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CHOSE- Center for hybrid and organic solar energy

CHOSE is research center with a lab of
about 1000 m? located in Rome devoted to
the research on DSC and BHJ-SC

www.chose.it
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CHOSE- Center for hybrid and organic solar energy

Glass based technology
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CHOSE- Center for hybrid and organic solar energy

Perovskites based technology

9% eff.
O
PCBM 20nm
PEDOT:PSS
FTO/ITO
13% eff.

Perovskite module formed by 5 series
connected cells (monolithic architecture).
Aperture area = 25 cm2, Active area = 16.8
cm2, Efficiency on active area = 5.1%

Au 150nm

Nanoporous TiO,, .
FTO/ITO (Matteocci et al. PCCP 2014)
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SPIN-OFF & START-UP

e Technological transfer with Spin-off and Start-up
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Consortium DYEPOWER

A PERMASTEELISA GROUP

dyepOwer

........

ALMA UNIVERSITAS o
TAURINENSIS

UNIVERSITA AN ON
DEGLI STUDI /&7 “5AR-\2)
DI TORINO [af i ,
. A )Y ey

v\ Q A

>

www.dyepower.org

POLO PER IL CHOSE - CENTER FOR
FOTOVOLTAICO A CELLE ‘ HYBRID AND ORGANIC

MNeenoforam, Roma-14-156ettenrbre 2011



http://www.permasteelisa.it/main.php
http://www.dyesol.com/
http://www.unife.it/

.
-
g

DYEPOWER: Objectives

L'obiettivo del consorzio e lo sviluppo di un processo di produzione industriale per
la fabbricazione di pannelli DSC per applicazioni in facciate di vetro. Cio
comporta l'individuazione dei materiali, processi e soluzioni tecnologiche che
consentano a tali pannelli di raggiungere livelli adeguati di stabilita, di efficienza
energetica e di costo.

Main Milestones
- Prototype of Photovoltaic Glass Envelope based on DSC technology

- Pilot Plan for the production of such DSC Photovoltaic Glass Envelope
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Building Integrated Photovoltaics
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Background
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Energy from the sun

» Averaged over a year humanity consumes
over 13 TW of power.

» The sun deposits 120000 TW of power on
the earth surface.

 Typical sunlight conditions in central Italy
give1400 kWh/m? per year.

* To satisfy a good fraction of the electricity
needs of a typical family one needs at least
a 2kWp PV system, ie. ~20m? of
photovoltaic surface (assuming system
efficiencies of 10%).
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Spectral Irradiance y [W/(mZnm)]

Sun’s Spectral lrradiance on earth’s Surface
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uv | visible | infrared —>

O solar spectrum (AM 1.5-G, 1000 W/m?2)

‘ converted by crystalline silicon cell

l 1100 nm ~ 1.1 eV = band gap of silicon
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wavelength [nm]
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The origins

1941

The american Russell Ohl (Bell Labs) discovers
accidentally the use of a pn junction as solar cell

The Bell Labs researchers Pearson, Chapin,
e Fuller realize a photovoltaic cell with
4.5% power conversion efficiency
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Solar Cells (1/2)

1- Light harvesting
2- Charge separation
3- Charge transport

Light harvesting: photons are absorbed and their energy used to excite electrons.
Charge separation: the excited electrons are separated spatially from the ground state to avoid recombination.

Selective charge transport/extraction: electrons and holes are transported to the terminals of the device, where
the high-energy electrons are selectively extracted at one terminal while the holes selectively are replenished
from the other terminal.

Ideally, there should be a one-to-one relationship between light and electric current: Each photon that strikes the
device deliver its energy to an electron, which in turn transports the energy to an electrical load connected to the
terminals of the device. Here the energy can be released in the form of work. Source: K. West
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Solar Cells (2/2)

@ The |-V characteristic allows to evaluate the behaviour of the solar cells

@ The most important parameters are . the Fill Factor (FF) and the power
conversion efficiency (n):

o Pma:c
N ‘/oc ) [SC

FF
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Which materials for the Solar Cells?

