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Organic-based light harvesting devices
From power generation to signal detection...
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Organic-based light harvesting devices
From signal detection to power generation...
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M Photogeneration efficiency: EQE M
High speed CW operation
Spectral selectivity Broad responsivity
Bias voltage allowed Bias voltage not allowed
High signal-to-noise ratio Power conversion efficiency

Hardiness in critical conditions? Hardiness in critical conditions



Light sensors:
Organic PhotoDetectors (OPD)



Light sensors: sensitivity

We want to go from this... ...to this:

High signal-to-noise ratio { Increase signal = Increase EQE

(SNR) Reduce parasitic effects: leakage current
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Adv. Mater. 2007, 19, 3979-3983



Light sensors: sensitivity

M. Binda et al.
Appl. Phys. Lett. 98 (7), 073303, 2011.




Light sensors: sensitivity

Add-HIN
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Appl. Phys. Lett. 98 (7), 073303, 2011.
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Light sensors: sensitivity

Appl. Phys. Lett. 98 (7), 073303, 2011.
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SEE ALSO:
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Light sensors: response speed

E.g. APPLICATION IN OPTICAL DATA TRANSMISSION ﬂ

v . .
Fast reponse is required!

Play with:
«device geometry —> Reduced interelectrode spacing
sactive material composition
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Organiggight sensors: applications
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Organic Solar Cells (OSC)



Power Conversion Efficiency of a solar cell
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e
Series and Shunt resistance of a solar cell

o 75 g 0

— =

We want:;
Rs low

Rsh high
Rsh

Leakage paths: metal infiltration,
pinholes,...

poorly conductive paths in the semiconductor,
contact resistance, resistivity of the electrode,...



Power Conversion Efficiency of a solar cell
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Power Conversion Efficiency of a solar cell

Important notes on cell characterization:

—120

—415

—— AM1.5 Global (ASTMG173)
—— AM1.5 Direct (ASTMG173)
— AMO (ASTM E490)
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2. A standard path must be adopted

air-mass:
optical path through the Earth athmosphere

l

scattering absorption

L, cosz

Standard AM1.5 - 1 sun .
L,=zenit path length at see level
AM1.5 ¢=) ~1000W/m? L=effective path length

Es.z=0 - AM1




Organic solar cell: a brief history

1950’s: first studies on photovoltaic effect in organic solids ;" o—

(single semiconductor material and Schottky effect) -
PCE<0.1% ———ee e

metal

1986: first demonstration of donor/acceptor OPV
(small molecule bilayer p-type /n-type CuPc/PTCBI)
PCE=1%

1990: ultrafast charge transfer phenomenon demonstrated between polymer and
fullerene

1992: first demonstration of BHJ

Appl. Phys. Lett., 1986, 48, 183 A.J. Heeger, N.S. Sariciftci, Patent US
Science, 1992, 258, 1474 1992/5331183

Solid State Commun. 1992, 82, 249 Science, 1995, 270, 1789

Synth. Met., 1993, 59, 333 Nature, 1995, 376, 498

Energy Environ. Sci., 2014, 7, 2123



Power Conversion Eff

Efficiency (%)

iciency of a solar cell
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\ PCEx I/oo- Jsc - FF

Power Conversion Efficiency of a solar cell

Different parameters must be simoultaneously optimized:

FF Vg - g
I:)IN

PCE =

But they are indeed strongly correlated!!!



\ PCEx I/oo- Jsc - FF

Open Circuit Voltage (Vo)
qVoc = HOMO, —LUMO,=0.3

Eg,tr
G) G=photogeneration rate

gVoc=E,, +mkgT In(— a1

See: Adv. Funct. Mater. 11, 5, 2001.
Adv. Funct. Mater. 2011, 21, 2744-2753
HOMO, D Adv. Mater. 2010, 22, 4987-4992
Nat. Materials, 8, 904-909, 2009

Adv. Mater. 18, 789 (2006)




\ PCEx Joc - Jsc - FF

Open Circuit Voltage (Vo)
qVoc = HOMO, —LUMO,=0.3

Eg,tr

G j G=photogeneration rate

gVoc=E_, +mkgT In(;

m>1
LUMO. A Jnet(x)=0
EFn @
gVoc _
_1 __________ { qVoc=Erh-Ere G=Rgeminate
\E':'p G=R(x) ? G=Rlangevin

