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Organic Semiconductors

Organic semiconductors enable direct fabrication of electronics
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Bulk Heterojunction Organic Photovoltaics
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State of the Art Solar Cells
Best Research-Cell Efficiencies LiNREL

50
Multijungtion.CeIIs (2-terminal, monolithic)  Thin-Film Technologies Spectrolab Fraunhofer ISE g
48 |- Y Three-junction (concentrator) @ Cu(In,Ga)Se; (metamorphic, 299) | (metamorphic, 454x) Spectrolab Solar
W Three-junction (non-concent - @ migncu?gh o
C Y o matched,
44 - imiﬂﬂﬁﬂﬁﬂ Eﬁﬁﬂﬂﬁﬁﬁa x \S anyo : Sanyo ZSW (Flex polmer sub) o D 34.0%) 4
O Four-junction or more (non-c —{1 FhG-ISE / 20.4% g Solar
. . . nction
40| Single-Junction GaAs NREL NREL NREL NREL NREL ZSW  Solexel OFirst Solar g raiched, pectII%SI;ab
ASingle crystal REL N 4180/
ont NREL e GE Global PLEERY: -2
A Concentrator ® Uni Sharp First Solar . 37.7% A4
36 v Thindim crystal S, niv. e Research Sha’p (MM, T-sun)
REL ’ Stuﬁgart (Iarge area) Mitsubishi LG . arp (IMM, 1-sun)
Crystalline Si Cells (45 umthin-  NREL United Solar Chemical Electronics P E (tsun) —_—
~ 32 ;3nﬁ_le cryt/sltlgl ,/ film transfer) (CdTe/CIS) (aSVncSVn&\S}n)____________J Heliatek ‘0 0e T8 Devices - /°
o — : .8%
Q\, ’Tl:clkcrsyisﬁlamme 7 Sharp’\‘f NIMS '\,’\ IBM }}:1:2 (2 De/V{s 29.1% N
> 28 @ Silicon heterostructures (HIT UP\ited IBM A,A\\(CZT iSe) 1% K A" 26.0% \of
in- v . - a 26.4% JaN
GC, V Thin-film crystal Solar NREL / Konarka (CZTSSe)  Konarka _f Heliatek Sll.IJmilt_(')AmO Devices Panasonic  £TXTAm
e - K 3 . 7% I J
S 24 N . Univ. Linz SOI?LT::kaé— i Chemical @gZrT7 <> | asonic ., 0, T
BM A-===="" —
L .0 Wt Groningen tomo UCLA X
20+ Re(search%enrl]er) Sandia 9 \ / Univ. of A Eg.::gz b
Natonal S \ Plextronics iy, A Helatek Toronto | Soerd Qisisolr R
16 - RCA__m—e ersity Linz University Siemens Dresden z (;\;IngSLQD()PbS-QD) Soar B
Mobil Sta Linz n - 3 Nl Elecironics
” Solar - N N AN NN Y AN IS NN N I N N N N M| = k Otigiatek  SHEAR
— oeing IBM 4%| ».
, Len 2000 2005 2010 2015 9" c7sse) SIBEA
g Matsshlta - | Kodak o o ) 0TI sgnilf?m
B onosoll O S O Univ. Linz Solarmer < Chemical
A Boeing Solarex O EPFL ongess) G oningen \ Konarka —c@rse ?t;jrrr?(la UCLA D
University EPFL 1 e Univ. of
41 of Maine o, - N P xtromCS% & HehatekA Toronto
rRoa  ROAL RCA RCA P University Linz @—=Gjriversity Siemens  Dresden (anfngsLao()PbSQD)
0L_1 o | IS T I TN N IS NN SN A N I I I T IS N TN N N N Lmz I N N N N S N TN SN N N
1975 1980 1985 1990 1995 2000 2005 2010 2015

MATERIALS
UC Santa Barbara



Structural Diversity in Efficient BH|s

Donor: Many donor-acceptor co-polymers
with PCE > ~5%

Acceptor:
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Few materials with
absorption >800nm
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Electronic Structure of Semiconducting Polymers

poly(3-hexylthiophene)

Conjugated core controls
electronic structure
relevant for transport

LUMO

poor coupling

weak coupling

TN
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Crystallites in P3HT Have Two Main Orientations

2.5- Grazing Incidence X-ray Scattering

P3HT thin films have dominant edge-on texture
out-of-plane — alkyl chains
in-plane — 7T -stacking

A
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Disorder and Electronic Structure in Polymers

2D conjugated P3HT

sheets \

Polymer films have regions of order and disorderI “
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Chain Ordering in Poly(alkylthiophenes)

