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Current and Conductivity
1. Ohm’s Law (gives DC mobility). 
• For a single carrier (holes in this case) in a uniform electric field:

• Gives the product pμ ⇒ requires independent determination of charge density.
• Ohmic regime identified by linear relationship between j and V.

2. Space charge limited current (gives DC mobility).
• When the injected carrier density pinj > p0 (the background charge density), 

charge accumulates at electrodes:

+ -

SCL

Ohmic
F(x)

x d0 2

𝑗 = 𝑞𝑝µ𝐹 = 𝑞𝑝µ
𝑉
𝑑
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P0
2 πDptD

σ= 2(4DptD)½

Extracting the Diffusion Constant

3

∂p
∂t

= Dp
∂2 p
∂x2

Start with diffusion equation:

With solutions:

The peak decreases with tD, and it spreads with half width at 1/e from max.:  σ = 2(4DptD)½

p(x,t) = P0
2 πDpt

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥
exp −x2 / 4Dpt( )

Dp should be consistent with the Einstein relation ⇒ µ

(A single µ ⇒ Gaussian spreading)

Shockley-Haynes method (time of flight)

• Bias sample at quasi-equilibrium to avoid injection 
(Ohmic at Vaè0).

• Light pulse generates excitons that separate into 
charges at t = 0

• Measure arrival time (tD) of the photogenerated 
current pulse.

tD = L2

µVa

The width of the current pulse gives the diffusion constant of the charge, D.
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Band Transport
• Ultra-purified naphthalene

4
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Fig. 5. Electron and hole mobilities in naphthalene for the electric 
field E parallel to the crystallographic a axis, for different field 
strengths (marked by different symbols) between 3 and 12 kV/cm. 
Crystal thickness was 1010(10)~tm. The + symbols in the lower 
right comer represent previously available data 1-13] 

with the ultrapurified crystal material. In Fig. 5 mo- 
bilities of holes and electrons in the crystallographic a 
direction in naphthalene are plotted versus tempera- 
ture in a log/log plot. In this type of plot a straight line 
indicates a #oc T" temperature dependence of the 
mobilities. It is seen that for the electron mobility we 
could establish a T -  1.4 dependence down to 27 K. The 
hole mobilities could be followed even down to 4.2 K. 
In this temperature region high mobilities are reached. 
The highest observed value is /~+=400 cmZ/Vs. To 
demonstrate the progress which the described ultra- 
purification of the material has allowed us to achieve, 
the best data o f#  + available so far [13] are inserted as 
crosses and connected by a dashed line. We can now 
clearly attribute the decrease of the hole mobilities in 
these earlier measurements [13] to impurity 
trapping. 
In the region of high mobilities at low temperatures a 
remarkable new effect appears which has not been 
reported for any organic material before [14]: the 
mobilities become electric field-dependent, they de- 
crease with rising field. We have represented in Fig. 5 
mobilities for various electric field strengths. At each 
temperature the different symbols refer to different 
magnitudes of the electric field. To demonstrate this 
extraordinary behaviour more clearly, we have also 
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Fig. 6. Electric field dependence of the hole drift velocities in 
naphthalene at three temperatures for Ella. The broken lines 
were drawn to connect the experimental points and extrapolated 
to v~rlft~0 for E~0. They reflect a strongly sub-Ohmic 
behaviour. Low field mobilities would be represented by the low- 
field slope of these curves (if there were experimentally accessible 
points). Ohmic behaviour would be indicated by the tangential 
(full) lines 

plotted the original drift velocity data versus the 
electric field (Fig. 6). There the strong deviation from 
Ohmic behaviour is demonstrated most clearly. Al- 
ready at 31 K the observed drift velocities fall well 
below the straight line through the origin, representing 
Ohm's law. Below about 10 K the drift velocities tend 
to saturate with increasing field. 
As a second example we will present similar observ- 
ations which were made with the electron mobility in 
perylene. For the a direction an exact /zocT -1'78 
dependence is obeyed down to about 40 K for low 
fields (Fig. 7). For very high fields a field dependence of 
the mobility can be observed already at about 100 K. 
The drift velocity versus field plot (Fig. 8) again 
demonstrates strong non-Ohmic behaviour. 
The strong non-Ohmic behaviour of the drift velocities 
in these two substances closely resembles the observ- 
ations which were reported before for conventional 
inorganic semiconductors (such as silicon and ger- 
manium), and explained as hot carrier effects, cf. 
[-15, 163. 
Below 30K the perylene electron mobilities of the 
example described (Fig. 7) begin to become influenced 
by residual shallow trap states (clearly visible in the 
figure only for the low electric field points obtained at 
E=6kV/cm).  Such trap influence was found more 
pronounced in another crystal which was made from 
less purified perylene (for which the reverse horizontal 
zone refining step was left out). The low temperature 
behaviour in crystal samples of the two different 
perylene batches differed in that the electron mobilities 
in the less extensively purified material displayed a 

