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Transport and Order

Grain  Grain Boundary

(a) Crystalline

What are the differences in charge transport
crystalline versus disordered media?




Crystals
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Fig. 21 Instrinsic semiconductor. (¢) Schematic band diagram. (b) Density of states. (¢) Fermi
distribution function. (d) Carrier concentration.

(a) (b)

Fig.1 Schematic path of an electron in a semiconductor. {a) Random thermal motion.
(b) Combined motion due to random thermal motion and an applied electric field.

Sze, Semiconductor Devices Physics and Technology 2ndEd Wiley

U, {em%/V —si

3
/)

ot .
- T ——
N, =10-%m I o
; — ! L
fug (¥, 5y
=
............... i
Trrprarity Lat tice
| scottering seattoring
i 1
S — I
T
- L
1
50
100 1KY

TIE)

LV. E. Beadle, J. C. C. Tsai, and R. D.
Plummer, Eds., Quick Reference Manual
for Semiconductor
Engineers, Wiley, New York, 1985.



metal

interface layer

active layer

transparent
conductive
polymer

transparent
conductive
oxide

glass

Rene Janssen et al, 2004






[;
/)

3-D Percolation

Strong luminescence quenching occurs at appr. 1 mol% of PCBM in alkoxy-PPV.
Photocurrent onset at appr. 17 mol% PCBM, in accordance with percolation theory.
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Property Optimization GBS

Molecular Structure
Molecular Engineering

Self Organization \

/

Interchain
(Intermolecular)
Interactions
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Toluene cast film
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A 2-3 fold increase of the IPCE and short circuit current was observed by S.E.
Shaheen et al.” due to the change from toluene to chlorobenzene as solvent, while
by AFM measurements a decrease in the surface roughness was detected.

*S.E. Shaheen, C.J. Brabec, N.S. Sariciftci, F. Padinger, T. Fromherz, J.C. Hummelen, Appl. Phys. Lett. 78, 841 (2001)



e Nanomorphology: Solvent Effects GBS

Improved performance: higher mobility
Au contacts
(drain and source) ) Vs 0
Organic semiconducting 0.0
layer /\/I\/\/k 7
-2.0x107 F
SiO, X1, 4.0x107 F
MDMO-PPV 6.0x10”
O 8.0x10”
Al contact (gate) _8-1.0x10° F
1.2x10° [
-1.4x10° F AN
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wcC ] °
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Field Effect Transistors with
Conjugated Polymer as
Active Layer
Mobility calculated from linear and saturation regime using ———
long integration times 42x10°F Chlorobenzene
Wim Geens et al, Organic Electronics 3, 105 (2002) -80 -60 -40 -20 0
VDS
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Harald Hoppe et al. Adv. Func. Mater. 14, (2004) 1005,




Toluene concentration series — S
(top view) MDMO-PPV:PCBM by weight

ISE £.0kV 4.Bmm x50.0k SE(U)



Nanomorphology Effects-SEM Studies &¥8S

Harald Hoppe et al. Adv. Func. Mater. 14, (2004) 1005,




Nanomorphology Effects-SEM Studies GBS

ISE 5.0kV 9.0mm x130k SE(U)

Harald Hoppe, et al. Adv. Func. Mater. 14, 1005 (2004)
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Harald Hoppe et al. Adv. Func. Mater. 14, (2004) 1005




