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Exciton-‐exciton	  annihila6on
 

P3HT 1% Blend 

ke[A] (s−1) −− 9.2	  x 109 

γA (cm3/s) 4.5	  x 10−9 1.0	  x 10−6 

๏ Excitons annihilate each	  other at high excita*on
densi*es 
– mechanism intrinsic to the polymer	  phase 

๏ However, upon the addi*on of 1% by weight PCBM 
– rate constantmust increase by 3 orders of magnitude 
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P3HT 1% Blend 

ke[A] (s−1) −− 9.2	  x 109 

γA (cm3/s) 4.5	  x 10−9 1.0	  x 10−6 

Exciton-‐exciton	  annihila6on
 

๏ Excitons annihilate each	  other
densi*es 

at high excita*on


– mechanism intrinsic to the polymer	  phase 
๏ However, upon the addi*on of 1% by weight PCBM 

– rate constantmust increase by 3 orders of magnitude 



Exciton	  annihila6on	  by mobile holes
 

P3HT 1% Blend 

ke[A] (s−1) −− 9.2	  x 109 

γA (cm3/s) −− −− 

γh (cm3/s) 3.0	  x 10−8 3.0	  x 10−8 

๏ Excitons annihilated	  by mobile holes at high
excita*on densi*es 

๏ Addi*on of 1% by weight PCBM 
– single rate constant describes process in neat polymer
and blend 



	   	   	  

	  

	   	   	  

	   	  

	  

	  
	   	   	  

	  

TRMC studies at NREL 
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Photophysics	  in pris6ne	  P3HT
 

๏ Majority of photoinduced excitons decay to ground
state or quenched	  by carriers at high excita*on
densi*es 
– small, but finite, yield of intrinsic, long-‐livedmobile
holes 

๏ High density of dark carriers in pris*ne P3HT 
– electrons trapped 
– holes form	  equilibrium between trapped andmobile 

๏ Photoconductance dynamics determined by dark
carriers and traps 
– pseudo-‐first-‐order dynamics	  due to large reservoir of
dark carriers 

๏ Photoinduced holes perturb equilibrium 
– equilibrium	  re-‐established within ≈50 ns 

๏ Subsequent leakage and re-‐equilibra6on 
– due to slow second-‐order recombina6on with trapped
electrons 



Photophysics in P3HT:PCBM	  blends (1)
 

๏ Photoinduced excitons rapidly quenched by electron
transfer to an acceptor (PCBM) 
– excitons s*ll quenched	  by carriers at high excita*on
densi*es 

๏ Intensity-‐dependent photoconductance dynamics
determined mainly by photoinduced	  carriers 
– second-‐order dynamics 

๏ Photoinduced holes s6ll	  perturb equilibrium 
– equilibrium	  re-‐established within ≈50 ns 



Photophysics in P3HT:PCBM	  blends (2)
 

๏ Photoinduced electrons now contribute to
photoconductance 
– PCBM aggregates formed even at low loadings 
– electron contribu*on dominates at high	  loadings and at
long 6mes 



Hindered	  carrier recombina6on	  in P3HT and P3HT:PCBM
 

๏ Recombina6on rate coefficient several orders	  of
magnitude	  smaller than predicted by Langevin-‐based
models 
– carrier recombina6on is ac6va6on	  controlled (even	  in
pris*ne P3HT) 

– energe6c	  barrier exists at the interface that severely	  
hinders	  carrier recombina6on 
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P3HT may assume	  two dis6nct classes	  of	  microstructure
 

High molecular weight. 
Polymers. Entanglement. 

Low molecular weight. 
Oligomers. No entanglement 

paraffinic semi-crystalline 

M. Brinkmann, P. Rannou, 
Adv. Funct. Mater. 17 (2007) 101. 

๏ Molecular weight (Mw) provides a powerful “knob” which can be used to tune the solid-‐state
microstructure 
– LowMw P3HT forms a paraffinic phase of disconnected	  extended-‐chain	  crystals 
– HighMw P3HT forms a semicrystalline two-‐phase system of crystals and interconnected	  amorphous	  domains 



Microstructure determines the yield of free photogenerated charge
 
๏ The photoconduc6vitymeasured via
TRMC depends sensi*vely on the
molecular	  weight of the polymer. 

๏ The TRMC mobility is independent of
polymer microstructure [1], thus,
varia6ons in the yield-‐mobility	  product	  
with molecular weight are due to
changes in the yield. 