"  G=RsrH



‘ PCEx Joc - Jsc

Open Circuit Voltage (Vyc): example

R=RIlangevin=ynh(X)ne(x)
Energetic disorder with exponential tail distribution

L T
J

{quc =E_, +mkgT In[

t,hNt,e

m=g/kT>1 / """" Eh

HOMO

Physical Review B 2011, 84, 075210

Nt,h, Nt,e density of states in the tall

Et = tail slope

Voc depends on: Eg
Recombination
Energetic disorder
Light intensity

Electrodes

ak~wbE

. FF
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Origin of the V.: role of the electrodes

MIM: Metal Insulator Metal model

Short-circuit condition Open-circuit condition
or “flat band” condition

. _ Al
ITO Al —
ITO
0—0 i ©
(a) (b) Voc
Built-in field due to metals No net current flow. Voc given by the
workfunction mismatch difference between the metal workfunctions

JenoTo: Photogenerated carriers need a driving force

*Internal Electric Field-=> Drift current
«Charge concentration g%t%Diﬁusion current  ideal BHJ



\ PCEx Joc - Jsc - FF

Origin of the V.: role of the electrodes

MIM: Metal Intrinsic Metal model

Short-circuit condition Open-circuit condition

built-in \A/oltage

( \
Voc,max:(llq)(q)Ml'q)Mz)
Vs
=(1/9)(HOMO,-LUMO ,— AE)

Voc,max

NS

Charge concentration g%t%Diﬁusion current ideal BHJ
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Origin of the V.: role of the electrodes

Contacts have little effect..

. If I choose them rlght'

14 N L
15 ] —A— no disorder ]
— ] “A —u— 100meV
— > 1.00menud \‘A\‘ Gaussian disorder -
o) m . ]
—_ }D 0.8 -_ \ A ]
T 5 0.6 1 bipolar \ A '
Ad | — = 0.4 device \ “a
2 ]
— = R T
<O 0.04(b)
| A A B S A R B R L |
0.0 0.5 1.0 1.5 2.0
Physical Review B 2011, 84, 075210 Electron injection barrier, Ao (eV)
@h Voc AV, eptVoct AV, O76€V1 — Ag
Cathode (eV) (V) (V) (eV) — Au «effective»
LiF/Al 0 128" due to interf. dipole
Ag 0.65 0.84 0 1.49
Au 0.76 0.74 0 1.5 1.4eV

— Au nominal

J. Appl. Phys., Vol. 94, No. 10, 15 November 2003



PCEx Voo - Jsc
Origin of the V.: role of the electrodes

V.. can exceed the built-in of the contacts if the
bulk-heterojunction is not so “ideal”

. DONOR

1

J. Appl. Phys. 2006, 99, 104503

Complex, more realistic device architectures provide
asymmetry to the system (i.e. blocking layers)

Current flow can be driven by diffusion!
Phys. Rev. B 2008, 77, 165332

. FF
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Improving the V,.: active material

1. D/A energy level alignment 2. Reducing recombinations
J

§ TPhor ?material level ’7

I Voc :
Increase phase separation: slow

DONOR down the rate at which charges meet

each other... But TRADE OFF with

ACCEPTOR charge generation (reduced D/A
interface)!!!

TRADE OFF with charge
dissociation!!!



Improving the V,.: device

INTERLAYERS FOR SELECTIVE COLLECTION AT THE ELECTRODES

Block excitons
Block misdirected carriers

@ Improve collection efficiency

Reduced recombination

Optimize light absorption (optical
spacer: coming soon...)

4

’Active material protection
Influence active material growth
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Improving the V.. device

INTERLAYERS FOR SELECTIVE COLLECTION AT THE ELECTRODES

Main specs

Typical
interlayers

Conventional structure

Suitable energy levels
Transparency
Processability

HTL
Polymer (PEDOT:PSS)
Transition metal oxides

(MoO3, V205,W03)
SOL

Al Al or Ag
Active layer - Active layer -
HTL /."A’:;t:: ".; ’ m ,d{‘.;’ :
ITO ITO
Glass Glass

Inverted structure

ETL

Inorganic salts (LiF, CsF, MgF)
Polymers (PFN,PEIE)

Metal oxides (TiOx, ZnO)

UBLE!



