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MOTIVATION #1:!
CLIMAT PROTECTION OR SHORTAGE OF RESOURCES? !

"We would then have some right to 

indulge in the pleasant belief that 

our descendants, albeit after many 

generations, might live under a 

milder sky ...." 
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„But even if you doubt the evidence, providing incentives 

for energy efficiency and clean energy are the right thing to 

do for our future - because the nation that leads the clean 

energy economy will be the nation that leads the global 

economy.  

 
B. Obama on Energy, 
The Washington Post, January 27, 2010 
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!
MOTIVATION #2:!
COMPETITIVENESS OF ECONOMY? !



Energiewende means a radical change in the energy politics:  

 

•  a shift from nuclear and fossil fuels to renewables (RE)!
•  a change from offer-based to demand-based energy politics  

and 	


•  a transition from centralized to distributed energy generation  

Effective on 06.06.2011 
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POLITICAL DECISION – “ENERGIEWENDE” !



TARGETS OF GERMANY!

18

State of Bavaria targets 20% share of RE in the final energy in 10 years

ENERGY CONCEPTS OF FEDERAL & BAVARIAN 
GOVERNMENTS 

Share of RE in the final energy 
consumption

Share of RE in the electricity 
consumption

Change of primary energy      
consumption (compared to 2008)

Change of electricity       
consumption (compared to 2008)
Change in final energy consumption 
in transport sectror (cf 2005)

Change in GHG       
emission (compared to 1990)
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Target of the year 



GERMANY: WHERE ARE WE NOW?!

CONTRIBUTION OF RENEWABLES TO FINAL ENERGY CONSUMPTION  

Share of RE in the final energy consumption 

Share of RE in the total electricity consumption 
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GERMANY: PV INSTALLED CAPACITY & YIELD 
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2013: 36.000 MWp 

However, the German PV industry 
faces enormous problems  

Newly installed PV-Capacity 2013 3.3 GWp (7.6 GWp in 2012) 	





SOUTH AFRICA: BIG INTEREST IN PV WAS EXPRESSED 
during the opening ceremony on July 7, 2014 

PLEASE, MAKE IT BETTER! 
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Do We Need Next Generation PV? 

YES, if we will be able to develop a very high-
efficiency or very low-cost technologies 

9!
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High-eff. option: Photon Management 

Multiple Exciton Generation 

CPV 

tandem solar cells 

38

PHOTON MANAGEMENT INSIDE THE PV CELL

MEG (A. Nozik et al.Science, 2011) 

up converter

The solution: 2!1 or 1!2 conversion 

of photons 

Upconversion:  Combine 2 low E photons into a single high E photon

Downconversion (Quantum Cutting):  Split 1 high E photon into 2 low E photons

Multiple Exciton Generation (inorganic nanocrystals):

Photon-to-photon conversion (occurs outside PV cell)

Photon-to-exciton conversion (occurs inside PV cell)

Exciton Fission (organic molecules):
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 1986: 1st organic solar cell. C. Tang et al. (ca. 1%) 

C. Tang, Kodak-Eastman,  
Rochester, USA 

 2007: 1st efficient  polymer tandem cell,  A. Heeger et al. (6.5 %) 

 2002: 1st efficient single junction polymer cell, S. Shaheen et al. (2.5 %) 

 2012:  record single junction soluble small molecule cell, Mitsubishi Chem.  (10.7 %) 
 2013:  record tandem small molecule cell, heliatek GmbH (12 %)  

Organic PV as a low-cost Option 

20
13
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Conjugated Polymers and Molecules: Eg: 1-3 eV 

P3HT 

Burroughes, J. H. et al. Nature (1990) !
Chen & Rieke JACS (1992)!

“Classic” wide band gap 
Polymers 

PTB7 

PCDTBT 

Liang et al. JACS (2009) 
Liang, et al. Advanced Materials (2010) 

Blouin, et al. Advanced Materials (2007) 
Blouin et al. JACS (2008) 

   U of Chicago 

Low band gap Copolymers 

   U of Laval 

PPV 

PC60BM 

Hummelen et al. J. Org. Chem. (1995) 

“Classic” 
Fullerene 

PC70BM 

Wienk et al. Angew. Chem. Int. Ed. (2003) 

“Absorbing” 
  Fullerene 

“Exotic” 
  Fullerene Lu3N@C80 

OPV Materials!
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Relevant processes in organic solar cells!

•  Singlet exciton!

•   Light absorption!

•  Charge transfer!

• Photocurrent x 
Photovoltage => electric Power!