๏ Carrier	  yield ismaximized in samples
with co-‐exis6ng	  crystalline	  and
amorphous	  phases (semicrystalline), and
minimized for a single-‐phase
polycrystalline samples (paraffinic). 

๏ We propose that carrier	  separa6on
occurs at the interface between
amorphous and crystalline phases. 

๏ Decreasing	  the	  interface between
amorphous and crystalline domains
through pressing the films reduces the
carrier	  yield. 
[1] G. Dicker, “Photogenera*on and Dynamics of Charge Carriers

in the Conjugated polymer poly(3-‐hexylthiophene).”
 
Technische Universiteit Del}. PhD Disserta*on.
 



	   	   	  

	   	   	  
	   	  

	   	   	  

	   	   	  
	   	  

	   	  

	   	  
	   	  

TRMC studies at NREL 
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The	  exciton boOleneck
 

๏ In a bilayer geometry there is a dis*nctmismatch between the absorp6on	  depth (1/α) and the
exciton diffusion length (L) 

๏ For a thick P3HT film (d > 1/α ≫ L) illumina*on at the: 
– P3HT/substrate	  interface (a) produces excitons that cannot reach the dissocia6on	  interface with fullerene 
– P3HT/fullerene	  interface (b) produces excitons which	  can predominantly reach the dissocia6on	  interface 

๏ In a film where the P3HT (donor) and fullerene (acceptor)materials mix (c) the yield of exciton
dissocia6on should be essen*ally	  independent of illumina6on	  direc6on 



Probing the exciton boOleneck with TRMC
 

๏ For samples where the fullerene is solu6on-‐deposited (PCBM) onto P3HT the photoconductance signal is
essen*ally independent of illumina6on	  direc6on 
– indicates that PCBM	  mixes effec*vely into the underlying P3HT layer 

๏ For samples where the fullerene is thermally-‐evaporated (C60) onto P3HT the photoconductance signal is
significantly	  larger for illumina6on at the P3HT/C60 interface 
– mixing is far less	  effec6ve 



Probing the exciton boOleneck with TRMC
 

๏ Photoconductance	  signal approaches
that of op6mized bulk heterojunc6on
(BHJ) (50:50 weight %) for sequen6ally
solu6on-‐deposited	  layers 

๏ For samples where the fullerene is solu6on-‐deposited (PCBM) onto P3HT the photoconductance signal is
essen*ally independent of illumina6on	  direc6on 
– indicates that PCBM	  mixes effec*vely into the underlying P3HT layer 

๏ For samples where the fullerene is thermally-‐evaporated (C60) onto P3HT the photoconductance signal is
significantly	  larger for illumina6on at the P3HT/C60 interface 
– mixing is far less	  effec6ve 



Effec6ve fullerene loading	  ra6o in graded	  P3HT/PCBM	  ‘bilayers’
 

๏ The peak photoconductance signal for solu6on-‐
deposited	  PCBM onto a 2 μm thick P3HT
underlayer is comparable to a bulk
heterojunc6on containing 5% by weight PCBM 

๏ Analysis of the peak photoconductance signal
as a func*on of P3HT underlayer thickness
suggest that: 
– for the thinnest	  P3HT	  underlayer (≈ 75 nm) the
photoconductance signal corresponds to a BHJ
with between 5 and 20% by weight PCBM 
• consistent with neutron	  scaOering[1] and reflec6vity[2]
studies of themiscibility of PCBM into P3HT 

๏ These observa*ons provide guidelines for the
control ofmicrostructure to accelerate the
development of organic	  photovoltaic devices 

[1] W. Yin, M. Dadmun, ACS	  Nano. 5 (2011) 4756. 
[2] H. Chen, R. Hegde, J. Browning, M. D. Dadmun,
Phys. Chem.	  Chem.	  Phys. 14 (2012) 5635. 



	   	   	  

	  
	  

	   	  
	   	   	   	  
	   	   	  

	  

	   	  
	  

	  

TRMC studies at NREL 
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Adv. Funct. Mater. 2012 
DOI: 10.1002/adfm.201200336 

Alexandre M. Nardes, Andrew	  J. Ferguson, James	  B.
Whitaker†, Bryon	  W. Larson†, Ross	  E. Larsen, Klára	  Maturová, 
Peter A. Graf, Olga	  V. Boltalina†, Steven	  H. Strauss†, Nikos	  
Kopidakis 
Departmen o Chemistry, Colorado	  Stat University 

Thi wor wa supported as par of th Energy Fron*er Research	  Cente “Molecularly 
Engineere Energ Material (MEEMs) funde b th U.S Department	  o Energy, Office	  of
Science, Office	  o Basi Energ Science unde Contrac Number	  DE-‐SC0001342:001. 