‘ PCEx Joc - Jsc

Tandem solar cells for increased V.

- FF

[

Equivalent Voc= sum of single cells Voc

Equivalent Jsc= Jsc of the worst cell in the stack

]

y

Devices

V. (V) J.. (mA cm-2) FF (%) PCE (%)
P3HT:ICBA _ 0.84 103 71.1 6.1
PDTP-DFBT: PCq,BM single Ce”S‘{ 0.70 15.4 66.2 7.1
PDTP-DFBT: PC;,BM 068 17.8 65.0 7.9
P3HT:ICBA/PDTP-DFBT:PCs; BM (Tandem 1) stack{ 153 10.1 68.5 106
P3HT:ICBA/PDTP-DFBT:PC;;BM (Tandem 2) 151 9.8 69.2 10.2

Nat. Commun. 2013, 4, 1446

REVIEW ART.: Energy Environ. Sci., 2013,6, 2390-2413
Org. Electron. 2015, 19, 34



Tandem solar cells for increased V.

L_Back Cell

. Front Cell

ttttttttt

:
LUMO | I Energyloss ...
. Lumo | IEnerg).r loss
.......
b‘ e E, > E
g
< B —
' ‘ " HOMO
vy e
HOMO

Wide band gap Small band gap



'PCEx Voc Jsc

Short-circuit current (J..)

Charge photogeneration efficiency

% EQE $: Light absorption

Charge transport and collection

Number of collected charges/s nJs

EQE= . . - = Nabs Ned Nec
Number of incoming photons/s n,/s

FF



Short-circuit current (J..):
light absorption — active material

Extending the responsivity to low energy photons

As much as half of the energy of the solar spectrum is carried
by long wavelengths photons!

04

ALUMO

v
I Voc °

DONOR

ALUMO [eV]
<)
(o2}

ACCEPTOR

vl
o

1.2

2.8 26 24 22 2.0 1.8 1.6 1.4 1.2
Band Gap[eV] optimum bandgap
Progress in Polymer Science 38 (2013) 1929-1940
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Red-light responsivity

EXAMPLE 1: POLYMERS 100

- C, PCPDTET | ofta g 4. Es
X = Si, PSBTBT PRDTT 8 g

Nature Materials 2007, 6, 497 PCPDTBT:PCBM

Science 2009, 325, 25

Bl PCE>5%

0
Standard P3HT:PCBM D/A ™ ﬁg‘;ve,engmggf; w0
EXAMPLE 2: SMALL MOLECULES ———

SQUARAINES

EQE (%)

G. Wei et al., ACSNano 4, 4, 2010.
Other works: Muhlbacher et al., 2006; Kooistra
et al.,, 2006; Yao et al., 2006; Soci et al., 2007;
Wang et al., 2008; Hou et al., 2008)

REVIEW: L. Beverina et al., Eur. J. Org. Chem. 2010, 1207-122 Waselanglt (i)




Te rhn ary blends Nature Photonics, 2015, 9, 190

—PBDTTT-C
1.0 H  —PTB7 d &0
Y\ —PBDTT-DPP 1

~oe | — PBDTT-SeDPP 70
3 |— P3HT 60
2 06- — 5'3-:
2 £ a0
© L |
g 044 . o 30 4
: 20 4
Z 024 { [—rrErrCEm

) 10 4 | —(PTET-PEOTT-5eD7P = 110PC oBM

g ] | —reoTTseeerc M
0.0 - T T T T T T ™ T 71
T 300 400 s00 600 700 800 900

30 450 550 650 750 B850 950 1,050

Wavelenath (nm’ Wavelength {nm)

Table 1 | Device performance of the (PDETTT-C:PEDTT-DPP):PC;0BM ternary BHJ solar cell system and the
(PTB7:PEDTT-SeDPP):PC,,BM ternary BHJ solar cell system.

V,. (V) J,. (mAcm™) FF (%) PCE (%) max./avg.