holes

• Mobility vs. majority carrier type
e.g. If the mobility of holes > electrons,      

does NOT imply the material is p-type
• The “type” of a material depends on the 

polarity of the majority carrier
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plotted the original drift velocity data versus the 
electric field (Fig. 6). There the strong deviation from 
Ohmic behaviour is demonstrated most clearly. Al- 
ready at 31 K the observed drift velocities fall well 
below the straight line through the origin, representing 
Ohm's law. Below about 10 K the drift velocities tend 
to saturate with increasing field. 
As a second example we will present similar observ- 
ations which were made with the electron mobility in 
perylene. For the a direction an exact /zocT -1'78 
dependence is obeyed down to about 40 K for low 
fields (Fig. 7). For very high fields a field dependence of 
the mobility can be observed already at about 100 K. 
The drift velocity versus field plot (Fig. 8) again 
demonstrates strong non-Ohmic behaviour. 
The strong non-Ohmic behaviour of the drift velocities 
in these two substances closely resembles the observ- 
ations which were reported before for conventional 
inorganic semiconductors (such as silicon and ger- 
manium), and explained as hot carrier effects, cf. 
[-15, 163. 
Below 30K the perylene electron mobilities of the 
example described (Fig. 7) begin to become influenced 
by residual shallow trap states (clearly visible in the 
figure only for the low electric field points obtained at 
E=6kV/cm).  Such trap influence was found more 
pronounced in another crystal which was made from 
less purified perylene (for which the reverse horizontal 
zone refining step was left out). The low temperature 
behaviour in crystal samples of the two different 
perylene batches differed in that the electron mobilities 
in the less extensively purified material displayed a 

•

F‖a

F‖a
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Space Charge Limited Current
• In the space charge regime, we make the following assumptions to solve j vs. V :

• pinj > p0

• Only one carrier type is present
• µ ≠ μ(F) (Field-independent mobility)
• Free carrier distribution follows Boltzmann statistics
• Trapped charge occupation defined by Fermi statistics
• F is large enough for drift (and not diffusion) to dominate
• Field not so large that field emission is important

• In 1D, Gauss says:

• ε=ε0εr

• Current in the absence of trapped charge, pt(x): 

• Now: 

• Since j is constant across layer

dF
dx

=
q pinj (x)+ pt x( ) + p0( )

ε
≈
qpinj (x)

ε

j x( ) = qµp pinj x( )F x( )
dF2 x( )
dx

= 2F x( ) dF x( )
dx

=
2qpinj x( )F x( )

ε
=
2 j x( )
εµp

⇒ F2 x( ) = 2 jx
εµp

5(This is current continuity)

(trap free case)



Organic Electronics
Stephen R. Forrest

j-V in the SCL regime

F2 x( ) = 2 jx
εµp

⇒ F x( ) = 2 jx
εµp

Now potential is:

Integrating between 0 < V < Va and 0 < x < d

We obtain: 

Giving the Mott-Gurney relationship:

Note the absence of p! 
⇒ Only need the dielectric constant and the film thickness. 

Use the ohmic region of the j-V curve to determine p0.

− dV
dx

= F x( )

Note: F(x)~x1/2  vs. F(x)= constant for Ohmic

j = 9
8
µpε

Va
2

d 3

6

𝑉!="
#

"$%!

&'"
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SCL Current in PTCDA

Forrest, S. R., Kaplan, M. L. & Schmidt, P. H. 1984 J. Appl. Phys., 55, 1492.

Glass

PTCDA

Va

gnd
To find background carrier 
density:

At Vx:  j(ohmic)=j(SCL)

⇒ qnµVx
d

= 9
8
µε Vx

2

d 3

⇒ n = 9
8
ε
q
Vx
d 2

7
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But what happens if things aren’t so simple?
• We have assumed no traps. In organics, this is not often the case due to 

static disorder. 