13!

e selective „membrane“ 

h selective „membrane“ 
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Key parameters of ANY solar cell!
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Key parameters of ANY solar cell!

-20

-15

-10

-5

0

5

10

C
u
rr

e
n
t 

 [
m

A
/
c
m

2
]

-1.0 -0.5 0.0 0.5

Voltage  [V]

 Dark Current
 Under Illumination

Results!and!discussion!

Optoelectronic!reciprocity!relation. Rau´s reciprocity relation is here expressed in terms of the dark saturation current J0 and 

the absolute quantum efficiency of electroluminescence EQEEL:
       

           [1] 

 

 

where BB!  is the photon flux of the environment. A solar cell in its radiative limit (where all recombination is indeed radiative) 

will have an EQEEL of unity and hence a low dark saturation current: 
 

           [2] 

 

The photocurrent at short circuit of an illuminated solar cell is instead given by the product of EQEPV(E) and the solar photon flux 
hitting the device: 

 

           [3] 
 

To best visualize the constituents of these two important PV integrals, Figure 1 depicts the spectral distribution of the absolute 

photon fluxes of the two black bodies involved in photovoltaic conversion; that is the sun and the 300K black body environment 

(the earth). 
As the open circuit voltage of any type of solar cell is determined by the ratio of the two corresponding currents 
 

           [4] 

 
a low dark saturation current and a high solar photocurrent should of course always be strived for. Both of these currents are 

however largely determined by the same parameter: namely the EQEPV(E). (Apart from the spectral shape of EQEPV(E)  it is in 

fact only the radiative efficiency EQEEL that determines the open circuit voltage.) From Figure 1 and Equations 1-3 it becomes 
obvious that the best solar cells must have a high EQEPV(E) in the energy region where the solar flux dominates the spectra and 

simultaneously an as low as possible EQEPV(E)  in the energy region where the earth BB flux dominates. This condition is 

satisfied by a solar cell with a sharp stepwise EQEPV(E)  function, being 100% above the band gap and being zero below. This 
shape of the EQEPV(E) was indeed assumed by Shockley and Queisser in their detailed balance paper19 on determining the upper 
limits to photovoltaic energy conversion. It should perhaps be noted that the stepwise EQEPV(E)  is no prerequisite for detailed 

balance per se; it is merely the sought-after spectral shape to reach the upper limit.  

The open circuit voltage hence, is determined by: 

 
 

           [5] 

 
 
The first option to increase VOC is to lower J0,Rad (denominator in Eqn. 5) by changing the spectral shape of the EQEPV(E), the 

sharper the step shape the higher the VOC. The only other, and more potent, option to increase the VOC is instead to increase the 
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Step 1: Light Absorption !
➟ Exciton Generation in Polymer!

!   very high absorption coefficient, 
device thickness on ~100nm scale!

Rep. Prog. Phys. 73, 096401 (2010) 
!

Processes in organic solar cells stepwise!
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Step 2: Exciton Diffusion!
➟ to Acceptor Interface!

!   short exciton diffusion length of only 
a few nanometres, otherwise singlet 
exitons are lost!

!

Processes in organic solar cells stepwise!

Rep. Prog. Phys. 73, 096401 (2010) 
!
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Planar of Bulk Heterojunctions 
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Step 4: Polaron Pair Dissociation!
➟ Free Electron–Hole Pairs!!

!   these electron–hole pairs are still 
bound due to low screening length!

Processes in organic solar cells stepwise  
!

Rep. Prog. Phys. 73, 096401 (2010) 
!

 
!
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Step 5: Charge Transport!
➟ Photocurrent!!

!   very slow charge transport, low 
carrier mobility, inefficient extraction!

Processes in organic solar cells stepwise  
!

Rep. Prog. Phys. 73, 096401 (2010) 
!

!   recombination  
!
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PCE [%]! FF [%]!

w/o add! 3.8! 51!

with add! 7.1! 69!

CurrentÐVoltage characteristics of PTB7:PC70BM!