Kelvin Probe Force Microscopy (KPFM) (GBS

Topography Work Function

onm 119.3 nm

J

m7, lluminated §75nm

COnm 103.2 nm 4315 &V 4715 &N

Harald Hoppe et al. Nano Letters 5 (2005) 269




100.0 nmM 300.0 nm
50.0 nm 150.0 nm
0.0 nM 0.0 nmn

Digital Instruments NanoScope Digital Instruments NanoScope

Scan size 5.000 pm Scan size 5.000 pm
Scan rate 0.5008 Hz Scan rate 0.5003 Hz
Number of samples 512 Number of samples 512
Image Data Height Image Data Height
Data scale 100.0 nm Data scale 300.0 nmM
1] M
th100Min. 025 th101a2h.021

before annealing after annealing

from the clusters crystals are formed: PCBM



Nanomorphology Effects-TEM Studies G¥S

Annealing effects on MDMO-PPC/PCBM solar cells,
Harald Hoppe, PhD Thesis (2004)
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...and from Chlorobenzene?
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ISE 2.0kV 2.9mm x100k SE(U)

Harald Hoppe et al. Adv. Func. Mater. 14, (2004) 1005,
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Nanomorphology Effects-SEM Studies

Chlorobenzene cast films

te s e TrerEER have
IPEDDT: PSS ‘ much smoother and
more homogenous
Irro "" nanostrcuture

Harald Hoppe, et al. Adv. Func. Mater. 14, 1005 (2004)




= Diameter of MDMO-PPV Nanospheres = 15-20 nm

Harald Hoppe, PhD Thesis (2004)
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- Organic and Hybrid Solar Cells

High workfunction
—— electrode

Organic p-type
conductor (donor)

» Organic n-type
conductor
(acceptor)

Low workfunction
electrode



D-A block copolymers

Current Density (ma/cm®)

n=3, F3T4-hP G 66.4 Sy,212.3 Sy, 215.7 1
4, FAT6-hP G 83.4 Sy; 194.8 Sy, 204.7 Sy, 233.5 1
5, FST8-hP G 90.4 Sy 189.5 N 248.5

# Svmbols: G, glassy; §, smectic; NV, nematic; [, isotropic.
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PCE =1.50%
Voc = 0.87 V;
Isc = 4.49 mA/cm2;
FF=10.38

[Y. H. Geng, et al., J. Am. Chem.
Soc.,2009, 131, 13242-13243]



Supramolecular Ordering (F8S

Di-block copolymer
miscelle formation
encapsulating
fullerenes.

S. Jenekhe, & Chen,
Science 279, 1903 (1998)




A. Cravino, G. Zerza, M. Maggini, S. Bucella, M. Svensson, M.R. Andersson,
H. Neugebauer, N.S. Sariciftci, Chem. Commun. 2487 (2000)




The monomer
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PolyUCMG6: TCAQ GBS
type acceptor moieties

NC._ _CN 0
I OJ\/\(O
LI
0)
| s. [\
NC CN \ / S

UCMG6

G. Zerza, A. Cravino, H. Neugebauer,
N. S. Sariciftci, R. Gomez, J. L. Segura,
N. Martin, M. Svensson, M. Andersson,
J. Phys. Chem. A, 2000.
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* Backbone ox./re-red.
*"TCAQ" red./re-ox.




Transport Theory

Free electron metallic conductivity
v, = (et/ m¥)E,
and the total current density is given by

j = Nev, = (Ne’t/m*)E.
From Ohm’s Law, j = cE, we identify the electrical conductivity, o, of the metal,
o = Ne?t/m*

Defining the carrier (electron) mobility by the relation v, = pE, this simple model of
metallic transport yields
u= etr/m* c = Nep.

Strong scattering: Ak/k ~ 1: The Ioffe-Regel inequality
knl<1 Metallic wavefunction breaks down into y; ~ exp(-ar —r;|)

LOCALIZATION OF ELECTRONIC STATES




Anderson localization: the problem (8

One-dimensional ‘crystalline’ system

U(x) A periodic potential

energy distribution

| ¥ (x) | »  vyields an extended
wave function

Coordinate x

— - U(x) What will happen in an
(energetically) disordered
/\ W(x)|?2 system? Can the wave
/ \ function be still extended?

Y(x)|2 Or it will be localized
within a single potential
- well?