• Simplest case: A single discrete, shallow trap where

• Then you can show: 

Ø That is, the mobility is now reduced by Θ

• More often there is an exponential distribution of traps, in which case we 
have trap-filled limited conduction:

• m=Tt/T where Tt is the characteristic trap temperature
• Define

• Leading to:

p0
pt

=Θ <<1

j = 9
8

Θµp( )ε Va
2

d 3

jTFL = qµNHOMO
εm

q m +1( )Nt

⎡

⎣
⎢

⎤

⎦
⎥

m
2m +1
m +1

⎡
⎣⎢

⎤
⎦⎥

m+1 Va
m+1

d 2m+1

pt = Nt exp − EFp − EHOMO( ) / kBTt( )
p = NHOMO exp − EFp − EHOMO( ) / kBT( ) = NHOMO exp − EFp − EHOMO( ) / kBTt Tt /T[ ]( )

p = NHOMO
pt
Nt

⎛
⎝⎜

⎞
⎠⎟

Tt /T

⇒ pt = Nt
p

NHOMO

⎛
⎝⎜

⎞
⎠⎟

1/m

8

Filled 
w. 
holes

EFp HOMO
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Examples of TFL-SCL

Alq3

M. Campos, Mol. Cryst. Liq. Cryst. 18, 105 (1972)

naphthalene

Multiple ohmic, SCL and TFL regions
P. E. Burrows, et al., J. Appl. Phys., 79, 7991 (1996).

9
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Non-Dispersive Mobility in Ultrapure Organics

Melt zone

Solid zoneSolid zone
Ingot

Boat

Furnace

Hot elements

Distance

Te
m

pe
ra

tu
re TM

v=µF

W. Warta, R. Stehle & N.Karl, 1985. Appl. Phys. A, 36, 163.

𝜇 = 𝑇()

n = 1.5 band transport
n = 2 acoustic phonon scattering

High purity achieved via zone refining (see Ch. 5)

F‖c’
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Time of Flight Experiment
Ultrapurified Naphthalene Crystals

• Current pulse

11

holes

electrons

Arrival
time

v>106 cm/s!

λ=vτ

τ=μm*/q

v=(3kBT/m*)½

èλ=(µ/q)(3m*kBT)½

From the data on naphthalene:

m*~3-15m0

λ ~ 8a: definitely in the band transport regime
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TOF Mobility with Traps
• In the presence of defect states, charges continually trap and de-

trap during transit
• The mobility is not a good number—there are several mobilities, one for each carrier
• Results in dispersive transport

12

_____
_ _

__ __ ___ _
_

____ _
__

___ __ _ __
__ _ __

_ _

HOMO

LUMO 
 

 
 
 
 
 
 

	

• Initial spike: Charge motion
prior to energetic relaxation in the DOS 

if the RC time constant is short (i.e. reactance small)
• Plateau and broad tail indicate dispersive transport: 

many different arrival times from trapping/de-trapping 
during transit.

Gambino S, et al. (2008) Org Electron 9, 220
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Measuring Charge Mobility

13

LW
t

Bottom gate, top contact 
(BG/TC) source-drain OTFT

Transfer characteristics of thin film transistors (OTFTs)
• This measures an interface property, not bulk mobility

• Can be strongly influenced by interface trapping
• Can be AC or DC Measurement

• Almost always used in the less reliable DC mode

Plot of gives both µsat and VT

ID == W
2L

CGµsat VG −VT( )2

 ID
1/2  vs. VG

PTCDI-C8

n-channel

(saturation)
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Doping of Organics to Increase Conductivity

14

Heeger, Shirakawa, MacDiarmid, et al. Phys. Rev. Lett., 39 1098 (1977)
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Doping in Organics: Not entirely 
similar to inorganics

15

(a)$ (b)$

Do not confuse with 
EF!

ELUMO

EHOMO

Acceptor 
states

EF

Donor
states EF

  
n = N LUMO exp

EF − ELUMO

kBT
⎛
⎝⎜

⎞
⎠⎟

  
p = N HOMO exp

EHOMO − EF

kBT
⎛
⎝⎜

⎞
⎠⎟

But no shared bonds 
in organics!

ni
2 = NHOMONLUMO exp − EG

kBT
⎡

⎣
⎢

⎤

⎦
⎥⇒ Law of mass action:

Substitutional doping in inorganics
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Doping at the molecular level

16
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Involves charge transfer between dopant and host
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Example molecular dopants

17

210 I. Salzmann, G. Heimel / Journal of Electron Spectroscopy and Related Phenomena 204 (2015) 208–222

DOP

OSC

En
er
gy

IE EA

Evac
(a)

LH

X1 X2

X4X3

CN

CNNC

NC
TCNQ: X1...4 = H
FTCNQ : X1...3 = H, X 4 = F
F2TCNQ: X1,4 = H, X 2,3 = F
F4TCNQ: X1...4 = F

S
n

P3HT

F6TCNNQ

S
S S

S
6T

S
S S

S

C10 H21

C10 H21

N

N
N

N
N

N
N

NX

NN

α-NPD

NN

O

OO

O

MeO-TPD

N

N

N

W W
4P-

F

FF
F

FF
N

+O

N

N

F

F

N

N

F
F

F F

CuPc: X = Cu
ZnPc: X = Zn

PEN

C60

NOPF6

C10BTBT

W2(hpp)4

S
S
S
SF3C

S

S
Mo

F3C

F3C
F3C
F3C
F3C

Mo(tfd)3

DMC

(b)