Nanomorphology does matter! 
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Poly[[9-(1-octylnonyl)-9H-
carbazole- 2,7-diyl]-2,5-
thiophenediyl- 2,1,3- 
benzothiadiazole-4,7 diyl-2,5 
thiophenediyl]  

regio-regular 
poly(3-
hexylthiophene) 

thieno [3,4-b] 
thiophenebenzo
dithiophene 

Eff.=4% Eff.=6% Eff.>7% 

Typical OPV efficiencies of various Polymers 
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But there are even better news … 

Robert F. Service, “Turning Up the Light“, Science, 15 November 2013, Vol. 342 no. 6160 pp. 794-797 	
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Hybrid PV- a brief history 

Dye	
  Sensi.zed	
  Solar	
  Cell	
  [1]	
  consists	
  of:	
  
•  Dye	
  (light	
  absorber),	
  	
  
•  mesoporous	
  TiO2	
  (Electron	
  transport,	
  sufficient	
  internal	
  

surface	
  area)	
  
•  Electrolyte	
  (hole	
  transport)	
  

[1]O’Regan;	
  Grätzel,	
  et	
  al.,	
  	
  “A	
  Low-­‐Cost,	
  High-­‐Efficiency	
  Solar	
  Cell	
  Based	
  on	
  Dye-­‐Sensi.zed	
  Colloidal	
  TiO2	
  Films.”,	
  Nature,	
  1991,	
  353,	
  737−740.	
  	
  

1991	
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solid	
  state	
  Dye	
  Sensi.zed	
  Solar	
  Cell	
  [2]	
  :	
  
Replace	
  electrolyte	
  with	
  solid	
  state	
  hole	
  transpor.ng	
  
material	
  (Spiro-­‐OMeTAD)	
  

[2]Bach	
  et	
  al.,	
  „Solid-­‐State	
  Dye-­‐Sensi.zed	
  Mesoporous	
  TiO2	
  Solar	
  Cells	
  with	
  High	
  Photon-­‐to-­‐Electron	
  Conversion	
  Efficiencies.“	
  Nature,	
  1998,	
  395,	
  583.	
  

1998	
  

Hybrid PV- a brief history 
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[3]	
  Miyasaka	
  et	
  al.,	
  „Organometal	
  Halide	
  Perovskites	
  as	
  Visible-­‐Light	
  Sensi.zers	
  for	
  Photovoltaic	
  Cells“,	
  JACS,	
  2009,	
  131,	
  6050-­‐6051	
  	
  	
  

First	
  approach	
  with	
  perovskites	
  2009	
  [3]:	
  
Replace	
  Dye	
  with	
  perovskite	
  as	
  absorbing	
  material	
  
•  3.81	
  %	
  Efficiency	
  
•  but	
  unstable	
  

Perovskite	
  

2009	
  

Hybrid PV- a brief history 
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[4]	
  Kim,	
  Grätzel	
  et	
  al.,	
  “Lead	
  Iodide	
  Perovskite	
  Sensi.zed	
  All-­‐Solid-­‐State	
  Submicron	
  Thin	
  Film	
  Mesoscopic	
  Solar	
  Cell	
  with	
  Efficiency	
  Exceeding	
  9%.”	
  Sci.	
  
Rep.,	
  21	
  August	
  2012,	
  2,	
  591.	
  
[5]Lee,	
  Snaith	
  et	
  al.,	
  “Efficient	
  Hybrid	
  Solar	
  Cells	
  Based	
  on	
  Meso-­‐Superstructured	
  Organometal	
  Halide	
  Perovskites.“,	
  Science,	
  2	
  November	
  2012,	
  338,	
  
643−647.	
  

Perovskite	
  Meso-­‐Superstructered	
  Solar	
  Sell	
  [4][5]	
  
Replace	
  	
  
•  electrolyte	
  with	
  solid	
  state	
  hole	
  transpor.ng	
  material	
  
•  Dye	
  with	
  perovskite	
  as	
  absorbing	
  material	
  leads	
  to	
  
	
  	
  	
  	
  	
  	
  Efficiency	
  between	
  8	
  [5]	
  and	
  9.7	
  %	
  [4]	
  
•  stronger	
  absorbing	
  over	
  a	
  wider	
  range	
  -­‐>	
  thinner	
  films	
  

Perovskite	
  
Sensi2zed	
  Solar	
  Cell	
  

2012	
  

Hybrid PV- a brief history 



[6]Ball,	
  Snaith	
  et	
  al.,	
  “Low-­‐temperature	
  processed	
  meso-­‐superstructured	
  to	
  thin-­‐film	
  perovskite	
  solar	
  cells“,	
  Energy	
  Environ.	
  Sci.,	
  28	
  March	
  2013,6,	
  
1739-­‐1743	
  
[7]Liu,	
  Snaith	
  et	
  al.,	
  “Efficient	
  planar	
  heterojunc.on	
  perovskite	
  solar	
  cells	
  by	
  vapour	
  deposi.on.“,	
  Nature,	
  19	
  September	
  2013,	
  501,	
  395−398	
  

„p-­‐i-­‐n“	
  thin-­‐film	
  perovskite	
  
p:	
  Spiro-­‐OMeTAD	
  (hole	
  selec.ve	
  contact)	
  
i:	
  perovskite	
  CH3NH3PbI3-­‐xClx	
  (absorber)	
  
n:	
  TiO2	
  	
  (electron	
  selec.ve	
  contact)	
  

Efficiency:	
  	
  	
  	
  	
  	
   	
  	
  	
  	
  	
  	
  	
  	
  15.4%	
  [7]	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  5%	
  [6],	
  8.6%	
  [7]	
  

Hybrid PV- a brief history 
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Perovskites- What is this? 