Thick crystalline semiconductors i
— Crystalline silicon
*Single crystal
*Polycrystalline
—Gallium Arsenide(GaAs)

:
—Other materials from the group -V £

domti ]
gt f
S SR ;

e
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“Thin Films” Materials
— Amorphous Silicon (a-Si)
— Cadmium Telluride (CdTe)
— Cupper and Indium diselenide (CulnSe2, o CIS)
— Cupper Indium gallium diselenide (CIGS)

Organic Materials
- Small molecules(antocianine etc.) ;
- Polymers
- DSC 3
- Perovskites
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Efficiency table:detail on organics
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Different approaches have been developed to achieve high efficiency devices:
« OPV standard architecture: 9.15%
« OPV tandem architecture: 10.6%
* Planar perovskites:12.1%
» Perovskites with scaffold: 17.9%
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Outline

» Solution processable OPV devices
»Working principle
» Architectures

» Fabrication process

»New carbon based electrodes

> Conclusions
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Solution processable OPV devices
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Organic Photovoltaics-New Perspectives

The fabbrication processes of the “conventional” solar cells are
expensive and complex.

The cost for the setting of a production factory is very high

Is it possible to reduce both the material and
the production costs for the realization of
solar cells?

Yes! With the introduction of new materials and new fabrication
techniques

Solution processable solar
cells
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“New” manufacture processes

Conventional Electronics » Organic Electronics
Conventional Printi thod
semiconductor industry * rinting methods

High temperature, doping, vacuum

Liquid deposition

_ Small Medium
Very Large enterprises map  enterprises /local productions

//\»
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Organic photovoltaics

Full
organic

Polymers

mall molecule

Metal

Polymer(s)

PEDOT

Type Max lab efficiency Stability R&D
Hybrid Dye 0 . : :
Sensitized (Graetzel) ~11-12% IEC 61646 University and industry
Egl'l'sorga”'c solar ~10% IEC 61646 University and industry
Perovskites ~ 18% - University
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Organic Photovolatic
DYEPOWER

Risg DTU
National Laboratory
for Sustainable Energy
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Working pronciple
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Polymers

Conjugated polymers: macromolecules based on repetition of monomers (same or
different species); principally made of carbon (C), they can have different and distinctive
properties (both optical and electrical), and can be tailored “ad hoc” for several
purposes.

Pro

v low-cost fabrication (solution-processing)
v’ large-area and mass production

v’ flexible devices

v’ customizable

w4

monomer

2.7 eV

polymer

HOMO
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Absorption Coetf. of Organic Semiconductors
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Wavelength (nm)

Generally the optical absorption coefficient (a) of organic materials is much higher
than that of crystalline or multicrystalline silicon as shown in Figure. For the
conjugated polymers MDMO-PPV and P3HT and for the molecular dye, zinc
phthalocyanine (ZnPc) a exceeds 1x10°cmlin the major part of the visible
spectrum.Effective thicknesses of the order of ~ 100nm are required.
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Single layer Organic Solar Cell

EeV

Transparent electrode

Optical source v
Short-circuit

O Excitons are mobile, electrically neutral, optically excited
states, which exist because they do not have enough energy
to separate into an electron and a hole.

UThe exciton separate at the iterfaces

L Exciton diffusion length 1-10 nm, absorption depth >100 nm

. . : 0
A Key Cell Parameter The exciton diffusion Power
£T T AR (T J\ lenght is shorther than J\ efficiency
- _/ the light absorption _/ n< 0.1% o
L, =+ Dt lenght

Source: J. Nelson, ICCMP 2004
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Double-layer

Bi-layer device (heterojunction)

eV

4................

Transparent electrode

Optical source

Use of two polymers, donor and acceptor (p and n type) = better
conversion etficiency (~1%)

» photon absorption and exciton formation next to interface
» exciton dissociation favored by energetic levels

Remaining problems:
? higher series resistance
? solvent-crossing
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Bulk-Heterojunction (BH]J-layer)

polymer blend (BH]J) .

trasperent anode

11 source

dCcepto
| polymer blend

- (bulk-heterojunction)

FOTOVOLTAICO A CELLE \ HYBRID AND ORGANIC
ORGANICHE DEL LAZIO

Blend hole accepting
with electron accepting
material

Contact (+ Contact (-)

Length scale of blend ~
exciton diffusion length

Charge separation at D-
A interface

Continuous paths for
electron and hole
percolation

Photo-Voltaic effect in organic bulk-heterojunction:

1) Photon absorption

2) Exciton formation

3) Exciton diffusion to heterojunction a-d (acceptor-
donor)

4) Exciton dissociation (electrons “hop” from

LUMOdonor to LLH\/I()acceptor)

5) Carriers transport towards electrodes
6) Harvesting of carriers at electrodes
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Improving organic solar cell efficiency

