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Carrier Mobility in Organic Charge Transport Materials:
Methods of Measurement, Analysis, and Modulation
by Jason U. Wallace
ABSTRACT
The measurement and control of charge carrier mobility in organic
semiconductors are two prevalent issues in the growing field of organic electronics.
The mobility is a measure of the speed of net charge movement per unit of applied
field. This quantity determines how fast circuits and elements can respond and how
much current they can support at a given voltage. While there are many methods to
measure the hole and electron mobilities of organic materials, each has its own
limitations and requirements. There is room for new methods to allow the
measurement of additional materials and in different circumstances. In addition,
exploring the capability of molecular systems to modulate these mobilities provides
opportunities for improvements in the performance of organic electronic devices.
This thesis has focused on developing new methods of measuring the charge
carrier mobility in organic semiconductors and on evaluating the capability of a series
of hybrid compounds to modulate the emitting layer’s mobilities for application in
organic light-emitting diodes. Key results are summarized as follows:
(1) The charge-retraction time-of-flight technique for carrier mobility
measurements was explained, explored, and validated with two well know hole
transport materials producing retraction transients nearly identical to those of
photocurrent time-of-flight, while amenable to thinner samples and utilizing a simple,
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all-electrical experimental setup. In addition, a method to determine the transition
voltage more accurately in these devices was developed.
(2) The electron mobilities of a known electron transport material and an
unknown polycrystalline electron transport material were measured by both chargeretraction time-of-flight and photocurrent time-of-flight. The results for the known
compound were found to match within error for both techniques, and various
measures of how dispersive the transport was also matched very closely, validating
the charge-retraction time-of-flight technique for dispersive and electron transport.
(3) The integrating-mode photocurrent time-of-flight technique was described
in detail, and an analysis method extending Scher and Montroll’s procedures to
integrating-mode transients was derived and explored. The mobility values
determined by this analysis, as well as three other methods (two of them from the
literature) were compared and contrasted for nondispersive hole transport and
dispersive electron transport, and the analysis developed here was found to be the
only one to agree with traditional, current-mode time-of-flight for both cases.
(4) Three compounds were synthesized to complete a series of hybrid
materials designed to modulate the carrier mobilities in the emitter layer of organic
light-emitting diodes. The hole and electron mobilities of these compounds were
measured by photocurrent time-of-flight, in both current- and integrating-modes, as
functions of field and temperature. It was found that the mobilities in these
compounds spanned over four orders of magnitude, with the ratios of the hole to the
electron mobility in neat layers ranging from 59:1 to 1:180. The trends in these
mobilities were discussed using the disorder formalism for charge transport.
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Chapter 1

Background and Introduction

1. Charge Carrier Mobility
Electricity is the flow of charged particles, called charge carriers, which can be
individual electrons or ionized atoms or molecules. In the absence of an applied electric
field, charge carriers will move randomly, especially in solid conductors, such as metals.
This random motion will average out over time and result in no net movement of charge
carriers. As an electric field is applied charge carriers will be accelerated. When in
vacuum, this acceleration will be continuous to relativistic speeds without reaching a
steady-state velocity. However, in solids collisions and scattering events, even for
electrons, limit this acceleration and result in a definable average drift velocity for the
carriers involved, indicating the speed of their net motion. In a given system, this velocity
will vary depending on the driving force, in this case the electric field, applied. The
charge carrier mobility, μ, is a measure of this proportionality between the carrier drift
velocity, υd, and the applied electric field, E:

υd = μ ⋅ E

(1-1)

Typically the carrier drift velocity is given in units of cm/s (or sometimes m/s) and the
electric field, or electric potential per unit distance, in V/cm (or sometimes V/m or
V/μm), resulting in the mobility being in units of cm2/V⋅s (or sometimes m2/V⋅s, with 1
m2/V⋅s = 104 cm2/V⋅s)1.
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Mobility is thus an indication of how fast charge carriers will flow in a certain
medium as a function of applied field. This flow of carriers is precisely the electric
current. As the ability of a material to conduct electric current, I, is measured by its
electrical conductivity, σ, according to the following equation:
I =σ ⋅E

(1-2)

this implies a relationship between the charge carrier mobility and the electrical
conductivity. As the carrier velocity is not the only factor in the flow of current, this
relationship is given by:

σ = n⋅e⋅ μ

(1-3)

where n is the number density of charge carriers and e is the elementary charge (the
charge of single electron or proton, or an ionized species with an excess or absence of
one electron). So while the mobility is how fast individual carriers will flow, the
conductivity is how fast net charge will flow and includes how many carriers are moving
and the electrical charge of each carrier.
To relate this to a better known quantity, the resistance of a material is measured
by its resistivity, ρ, which is given in units of Ω⋅m. This resistivity is the inverse of the
conductivity. Conductivity is thus measured in units of Ω-1m-1 or S/m, where S is for
Siemens (1 S = 1/Ω). A typical low resistance conductor like copper has very high
conductivity, with σ = 6 × 107 S/m2.
2. Semiconductors
In conductors with high conductivities, like metals such as copper, the mobility is
hardly ever mentioned as the conductivity is the dominant and much more relevant
parameter. Similarly, but at the other extreme, insulators have very low conductivities