! "#$05.06.2014
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Perovskites- What is this? 

Perowskites form crystalline structure 

scan is given in Fig. 1d, which demonstrates a smooth film with a
root mean square roughness of 5 nm. Figure 1c is a photograph of
a 20-nm-thick film.

As the CH3NH3PbI3 layer is prepared via vacuum sublimation, it
can be implemented easily in different device architectures. To
demonstrate that the CH3NH3PbI3 is capable of performing most
of the roles required to obtain an efficient solar cell and to minimize
the use of costly organic semiconductors, a simple device structure
was chosen. In this structure, which is typical for both organic
photovoltaic and light-emitting devices, a semitransparent organic
conductor was used as the positive charge-collecting contact.
The structure of the device is shown in Fig. 2a, and consists
of a 70 nm PEDOT:PSS layer and a thin layer (,10 nm) of
poly(N,N′-bis(4-butylphenyl)-N,N′-bis(phenyl)benzidine) (polyTPD)
(Fig. 2c) as the electron-blocking layer. On top of this, the
CH3NH3PbI3 was evaporated thermally to a thickness of 285 nm
followed by a thin layer (,10 nm) of (6,6)-phenyl C61-butyric
acid methyl ester (PCBM) as the hole-blocking layer (Fig. 2d)20.
The device was completed by the evaporation of an Au top
electrode (100 nm). Both the polyTPD and the PCBM layers were
deposited using a meniscus-coating process to ensure high-quality
films21. The thickness of the layers was established using
absorbance measurements.

The relevant energy levels of the materials used to prepare the
solar cell are depicted in Fig. 2b. The valence band (VB) and

conduction band (CB) of the CH3NH3PbI3 perovskite are 25.4
and 23.9 eV, versus vacuum, respectively7. On illuminating the
device, excitons are generated in the CH3NH3PbI3 perovskite layer.
It was reported that excitons in CH3NH3PbI3 perovskites are of
the Wannier–Mott type, which implies that they may dissociate in
the bulk of the perovskite layer5,12. Owing to the use of indium–tin
oxide (ITO)/PEDOT:PSS as the hole-collecting contact and Au as
the electron-collecting electrode, the built-in voltage of this device
is small. Hence, to direct the flow of electrons and holes, thin
hole-blocking and electron-blocking layers are incorporated adjacent
to the perovskite layer. PolyTPD and PCBM were selected for this
role as their highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) levels, respectively,
match well with the VB and CB of the perovskite, which allows for
a good transport of holes towards the polyTPD and of electrons to
the PCBM layer (Fig. 2b). As the LUMO of polyTPD is significantly
closer to vacuum compared with that of the perovskite CB, polyTPD
efficiently blocks the flow of electrons. The opposite process, the
blocking of holes, occurs at the perovskite–PCBM interface
because of the lower HOMO of PCBM compared with that of the
perovskite VB. As mentioned above, exciton dissociation may also
occur at the perovskite–polyTPD and perovskite–PCBM interfaces14.

Figure 3a shows the current–voltage (J–V) characteristics of a
typical small-area (0.09 cm2) perovskite solar cell measured in the
dark and under light intensities of 100, 50 and 10 mW cm22. The
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Figure 1 | Characteristics of the sublimed CH3NH3PbI3 perovskite layer. a, GIXRD pattern with Cu Ka1 radiation (l¼ 1.54056 Å) of the sublimed thin film
(blue), ITO substrate (red) and calculated for CH3NH3PbI3 with preferred orientation along the (100) and (001) directions. b, Simulation of the crystal
structure of CH3NH3PbI3 perovskite. Pb atoms are placed at the centre of the grey octahedrons, lavender spheres represent iodine atoms and green spheres
represent the methylammonium cations. c, Photograph of a 20-nm-thick film. d, AFM image and profile of a 60-nm-thick film.

LETTERS NATURE PHOTONICS DOI: 10.1038/NPHOTON.2013.341

NATURE PHOTONICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephotonics2

Pb atoms are placed at the centre of the grey octahedrons, lavender spheres 
represent iodine atoms and green spheres represent the methylammonium cations 

(after Henk Bolink et al., Nat. Photonics, 2014)   
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Making Perovskites Solar Cells 

U Würzburg 



Why Perovskites work better than OPV? 