Organic solar cell

/ Voltage

Best n ~10%

Cur‘ent density J

N

/ g V,. limited by:
\ interfacial recombination

interfacial energy levels

\ shunt losses

Fill factor limited by:
low mobility
series resistance

Silicon

Best n 24%

\ short-circuits

J.. limited by:
absorption of red light,
interface morphology

charge transport goyrce: J. Nelson, ICCMP_2004
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Morphology
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Morphology

a) C)
30
amorphous
P3IHT/PCBM |_» PCBM cluster —~ 25
matrix =
ﬂot annﬂa]ed ﬁh'n Subsll'atf: g 20
)
b) : =15
annealin
P3HT-crystallite H e £
with a-axis amorphous c 10
matrix -
PCBM cluster 0
substrate 3 10
annealed film — P3HT-molecule
¢ PCBM-molecule
a,b) Schematic pictures showing the microscopic
process during annealing. ¢) Grazing incidence X-ray
spectrum on a blend before and after annealing,
showing the evolution of the a-axis oriented P3HT
crystals.
Dennler et al., Adv. Mater., 2009, 21, 1-16
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Effect of thermal annealing
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minutes (scale bar 0.5 mm). woo%W R B8 W 8w
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Effects of morphology

10 g T T T T | T e I 5y T
pristine P3HT
. .F____;—-”"’. as-cast [arb.units]
107 & o P3HT:PCBM
.// - I as-cast
- 10t & e R R I U 7 S\ U
> 7 1T ETET R &7\ N\ T
= __w'_ pI‘l-SI,H’lL‘ P3HT =
10 3 ra Z— holes 1.8 L)
o X / PE;HT:{ICEM 10 ‘
Fo / glectrons
F O —— holes 0.5E \ :
L S N T S S S 0.0 Eiicliiniiep = prampreetipast-gp e loppaegt)-pin T R——
as-cast 40 60 80 100 120 140 160 350 400 450 500 550 600 650 700 750 800
Annealing Temperature ['C] Wavelength [nm]
Room-temperature electron (e) and hole (0) Absorption spectra of P3HT:PCBM blend films
zero-field mobilities in (1:1) blends of for different annealing temperatures.

P3HT:PCBM as a function of postproduction
annealing temperature of the completed
devices. For comparison, the hole mobility
measured in pristine P3HT devices (A) is also
shown.
Mihailetchi et al., Adv. Funct. Mater., 2006, 16, 699
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Architectures

POLO PER IL CHOSE - CENTER FOR
FOTOVOLTAICO A CELLE \ HYBRID AND ORGANIC
ORGANICHE DEL LAZIO s SOLAR ENERGY




Standard architecture

ALUMINIUM

P3HT:PCBM

PEDOT:P55

VETRO

POLO PER IL
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Cathode: Al, Ca/Al

Active layer

HTL: PEDOT:PSS, MoO;, Cs,Co,,
V,0.,TiO,, ZnO, NiO

Anode: ITO/FTO

—e— Spray BLEND T=25°C
—e— Spray BLEND T=70°C

Voltage (V)
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PEDOT:PSS

P3HT/PCBM

Inverted Solar Cells

PEDOT:PSS-DMSO
PEDOT:PSS

PEDOT:PSS

P3HT/PCBM

sam [T

UINOLTTL sav (T

PEDOT:PSS-DMSO
PEDOT:PSS

P3HT/PCBM P3HT/PCBM

UGN sam [T

(UL
)

ZnO-NPs 2n0-NPs SN MY Zno-nps 2O
ITO ITO PEDOT:PSS-DMSO
Glass/Plastic Glass/Plastic Glass/Plastic Glass/Plastic
Architecturel Architecture 2 Architecture3 Architecture4
a {—s—Archtecture 2 (40 nm PEDOT-PSS) b
—&— Architecture 2 (130 nm PEDOT:PSS)
O {—a— Arentecture 2 (175 nm PEDOT PSS) 0
i ] —— Architecture 2 (220 nm PEDOT:PSS) o 8— Architecture 2 on plastic
g —4— Architecture 1 g —e— Architecture 1 on plastic
< < -3
£ £
= Fa
§ 2 .6
a A
5 g
: £ e
O O
-12 v r - T - T -12 ’ T v T v T
0.0 0.2 0.4 06 0.0 0.2 04 0.6
Voltage (V) Voltage (V)

