
Thin Film of Phase Separated

Bulk Heterojunction Material

Glass

Current

Light

oc

Voltage

Need to improve the efficiency |'

PCE #sc Vod-F Power (input)




How do we control these parameters?

Konarka’

Voc =[Eful(LUMO) T Epol(HOMO)]

Synthesize polymers with deep HOMO
New Acceptors ---- so that Voc - Eg/e

Jsc
Smaller band gap
Control nano-morphology

FF
Recombination
Reduce density of interfacial traps
and increase mR
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Working principle of OPV
Konarka’

Efficiency Prediction OPV
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Origin of Voc

Konarka’ : : : : : : :
When irradiated with high light intensity,

Fermi levels must be equal (holes in the p-band and electrons in PCBM LUMO)

Voc © EPCBM LUMO - Epolymer homo

PCBM LUMO PCBM LUMO
I Voc --- small Voc --- larger
L PCBM HOMO PCBM HOMO
PCBM PCBM
semiconducting
polymer semiconducting
VOC = 0.6 V Polymer VOC=0.9V
(deeper HOMO)
a CSH”\[’CSHN

/ -\
s Tn B
P3HT O ’\ O O O O NE NM summit 2010



Simulated image showing the formation

of a nparall el pl ate capacitoro
Konarka’

Light on --- at V =Voc

VOC a E & EdL(HOMO))

DVvocapacitoro = Voc
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Alternating donor-acceptor co-polymer

Konarka’

poly[N-9j -hepta-decanyl-2,7-carbazole-alt-5,5-( 4 6di-Z-thienyl-2 6 , 1bénzdadhdadiazole)

PCDTBT

Flexible Chemistry

[% " N@N

CgHi7 CgH17

Mario Leclerc and colleagues
Université Laval
Quebec City NE NM summit 2010



Konarka’
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PCDTBT

electron

PCDTBT:PC70BM
PEDOT:PSS

Glass

Sung Heum Park
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Potential for high efficiency

Konarka’
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Konarka’

17% Power Conversion Efficiency

for wavelengths within the absorption band

ITO/PEDOT:PSS/PCDTBT:PC, BM/TIO /Al
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Demonstrates the potential of BHJ technology for high PCE

- Reduce the band gap
- Increase the FF (mtproduct).
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Cross- sectional TEM Image of the PCDTBT:PC70BM BHJ

Konarka’

Platinum

PEDOT:PSS

PCDTBT:PC70BM=1:4
Image was obtained under defocus



Konarka’

| t 0s al | ab
Morphology
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Control of morphology a case study

Konarka’

Alternating D/A low-bandgap copolymers:
dithiophenes-benzothiadiazole

X=Si X=C (PCPDTBT)

i Shridged (Si-b ) &S. fi Goridged (C-b ) 0

A case of study because:

AI\/IinimaI structural changes
AI\/Iaximum iImpact on oBHJ nanomorphology
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Power conversion: potential

Konarka’
HOMO LUMO Vbi
(HOMOp0|y-LUMOPCBM)
C-b | -5.3eV | -3.55eV 1.3V
Si-b | -5.3eV | -3.6eV 1.3V
OFETs Polymer Blend (1:2)
m, m, [cm?/Vs] | m, [cm?/Vs]
[cm?2/Vs]
C-b 5x103 3x10+4 4x104
Si-b 102 103 103
rr-P3HT 103 5x10+4 4x104
(1:2) (1:2)

©c o o ©
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LUMO({Donor)-LUMO{Acceptor) / eV
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Band gap of the donor / eV

Assuming Afull o Voc, FF:

Max estimated PCE in the range 7-8%
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Structural considerations
Konarka’

Side chain arrangement C-PCPDTBT

Ahelicopter

Si-bridged AML1 calculations predict:
J/ aggregation - rather flat backbone
1 film C Sicb - additional distortion in the
- 1& C-b Si-b backbone
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X-Ray diffraction analysis

Konarka’

AEnhanced pi-pi stacking, in Si-PCPDTBT, the stacking distance (3.4 A) is shorter than what found in

C-PCPDTBT and P3HT.

ANeither the presence of PCBM nor annealing significantly affects the crystallinity of the polymer.
TOO
o 25 A
s00 l 1000 —

g Si-PCPDTBT ——  Si-PCPDTBT:[C60]PCBM=1:3
200 ool —— [C60]PCBM film
—_  Si-PCPDTBT:[C60]PCBM=1:3, 130°C, 5 min
Si-PCPDTBT:[C60]PCBM=1:3, 200°C, 2h
2001 Fullerene
100 600 — peakS
400 — Z
C-PCPDTBT
© e 200 —
9.5A
3.69 A
1|0 2IO 3IO 40
il . . . , 2theta

10 0 30 <0

Puddle-cast films of Si-PCPDTBT:PC70BM annealed at 25°, 130° and 200°C
Films of pristine Si-PCPDTBT as cast and annealed (red line).

2theta

ok, some crystallinity..
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Konarka’

Current density (mA cm'z)

Photovoltaic devices

Selective cathode

Optimized blend

Selective anode

- C-b:
solar cells dominated by losses

- ODT:
reduces losses (& bad flavour..)

] The effect seems to be partiall
i - Si-b:
. DJsc ~ +6mA/cm?
. C-b DFF ~ +50%
] ! — C-b+0ODT
] | — Si-b )
; we LOOK | NTOe
0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)
Jsc (mA/cm”~2) | FF | Voc (V) | Eff(%) corrected
C-b 9.4 0.37 | 0.62 2.2 (up to 3.5%)
C-b + ODT 14.2 0.49 0.62 4.3 (up to 5%+)
Si-b 15.2 057 | 0.58 5 (up to 6%-+)
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Konarka’

2D TEM: overlay

ldeal TEM Bright-Field mode

Beer-Lambert law

T=1/1,=10sN!
s=absorption cross section

N=density of absorbers

|=film thickness

10T

—omwmmm  projection

Generally: density,ymer <d€NSitysjerene

Aldeally BF TEM should produce a grey scale image with
local intensity reduced by the number of fullerene
molecules along the beam path

Aatio between the fullerene size/ film thickness
determines the relatively low contrast in highly intermixed
systems

ADiffraction contrast due to crystallinity may add
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Bright Field TEM

Films prepared as for solar cells on PEDOT:PSS, thickness 90-120nm

C-b: [C70]PCBM=1:2.7 C-b: [C70]PCBM+ODT=1:2.7

Bright spo respondt
relatively pure in composition whose size
must compare to the film thickness

NE NM summit 2010

Rms roughness of all films 1<r<5nm TEM microscope resolution < 1nm