NREL	  is a na*onal laboratory of the U.S. Department of Energy, Office	  of Energy	  Efficiency	  and Renewable Energy, operated	  by the Alliance for Sustainable	  Energy, LLC. 



	  

Maximizing Voc: Tuning the acceptor LUMO posi6on
 

C6H13 C6H13 

D= S 

S n S 

C6H13 

A= 

Reduc6on poten6al
vs. C60 (V) 

PCBM -‐0.09 

Subs*tuted fullerenes: 
๏ Replacement of themethyl 5-‐phenylpentanoate	  
group in PCBM with an indene group	  shiqs the
LUMO toward vacuum 
– Corresponds to reduced electron affinity 

๏ Subsequent addi*on of a second and third
indene unit to the fullerene cage further	  reduces
the electron	  affinity 

๏ Reducing the electron affinity should: 
– Increase the Voc of the PV device, BUT 
– Could also decrease the driving force for exciton	  
dissocia6on, ΔFcs 

mono-‐indene-‐C60 (ICMA) -‐0.21 

bis-‐indene-‐C60 (ICBA) -‐0.25 

tris-‐indene-‐C60 (ICTA) -‐0.45 



	  
	   	   	  

tris-‐indene-‐C60: dras6c deteriora6on	  in device performance
 

Current density-‐voltage data: 
๏ mono-‐ and bis-‐indene-‐C60 deriva*ves follow the
predicted trend 
– Voc of the PV device increases 
– Small reduc6on in Jsc 

๏ tris-‐indene-‐C60 deriva*ve exhibits poor
performance 
– Voc, Jsc and FF all deteriorate 

๏ Device measurements cannot elucidate whether
energe6cs (inefficient charge carrier genera*on
or enhanced carrier recombina*on) or
nanomorphology (poor carrier transport) limit
device performance 

Reduc6on poten6al 
vs. C60 (V) 

Voc (V) Jsc (mA	  cm−2) FF (%) PCE (%) 

PCBM -‐0.09 0.56 11.05 56 3.40 

mono-‐indene-‐C60 (ICMA) -‐0.21 0.69 10.56 54 3.92 

bis-‐indene-‐C60 (ICBA) -‐0.25 0.78 10.82 56 4.65 

tris-‐indene-‐C60 (ICTA) -‐0.45 0.69 1.86 40 0.51 



Isomers	  of fullerene mul6-‐adducts
 

A number	  of	  addi6on	  paOerns are possible when
mul6ple	  subs6tuents are bound the the fullerene	  
cage: 
๏ 23 possible isomers	  for bis-‐indene-‐C60 

๏ 53 possible isomers	  for tris-‐indene-‐C60 

Calcula*ons based on density	  func6onal	  theory
indicate that: 
๏ the spread in LUMO energies for the tris-‐adduct
is onlymarginally larger than the bis-‐adduct 
– for isomers within 20 kJ mol−1 of the most stable
isomer the spread	  is actually	  smaller 

๏ This observa*on suggests that the poor
performance of devices	  employing	  tris-‐indene-‐
C60 are not	  limited by isomers	  with	  deeper
LUMO energies 



Photoconductance	  transients
 

Intensity	  dependence of photoconductance
transients of P3HT blended with PCBM, mono-‐
indene-‐C60 and bis-‐indene-‐C60 all indicate
contribu*on from electrons in acceptor	  domains: 
๏ long-‐lived photoconductance signal 
๏ large spread	  in photoconductance transients 

Blend of P3HT with tris-‐indene-‐C60 exhibits
intensity-‐dependent photoconductance transients
similar to pris6ne polymer: 
๏ smaller spread in photoconductance transients 

– electron mobility reduced in tris-‐indene-‐C60
domains
 



Hindered	  electron	  transport
 

Simple cartoons arranging different isomers of bis-‐
indene-‐C60 and tris-‐indene-‐C60 into disordered
domains indicate that: 
๏ it is possible to form ‘chains’ of bis-‐indene-‐C60
where the fullerene cages can couple	  strongly 

๏ clusters of tris-‐indene-‐C60 are quickly covered by
the insula6ng indene solubilizing units 
– coupling	  between neighboring clusters	  is
hindered,	  reducing both the local	  andmacroscopic
electron mobility 

Strategies tomodify fullerene	  deriva6ves with
mul6ple	  subs6tuents should consider the possible
impact	  on electronic coupling between
neighboring fullerene cages and/or clusters 
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