Fig. 2. (a) Schematic energy level diagram for a typical OSC/ p-dopant pair. The OSC has an ionization energy (IE) in the range of the electron affinity (EA) of a p-dopant
(DOP).  The shaded rectangles denote the doubly occupied HOMO levels (H), open rectangles the empty LUMO levels (L), and Evac the vacuum level as energy reference. (b)
Molecular structures of the core compounds discussed in the current review (OSCs in black, p-dopants in red, n-dopants in green): poly(3-hexylthiophene) (P3HT), pentacene
(PEN),  fullerene (C60 ), !-sexithiophene (6T), 2,7-didecyl[1]benzothieno[3,2-b][1]benzothiophene (C10BTBT), copper-phthalocyanin (CuPc), zinc-phthalocyanin (ZnPc), N,N′-
di[(1-naphthyl)-N,N′-diphenyl]-(1,1′-biphenyl)-4,4′-diamine (!-NPD), N,N,N′ ,N′-tetrakis(4-methoxyphenyl)benzidine (MeO-TPD), tetracyanoquinodimethane (TCNQ)  and
its  increasingly fluorinated derivatives FTCNQ... F4TCNQ,  2,2′-(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ), molybdenum tris-[1,2-bis(trifluoromethyl)
ethane-1,2-dithiolene] (Mo(tfd)3), nitrosonium hexafluorophosphate (NOPF6), ditungsten tetra-hexahydropyrimidopyrimidine (W2(hpp)4), decamethylcobaltocene (DMC).
(For  interpretation of the references to color in this figure legend, the reader is referred to the web  version of this article.)

number of advantages for the design of OPVCs: First, ohmic losses
can be minimized through increasing the conductivity of the trans-
port layers upon doping, and, as wide gap materials are typically
used, parasitic absorption in the transport layers is minimized
and excitons are generated near the functional interface only [43].
Second, energy barriers, e.g., between the respective HOMO lev-
els of the photovoltaic active region and the n-doped electron
transport layer, inhibits both exciton and hole diffusion into the

doped layers, which avoids exciton quenching at dopants and at
the organic/metal interface while promoting unidirectional charge
transport [44,45]. Third, the region of constructive interference of
the optical field due to light reflection at the metallic back elec-
trode [27,43] can be deliberately moved into the photovoltaic active
region through an appropriate choice of the transport layer thick-
ness [10,46]. The device performance achievable through the p–i–n
concept can be further enhanced by stacking multiple p–i–n cells,

Fig. 3. Examples of prototypical device structures employing molecularly doped OSCs in organic electronics. (a) Top: schematic of an OPVC based on two stacked p–i–n
structures with a mixed ZnPC:C60 photoactive layer sandwiched between p- and n-doped transport layers. Bottom: schematic energy-level diagram of this multilayer
structure; solid lines above/below EF (which is the horizontal dashed line) represent LUMO/HOMO levels of the respective layers (ii, iv, vi, and viii); levels of C60 in the blends
(iii  and vii) are represented by dashed lines; the thin metal layer at the center (v) is illustrated by a series of discrete energy levels assisting recombination [14]. Reprinted from
B.  Maennig et al.: Organic p–i–n solar cells. Appl. Phys. A 79, 1 (2004), with kind permission from Springer Science and Business Media. (b) Schematic of a benchmark OLED based
on  the p–i–n concept (left). Schematic energy level diagram of the emission layer (right); lines correspond to the respective HOMO (solid) and LUMO (dashed) energies, filled
boxes  to triplet energies; D and F refer to Dexter and Förster energy transfer, respectively; percentage values give the ratio of the respective emitter species in the TCTA or
TPBi  matrix [11,15]. Reprinted by permission from Macmillan Publishers Ltd: S. Reineke, et al., Nature 459, 234 (2009). Copyright 2009. (c) Device structure of an OFET employing
molecular electrical doping to work in inversion mode [13]. Reprinted by permission from Macmillan Publishers Ltd: B. Lüssem et al., Nature Commun. 4, 2775 (2013). Copyright
2013.

Liq	

TTN	

red=acceptors;  green=donors

But there are metallic dopants too: Cs, Li, etc.

