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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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Non-Dispersive Mobility in Ultrapure Organics
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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)
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Band Transport in Organics
• 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 
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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

F‖a

F‖a
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Time of Flight Experiment
Ultrapurified Naphthalene Crystals

• Current pulse

5

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

6
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• 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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Evolution of dispersive transport

• Transport becomes increasingly dispersive 
with decreasing T

• Diffusion is thermally activated
⇒ Transport by thermally activated hopping

Time of flight hole current in the polymer, DEH

Borsenberger et al., Phys. Rev. B, 46, 12145 (1992).
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Measuring Field Effect Mobility

8

LW
t

Basic “Bottom gate, top 
source-drain OTFT”

Different contact arrangements

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 less reliable DC mode
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CGµ VG −VT −

VD
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⎞
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CGµ VG −VT( )VD − VD
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⎛
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⎞
⎠⎟

How an OTFT works
(More on this in Semester 2: This is quick introduction)

9

The charge induced by a gate voltage, VG, at very low drain 
voltage, VD, and hence low channel current (i.e. ohmic):

But contact resistance, charge trapping, grain boundaries, 
etc. prevent channel conduction until a threshold voltage VT
is reached:

At low voltage, conduction is ohmic ⇒we can use the 
average channel voltage drop VD/2. Also, following Ohm’s 
Law:

Or, in the linear regime of operation:

Q(x) = n(x)qt = CG VG −V (x)( )

0 L

Insulator

x

Channel

ID = AσF =W (naveqt)µ
VD
2L

Qave

Q(x) = n(x)qt = CG VG −VT −V (x)( )

Charge layer thickness
Bottom contact/bottom gate
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Extracting the Mobility

10

In the linear regime (VG-VT>>VD), we calculate the 
transconductance:

Or the output conductance:

Due to contact and other parasitic resistances, µlin can give
errors, so mostly use saturation characteristics:
⇒When VD=VG-VT channel pinches off
⇒No longer potential drop between drain and pinch-off point
⇒No more current (except leakage) enters channel with 
increasing VD, hence we are in the saturation regime.

gm = ∂ID
∂VG VD

= W
L
CGµlinVD

go =
∂ID
∂VD VG

= W
L
CGµlin VG −VT( )

Then:

Plot of gives both µsat and VT

ID == W
2L

CGµsat VG −VT( )2

 ID
1/2  vs. VG

Pinch off
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DC Characteristics of an OTFT

11

PTCDI-C8

n-channel

• Pentacene most frequently employed small molecule 
for OTFT

• µsat~1-1.5 cm2/V-s
• DC mobility as high as 40 cm2/V-s measured in rubrene

using OTFTs: is it reliable? (Takeya, et al. Appl. Phys. Lett. 90
102120 (2007))

• OTFTs measure interface conductance, not mobility.

• BUT OTFTs can also be used in AC mode 
(equivalent to a TOF measurement)

• However, this method rarely employed in 
organics.

fT =
1

2πRC
= gm
2π CG +Cp( ) =

W
2πL

CG

CG +Cp( ) µsat ,AC VG −VT( )

Parasitic capacitance

( see Kitamura and Arakawa, Appl. Phys. Lett. 95 023502 (2009))
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There are many ways to measure µ

12

Typical ranges (at RT)
(cm2/V-s)

• Small molecule:
Amorphous: 10-5-10-

2

Crystalline: 10-2-1

• Polymer:
10-5-10-1

• No systematic difference 
between µn or µp

• Many more high hole vs. 
electron mobility materials
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Doping of Organics to Increase Conductivity

13
Heeger, Shirakawa, MacDiarmid, et al. Phys. Rev. Lett., 39 1098 (1977)
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Temperature Dependence of 
Charge Density

log(r)

impurity ionization region is found 
for data for polyacetylene

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

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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FIG. 4. !Color online" UPS spectra and XPS O!1s" core level peak taken
from 15 differently doped MeO-TPD samples each deposited on a silver
substrate. The amount of doping by F4-TCNQ ratio is varied and ranges
from MR=0 to 0.62.
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position as a function of the doping ratio taken from the measurements in
Fig. 4.
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FIG. 6. !Color online" Measurement of the increase of conductivity of MeO-
TPD doped by F4-TCNQ for molar ratios ranging from 0.018 to 0.423.
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N,N,N’,N’-tetrakis(4-methoxyphenyl)-benzidine with F4-TCNQ. 

Scattering/morphological 
disruption⇒saturation

Olthof et al., J. Appl. Phys., 106, 103711 (2009)
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Problem 1: High doping reduces 
mobility

• Disorder in crystal introduces scattering
• As T increases, scattering reduces as DOS 

mobility edge moves toward energy gap edge

C60 doped with [RuCp*(mes)]+

Olthof et al. Phys. Rev. Lett., 109, 176601 (2012).
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Problem 2: Dopants diffuse with 
time and temperature

Li et al, Macromolec. 50, 5476 (2017)
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Recombination

Charge diffusion equations

21

Using Fick’s Law

Gives:
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Direct HOMO-LUMO Recombination
and via Midgap States
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Geminate & Bimolecular Recombination
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Geminate = exciton recombination
Bimolecular = 2 charges combine 

to form exciton
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Langevin (Bimolecular) Recombination

• When two carriers meet….

24

Capture radius: When Coulomb = thermal energy

Langevin recombination rate constant:

  
RL = γ L pn− ni

2( )
Yielding the recombination rate (and hence current)
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Injection From Contacts
Schottky barrier formation

25

Traps Play a Big Role in Determining Barrier Heights at  Metal-Semiconductor Junctions
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Metal Work Functions
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Schottky barrier formation and the built-in 
potential
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Current sources across Metal-Org. Junction

Maxwell-Boltzman majority 
carrier kinetic energy 
distribution

1. Thermionic emission
2. Tunneling
3. Majority carrier recombination
4. Majority carrier diffusion
5. Minority carrier (hole) diffusion
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Barrier Lowering Under Applied V
Theory Experiment

Ca/OPPV Rectifier

Photoemission over barrier vs. 
voltage yields barrier height and 
lowering

Barrier lowering and increasing depletion 
occur with voltage

Rikken, et al. Appl. Phys. Lett., 65, 219 (1994).
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j-V Characteristics of M-O Junctions
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j0 = j0TE = A
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Junction and Schottky Diodes
A qualitative comparison

Schottky 
diode

pn junction 
diode relative turn-on 

voltages

Image charge barrier lowering and tunneling make reverse characteristics of 
Schottky diodes more voltage dependent than ideal diodes