3
and high resistivities, taken roughly as materials with conductivities below 10-8 S/m.
Intermediate between these extremes, are semiconductors with conductivities between
those of conductors and insulators. Here the mobility is much more relevant, as the
carrier concentration, n, can be changed significantly by external applied field and by
intentional doping, but the mobility is by comparison more constant and intrinsic to the
material, despite even the mobility being affected by the doping process. This is one of
the key useful properties of semiconductors, the ability of external stimuli, such as
electric field, light, or chemical doping, to substantially change their conductivities. This
has been the basis of modern technology, the semiconductor age3.
The first use of the word semiconductor was in German in 1911 to describe the
phenomena4. However, research on semiconductive materials begin in 1833 with the
famous Michael Faraday observing increasing conductivity with increasing temperature
in a silver sulfide5, which is the opposite behavior of metallic conductors. This line of
research was largely academic until two discoveries blossomed into practical
applications. First, Carl Ferdinand Braun systematically studied rectification of metal
contacts with semiconducting oxides and sulfides in 18746, which came to be used for the
reception of radio signals for wireless telegraphy, first patented in 19017. These
semiconductor rectifiers represent the most basic electronic element, the diode. Second,
Willoughby Smith was researching materials as insulators for submarine cables and in
1873 found selenium to be highly photoconductive8, within a few years electric current
was produced by shining light on selenium9. The first true photovoltaic cell followed in
188310, and now photovoltaics are an active area of research for large scale clean
energy11.
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However practical, these phenomena were poorly understood until the
development of quantum theory and the seminal work of Alan Wilson, where he applied
it to understanding the behavior of semiconductors in 193112 in the form of band theory.
In inorganic semiconductors, the bulk of the electrons are in the valence band with a
small energy gap, the band gap Eg, to the conduction band. As electrons are excited to the
conduction band, by heat, light, or doping, they are free to move as free charge carriers.
In addition, and largely unique to semiconductors, vacancies (the absence of electrons) in
the valence band are also mobile charge carriers, called holes. These electrons and holes
move as highly delocalized waves, called Bloch states, stretching across many atoms in
these bands, often with mean free paths on the order of a hundred to thousand times the
lattice constant (i.e. size of a unit cell in the semiconductor’s crystal structure). The
resulting mobilities are often on the order of 10 to 1000 cm2/V⋅s with each semiconductor
having different mobilities for electrons and holes moving through it.
Intrinsic semiconductors, such as silicon, typically have a thermally excited
carrier concentration of 1010 cm-3 at room temperature13. The signature temperature
dependence of semiconductors, increasing conductivity with increasing temperature
(opposite to the tend in metals), occurs as the free carrier concentration increases due to
thermal excitation of more and more electrons as determined by Fermi-Dirac statistics14.
In addition, controlled doping can significantly increase the concentration of one of the
carriers and bias the transport (in the form of the conductivity) in favor of holes (pdoping) or electrons (n-doping) to make the semiconductor p-type or n-type, respectively.
Today, semiconductors are the basis of modern electronics1. Silicon is the
material of choice for this, largely due to the excellent interface it forms with its native
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oxide as a dielectric layer. However, there are dozens of other semiconducting materials
known, such as selenium, germanium, gallium arsenide, and indium phosphate. They are
used in transistors for computing circuits, in solar cells, in laser diodes, in various
sensors, in radios and communications, in light-emitting diodes, and in yet more
applications.
3. Organic Charge Transport Materials
Some organic materials can also exhibit semiconducting properties. These organic
semiconductors offer a number of unique opportunities. Their functioning and behavior is
in many ways different from inorganic semiconductors, and their material properties are
posed to enable a number of exciting new applications.
The first organic compounds to exhibit semiconducting behavior were halogendoped perylene charge-transfer complexes, discovered in 1954 and studied over the
following decade15, 16. Following this, semiconductive doped polymers were discovered
in a series of five papers by Weiss et al. in 1963 and 196517. Two papers in Science
followed up on this work with deeper theoretical insights18, but it was the work with
iodine-doped polyacetylene in 197719, that resulted in the awarding of the Nobel Prize in
Chemistry in 2000. The conductivities involved in these papers were mostly on the order
of 1 S/m, but even as relatively early as these papers were some of them matched more
modern efforts at 3000 S/m17d,e.
However, this type of organic semiconductor is not the kind typically used in
many applications of organic electronics today. Without the extensive doping involved in
all the efforts above, the actual conductivities of most organic materials are very low.
This is due to the extremely low intrinsic carrier concentration found in most aromatic
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organic materials13, approximately 1 cm-3 compared to the potential density of states at ~
1019 cm-3. Even for the most pure organic crystals this level of purity is likely
unattainable (1 ppt, or part-per-trillion, is orders of magnitude greater than 1 cm-3), so
various impurities will cause the intrinsic carrier concentration to be greater than this.
However, it remains low enough that the conductivity of many potential organic
semiconductors is well in the regime of insulating materials. But interestingly, the
mobilities of these materials can be significant, from 10-7 cm2/V⋅s to 10 cm2/V⋅s (and
possibly beyond)20, 21. For these materials it is more accurate to refer to them as organic
charge transport materials, as they are adept at transporting charge, but have
conductivities comparable to insulating materials rendering the traditional meaning of
semiconductor somewhat inappropriate.
Charge transport in such materials was originally explored and developed by
Martin Pope and his colleagues, beginning in 196022, 23. His work with various acene
crystals, such as naphthalene and anthracene, with highly efficient dark injection of
charges from ohmic contacts22, was the beginning of organic electronics as it is known
today24. This charge injection introduced sufficient excess charge to realize its potential
for charge transport, and can also be accomplished by photoexcitation, field effect
depletion, or chemical doping25. His detailed studies on the ground and excited state
electronic structure of well defined compounds resulted in the later development of the
areas of xerography26, organic electroluminescence27, and organic photovoltaic cells28
among others. Now after decades of intensive research, there are a great number of
reviews on such materials and applications in the field of organic electronics20, 29.
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One of the chief differences between organic charge transport materials and
inorganic semiconductors is their molecular nature. Charge is localized to single
molecules and not delocalized in large bands. Each molecule’s molecular orbitals30 play
the role of the valence and conduction bands, being analogous to the highest-occupiedmolecular-orbital (HOMO) and lowest-unoccupied-molecular-orbital (LUMO),
respectively. The separation of these energy levels is then the band gap, Eg, of the organic
material, and the position of these levels and thus the ease of injection of electrons or
holes into them determines whether they are considered n-type or p-type. Charge
transport in such localized systems is a hopping process from one molecule to the next.
This localization and potential for collisions, scattering, and delays contributes to the
relatively low mobilities of organic charge transport materials, typically between 10-7
cm2/V⋅s to 10 cm2/V⋅s, as mentioned above. Now, there are exceptions as some undoped,
high purity organic single crystals have exhibited band type transport at low
temperature31. Recent work with doped organic charge transport materials can also show
relatively high conductivities25.
Despite the lower performance, namely their relatively low mobilities and
intrinsic carrier densities, in comparison to inorganic semiconductors, organic charge
transport materials are still attractive due to their unique properties. They offer a number
of advantages32: a huge variety of possible structures and an ease of synthetic
modification to suit their purpose; ease of processing and deposition allowing for lowcost manufacturing and customization under energy saving conditions33; amenability to
large area coverage33; inherent mechanical flexibility34; and high sensitivities to chemical
and biological agents for sensing applications35.
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This thesis will focus on disordered, undoped organic charge transport
compounds for use in organic electronics, in particular materials commonly used in
organic light-emitting diodes (OLEDs) and hybrid materials designed to improve them.
4. Charge Transport in Disordered Organic Materials
The transport of charges in disordered organic charge transport materials is
described as hopping, as they quantum mechanically tunnel to other molecules in the
material, sometimes even to nonadjacent ones. This hopping is like a series of redox
chemical reactions. The excess electrons and holes are isolated anions and cations,
respectively. These ionized species transfer this excess charge to a nearby neutral
molecule, thus moving the charge through the material under the influence of the external
field even as the molecules themselves remain stationary20.
Two primary factors have been postulated as contributing to such transport36: the
transfer integral, t, and the relaxation energy, λ. The transfer integral is basically the
overlap of the relevant molecular orbitals, the HOMO levels for hole transport and the
LUMO levels for electron transport. The wave functions of these π-clouds, their
orientations with respect to one another, and their separation control the magnitude of the
transfer integral. The higher the transfer integral is, the faster the hopping rate is, and the
higher the carrier mobility for that type of carrier. The reorganization energy, λ, results
from the molecules involved changing geometries (reorganizing) when changing their
charged states, from charged to neutral and neutral to charged. The reorganization energy
acts as a sort of energy barrier for the charge transfer process, and the smaller it is the
faster charges can move through the material. While these factors can help in estimating
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the hopping rate and thus the mobility, there is still much that cannot be simulated in
determining the mobility of charge carriers in a material.
One such factor is the true reorganization energy, as it is not a solely
intramolecular process. In analogy to Marcus theory describing charge transfer in
solution37, charge transport in organic solids involves the reorganization, of electron
clouds and possibly even geometry of many molecules surrounding the two directly
involved in the charge transfer process. Such effects are the basis of polaronic theories of
charge transport in organics38, where polarons are an aggregate particle consisting of the
charge carrier decorated by its surrounding lattice deformations and/or polarization
clouds. However, this effect is not the only difficulty in an accurate simulation, as other
many body effects, transport pathways, impurities, defects, and other complex issues
make quantitative predictions very difficult.
Despite such problems for molecular-level simulations, there are a number of
characteristics of transport in organic charge transport materials that can be modeled and
fit. Three main dependencies of the charge carrier mobility in organics will be touched
on, as well as some models to fit the resulting data.
First, the charge carrier mobility in disordered organic materials is known to be
dependent on the applied field. Thus, the simple proportionally of carrier drift velocity on
field in Equation 1-1 does not hold, as the mobility itself is a function of the field.
Instead, the Poole-Frenkel conduction formalism has been shown to be applicable to
organic charge transport materials for fields from 104 to 106 V/cm39, 40, despite some
theoretical concerns about its applicability40. The Poole-Frenkel dependence of the
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mobility, μ, on the electric field, E, is given by the following Equation, where μ0 is the
prefactor or zero-field mobility and γ describes its field dependence:

(

μ (E ) = μ0 exp γ E

)

(1-4)

Second, the carrier mobility in these materials depends on temperature. Hopping
transport is thermally activated and means the mobility increases with increasing
temperatures, as additional thermal energy is provided to overcome the barriers resulting
from energetic disorder. The obvious fit, in analogy to Arrhenius-like behavior, for this is
shown in Equation 1-5, and provides reasonable fits to such dependence29b, 41, with Δ as
the activation energy and μ∞ as the mobility at infinite temperature:

μ 0 (T ) = μ ∞ exp(− Δ k BT )

(1-5)

However, as the experimentally accessible temperature ranges are limited for this kind of
measurements, other theoretically simulations with different temperature dependence
have also been shown to fit well.
The most prominent model for fitting both the field and temperature dependence
is Bässler’s disorder formalism42. Here the disorders in both position (including
orientational effects) and energy are considered to be Gaussian distributions with widths
of Σ and σ, respectively. The full expression for this disorder formalism is shown in
Equation 1-642, with C as an empirical constant, while just the temperature dependence
(against a measure of the energetic disorder, T0) of the zero-field mobility (from Equation
1-4) is shown in Equation 1-729b:

⎧⎪ ⎡⎛ σ ⎞ 2
⎫⎪
⎤
⎡ ⎛ 2σ ⎞ 2 ⎤
⎟⎟ − Σ 2 ⎥ E 1 2 ⎬
⎟⎟ ⎥ exp⎨C ⎢⎜⎜
μ (E , T ) = μ∞ exp ⎢− ⎜⎜
⎥⎦
⎢⎣ ⎝ 3k BT ⎠ ⎥⎦
⎪⎩ ⎢⎣⎝ k BT ⎠
⎪⎭

(1-6)
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[

μ 0 (T ) = μ ∞ exp − (T0 T )2

]

(1-7)

The third and last factor explored here is composition. Extensive work has been
done on molecularly doped polymers and on how the mobility increases with higher
content of the active species26. Trap-controlled transport has also been studied, with
higher concentrations and energetically deeper traps in another transport material causing
greater reductions in mobility43, as carriers are trapped more frequently and for longer
amounts of time before being released (if released at all). For example, the classic
Hoesterey-Letson formalism44 is used to describe the effects on the mobility of a material
with a certain relative concentration of traps, c, at a discrete trap energy, εt, below the
majority material’s energy level (HOMO or LUMO as relevant):

μ (c ) = μ (c = 0)

1
⎛ ε ⎞
1 + c exp⎜⎜ t ⎟⎟
⎝ k BT ⎠

(1-8)

As the concentration of traps rises, however, there is a transition to trap-to-trap transport,
where some charge carriers will flow primarily in hopes between traps and through the
material. This is the case in many mixed transport materials, with two or more charge
transport compounds in nearly equal proportions. The transport in such systems is
infrequently studied, but a recent theoretical treatment has covered such cases in detail
with an extension of the effective medium approximation theory45.
5. Measuring Mobility

While the understanding of charge transport in disordered organic materials is
growing, it is still a rather empirical quantity, as simulations are still inadequate to predict
it a priori. Thus, it must be measured for all systems of interest to truly know its value.
As the mobility can be a key parameter in understanding current motion in organic
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electronic devices, up to and including the fastest possible response time of such a device,
it is of great important to the field. To determine it, a large number of methods have been
developed for this purpose which will be briefly summarized here.
A number of these methods require a certain minimum dark conductivity. These
include the Hall effect coupled with conductivity measurements46, the magneto-resistance
method47, the equilibrium charge carrier extraction method48, the
conductivity/concentration (σ/n) method49, the charge extraction in a linearly increasing
voltage (CELIV) method50, and the surface acousto-electric traveling wave (SAW)
method51. Another method, cyclotron resonance52, doesn’t require dark conductivity per
se, but does require band transport. The low conductivity of organic charge transport
materials and their hopping transport render all of these methods inappropriate.
A number of other methods are more applicable to low mobility organics, but are
more indirect routes to the mobility. This includes two methods that involve sustained
steady state current flow, steady-state space-charge-limited-current (ss-SCLC)53 and
analysis of organic field effect transistors54. Admittance spectroscopy is a relatively new
method that requires a somewhat indirect analysis to get at the mobility55. Pulsedradiolysis time-resolved microwave conductivity56 (PRMC) is also somewhat indirect, in
that it only measures the sum of the electron and hole mobilities and cannot distinguish
which might be faster. Lastly, while drift current methods under limited range conditions
can give direct results57, other factors need to be verified for the analysis to be accurate
and trapping or recombination may render it uncertain.
The most direct methods in the case of these low mobility materials are drift
mobility measurements, where a time, ttr, for charges to transit through the sample is
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determined. With a known thickness, d, this results in the drift velocity at the applied
field, E, (or voltage, V) giving rise directly to the mobility, as shown in Equation 1-9:

d
d2
μ=
=
E ⋅ ttr V ⋅ ttr

(1-9)