B 

A 
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... in part due to their ability to emit the light! 



Optical Reciprocity Relation   

33!
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• Unabhängig von der Oberflächenbeschaffenheit ist das Verhältnis 
zwischen Emissions- und Absorptionsvermögen einer Fläche konstant 
und stets gleich dem Emissionsvermögen des „Schwarzen 
Körpers“ , der durch AS =1 gekennzeichnet ist. 

• Andere Formulierung: Das Emissionsvermögen eines nicht-schwarzen
(grauen) Körpers ist um den Faktor A1 kleiner als das 
Emissionsvermögen eines schwarzen Körpers.  

• Experimentell zeigt sich:
Das Emissionsvermögen des Schwarzen Körpers ES ist nur eine 
Funktion der Temperatur

(1824 - 1887)

11.11 Wärmestrahlung
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Emission of Two Relevant BBs 
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Reciprocity Relation for Solar Cells 

Results!and!discussion!

Optoelectronic!reciprocity!relation. Rau´s reciprocity relation is here expressed in terms of the dark saturation current J0 and 

the absolute quantum efficiency of electroluminescence EQEEL:
       

           [1] 

 

 

where BB!  is the photon flux of the environment. A solar cell in its radiative limit (where all recombination is indeed radiative) 

will have an EQEEL of unity and hence a low dark saturation current: 
 

           [2] 

 

The photocurrent at short circuit of an illuminated solar cell is instead given by the product of EQEPV(E) and the solar photon flux 
hitting the device: 

 

           [3] 
 

To best visualize the constituents of these two important PV integrals, Figure 1 depicts the spectral distribution of the absolute 

photon fluxes of the two black bodies involved in photovoltaic conversion; that is the sun and the 300K black body environment 
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Results!and!discussion!

Optoelectronic!reciprocity!relation. Rau´s reciprocity relation is here expressed in terms of the dark saturation current J0 and 

the absolute quantum efficiency of electroluminescence EQEEL:
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Emission of two relevant BBs 
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Optoelectronic!reciprocity!relation. Rau´s reciprocity relation is here expressed in terms of the dark saturation current J0 and 

the absolute quantum efficiency of electroluminescence EQEEL:
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Radiative Efficiency of PSC 

K.	
  Tvingstedt	
  et	
  al.	
  Sci.	
  Reports	
  (2014)	
  

•  Emission	
  comes	
  from	
  a	
  narrow	
  distribu.on	
  of	
  states	
  likely	
  located	
  at	
  the	
  band	
  edge	
  
@1.61eV	
  	
  

•  No	
  (or	
  very	
  small)	
  Stokes	
  shin	
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Radiative Efficiency of PSC 

Logscale	
  

Measure	
  the	
  EL	
  photon	
  flux	
  by	
  injec.ng	
  a	
  forward	
  current	
  as	
  close	
  as	
  possible	
  to	
  
the	
  short	
  circuit	
  photocurrent,	
  integrate	
  over	
  all	
  E	
  and	
  divide	
  by	
  injected	
  	
  current	
  

K.	
  Tvingstedt	
  et	
  al.	
  Sci.	
  Reports	
  (2014)	
  



Radiative Efficiency of Various Materials 

Prog.	
  Photovolt:	
  Res.	
  Appl.	
  20:472	
  (2012)	
  

A radiative efficiency of ~1E-4 puts the perovskite solar cell in a good position, 
when compared to other earlier generation photovoltaic technologies.  

K.	
  Tvingstedt	
  et	
  al.	
  Sci.	
  Reports	
  (2014)	
  



More intriguing physics related to PSC 

-  Ferroelectricity (polarisation)? 

-  Dielectric constant („giant“)? 
 
-  Band gap tuning (MA replaced by FA) 
 
-  Excitons of free e-h? 

-  Charge transport and recombination 

-  Potential for injection stimulated emission 

-  Stability, toxicity? 

-  .... 

40!



Conclusions 

„[…]	
  it	
  is	
  now	
  .me	
  to	
  inves.gate	
  the	
  physical	
  
proper.es	
  that	
  make	
  hybrid	
  perovskites	
  so	
  
promising	
  for	
  solar-­‐energy	
  conversion.”	
  	
  
M.	
  Loi	
  et	
  al.,	
  Nature	
  Materials,	
  2013,	
  12,	
  1087.	
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Don‘t treat  solar cell research as something 
unworthy for physicists. Combine efforts! 



Thank you! 
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