Hau et al., Org. Electr., 2009, 10, 1401-1407
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Inverted solar cells: higer stability

Blend |
- Standard

ITO |
Glass |

Ag |
[PEDOT |
Z- Inverted

nO
ITO
Glass

Shelf life in ar

Norm. MPP

The use of an inverted architecture leads to a
substantial increase of the device lifetime

Holdst center PVSEC 2011
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Inverted architecture: the record for a single
junction BH]J

a 5 i ]
|
-
T o #
'E III
7 f :“s
g -10 j ¢
-U ]
E |'
UE _15_"':._:__”._:4_.‘_._*;-4'*“;
-20 T T T T
-0.2 0 02 04 06 OB 1
Voltage (V)
b
a0 - W
60 -
g
‘:J?! 40
20 -
Device type PCE (%) Joc (mA cm™) FF (%) Ve (V) 0
Conventional 8.24 154 706  0.759 00 400 SO0 €00 700 80O
Inverted 9.15 17.2 720  0.740 Wavelength (nm)
Inverted, tested by CPVT 9214 17.456 999 (0754

Z. He et al. NATURE PHOTONICS , VOL 6, pp591-595 SEPTEMBER 2012
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PTB7:PCBM active layer/inverted architecture
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Voc(V) | Jsc(mA/cm?2) FF(%0) PCE(%)
CHOSE 0.72 19.52 63.55 8.73
T Reference 0.74 17.2 72 9.15
Z.He et al., Enhanced power-conversion efficiency in polymer solar cells using an inverted device structure,
NATURE PHOTONICS DOI:10.1038/nphoton.2012.190

Susanna et al. Submitted
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Tandem Solar Cells
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Kim et al., Science, 2007, 317, 222
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Optimization of tandem solar cells
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POLO PER IL CHOSE - CENTER FOR
FOTOVOLTAICO A CELLE \ HYBRID AND ORGANIC
ORGANICHE DEL LAZIO o SOLAR ENERGY




Large area realization
techniques




Large area BH]J processing

The requirements for an ideal process on large area are:
*Solution processing of all layers on flexible substrates
controlling the film thickness, uniformity and shape
* Few coating and printing steps
* Free from costly indium, toxic solvents and chemicals
* Low environmental impact and a high degree of recyclabillity.

* Low costs |
* High speed
* High throughput

Roll to roll approach represent the
preferred solution

Konarka Technologies, Inc
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Large area coating tecniques

There is a huge amount of film-forming techniques, but still no established
approach for the realization of polymer solar cells.

SCREEN-PRINTING
e
DOCTOR BLADING

PAD-PRINTING

SLOT-DIE
—

SPRAY-COATING

INK-JET PRINTING
e
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Comparison of the deposition techniques

Technigue Ink waste Pattern Speed Ink preparation Ink viscosity (cP) Wet thickness (um) R2R compatible
Spincoating 5 0 - 1 1 0-100 No
Doctor blade 2 0 - 1 1 0-100 Yes
Casting 1 0 - 2 1 5-500 No
Spraying 3 0 1-4 2 2-3 1-500 Yes
Knife-over-edge 1 0 2-4 2 3-5 20-700 Yes
Meniscus 1 0 3-4 1 1-3 5-500 Yes
Curtain 1 3 4-5 5 1-4 5-500 Yes
Slide 1 3 3-5 5 1-3 25-250 Yes
Slot-die 1 1 3-5 2 2-5 10-250 Yes
Screen 1 2 14 3 3-5 10-500 Yes
Ink jet 1 ! 1-3 2 1 1-500 Yes
Gravure 1 2 3-5 ! 1-3 5-80 Yes
Flexo 1 2 3-5 3 1-3 5-200 Yes
Pad 1 2 1-2 3 1 5-250 Yes

Ink waste: 1 (none), 2 (little), 3 (some), 4 (considerable), 5 (significant). Pattern: 0 {0-dimensional), 1 (1-dimensional), 2 {2-dimensional}, 3 [ pseudo/quasi 2 /3-dimensional),
4 (digital master). Speed: 1 (very slow), 2 (slow=1mmin '), 3 (medium 1-10mmin '), 4 (fast 10-100mmin '), 5 (very fast 100-1000m min ). Ink preparation: 1
(simple), 2 (moderate), 3 (demanding), 4 (difficult), 5 (critical). Ink viscosity: 1 (very low =10cP) 2 (low 10-100cP), 3 (medium 100-1000cP), 4 (high 1000-10,000cP), 5
(very high 10,000-100,000 cP).