These methods include transient space-charge-limited-current53 (t-SCLC or
sometimes DI-SCLC), transient electroluminescence58, xerographic discharge59, and
time-of-flight60. Of these, time-of-flight is the most straightforward to achieve and
analyze, and by far the most commonly used20 due to its reliability. Additionally, time-offlight methods can provide significant information in addition to the mobility.
This thesis will focus on time-of-flight measurements, including a new variant
and improved analysis of a rarely used variant, as well as traditional photocurrent timeof-flight measurements on previously uncharacterized materials.
6. Time-of-Flight Mobility Measurements

The time-of-flight (TOF) technique for measuring the charge carrier mobility of
low mobility solids was first developed between 1957 and 1960 by three independent
scientists: Spear61, 62, Le Blanc63, and Kepler64. The basic experimental setup is illustrated
in Figure 1.1, below. The sample is made into film of thickness d, usually on the order of
microns, with a top electrode connected to a voltage source, V, and a bottom electrode
connected to ground through a measuring circuit which typically just consists of a load
resistor, RL, of smaller resistance than the sample. Free carriers, Q, are then generated in a
sheet under the top electrode and the applied field, E, sweeps across carriers of a single
sign to the far electrode. The time, ttr, it takes the charge sheet to exit the sample is
related to the drift velocity, υd, from which the mobility of the given carrier can be
calculated using Equation 1-9, above.
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Figure 1.1. Typical Time-of-Flight (TOF) Experimental Setup.
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There are a number of constraints that must be met for this technique to work.
First, the sample must be relatively insulating (of low conductivity through a very small
number of free charges, n) as the dielectric relaxation time, trel, must be much longer than
the transit time of the charge sheet. This dielectric relaxation time is a measure of the
time it takes for excess charge in a semiconductor to be neutralized by the flow of charge
in the material. Such neutralization would destroy the charge sheet before it crossed the
sample, if this relaxation time was too fast. Fortunately, the extremely low intrinsic
charge concentration in the vast majority of organic charge transport materials renders trel
extremely long, making these samples ideal for time-of-flight measurements.
The second and third constraints relate to the generation of the charge sheet. The
time it takes to generate the charge sheet with an excitation pulse, texc, must be much less
than the transit time, ttr. This can be accomplished by a number of fast sources60, such as
a high energy electron beam65, a burst of α-particles, a flash lamp, or a pulsed laser. With
the advent of short pulse layers, such as N2 and Nd:YAG lasers, these have become the
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excitation sources of choice, resulting in the vast majority of time-of-flight measurements
being referred to as photocurrent time-of-flight20 (pc TOF), due to this photogeneration of
the charge sheet. In addition to being sufficiently fast, the generation of charges must also
be in a relatively thin layer, meaning an excitation region, δ, that is much less than the
sample thickness, d. For photocurrent TOF, this means the sample must strongly absorb
the emitted light, so the penetration depth (which follows from the Beer-Lambert law) is
as thin as possible. With the absorption coefficients of most organics, this means a δ of a
few hundred nanometers (a few tenths of a micron), necessitating sample thicknesses, d,
of several microns or more. Charge generation layers, as used in xerography, can be
added to the device structure to narrow the excitation region66.
As mentioned the geometry of TOF measurements is usually planar, measuring
through the bulk of the sample, as is relevant to many organic electronic applications,
such as OLEDs and organic photovoltaic cells. This is to keep the field constant across
the sample, with a small enough amount of generated charge, and to avoid edge effects60.
However, some work has been done on lateral TOF measurements along a surface,
attempting to account for the prevalent edge effects in such a geometry67. The use of this
type of TOF is so far extremely limited.
To extract the transit time from the resulting TOF transient two primary
procedures can be applied, depending the characteristics of the charge transport. First, the
transport is considered nondispersive if the charge sheet only spreads slightly and exits
the sample cleanly. This results in a level plateau, as seen for an example transient in
Figure 1.2a, until the charges begin exiting the device and the photocurrent decays down
to zero as all of the charge finishes its transit. Fitting such nondispersive curves is
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Figure 1.2. Example time-of-flight transients for a) a nondispersive curve, and b) a
dispersive curve, with an inset on a log-log scale.
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typically done on a linear scale20, with fit lines to the plateau and a linear region
intersecting at the transit time, ttr often referred to as t0 for this method, also shown in
Figure 1.2a. In contrast, dispersive transport, where there is a significant distribution of
intersite hopping times, most often cannot be fit on a linear scale at all (see for example
Figure 1.2b). The inset in Figure 1.2b shows a log I-log t plot of the same data as in the
main figure (1.2b), and here a break in the slope of the segments is seen. Scher and
Montroll68 developed a detailed theoretical treatment to deal with such dispersive
transients and define the time of this break as the transit time, t0. They fit equations to the
two apparent linear regions (on this log-log plot) and find their intersection, as t0, in cases
where the transition from the initial slope (the plateau) to the final slope (the decay
portion) is more gradual and rounded. This can, of course be applied to nondispersive
curves, but the slopes of the line segments often end up outside the contrasts set up in
Scher and Montroll’s treatment. In addition, to these two primary ways to find the transit
time, t0, some argue that another way to determine the transit time is more representative
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of the average transit time of the carriers (and not just the fastest ones), as t1/2, which can
be applied with slightly different definition to both nondispersive and dispersive
transients69.
7. Organic Light-Emitting Diodes (OLEDs)

Organic electroluminescence was first demonstrated in 195370 and despite active
research from that time on the phenomenon remained a research novelty71. This all
changed with the landmark work of Tang and Van Slyke72 which reopened the case for
organic light-emitting diodes, henceforth OLEDs, as promising candidates for flat-panel
displays. Shortly thereafter Burroughes et. al.73 showed the potential of conjugated
polymers, in addition to small molecules, for the fabrication of efficient OLEDs. Since
that time academic and industrial interest in OLEDs has blossomed and began to come to
fruition in portable consumer electronics with products currently available with OLED
displays in digital cameras, camcorders, and cellular phones74. Prototypes of OLED TVs
have also been shown75, targeting the multibillion-dollar-a-year flat panel display
industry. In addition, OLEDs are being actively pursued for applications in solid state
lighting to replace incandescent and fluorescent lighting76. All this activity is founded on
the potential advantages OLEDs offer, namely a very thin solid-state device (less than
~300 nm) that is light weight with a fast response essential for crisp video rendering
(~100 ns)77, an intrinsically wide viewing angle, and high power efficiencies throughout
the entire visible spectrum78.
An OLED in its minimal form consists of an organic material sandwiched
between two electrodes with different work functions. Holes are injected from the anode
while electrons are injected from the cathode to recombine in the organic layer forming