Coordinate x , , _
N. F. Mott, E. A. Davis, Electronic processes in non-

crystalline materials, 2ndEd., Oxford University Press,
London (1979).



Anderson Localization (28BS
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Hopping transport 8BS

Over-barrier jumps dominate at

[\ higher temperatures

At lower temperatures, tunneling
jumps take over

Most models of hopping
transport assume that:

N - positions of hopping sites are

\ —_ completely random




Transport in Disordered Media

Delocalized or

Extended states |
-3"
i I\_/IJ)il_ity_eEge
Localized
states
5 >
N*  N(E)

Thermal activation over the Ec

_ —~(Ec—Ep )/ kT

Energy

Fermi Glass

Localized

states Mililer Abrahams Jumping Rate
i E. — €&E.
AR. & T4
Vv, =V, exp(— 2ya— j exlj:[ kT ] €; > &
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: >
N* N(E)

Mott Variable Range Hopping
oyru(T) = o,exp[-B(Ty/T)"¢V]



Trap-controlled transport (FBS

Eﬁ Extended states
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S | Localized states Density-of-states
= - distribution
E=0 =
Important parameters: DOS, g(E)

Band-tail states
L. - carrier mobility in

Energy

7. - lifetime of carriers in
Deep traps

v, - attempt-to-escape frequency




Fermi glass
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V(x)a

photoexcitation
AVAVAVAVAVAY, <

N(E)

Conduction DOS

I'C - Coulomb radius

Valence DOS

Electrical Field helps the
Escape from the Coulomb
Field of Partner



Poole-Frenkel Field Effect (8BS

The field dependence of drift mobility usually follows
Poole-Frenkel law:

Eo_7/'\/ED

kT

Ho= p,exp | —

where u, is zero field mobility, E, is zero field activation energy, k; is Boltzmann constant, y is Poole-
Frenkel constant and 7 is absolute temperature.

J. Frenkel, Phys. Rev., vol. 54, pp. 647-648, 1938.
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Early models: Poole-Frenkel Model 3

The electric field dependence of the mobility is attributed to the lowering
of the activation energy by tilting the coulomb barrier

L 1
energy of | _____ Coulomb potential

electron ( \
([ AE - gfi )
1= 1, exp: _AE- P |

kg T

superposition of
both potentials

tunneling

- -

AE: activation energy

. W.D. Gill, J. Appl.
distance r Phys. 43, 5033 (1972)

For critical analysis see: L. B. Schein, et al. J. Appl. Phys. 66, 686 (1989).



Basic assumptions:

Hopping transport described by Miller-Abrahams jump rates;

Distribution of site energies and distances are Gaussian;

Electron-phonon coupling is sufficiently weak that polaron effects can be

neglected, yet strong enough to guarantee coupling to a heat bath;

The process is incoherent, characterized by the loss of phase after each

jump.

Charge trapping is ignored — *trap-free transport”.

Solved by Monte-Carlo
computer simulations

parameter.

Review articles:
H. Bissler, Phys.Status Solidi B. 15, 175 (1993).

more recent in: ChemPhysChem, 9, 666 (2008)

Gaussian DOS with width 1‘?.":__"'__
¢ — “energy disorder I
parameter” ; -
Y. — positional disorder -

)

s .
Transport Tail
states

=l E,
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(78S

Equilibrium carrier distribution

AE) DOS
E=0 2 N, E’
x DOS - o
>
- g O The width of the p(E)
é o *T kT distribution is the same as
that of the Gaussian DOS !

/ p(E):LeXp__ (E-E,)

/ 2
Occupational DOS 2o 20

The carrier at the long time limit are distributed as a Gaussian with
mean value of <E_>=-¢?/KkT and energy width of . .



Mobility Measurements

8BS

ORGANIC FIELD EFFECT MOBILITY

CELIV

TOF

HALL EFFECT

SPACE CHARGE LIMITED CURRENT MOBILITY



Photo-CELIV Method 8BS

A Glass \ ITO \ P3HT \ Al
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—

L

b | Oscilloscope

8 ToF I L _1_ T
Py = =

- .
N :

L .