LiF + Al cathodes
common in OLEDs:   LiF + Al→ Li+ + e− + AlF



Organic Electronics
Stephen R. Forrest

18

HOMO and Fermi energy. This is shown in the semilogarith-
mic plot in Fig. 5 where the change in ! and oxygen 1s peak
position is displayed versus the doping ratio. For the O 1s
peak, the saturation seems to happen already at MR=0.07.
This could be due to inhomogeneities within the sample as
UPS only probes the top few nanometers, but XPS averages
over a larger thickness.

For nondegenerate inorganic semiconductors, a linear
dependence of the Fermi level position with doping ratio in a
semilogarithmic plot is observed with a slope of kBT.22 In our
case, we see a linear dependence over a limited range as well
but the slope is much steeper in the range of 40kBT until the
mentioned saturation at !min sets in. Both of these effects
need further explanation.

As a reason for the over proportional slope, one can
assume substrate effects and therefore an influence of inter-
face states for the undoped and lowly doped samples, where
Fermi level alignment cannot be assumed. However, no tran-
sition between surface pinning and Fermi level alignment
can be observed in the range between the MR of 0 and 0.1,
even though we know that at MR=0.04, Fermi level align-
ment is already achieved. A further aspect could be the clus-
tering of F4-TCNQ molecules; however, this would rather

lead to a lowering of the slope as not all of the dopants are in
contact with the host material and the effect should increase
for higher doping ratios.

A similar kind of over proportional slope was found for
interface n-doping CuPc or Alq3 with Cs.31 In this case, the
slope was only four times kBT and explained by a broadening
of the energy distribution due to coupling to the dopant at-
oms and/or molecular vibration. Under this assumption the
slope is not kBT anymore but the width of the broadening. In
our case, the broadening would have to be extremely high to
explain a slope of 40 times kBT. Further experiments are
clearly needed to clarify this finding.

Referring to the second observation, it is surprising that
it is not possible to move the HOMO any closer to the Fermi
energy than these 0.35 eV. A guess would be that there is a
critical density of dopant molecules up to which the effect of
doping increases the amount of charge carriers and afterward
no increase is possible anymore. If this would be true, the
same saturation should be seen in the doping dependent con-
ductivity increase in a p-MeO-TPD layer.

To test this, conductivity measurements were performed
over a wide range of doping ratios spanning from a MR of
0.18–0.73 !1.8–42.3 mol %". The results of these measure-
ments are shown in Fig. 6 and can be linearly fitted in the
double logarithmic plot up to a MR of 0.24 !19.4 mol %".
Here, we again have an overproportional slope of 1.85 in-
stead of the expected slope of unity. This is common for
doped organic semiconductors and was observed for other
systems before. It has been explained within an percolation
model by an interplay between charge carrier release by dop-
ing and a filling of a distribution of localized states.37,27

There is no hint for a deviation from the linear behavior
in the range of MR=0.07–0.1, where the saturation is visible
in UPS/XPS. However, at a MR of 0.24 even the conductiv-
ity starts to saturate. This is not surprising since here, we
have a mixed layer rather than a doped one and the disorder
created by the F4-TCNQ molecules suppresses the carrier
hopping rate and simply overcomes the advantage of the
increased doping ratio.38 As a saturation of the doping effect
cannot be the reason for the minimum ! of 0.35 eV, it is
likely to be some kind of pinning effect at a state above the
HOMO. One possibility for this is a filled LUMO state of the
dopant that pins the Fermi energy in the gap but is too faint
in intensity to be seen by UPS. To exclude this effect, we
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N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine with F4-TCNQ. 

Scattering/morphological 
disruption ⇒saturation

Difficult to get a high conductivity
(it takes a lot of dopant)

Olthof et al., J. Appl. Phys., 106, 103711 (2009)
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Recombination

Charge diffusion equations

19

Using Fick’s Law

Gives:
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Direct HOMO-LUMO Recombination
and via Midgap States

20
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• When two carriers meet….

21

Capture radius: When Coulomb = thermal energy

Langevin recombination rate constant:

  
RL = γ L pn− ni

2( )
Yielding the recombination rate (and hence current)

Langevin (Bimolecular) Recombination
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Schottky barriers

22

Traps Play a Big Role in Determining Barrier Heights at  Metal-Semiconductor Junctions
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Current sources across M-O Junctions

23

j0 = j0TE = A
*T 2 exp −qφB0 / kBT( ) A* = 4πqm

*kB
2

h3

j = j0 exp qV / kBT( )−1( )
(Richardson Constant)

Cu
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en

t	D
en

sit
y	

Voltage	

j0	

exp qV / kBT( )

exp qV / nkBT( )
n=2
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• A heterojunction is a contact between two dissimilar materials (typically 
semiconductors)

• HJs play a vital role in all photonic devices, and many electronic devices too.
• Some definitions:

24

• Anderson’s rule: ΔEc=|χ1-χ2| (doesn’t work so well for inorganics due to charge transfer; 
better for organics)

• ΔEv = ΔEg - ΔEc
• Band bending due to free charge: organics tend toward flat bands

(EA)(WF)

Anisotype HJ

Heterojunctions: Organic-organic contacts
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Isotype vs. Anisotype HJ

25
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LUMO

HOMO

Donor
Acceptor

2 3 4

4

Photoinduced Charge-Transfer at a Type II HJ
The Basis of OPV Operation

1 2
3

1 Exciton generation by 
absorption of light (1/α)

4

Exciton diffusion over ~LD

Exciton dissociation by rapid 
and efficient charge transfer

Charge extraction by the internal 
electric field

Processes occuring at a Donor-Acceptor heterojunction

1 2 3 4

4

Typically: LD<<1/α

26
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Ideal Diode Equation: Problem Statement
• The Shockley Equation (1949):

has been successfully applied (e.g. Xue and Forrest, 2004) to organic 
heterojunction cells.  But the physics is wrong!

• Why does it “work”?
• Is there a more appropriate relationship for organic (i.e. excitonic) HJs?

J = Jo(exp(qVa / kbT ) −1) −Jph
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Excitonic Heterojunctions: 
Controlled by energy transport, not charge transport

free carriers
(nI, pI )

� 

kPPrζ� 

kPPdζ

� 

krecnI pI en
er

gy

� 

kPPrζeq

� 

JX a0

� 

J qa0
excitons 

reaching to HJ

polaron 
pairs at HJ

ground

~ PP spatial extent

1. Excitons diffuse with current JX to HJ
2. Separate into polaron pair across HJ
3. PP can either dissociate into carriers
4. Or recombine to ground state

N. C. Giebink, et al. Phys. Rev. B, 82, 155305 
& 155306 (2010). 

ζ=PP density
kPPr=PP recombination rate
kPPd=PP dissociation rate
krec=charge recombination rate
J=electron current
WF=work function
nI, pI=charge at interface

A polaron pair at the interface 
is equivalent to a charge 
transfer (CT) state

28
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Derivation of the Ideal Diode Eq.
• The rate equations in steady state:

• Excitons:

• Polarons:

donor HOMO and acceptor LUMO along with any shift due
to formation of an interface dipole. The hole and electron
injection barriers at the anode and cathode are !a and !c,
respectively, again including any interface dipoles, and the
built-in potential of the device is given by the corresponding
difference in contact work functions: Vbi=WFa−WFc.

Figure 1!b" shows the processes that occur within the HJ
volume. The recombination of polaron pairs is described via

JX

a0
− kPPr!" − "eq" − kPPd" + krecnIpI = 0, !1"

and for free carriers:

kPPd" − krecnIpI +
J

qa0
= 0, !2"

where steady-state conditions are assumed. Here, " is the PP
density, JX is the exciton current density diffusing to the
interface, J is the charge current density flowing through the
device, q is the electron charge, and nI and pI are the inter-
facial free electron and hole densities, respectively. Defini-
tions of important variables used in this section are summa-
rized in Table I.

Polaron pairs recombine to the ground state at rate kPPr,
which is also linked to the thermal equilibrium PP popula-
tion, "eq, determined by detailed balance.9 Polaron pairs dis-
sociate at rate kPPd, which is a function of temperature and
the electric field at the interface according to the Onsager-
Braun model10 !see Appendix". Finally, free carriers bimo-
lecularly recombine to form PPs with rate constant, krec, ap-
proximated by its bulk Langevin value, q#tot /$.11,12 Here,
#tot is the sum of the electron and hole mobilities in the
acceptor and donor layers, respectively, and $ is the average
permittivity.

Solving Eq. !1" for the PP density and substituting the
result into Eq. !2" gives

J = qa0krec# kPPr

kPPd + kPPr
$#nIpI −

kPPd

kPPd ,eq
nI,eqpI,eq$

− qJX# kPPd

kPPd + kPPr
$ , !3"

where we have used "eq=krecnI,eqpI,eq /kPPd ,eq from Eq. !2".
The subscript eq indicates the thermal equilibrium value in
the absence of bias or illumination. Similar to the Shockley
equation, we assume quasi-equilibrium. Hence, the carrier
densities at the interface !nI , pI" and contacts !nC , pC" are
related via7

nI = nC exp⌊%Aq!Va − Vbi"
kbT ⌋ !4a"

and

pI = pC exp⌊%Dq!Va − Vbi"
kbT ⌋ , !4b"

where %D+%A=1 are the fractions of the potential dropped
across the donor !D" and acceptor !A" layers, respectively.
Here, Va is the applied bias, kb is Boltzmann’s constant, and
T is the temperature. These relations are strictly valid only
when J=0, but are a good approximation at low current
when J is much smaller than either of its drift or diffusion
components.