18
excitons, or excited states, on the organic molecules. These excitons can radiatively
decay, as in photoluminescence, to emit light characteristic of the organic compound in
question. Tang and Van Slyke’s72 breakthrough was the use of an organic heterojunction,
in which a predominantly electron-transporting (n-type) emitter met a predominantly hole
transporting (p-type) layer between the contacts, allowing more efficient injection of each
carrier to occur and forming the excitons at the organic/organic interface, far enough
away from the quenching contacts. Doping of the emissive layer with other organic dyes
(such as laser dyes) allowed the efficiency to further be improved while tuning the color
of the emitted light79. The flexibility of design offered in organic molecules has led to a
vast array of emissive dopants, hosts, neat emitters, charge transport and charge injection
molecules80. These advances combined with the many device structures developed have
led to the impressive performance seen in OLEDs today, with lifetimes over 10,000 hours
and efficiencies surpassing that of fluorescent bulbs, as illustrated by a number of recent
reviews and key papers80-82.
Critical fundamental and practical questions remain however, involving the
understanding and realization of high efficiency, long-lasting OLEDs83, 84, especially for
the blue region of the spectra. Device lifetime in particular is currently limiting broader
application of the technology in commercial applications, as lifetimes exceeding
hundreds of thousands of hours and often under demanding conditions are required85.
Prominent among the hurdles involved in overcoming these challenges is the charge
balance in the device84, 86.
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8. Charge Balance in OLEDs

The balance of charges in an OLED device is a term that needs careful
consideration and definition. There appear to be three prominent meanings:
recombination efficiency, electrical neutrality, and a broad recombination zone. There is
a good deal of confusion in the literature that tends to blur these all together, which stems
in part from the ways they are interrelated. As an illustration of these three definitions,
consider again Tang and Van Slyke’s breakthrough structure consisting of a bilayer of
TAPC and Alq3. Due to the more efficient injection and faster hole transport in TAPC, a

large number of holes build up at the TAPC / Alq3 interface in steady state. The
recombination efficiency is the probability of an injected charge recombining with the
opposite charge carrier in the emitter layer instead of transporting through it and into
subsequent layers. In this example, an electron is transported to an interface with lots of
holes present, thus its chances of recombining are very high, approaching unity.
However, this net positive charge kept in the device by the applied field is far from
attaining electrical neutrality, ideally having the same number of electrons in the device
as holes at any one time. Lastly the spread of charges in the emissive layer itself can be
considered. In this example, Alq3 contains primarily electrons until they directly
recombine with a hole from across the TAPC / Alq3 interface. The depth of hole
penetration into the Alq3 layer is very shallow and determines the width of the region in
the device where electron-hole recombination occurs, naturally enough called the
recombination zone, representing the balance of charges throughout the emitter layer,
understood as a more equal distribution of charges. One example of their interrelation is
when charges build up in the emissive layer at a blocking layer, here a broader
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recombination zone means fewer charges at the interface giving rise to less leakage out of
the emitter layer. While these details of this vary, the fact that they are related is clear.
Key to the realization of high performance OLEDs is the charge balance87, in all
three senses, in the device as it is important in itself and in its coupling to other processes.
In the primary sense of recombination efficiency, it enters directly into the calculation of
external quantum efficiency as b or γ, also called the charge balance factor. The external
quantum efficiency (photons out per electrons in) depends on the probability of electronhole recombination (γ), the fractions of emissive excitations due to spin statistics (β), the
internal emission efficiency of those excitations (φf), which is directly related to the
photoluminescent quantum yield, and the fraction of photons out-coupled from the device
(χ), following the simple relationship:

η ext = γ ⋅ β ⋅ χ ⋅ φ f

(1-10)

Scott et. al. have simulated the recombination efficiency in detail theoretically and in
limited comparison with experiment, considering both varied injection barriers and
carrier mobilities of single and multilayer devices88. Leakage of carriers, those not
recombining, through the device can also result in electrochemical degradation of the
opposed transport layer, as has been explored extensively for holes penetrating into
Alq389.

In addition, build up of excess charges in the devices leads to lower efficiencies.
This typically occurs at interfaces between layers with different energy levels90 and
results in increased current-91 and local field-induced92 quenching of excitons. While this
doesn’t directly affect the recombination probability, it effectively lowers the quantum
yield of emission from these excitons, hurting the device’s external efficiency.
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A broader recombination zone, through a better balance of charges in the emissive
layer itself, allows more molecules to be involved in the emission process increasing the
lifetime of the device. Each molecule is excited less often, leading to less degradation of
emitter molecules and lower concentration of degraded species. Also, the concentration
of excitons and of charges is lowered lessening these pathways for exciton quenching and
increasing efficiency.
Lastly, the efficiency and lifetime of a device are interrelated as the formation of
excitons and their various de-excitation pathways determine the chances of emitting light
and those of forming degradation products or initiating other decay processes. Recently a
correlation between the efficiency and stability bears out this idea, wherein different
driving waveforms for the same device showed greater stability when the efficiency was
higher86. In addition, the more efficient a device is the lower the current density needed to
achieve a desired brightness, which results in less coulombic aging, as in the scaling
relation noted by Tang et. al.93. Limiting this current density also reduces the joule
heating in the device94. Thus balancing the charges in the device in all three senses
discussed is essential for high performance OLEDs87.
The two primary means of balancing are through modulating the charge injection
barriers and the carrier mobilities. In addition, the ratio of the hole to the electron
mobility in the emitter layer can largely compensate for an imbalance of injection into the
layer88. To this end, a number of hybrid materials, containing both emissive and chargetransporting moieties connected through a flexible spacer, have been developed for
modulating these very parameters95. A few of these materials have even been shown to
affect OLED efficiency and the extent of the recombination zone96. However, their
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charge transport properties were only guessed at. This thesis will also seek to use
photocurrent time-of-flight to address this deficiency in hard data, and improve the
understanding behind this strategy to achieve charge balance in OLEDs.
9. Formal Statement of Research