= :

v .
= :

Q : 2

S : _ 2d

" > 3412 {1 +0.36 Af}
t=0 time j(0)
Attila Mozer et al, Phys. Rev. B 71, (2005) 35214




Photo-CELIV Method

U, Applied triangle voltage pulse i . . : :

Laser pulse
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Transport in Conjugated Polymers
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Transport in Conjugated Polymers (S

ARz'j X _g]—g £, > ¢
Bissler formalism, using "7 =" eXp(‘ 2ra— J{ p[ f‘T J
Miller Abrahams hopping rate and : ¢
a Gaussian density of localized states
| 2 A D ] ) 2 1/2
U(T,E) = p,exp —ga exp|-Cl\lc”™ —2" JE

o= o/(kgT) and X are parameters characterizing

energetic disorder and positional disorder,

G [eV] 1s the width of the Gaussian density of states,

L, [cm?V-1s1] is a prefactor mobility in the disorder-free system,
E [Vem!] is the electric field, and C is a fit parameter.

H. Bassler; Phys. Stat. Sol (b) 175 (1993) 15




ToF-Photo-CELIV Comparisons (85
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Mobility of Fullerene OFETs (TBS

Meyer —Neldel rule (1937):
1 1

= exp| — £ — 3
Hr g = Hyn ©XP A T 3)
1 (a) o (b) E
2]\ (408K, 3.28 cm2V-1s) | (330 K, 0.8 cm2V-1sT) |
> : " 107
= VoM §
L‘é => I:g 10‘1j
10 \% 2 | | | .
s Y 3 6 9 12 15
1000/T [K] 1000/T [K]
Mujeeb Ullah et al. Applied Physics A 97, 521(2009)




Meyer-Neldel rule (8BS

“A phenomenon that can occur in any situation which involves an thermally activated process”

The Arrhenius dependence:

(e [ £
: o %=

varying charge carrier concentration

-
HMN iunnnunnnnnns
5
E, g
H, = Huv ©XP Soar-
k T 2
B+ MN g
5-
Uy - constant pre-factor, £, - Meyer-Neldel energy “
s-
2

0.001

TM N 1000/T (K1)

W. Meyer and H. Neldel, Z. Tech. 18, 588 (1937).



CELIV vs OFET Comparison EBS

w
=— uCVy(Vg=Vy)

VDS << VG . L

/’l:
3At2 {1+0.36} I,

- Carrier concentration are different in CELIV and OFET experiment



CELIV vs OFET Comparison
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CELIV vs OFET Comparison
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Almantas Pivrikas et al. (2010)



CELIV vs OFET Comparison

BS
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Almantas Pivrikas et al. (2010)



Poole-Frenkel law

¥ OOd

Almantas Pivrikas et al. (2010)
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Mobility versus time in CELIV (FBS
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Mobility versus Concentration (FBS

101 T 7/ T T
FCELIV TK]
- - O 300
‘B L O 240
— 280
q| v 270 - .
m> 107 F o 260 m E For OFETs assuming
— i : gjg : 10nm channel thickness
O, i DFETT[H]
I m 500
—— O _ 1
=571 o @ solog ° 20 n=CVe—C 15=)
— C E'f':"' ]
0 X 3’ {;,‘"7" v 270 ]
O B * 260
= 0 o e 250
= * 240
-2

4x10" 8x10"°  3.6x10'74.5x10"
- -3
concentration [cm 7]

Almantas Pivrikas et al. (2010)



Meyer-Neldel rule 8BS

1 CELIV - OFET
: a) : 5 b)i
- [ TMN’ EMN’ Ho ) — 10"t - Z
. - / T § _ Conc. =2x10 j om ;
> 10° ) o 10°F PWitee, |,
8 \» , . 10‘3;-T'V'N’ B o 1:\3
- 5 Conc. = 1><1O15|c' S 10.4E | - Conc. =6x10" cm ™
10 2 3 4 2 3 41 5

1000/T [1/K] 1000/T [K]

- CELIV and OFET 1n C60 devices shows E\; = 35 meV,.
= 0.4 cm?V-is! from CELIV
thn— 4 cm?V-is! from OFET.