Use of Eq. !4" in Eq. !3" yields

J = qa0krecnCpC!1 − &PPd"exp!− qVbi/kbT"

' %exp!qVa/kbT" −
kPPd

kPPd ,eq
&− q&PPdJX, !5"

where &PPd =kPPd / !kPPd +kPPr" is the PP dissociation
probability.10,13 Assuming detailed balance of the charge den-
sity adjacent to an injecting contact,14 we write

nC = f!Fc,T"NLUMO exp!− !c/kbT" , !6"

where NLUMO is the density of states !DOS" at the acceptor
LUMO and Fc is the electric field at the cathode contact. The
analogous relation involving the injection barrier, !a, 'see
Fig. 1!a"( exists for holes at the anode with NHOMO as the
DOS at the donor HOMO. The term, f!Fc ,T" is dominated
by Schottky barrier lowering; since it is near unity except for
the case of high field and/or low temperature, we neglect it

FIG. 1. !Color online" !a" Energy-level diagram showing the
anode and cathode work functions, WFa and WFc, and their asso-
ciated injection barriers !a and !c, respectively. The interfacial gap,
(EHL, is the energy difference between the highest occupied mo-
lecular orbital energy of the donor and the lowest unoccupied mo-
lecular orbital energy of the acceptor. Current is unipolar in the
donor !Jp" and acceptor !Jn" layers and is determined from
generation/recombination in the HJ region, roughly defined by the
spatial extent, a0, of the polaron pair distribution at the interface. !b"
Processes occurring within the HJ region. Excitons diffuse, with
current density, JX, to the HJ and undergo charge transfer to form
polaron pairs. These may recombine, at rate kPPr, or dissociate with
rate, kPPd, as determined by the Onsager-Braun model !Ref. 10".
The current density, J, contributes to the interfacial free electron
!nI" and hole !pI" densities, which bimolecularly recombine to form
polaron pairs at rate krec.
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built-in potential of the device is given by the corresponding
difference in contact work functions: Vbi=WFa−WFc.
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volume. The recombination of polaron pairs is described via
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and for free carriers:

kPPd" − krecnIpI +
J
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where steady-state conditions are assumed. Here, " is the PP
density, JX is the exciton current density diffusing to the
interface, J is the charge current density flowing through the
device, q is the electron charge, and nI and pI are the inter-
facial free electron and hole densities, respectively. Defini-
tions of important variables used in this section are summa-
rized in Table I.

Polaron pairs recombine to the ground state at rate kPPr,
which is also linked to the thermal equilibrium PP popula-
tion, "eq, determined by detailed balance.9 Polaron pairs dis-
sociate at rate kPPd, which is a function of temperature and
the electric field at the interface according to the Onsager-
Braun model10 !see Appendix". Finally, free carriers bimo-
lecularly recombine to form PPs with rate constant, krec, ap-
proximated by its bulk Langevin value, q#tot /$.11,12 Here,
#tot is the sum of the electron and hole mobilities in the
acceptor and donor layers, respectively, and $ is the average
permittivity.

Solving Eq. !1" for the PP density and substituting the
result into Eq. !2" gives

J = qa0krec# kPPr

kPPd + kPPr
$#nIpI −

kPPd

kPPd ,eq
nI,eqpI,eq$
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where we have used "eq=krecnI,eqpI,eq /kPPd ,eq from Eq. !2".
The subscript eq indicates the thermal equilibrium value in
the absence of bias or illumination. Similar to the Shockley
equation, we assume quasi-equilibrium. Hence, the carrier
densities at the interface !nI , pI" and contacts !nC , pC" are
related via7

nI = nC exp⌊%Aq!Va − Vbi"
kbT ⌋ !4a"

and

pI = pC exp⌊%Dq!Va − Vbi"
kbT ⌋ , !4b"

where %D+%A=1 are the fractions of the potential dropped
across the donor !D" and acceptor !A" layers, respectively.
Here, Va is the applied bias, kb is Boltzmann’s constant, and
T is the temperature. These relations are strictly valid only
when J=0, but are a good approximation at low current
when J is much smaller than either of its drift or diffusion
components.