The area of organic electronics has seen intensive research efforts and monetary
investment in recent years. The promise of low-cost, large-area, printable, customizable,
and flexible electronics enabled by the use of organic materials is beginning to be
realized. Xerography, with its basis of molecularly doped polymers, is now ubiquitous in
modern society. Organic light-emitting diodes have been commercialized as displays and
are being actively pursued for solid-state lighting applications. Organic field-effect
transistors are being tested as display backplanes, radio frequency identification tags,
disposable electronics, and chemical and biological sensors. Organic photovoltaic cells
hold the promise of large area, flexible panels, and their efficiency is being continually
improved. Other applications, such as organic memory elements, organic laser diodes,
and other optoelectronic components are also being explored.
These applications all rely on the transport of electric charges through these
organic materials. The charge carrier mobility determines how fast these charges can
move through these materials, dictating their response time and current carrying capacity
at a given voltage. The understanding and optimization of organic electronic devices
often depends on knowledge of the mobility of both holes and electrons in each material
involved. However, despite progress in the fundamental physics and behavior of such
organic charge transport materials, the mobility is still a highly empirical parameter.
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The measurement of the charge carrier mobility of organic electronic materials is
typically done with the photocurrent time-of-flight method, although other methods are
sometimes used as well. Photocurrent time-of-flight requires relatively thick samples, on
the order of microns, which are often removed from the thicknesses used in operating
devices. In addition, trapping or poor photogeneration of charges can lower the signal
considerably, especially for electrons which are more susceptible to such problems. In
such cases, some of the other methods can be turned to, such as transient
electroluminescence or space-charge-limited-current methods, but each has its own
advantages and disadvantages.
One area where few mobility measurements have been carried out is on mixed
host materials in organic light-emitting diodes (OLEDs). Here the injection barriers and
mobilities are qualitatively tuned by varying the composition of the emitting layer. Such
effects have been shown to increase the lifetime and efficiency of OLEDs. Recently a
new approach was developed involving core-pendant hybrid materials to address the
current weak link in color OLED displays, namely blue emission. These materials are
discreet, uniform compounds that combine two moieties without any phase separation or
direct conjugation to compromise the properties of either, making them ideal for a
detailed study at precisely known compositions with truly amorphous and homogeneous
morphologies.
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In light of this, my thesis will pursue the following objectives through
development of measurement and analysis techniques and application of them:

(1) To explore, develop, and validate an all-electrical technique, called chargeretraction time-of-flight, for the measurement of charge carrier mobility, beginning with
well known and behaved hole transport compounds, with particular attention to the
parameters involved in the measurement itself.

(2) To further test this charge-retraction time-of-flight technique on more
challenging cases, by measuring dispersive electron transport in a known amorphous
compound and an unknown polycrystalline compound and comparing the results to
traditional photocurrent time-of-flight, in terms of mobility and the degree of dispersion.

(3) To develop and validate an analysis framework for the very seldom used
technique of integrating-mode photocurrent time-of-flight to put it on solid theoretical
footing and allow access to as much information as can be gleaned from traditional,
current-mode photocurrent time-flight, and contrast it with current literature procedures.

(4) To characterize the charge carrier mobilities of a series of core-pendant hybrid
compounds to understand their potential in organic light-emitting diodes and the details
of charge transport in such systems through use of both current-mode and integratingmode photocurrent time-of-flight.
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Chapter 2

Development of the Charge-Retraction Time-of-Flight Measurement for Organic
Hole Transport Materials

1. INTRODUCTION
As noted in the previous Chapter, charge carrier mobility continues to be a key
issue to both the understanding and application of organic charge transport materials1,2.
The mobility through the bulk of an organic film (rather than along a surface or interface)
is of primary interest for many applications, such as organic light-emitting diodes and
organic photovoltaics. There are several of methods to measure the charge carrier
mobility in such organic charge transport materials, often somewhat imprecisely called
organic semiconductors. These methods are each fraught with limitations, and
opportunity remains for new methods to provide unique advantages.
The most prominent method for this measurement is photocurrent time-of-flight
(pc TOF)3, where a flash of light generates charge carriers in a sheet near one boundary
of a sample layer, and an applied electric field sweeps them through the layer. However,
the carriers are often generated well within the sample layer because of the significant
penetration depth of the light; thus, the use of a sample several micrometers thick is
usually necessary4. Such samples, particularly evaporated thin films, can be materialsintensive and challenging to fabricate, and they are potentially unrepresentative of the
layers used in working devices, which are often one tenth to one hundredth as thick. The
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thickness requirement can sometimes be sidestepped by the use of a thin auxiliary layer
that absorbs the light and injects carriers into the sample layer4. However, this approach
complicates the construction of the device and, sometimes, severely complicates its
behavior. Such an auxiliary layer also introduces additional constraints on the
electrochemical properties of the sample relative to those of this added layer. A number
of other measurement techniques have been developed to avoid some of these limitations.
Transient space-charge-limited-current (SCLC) is another mobility measurement
method, in which the sample is subjected to a rectangular voltage pulse, and the resulting
current exhibits a characteristic peak (“cusp”) at a (space-charge perturbed) TOF before
settling down to a steady-state level5. Both the TOF and the steady-state level6 can be
used to determine the bulk mobility. SCLC techniques, however, require that the
injecting contact be Ohmic, a requirement that is rarely met5. Even determining if an
injecting contact is Ohmic is an empirical process, and can vary with the metal deposition
conditions5. Many papers somewhat carelessly use steady-state SCLC (by applying or
sweeping the voltage and measuring only the steady-state current) to determine the
mobility, without verifying that the contact truly is Ohmic through the presence of the
transient “cusp”7. This omission casts doubt on the accuracy of the resultant data.
Somewhat lessening this demand on the contacts is transient electroluminescence,
which employs a suitably structured OLED. A voltage pulse is applied, and the delay
until the onset of electroluminescence is evaluated for the TOF8; however, the analysis is
complicated by the kinetics of supplying charge carriers of the opposite sign9. While
efforts can be taken to minimize such effects, such as the use of thick sample layers and
very thin conductively doped injection layers10, the results may still be complicated by
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injection barriers, varying field distributions, and the details of the recombination kinetics
may still complicate the results. There is also debate on whether the onset time or other
metrics are truly indicative of the transit time8, 11.
Admittance spectroscopy is a relatively new technique as applied to organic
materials12, which involves the electrical injection of charge, ac modulation of this
charge, and impedance analysis. This technique requires one contact to be Ohmic, which
may be difficult to achieve for an arbitrary sample, and the method is of little use for
dispersive samples.
Lateral photocurrent time-of-flight13 is a variation on traditional photocurrent
time-of-flight, but suffers from poor signal quality, blurring most of the useful features of
its photocurrent transients. While it does allow use of very thin films, this is at the cost of
significant surface and interfacial effects, as the charges are swept along and between the
substrate/sample and sample/air interfaces. In addition, the electrostatic conditions in the
sample are very different, compromising the typical analysis carried out on TOF signals.
Pulsed-radiolysis time-resolved microwave conductivity is an electrodeless
technique popular with discotic organic materials14. However, it largely ignores defects
and grain boundaries which can severely limit the long-range transport of charges in
practical applications. This often results in an overestimate of the mobility when
compared with photocurrent time-of-flight15, and thus likely the practically realizable
mobility as well. In addition, this technique only measures the sum of the hole and
electron mobilities which renders the results rather indeterminate.
One other technique, charge extraction in a linearly increasing voltage (CELIV),
is principally applicable to dark-conductive samples16, but has recently been combined
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with photo-excitation (Photo-CELIV)17. However, photo-CELIV cannot determine which
is the dominant carrier producing the CELIV signal (as both are generated) and the field
at which this mobility is evaluated at is rather indeterminate, as the field is varied linearly
throughout the measurement even as the signal is being generated.
In any of these alternative methods to photocurrent time-of-flight, it is difficult to
reliably extract any more information than the effective mobility, either of the fastest
carriers or some kind of average mobility. The details of the degree of dispersion and
shape of the transient are lost. New methods that preserve this data, while surmounting
some of the limitations of photocurrent time-of-flight would be of potential use.
Charge-retraction through an organic layer seems to have such potential. Charge
build-up and retraction are characterized in the capacitance-voltage measurements of
organic multi-layer devices, which serves as the inspiration for the method to be
developed in this chapter. Capacitance analysis of a multi-layer organic device was
introduced by Berleb et al.18, and taken further by Kondakov et al.19. In such
measurements, charge is injected and accumulated at an interface in the device and then
retracted. The changes in capacitance that occur during these processes (seen by a
transition in the current to the device) give information about the internal charge
accumulation in the device.
To illustrate this behavior, consider a bilayer device, a hole transport layer (HTL)
and a electron transport layer (ETL) sandwiched between an anode and cathode,
respectively (see Figure 2.1, where an energy level diagram illustrates the structure and
stages discussed here).The voltage is defined as that at the anode (adjacent to the HTL)
relative to that at the cathode. At large reverse bias (negative voltage), the entire device
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acts as a capacitor with a thickness equal to the total of the two layers (HTL and ETL), as
electrons won’t inject into the HTL and holes won’t inject into the ETL. When the
applied voltage equals the work function difference between the anode and cathode (the
built-in potential, Vbi), the potential across each layer in the device is flat (zero). As the
voltage increases, holes are injected from the anode into the HTL (for instance) and built
up at the HTL / ETL interface, short-circuiting the HTL and making the capacitance
equal to just that of the ETL. At even higher voltages, the device may “turn on” as
electrons are injected into the ETL and current flows through the entire device. In this
example, the transition in capacitance occurs at the built-in potential. In the reverse scan,
charge is retracted from the HTL / ETL interface until the device is empty of charge and