F.C. Krebs / Solar Energy Materials & Solar Cells 93 (2009) 394-412
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Spray-coating technique
Commercial Airbrush

| ——

ADVANTAGES
e Solution processing = Low-cost deposition
o Large Area deposition suitable also for flexible substrates

with different morphologies
e Fluid waste reduced respect to spin-coating
e Easy to use

ISSUES
Film control - thickness, uniformity and roughness

Many process-variables to be controlled
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Spray-Coating set-up

Instrument variables

Distance sample / airbrush: 10-18cm
Flow Rate: ~17-25ul/s (~1-1,5ml/min)
Pressure N,flow: 10-15 Psi
Substrate Temperature : 25°-70°C

. Ink
Film Parameters

Time of spray: 10-60s Thickness
Number of passes: 1-

Concentration: 1-4mg/mi

Solvents

Polymer <:'

Conventional environment
(under chemical hood)

N, Flow

Dual
Action
Lever

Distance

A

Hot Plate
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Co-Solvent optimization: temperature effect

: . . 12
Co-solvent mixture: DCB:CB (1:5) i N ~4,1%
iv E
DCB: improves the phase separation o 10 PP o . FF 59%
CB: allows better spray deposition 5 & nam . T USRS =
E 8 - Spin-coating (~200nm) ¥
S 74 e N
Z ] 2
= 6 i
E} 1 = Air
& > Spray-coated DCB:CB (1:5)
£ 41 <« ~1350m
= 337 » 200nm
= 24
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PR 135 0.66 8.89 60 | 3.6
- EB:CB Air | 200 1034 | 57
Spray. DCB.CBI SR Spray ' 0.64
25° e sy 270 1098 | 59(] 41 |)

340 0.61 10.62 50 3.2

G. Susanna et al., Solar Energy Materials & Solar Cells 95 (2011) 1775-1778
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Current Density (mA/cm2)

Spray coating HTL + Active layer

2,73 —e— Spray BLEND T=25°C B
1,82 —e— Spray BLEND T=40°C _
8,8%'. —o— Spray BLEND T=70°C

substrate PCE % |FF % |Voc (V) Jsc (mA/cm?)

[ 35 ( 48 o062 [ 1162
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Fully spray coated solar cell

2
'}_ = full spray
3 e 2-spray
] 4 1-spray
? r
£+
‘E‘ 4
5 61
] ]
-8-
-10-
-124
0.0 0.5 1.0 1.5 2.0 2.5
Voltage (V)

Active sren w4 Apertureboss ¢

Active Area: 6 cm?
Efficiency: 1,8%

FIO 1jo, PITFCOM  Anose

246x92mm (96 x 96 DPI)

. La Notte, et al., Energy Technology, 1, 12 (2013) 709.
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Perspectives: large area OPV using spray
coating techniques

~dz
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Devices on flexible substrates

Semi-trasparent Flexible
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Carbon based semitransparent elecrodes
in new generation solar cells
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The Indium Tin Oxide issue

INDIUM AND TIN PRICE

1000- [ 200 CRACK AND FRACTURE AT STRAIN OF 2+6%
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Carbon based alternatives to TCO

e) 120

© 4L, 5L FeCl,FLG

Not only conductivity and
transparency, but new

functionalities can be

achieved
%
30 v —
_.//*... |
* ..
0 | | | |

[[[E=

>0

gpach et al., Adv. Mat. 24,2844 (2012).
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CNTs as TCO in new generation solar
cells
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CNTs Transparent Electrodes

CNTs TRANSPARENT CONDUCTIVE LAYERS
« HIGH TRANSPARENCY

 FLEXIBLE

« EXELLENT ELECTRICAL CONDUCTIVITY

« COMPATIBLE WITH INDUSTRIAL PROCESS

APPLICATIONS

Kim et al. 2010

SOLAR CEL

Al (110 nm)

Hu et al. 2007
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CNTs Deposition Techniques

CNT Solution

CNT Film

VACUUM ASSISTED FILTRATION
PRO:
INEXPENSIVE
CONTROL OVER FILM
THICKNESS
NO SURFACTANTS

VERY LIMITED FILM SIZE
SLOW PROCESS

ULTRASONIC NOZZLE

AIR SPRAY NOZZLE |

EXTRUSION OF THREADS
FROM CNTs FORESTS

PRO:

SCALABLE
VERY STRONG
THREAD

RELATIVELY COMPLEX
PROCESS

ng et al. 2005
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SPRAY COATING

PRO:
SCALABLE
EFFECTIVE FOR CONTOURED
SURFACES

INHOMOGENEUS IF NOT
AUTOMATIC
AVERAGE ADHESION

ROLL-TO-ROLL

PRO:

« SCALABLE

* VERY FAST PROCESS

 STILL NOT OPTIMIZED




Spray coating CNTs on flexible substrates
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250 O/sq have been fabricated on flexible substrates

Abdelhalimetal. CARBONG61(2013)72-79



Spray Deposited CNTs @CHOSE

Transmit- | Sheet- T . Sheet-
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CNTs Electrodes in OPV

Anocde Voc [V] Jse [mMAcm 3 FF [%] PCE [%)]
ITO/glass 0.55 8.4 50.0 2.3
SWCNT/glass (DCE) 0.55 9.9 43.1 2.3
SWCNT/glass (H,0:SDS) 0.59 713 46.4 2.2
SWCNT/glass (H,0:SDBS) 0.55 6.7 313 1.2
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Graphene based BH]J solar cells
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Graphene for Transparent Electrodes

Intrinsic sheet resistan
Transparency of graphene monolayer: ~97.7 % t ) sic sheet resistance
o (h/4e?): ~ 6 kQ/square
A
. % white light ideal o 1K , AE
gz, ’é_ g / Eir/a/c fermions h_i=7w, 6 0T - l
()]
é g 98. // anon On 00 VOO,\C oCo\
= ] T, 00000600 O 5 o]
£ = e number of layers
%) £ . —
S o theory: =% 3 2 3
= £ ” _graphene 96:”.
< R "
2 k= = sy
- 2 = oo
B .
88
94! | | |
0 25 50 400 500 600 700
distance (um) wavelength A (nm)
Mechanically exfoliated graphene Vg (V)
Nair et al. Science 320, 1308, (2008) Geim & Novoselov

Nature Materials 6, 184, (2007)

Graphene is very susceptible to ambient adsorbates.

00;

Graphene

4 B B
SiOi i90 nm or 300 nmi
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CVD of graphene

CVD Method (on Cu, Ni or Pt catalyst layer), e.g.,

* Cu foil (catalyst, 25 pm thick), heated in H, at 1000°C to
increase grain size

« CVD of CH, & H, at 1000°C

» Cool down, spin-on protective polymer layer (100 nm),
etch away Cu foil (.....residue ) |
- Transfer graphene to substrate, dissolve polymer (....residue ) -
Properties | ¥
* Monolayer graphene transmission: ~97.7% S~
Intrinsic graphene: R ~ 6 kQ/ sq. (1 - 5 kQ/ sq. for best CVD) s £
» Adsorbate-doped graphene: ’
R ~ 100 Q/ sq. using HNO; (record! .... Stability concerns)
 Stack of 4 monolayers (resistors in parallel):
« R~250Q/sq.
(400 - 800 Q/ sg. at AMO: cm-scale )
* ~90% transmission

Before
heating

Ruoff Group, X. S. Li et al., Science 324, 1312 (2009)
Bae et al., SKKU, Samsung Nat. Nano 5 574 (2010)
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State of the art

comW““' &Lightn,,

Touch screen " Astylishizo, | 1
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Smart window !
Flexible LCD ————
Flexible OLED "
Solar cell
Graphene OLED
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Han et al., Nat. Photonics 6, 105 (2012)
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Transmission for 2, 3 & 4 layer
graphene sheets doped with HNO,
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Graphene based OPV

m Graphene treated by UV/PEDOT:PSS/P3HT:PCBMI/LIF/AIl
m Graphene-PBASE/PEDOT:PSS/P3HT:PCBM/LIF/AI