PBDTTT-C:PC70BM 0.70 141 640 6.4/63
(PBDTTT-C:PBDTT-DPP = 3:1):PC;BM 0.70 15.7 65.6 7.2/7.2
(PEDTTT-C:PBDTT-DPP = 1:1):PC,,BM 0.70 156 649 71/70
(PBDTTT-C:PBDTT-DPP = 1:3):PC;BM 0.72 131 65.0 6.2/6.1
PBDTT-DPP:PCo.BM 0.74 13.0 642 6.2/6.0

|_PTB7:PC;0BM - 0.72 15.1 663 7.2/7.0 |
(PTB7:PBDT 1-5eDPP = 3:1):PC,,BM 0.69 162 70.0 7.8/77
(PTB7:PBDTT-SeDPP = 1:1):PC;0BM 0.69 18.7 67.4 8.7/85 |
(P1B/PBDI1-SeDPP = 1.3).PC2oBM 0.60 1.9 62.4 77717

| PBDTT-SeDPP:PCyoBM 0.68 16.9 62.9 7.2/71 |

(PEDTTT-C:PEDTT-DPP:PTET:PEDTT-SeDPP = 11:1:1):PCyaBM 070 17.3 646 18/76



Fullerene-based acceptors
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Short-circuit current (J..):

light absorption - device
Conventional Device ~ Device withOptical Spacer >

=08 P

Maximum of the stationary optical field inside the active region

|ET* {Arb. Unit)

Requirements:
* Transparent
* Electron transporter
» Energy level alignment

55dL003d

4.7 ey

Nature Photonics 2009, 3, 297
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Short-circuit current (J..)

Charge photogeneration efficiency

% EQE $: Light absorption

Charge transport and collection

Number of collected charges/s nJs

EQE= . . - = Nabs[ Ned Ncc
Number of incoming photons/s n,/s




'PCEx Voc Jsc

Short-circuit current (J..):
photogeneration and charge transport

BULK-HETEROJUNCTION OPTIMAL FOR EXCITON DISSOCIATION...
...BUT REQUIRES CAREFUL CONTROL OF MORPHOLOGY!

1. Additives (solvents mixtures): 0 f
selective solubility 2 by
E

One phase still in solution while the T
other is already in solid state © - 5 oCB

| 0 | _8‘ ‘ / | lo oD(‘:B:THN
ngher degree of phase Separatlon, 050 -025 000 025 050 075 1.00

. . - V (V)
hlgher CI’ISta”InIty Solar Energy Materials & Solar Cells 2011, 95, 3536

(100) ——— Annealed for 15 min

— Annealed for 10 min
~——— Annealed for 5 min
——— Annealed for 2 min
Not annealed

2. Post deposition treatments:
thermal annealing, vapor annealing

1ntensity (arb.\it)

Energy/motion capability for the XRD. increased
molecules to rearrange P3HT crystallinity

1111111111

5 6 7 8 9 10 11 12 13 14 15
2 Theta (degrees)

Appl. Phys. A 2011, 105, 1003
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Fill Factor (FF)

Prone to practical/technological accidents...

Pinholes in the active film
Metal diffusion from the electrodes

High Rshunt
Low Rs

0 High mobility materials (| Rs)
O Highly conductive electrodes (| Rs)
U Low recombination (1Rsh)
Q Transporting/blocking layers
- effectively collect photo-charges (| RS)
- block undesired charge paths between the electrodes
(misdirected carriers, pin-holes, metal diffusion...) (1Rsh)



Stablility of organic solar cells

* on rigid substrates

*

projected lifetimes > 7 years <:> projected energy payback time ~ days

Energy Environ. Sci., 2015, 8, 55-80
Adv. Mater. 2012, 24, 580



Stabllity of organic solar cells




Stabllity of organic solar cells

D-to-A linking after deposition



Stabllity of organic solar cells

O2/H20 infiltration through the metal electrode



Stabllity of organic solar cells




Stabllity of organic solar cells




Stablility of organic solar cells
mechanical degradation

Stresses:
- Pressure of wind, weight of rain and snow,...
- Daily thermal expansion/contraction cycles

A

Cracking, delamination

O thin films are good

polymeric materials (e.g. electrodes,
O interlayers) better than metals or inorganic

oxides

O control over intermolecular and surface forces that control:
|) active material brittleness and stiffness
i) adhesion