Use of Eq. !4" in Eq. !3" yields

J = qa0krecnCpC!1 − &PPd"exp!− qVbi/kbT"

' %exp!qVa/kbT" −
kPPd

kPPd ,eq
&− q&PPdJX, !5"

where &PPd =kPPd / !kPPd +kPPr" is the PP dissociation
probability.10,13 Assuming detailed balance of the charge den-
sity adjacent to an injecting contact,14 we write

nC = f!Fc,T"NLUMO exp!− !c/kbT" , !6"

where NLUMO is the density of states !DOS" at the acceptor
LUMO and Fc is the electric field at the cathode contact. The
analogous relation involving the injection barrier, !a, 'see
Fig. 1!a"( exists for holes at the anode with NHOMO as the
DOS at the donor HOMO. The term, f!Fc ,T" is dominated
by Schottky barrier lowering; since it is near unity except for
the case of high field and/or low temperature, we neglect it

FIG. 1. !Color online" !a" Energy-level diagram showing the
anode and cathode work functions, WFa and WFc, and their asso-
ciated injection barriers !a and !c, respectively. The interfacial gap,
(EHL, is the energy difference between the highest occupied mo-
lecular orbital energy of the donor and the lowest unoccupied mo-
lecular orbital energy of the acceptor. Current is unipolar in the
donor !Jp" and acceptor !Jn" layers and is determined from
generation/recombination in the HJ region, roughly defined by the
spatial extent, a0, of the polaron pair distribution at the interface. !b"
Processes occurring within the HJ region. Excitons diffuse, with
current density, JX, to the HJ and undergo charge transfer to form
polaron pairs. These may recombine, at rate kPPr, or dissociate with
rate, kPPd, as determined by the Onsager-Braun model !Ref. 10".
The current density, J, contributes to the interfacial free electron
!nI" and hole !pI" densities, which bimolecularly recombine to form
polaron pairs at rate krec.
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Rate Equations + Fermi Stats:

� 

J = qa0krecNHOMONLUMO 1−ηPPd( )exp −ΔEHL kbT( ) exp qVa kbT( ) − kPPd
kPPd ,eq

⎧ 
⎨ 
⎩ 

⎫ 
⎬ 
⎭ 
− qηPPd JX

PP dissociation 
efficiency

electron & hole 
DOS

� 

ηPPd =
kPPd

kPPr + kPPd

equilibrium dissociation 
rate

  
J0 exp(qVa / kBT )−

kPPd

kPPd ,eq

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
− J ph

“Just because you have an ideal diode equation does not mean you have an ideal diode”
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Onsager-Braun Exciton Polarization
• Why there is a voltage dependence to kppd that gives j-V slope under 

reverse bias

Probability for exciton ionization

nm
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Consequences of the diode equation

Reverse Bias:
• strong dissociation: 

� 

ηPPd > 0

� 

kPPd > kPPd ,eq à saturation current increases à

Forward Bias:

• weak dissociation: 

� 

kPPd < kPPd ,eq à exponential diode current   à

Illumination:

• photogenerated PPs:        ,

� 

JX à photocurrent addition    à

N. C. Giebink, et al. Phys. Rev. B, 82, 155305 & 155306 (2010). 

  
J0 exp(qVa / kBT )−

kPPd

kPPd ,eq

⎧
⎨
⎪

⎩⎪

⎫
⎬
⎪

⎭⎪
− J ph
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E

ELUMO

DOS

exp. approx

Including  traps

where lA=Tt,A/T ⇒

Trap Distribution Function

• broad density of states (DOS)⇒continuous trap distribution:

Disordered materials:

• Ideality factors: nD, nA depend on shape of trap DOS
- e.g. n=2 for uniform distribution between HOMO and LUMO

EF
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Dark Current With Traps
• General form including series resistance:
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33N. C. Giebink, et al. Phys. Rev. B, 82, 155305 & 155306 (2010). 33
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Dependence of Voc on HJ Energies for Many 
Different D-A Combinations

VOC correlates with D-A energy gap!
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B.P. Rand, et al., Phys. Rev. B, 75, 115327 (2007). 

A single rule fits all materials
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What the theory tells us

• At maximum sustainable power Jx ~ aoNHOMOkPPr
- More excitons cannot be supported.

Also:

Thus:  qVoc = ΔEHL − EB
as observed! 
(EB=polaron energy)

• Slope under reverse bias due to PP recombination – eliminates Rp

  
qVoc = ΔEHL − EB( )− kbT ln

kcr N HOMO N LUMO

ζmax J X a0

⎡

⎣
⎢

⎤

⎦
⎥

 ζmax  NHOMO  NLUMO

Open Circuit Voltage

PPr
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Electronic Transport in Organics
-What we learned

• Origins of electronic band structure
• Concept of polarons (large and small)
• Charge transfer
• Conductivity, effective mass and mobility
• Doping
• Effects of trapped charge
• Schottky Barrier Diodes
• Organic Heterojunctions