Almantas Pivrikas et al. (2010)



Meyer-Neldel rule : Theory

]
ik, i‘

q

idirgestion point, (nf

Effective mobility, In(p /1 )

alk, T =3/2

0 | 1 2 3 4
ok, T

Fishchuk, A. Kadashchuk, J. Genoe, M. Ullah, H. Sitter,
B. Singh, N.S. Sariciftci, H. Béssler
Physical Review B 81 (2010), 045202




What about recombination? 8BS

v Langevin Recombination

Rrecombination — IBnp — ﬂnz — 1 -
T
/ﬂp / . e(lu faster + /uslower)

Langevin recombination

Qinjcctcd = CU ﬂL -

ITO Al &€
+] + -
a) [f|+ =
+| + -
+H| + -
+| + -
+| + - .
H ot - In MDMO-PPV/PCBM solar cells Langevin Rec.
H o+ -
L
Y Charge carrier must reach the electrodes prior to recombination
N Lraeein ree i Recombination time >> transit time
Qinjcctcd >>CU
ITO Al
hraeapapae
+ ++ -+
b) et

[FFFF+FF+++ 4
+

+§E In P3HT/PCBM solar cells non-Langevin Rec.

L Mozer and Pivrikas et al.



Diftusion versus Drift Effects

JOUENAL OF APPIIED PHYSICS VOLUME 93, NUMEEER 6

15 MAECH 2003

Comparing organic to inorganic photovoltaic cells: Theory, experiment,

and simulation
Brian A. Gregg® and Mark C. Hanna

National Renewable Energy Laboratory, 1617 Cole Bowlevard, Golden, Colorado 80401

BEN 2gl»
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Eﬂ & gﬂ ; _ht,
g3 . i3
E Py 3 OpPy
distance distance

FIG. 3. A cartoon illustrating the difference in charge-carnier generation
mechamsms 1 conventional (a) and excitonic (b solar cells. In conven-
tional selar cells (al, electrons and holes are photogenerated together wher-
ever light 13 absorbed. Therefore, the photoinduced chemical-potential-
energy gradient Vg (represented by arrows) drives both carmer types in
the same direction. In the excitomc cell (b), however, electrons are photo-
generated 1n one phase wiule holes are generated in the other via interfacial
exciton dissociation Carrer generafion 15 simultanecus to, and identical
with, carrier separation across the mterface in OPV cells; Vi, therefore
drives electrons and holes mn opposite directions.

The general kinetic expression for the one-dimensional
current density of electrons J, (x) through any device 1s usu-
ally expressed as!

Jolx)=nmlx)pw, VU + 5T, Vaix), (1)

where #(x) 1s the concentration of electrons, u,, 1s the elec-
tron mobility (not to be confused with the chemical potential
energy ). and & and T are Belizmann's constant and the

ing force. Thus, VI7 can be =0, for example, and a highly
efficient solar cell can be made based wholly on V ;. This
15 how dye-sensitized solar cells (DSSCs) le:I.lCl‘iOﬂ..]g:n in
which the mobile electrolyte permeating the cell eliminates
the mtemal electric fields (see below). In solid-state OPV
cells without mobile electrolyte, both VIJ and Vi must be
taken into account.