. m Graphene/PEDOT:PSS/P3HT:PCBM/TiOy /Al

m Graphene/MoO3+PEDOT:PSS/P3HT:PCBM/LIF/AI

4 ] 3layer Graphene/GraHEL/PCDTBT:PC70BM/IiF/Al

m 3layer Graphene/GraHEL/P3HT:PCBM/LIiF/Al

m Ag grid/MLG/PEDOT:PSS/P3HT:PCBM/CPE/AI

4 m Graphene/PEDOT:PSS-IPA+MoO3/P3HT:PCBM/Ca/Al

m Graphene/PEDOT:PEG/PEDOT:PSS/Zno/P3HT:PCBM/MoO3/Au

m Slayer polarized Graphene/PEDOT:PSS/P3HT:PCBM/Ca/Al

3 = 4layer polarized graphene/PEDOT:PSS/P3HT:PCBM/Ca/Al

m Graphene/RG1200/MoO3/P3HT:PCBM/Ca/Al |

PCE(%)
[ |

|
2014 2015

| | |
2011 2012 2013

Year

| |
2008 2009 2010
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Graphene electrodes on glass

a 2.2eV b Graphene film
s3ey 308V ’.— Ni PMMA / Graphene
4.0eV. i
| 4.3eV Si/sio, |
CuPc |
4.5eV L kb A ﬂ . I
Graphen 60 PMMA coating |
| 5.2eV |
5.2eV | :
6.2eV. | o
6.4eV Al | Substrate
-—<BCP ﬂ : ﬂAcetone
CuPc— 0 : " Graphene
<Y Ni etching :

Substra

Graphene

\®]
o
I 1

0 : . .
400 600 800 1000
Wavelength (nm)

o

1004

0 —— -

9 B
g 601
e ——CVD Graphene
é ol ——ITO
= —— SWNT
S
o

GOMEZ DE ARCO ET AL. ACS nano VOL. 4, NO. 5, 2865-2873, 2010
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Graphene electrodes on glass

<20 1507
9 oo | 5 T g
~ Q
80— o = ® ITO L2
qé = é 1F m Graphene B
s ot ——8.30 k/sq ~— 1.0 S
2 40 ——3.40 ks 22 2
= ——0.70 kevsq 2 =
& 20 ——0.23 kev/sq S 5 =
< O - 5
- 0 : : ; o 05 ©
= 400 600 800 1000 E —
4 )
Wavelength (nm) 2 7 2
=S E Q
O-5 - 0.0 &~
0.0 0.1 02 03 04 0.5
Voltage (V)
TABLE 1. Performance Details of OPV Cells Built on PET?

anode Jo (mA/em?) Vo (V) FF n (%)

(VD graphene 473 0.48 0.52 1.18

IT0 469 0.48 0.57) 127

The structure of the devices is given by [(VD graphene/PEDOT/CuPc/Cso/BCP/AI]
and ITO/PEDOT/CuPc/Cg,/BCP/AI] for CVD graphene and ITO OPVs, respectively.

GOMEZ DE ARCO ET AL. ACS nano VOL. 4, NO. 5, 2865-2873, 2010
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Is It possible to scale up?
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Graphene production

micromechanical
exfoliation

graphite

chemical treatment

3

intercalated graphite Material can

graphite oxide

be printed
Rso ~ kQ

exfoliation & reduction

TOP-DOWN

Roll-to-Roll process
demonstrated

chemical < chemical vapour epitaxial
synthesis N deposition growth

7 Go-NEXTS 7

dN-INOL10Od




Graphene Roll-to-roll production on copper foil

Graphene on
polymer support Released
polymer support

/ Polymer support
/

AFM of graphene on Cu

10,4in -_
" Target substrate :
Graphene on target

P o
' craek .

<. . Npples= ¢

4

2 15:540m
.monolayer | . bilayer L
0.7nm | ILinm,. o .. A F

si.l)str?te- 1 X o 'L s
K1 =5000 cm?/Vs at RT

Afore

heating

S. Bae et al. Nature Nano. 5, 571 (2010)
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Perspectives: scaling up the graphene growth

* Cu foil catalyst(25 um thick) heated in
H, at 1000 °C to remove
contaminants/oxide and increase grain
sSize

« CVD of CH, at 1000 °C, cool down to
room temperature

» Spin-on protective polymer layer, wet-
etch away Cu foll

Transfer graphene to transparent
substrate and dissolve polymer

Tyndall CVD:
6” tube
Gas precursor: CH,

Liquid: toluene (low
temperature CVD)

Graphene for Transparent
Electrodes

 Monolayer graphene transmission:
~97.3% (absorption = w/ehc)

* Intrinsic graphene: R ~ 6000 (2 sq.
(n/4e2)

» Heavily-doped graphene:
R ~ 100 £ sq. (Bae et al., Nat. Nano 2010)
 Stack of 4 monolayers:
*R ~ 25 ) sq.
* 90% transmission
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6 inch wafer scale graphene contact on PET

(
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