S / \ ]
LN/ 7,

Small ~10 nm crystallites

No obvious long range order

M. Brinkmann P. Rannou Macromolecules (201 1) MATERIALS



Imaging Chains with
Scanning Transmission Electron Microscopy

C.Takacs, et. al. Nano Lett. 2013

FT shows peaks at alkyl stacking spacing

FEI Titan 300kV microscope 7T\
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Overlapping chains
are resolved with
long range alignment

Chain correlation
length should be
considered for
transport simulations

C.Takacs, et. al. Nano Lett. 2013 A




Molecular Order in Polymer:Fullerene BH|s

Grazing Incidence X-ray Scattering of BH|
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Depth Profile of a Bilayer Film

Dynamic Secondary lon Mass Spectrometry
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Layers Begin to Mix Upon Heating
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* PCBM is highly mobile in P3HT

* At |:l ratio — PCBM has little effect on P3HT
crystallinity

Efficient devices comprise a three phase blend

i) pure P3HT; ii) pure PCBM & iii)
molecularly mixed P3HT:PCBM

N.Treat, M. Brady, G. Smith, M.Toney, E. Kramer, C. Hawker, M. Chabinyc Adv. Ener. Mater. I (2011)
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Charge Formation in Bulk Heterojunctions

D* + A
4 exciton
DT A- . Al free carriers
O) —
E) proximal — D+ A
L photon charge transfer ~ €arriers p—
S electronic state (=3 nm)
T
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ground state Distance

bulk heterojunction excited state charge formation free carriers
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BH| as an Effective Semiconductor

P3HT (LUMO-HOMO) ~ 2.5 eV

log(DOS) cm eV

>
PCBM (LUMO-HOMO) ~ 2.0 eV

47
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Z.L. Guan, et. al. Org Elec. 11 1779 (2010)
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Transport in Efficient BH|s

Compare two polymers with nearly same optical gap
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Charge Extraction from BHJ Photovoltaics

Internal E-field

» light

Laser pulse ~ T -
-+
+ -
R current
+

Optical bias R,‘,& v T

. E | Charges travel to the electrode
g T B in dark and have the chance to
recombine

R. Street, et. al. Phys. Rev. B. 84 075208 (201 1)
C.Shuttle, et.al Adv.Ener.Mater.2 |11-119 (2012)

Transient photoconductivity provides timescale of transport and
thereby energetics of electronic states areRiaLS
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Charge Extraction Transient Shows Deep Lying States

-4 Increasing energetic depth of states
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Charge Extraction from BHJ Photovoltaics

PBDTTPD23 P3HT Increasing energetic depth of statci
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No deep states observed for P3HT!

C. Shuttle, et.al Adv. Ener. Mater..2 111-119 (2012)

- possible that there are no deep states (unlikely)

- most likely cause: doping of P3HT
requires carrier concentration ~10'> cm (confirmed by ESR)
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Can We Learn More from Transients!?

Use |-D model to examine transport, i.e.
reduce BH] to an effective semiconductor

|) Solve Poisson Equation

2) Recombination by Shockley-Reed-Hall
mechanism

Fit to combination of transient photocurrent
measurements and steady state data

Electron Energy (eV)

log(DOS)

R. MacKenzie, et. al. Adv. Ener. Mater. (2012)

Downside: numerical simulation with many parameters AT~
must be very careful to vary measurements and fit all data self-consistently U o peroar



Simulation Reveals Complex Density of States

Disorder in BH| blends leads to distribution of electronic states
P3HT:PCBM
Drift-Diffusion Model w/ SRH trapping
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BH| as an Effective Semiconductor

log(DOS) cm eV

PCBM
(acceptor)

i

‘ >
Effective (LUMO-HOMO) ~ 1.4 eV

free carriers

Z.L. Guan, et. al. Org Elec. 11 1779 (2010)
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Interface or “Charge Transfer” States

External Quantum Efficiency

electrons collected
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Models of Interface States

“Marcus” CT States of Donor:Acceptor
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Decacyclene-based Acceptors

Optical absorption in chloroform
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* Similar electronic levels to PCBM; stronger optical absorption VS e



DTl is a well-performing non-fullerene acceptor
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Excitation of DTl or Donor Leads to Charge Generation
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Charge Transfer State Observed in Tail of EQE

Acceptor
Edge of PCBM absorbance
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- suggests interfaces states due to disorder MATERIALE
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Summary

* Fullerenes have substantial molecular mobility

in semiconducting polymers

* Mixing observed in BH] occurs due to PCBM - dP?HT‘d"PGBM Q_‘

diffusion within amorphous P3HT

* Non-fullerene acceptors helpful to
understand interfacial states
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