Schematic Band Diagram
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Under heavy 1llumination
a Schottky barrier formation ?

p-type Schottky device

Y
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Fowler-Nordheim Tunneldiodes

Carrier tunneling and device characteristics in polymer  J. Appl. Phys. 75 (3), 1 February 1894

light-emitting diodes
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Band Models
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Electroabsorption Studies

A measure of the internal electric field in the device
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Electroabsorption Studies

A measure of the internal electric field in the device

ATT10

% (Vae = Vint) - Vae Lungenschmied et al., 2006
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Summary for MDMO-PPV

capacitance / nF

A Lungenschmied et al., 2006
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the MDMO-PPYV diodes show

No photocurrent transients
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ITO/PEDOT-PSS/MDMO-PPV/LiF/Al ITO/PEDOT-PSS/MDMO-PPV+1% PCBM/LiF/Al

Built-1n field 1s reduced by nearly 0.8 V
upon addition of 1% PCBM into MDMO-PPV

C. Lungenschmied, G. Dennler, H. Neugebauer, N.S. Sariciftci, E. Ehrenfreund
Applied Physics Letters 89 (2006), 223519



MDMO-PPV mixed with 1% CG60

Internal field 1s reduced by nearly 1 V
upon addition of 1% PCBM into MDMO-PPV
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What about P3HT ?

0 03 T ~~vvagy 1 D
1040 — purrent density G + o’
o :
. 41.0 . o
08 00 g o f
s ¢ O " .
_ o o 0.2 ) {60 o
E © ¢ 1 E . 1 EA Signal S &
o 06+ Q{} © 1w EASign & =1 = ¢ loEAviona ’ %
S Yo s 2 | (° S
% D4 ~ L 1% 5 £ © ° :
= ] Q’% o T2 g, o, , 0 1120 @
. o E < o © <
06{ 2 @ 6
nz4 : 5 o) !
© E\D\ arﬂ ® Phaseof EA Signal ]|
o]
20 : . | . 0.0 0.0 : : ?/‘ Lo *es404banaal18)
-1 0 1 Z 3 0.5 1.0 1.5 2.0 25 3.0
applied kias / V applied bias / V
ITO/PEDOT-PSS/P3HT/Al ITO/PEDOT-PSS/P3HT/LiF/Al
Measured @ 640nm and 77 K

SCHOTTKY JUNCTION FORMATION IS PROBABLE IN P3HT DIODES !

C. Lungenschmied (2006)



Schottky Junction in P3HT Devices ?
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Band Models
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Voltage [V]
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Brabec et al., Advanced Functional Materials (2001), 11, No.5, 374-380




Voc vs HOMO of the Polymer Donor

A: 1, - LUMO level of Cg,
2.8eV 3.08 eV
3.31eV
Ce LUMO
3.9eV
A 1 5
P—
4.9 eV
5.42 v e
MEH-PPV nbitd
p-DMOP-PPV 5-DMOP-co-
MEH-PPV (7:3)
*High PL Quantum Efficiency Materials 1 2 3
-High lonization Potential Materials QE. 10% 40%  23%
Kwanghee Lee et al, Pusan Univ. Korea




Voc vs HOMO of the Polymer Donor

HOMO Position [ eV]
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Polarons

Schematic energy diagram of a

positive polaron Typical PIA Spectrum
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Photoinduced Absorption -Device

PIA of an MDMO-PPV/ PCBM 1:3 solar cell
under different applied voltages
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Results

Different relaxation times for
different spectral PIA bands

— high frequency
low frequency

— difference
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LIOS

Linz Institute for Organic Solar Cells

Physics of Organic Semiconductors:

1.) Photoexcited spectroscopy

2.) Photoconductivity

3.) Thin film characterization

4.) Nanoscale engineering

5.) Nanoscale microscopy (AFM, STM...)
/ 6.) In situ spectro-electrochemistry \

,,Incubator* for small high tech spin-off companies:
Konarka Austria (former QSEL), Nanoldent (insolv.), Botest, Isiqiri,
Plastic Electronic GesmbH, Prelonic GesmbH , Solar Fuel GesmbH ...
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