Figure 2.1. Structure and illustration of the stages of a capacitance-voltage measurement
on an example bilayer device. In this energy level diagram, the higher the line (or slope
of the line), the closer in energy it is to the vacuum level.
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again acts as a single, composite capacitor (of the combined thickness of the HTL and
ETL).
However, the above example is true only when there is no fixed (immobile)
charge in the device. Berleb et al. demonstrated there is actually a relatively large fixed
internal charge in such devices18. This moves the transition voltage (V0) away from the
built-in potential (Vbi). Here, the point where all the charge is retracted from the HTL /
ETL interface defines this transition voltage, which can differ noticeably from the built-in
potential. Thus, this transition must be determined experimentally. Due to the width of
this transition (often greater than 1 Volt), the exact transition voltage is assigned
arbitrarily by the two groups18, 19.
The accumulation and retraction of charge in these capacitance-voltage
measurements inspired the charge-retraction time-of-flight technique developed in this
Chapter, henceforth termed CR-TOF. It is an alternate method to determine the charge
carrier mobility in the bulk of a charge transport material. This Chapter will seek to
accomplish the following tasks: (1) layout the basic principles and operation of CR-TOF,
as well as its unique advantages and limitations, (2) address the arbitrariness associated
with evaluating the transition voltage, (3) examine some of the additional issues and
parameters involved with the CR-TOF technique, and (4) validate the CR-TOF for the
measurement of hole mobility with compounds of established hole mobility.
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2. EXPERIMENTAL
Materials Employed
Chart 2.1 depicts the molecular structures of the charge transport materials used in
this Chapter, all of which were sublimed before use after receiving them from
commercial sources. The full chemical names of these compounds are as follows: 4,4′,4′′tris[N-(3-methylphenyl)-N-phenylamino]triphenylamine (m-MTDATA); 4,4′-bis[N-(1naphthyl)-N-phenylamino]biphenyl (NPB); 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI); and tris-8-hydroxyquinoline aluminum (Alq3). m-MTDATA and NPB
were chosen as two well known hole transport materials, while Alq3 and TPBI were
chosen for their hole-blocking ability.

Chart 2.1. Molecular structures of materials used in this Chapter.
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Substrate and Sample Preparation
Patterned indium tin oxide (ITO) coated glass substrates (Polytronix) that had
been thoroughly cleaned and oxygen plasma treated were clad with chromium (Cr) by
sputter coating through a metal mask, leaving the anode areas as clean ITO, but providing
a lower resistance up to this contact area. Samples were prepared in a multiple source
thermal evaporation system at a base pressure of 5 × 10-6 torr or lower. The deposition
rate was controlled with a deposition controller (Infineon IC/5) and a quartz crystal
microbalance (QCM), and kept at ~4 Å/s for all organic materials deposited. Thicknesses
were then precisely measured by spectroscopic ellipsometry (V-VASE, J. A. Woollam
Co.). The gold counter electrodes (Au) were evaporated through a shadow mask resulting
in device areas of 0.3-1.4 mm2 for the charge-retraction experiments and from 0.3 mm2 to
1 cm2 for the capacitance-voltage measurements. These device areas were verified by
optical microscopy to measure the area in comparison to calibrated distance standards.
The device structures used, one for capacitance-voltage and charge-retraction and
one for space-charge-limited-current measurements, are shown in Figure 2.2. Also shown
there is a diagram of the device area showing the configuration of the ITO electrodes and
the highly conductive chromium bus lines used.
Capacitance-Voltage Measurements
A function generator (Hewlett Packard 8116A, 50 MHz) was used to apply a
triangular waveform to the device, which was monitored by one channel of an
oscilloscope as the driving voltage (Tektronix TDS 460A, 400 MHz, set to 1 MΩ input
impedance). The frequency and magnitude of the triangular waveform were kept such
that the linear sweep rate was from 50 to 1000 V/s. The resulting capacitor-charging
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Figure 2.2. Device structures for, a-c) capacitance-voltage and charge-retraction
measurements, where x nm = 267, 535, 674 nm in part a, and for d) space-charge-limitedcurrent measurements. e) Also included is a diagram of the device area from above,
showing the positioning of the Cr bus lines, with the active area between the ITO and Au.
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current was measured on another channel on this scope through a load resistor (3 to 100
kΩ depending on sample and sweep rate) and averaged to reduce noise. The current
signal across this load resistor was used to calculate the capacitance (C) of the device
according to Equation 2-1, which is simply the derivative with respect to time of the
charge (Q) stored on a capacitor, where dV/dt is the linear sweep rate and I is the current
signal:

I=

dQ
dV
=C
dt
dt

(2-1)
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The transition voltage was determined in two ways to match the literature
methods. The transition voltage, V0, according to Kondakov et al.19 is the midpoint of the
transition between the two capacitances, or the voltage at which the capacitance is halfway between the two extreme values. Berleb et al.18 mention the possible use of the onset
of the transition, Von, where the capacitance begins to rise above that of the whole device.
Least-squares linear fits to the various portions of the curve were used to find these
voltages, either directly from these fits or from their intersections (for the onset).
Charge-Retraction Measurements
The voltage on the sample was maintained at the retraction voltage (Vr) by the
function generator and monitored by the oscilloscope (channel with 1 MΩ input). A
rectangular charging pulse (to a charging voltage, Vc) was then applied to the device for a
certain charging time, the effect of which will be explored. After the pulse ends, the
retraction signal is monitored across a load resistor (from the oscilloscope’s internal 50 Ω
resistor up to 350 Ω) and the signal is averaged over multiple pulses to reduce noise. This
retraction signal was analyzed just like a photocurrent transient from a photocurrent timeof-flight experiment and the t0 and t1/2 determined20. From these measurements the charge
carrier mobility was determined using Equation 1-9, with one of these nominal transit
times (whichever could be compared with the literature), the sample thickness, and the
actual voltage across the sample layer.
The actual voltage across the sample layer is a key parameter for this method. It is
determined from the transition voltage (here V0 for example), as this is the voltage where
the voltage across the sample layer is zero. Which precise definition of the transition
voltage is the most appropriate will be explored later in this Chapter. The actual voltage
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across the sample is then determined by assuming the dielectric constants of the sample
and blocking layer are equal, according to Equation 2-2:

Vsample = (Vr − V0 )

d sample

(2-2)

d sample + d blocking

Some of the so-called “retraction” signals are taken after charging at a voltage
where injection does not occur, and thus these are simply RC discharge curves where the
whole sample is acting as a capacitor. This experiment allows the total resistance (R) and
capacitance of the whole device (Cdevice) to be determined by a least-squares fit to the
measured current signal. The voltages involved in this circuit are defined as follows:

Vdrive, is the applied pulse from the function generator; VL, is the voltage drop across the
load resistor; and Vcap, is the actual voltage across the capacitor (the whole sample).
Beginning with Equation 2-1, the current is taken as the difference in voltage applied to
the capacitor and the actual voltage on the capacitor divided by the total resistance of the
circuit, shown in Equation 2-3. Equation 2-3 is then discretized to arrive at an iterative
equation for the actual voltage on the capacitor, Vcap, at a given time (ti), shown in
Equation 2-4. Lastly, the simulated current, Ifit, is given in Equation 2-5, to which the
least-squares fit to the measured current is applied to arrive at R and Cdevice.

V − VL − Vcap dVcap
V
dQ
dV
=I =
=C
→ drive
=
R
dt
dt
RCdevice
dt
Vcap (ti ) = Vcap (ti −1 ) +

Vdrive (ti −1 ) − VL (ti −1 ) − Vcap (ti −1 )

I fit (ti ) =

RCdevice
Vdrive (ti ) − VL (ti ) − Vcap (ti )
R

(ti − ti −1 )

(2-3)

(2-4)

(2-5)
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Lastly, some of the retraction signals are integrated and corrected for the RC
decay contribution (by comparison to Cdevice[Vc – Vr]) to arrive at the excess charge that
was retracted after the pulse. The measurement of this excess charge is used in an
alternative method to determine the transition voltage of the device, as discussed later in
this Chapter.
Transient Space-Charge-Limited-Current Measurements
Using the function generator, a positively biased rectangular pulse was applied to
the device (monitored by the oscilloscope, channel set to 1 MΩ input), and the output
current dropped across the oscilloscope’s internal 50 Ω load (on another channel). The
time of the resultant “cusp” or peak (tpeak) in this signal was used to calculate the charge
carrier transit time according to Equation 2-65:

t peak = 0.786 ⋅ ttr

(2-6)

This transit time (ttr) from transient SCLC has been found to match the t1/2 time
from photocurrent time-of-flight experiments5, 21, and is then used to calculate the charge
carrier mobility using Equation 1-9, with the sample thickness and the pulse voltage as
the other inputs.

3. RESULTS AND DISCUSSION

The key idea behind charge-retraction time-of-flight is to use the injection,
accumulation, and retraction of charge as a way to measure the charge carrier mobility. If
the charge can be retracted from the interface quickly enough, one would expect to see it
progress through the material as a sheet of charge and behave identically to a
photogenerated charge sheet in photocurrent time-of-flight measurements. This would
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enable an otherwise typical photocurrent transient to be realizable by an all-electrical
means, with an even simpler experimental set-up than photocurrent TOF. CR-TOF
should also enable the use of thinner samples, as the sheet of accumulated charges at the
blocking interface should be very thin.
The device structure for a CR-TOF experiment is shown in Figure 2.3, along with
the steps occurring in a CR-TOF measurement. First, charge is injected into and
transported through the sample layer to accumulate in a thin sheet at a blocking layer.
After the charge accumulates, the voltage is reversed and the accumulated charge is
swept out. The resulting current transient is completely equivalent to that in a
photocurrent TOF experiment, giving useful information about both the fastest and the
slower carriers. This technique does not require a rapidly injecting contact; one can allow
time for carriers to accumulate at the blocking interface, even if trickling in slowly. When
the voltage is reversed, few injected carriers should still be in transit, and the carriers
accumulated at the interface should be released immediately; i.e., there should be
negligible trapping at the interface with the blocking layer. The voltage across the device
also needs to respond fast enough, so as in traditional photocurrent TOF, the RC time
constant of the sample must be much shorter than the transit time. Therefore the active
area is kept very small and highly conductive metal bus lines are used, keeping the RC
time constant between 14 and 800 ns in the present experiments.
The transition voltage, being the voltage at which the bias across the sample layer
just vanishes, is where the transition from charging to retraction occurs. In the chargeinjection step, the amount by which the bias (V) exceeds the transition voltage determines
how much charge can be injected and stored at the interface, with the blocking layer
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Figure 2.3. The CR-TOF Experiment: a) the general device structure, b) charge injection
from the injecting contact into the sample layer, c) charge accumulation at the
sample/blocking layer interface, and d) charge retraction from the interface, producing
the TOF retraction current transient.
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acting as a capacitor while the sample layer is short-circuited. During the chargeretraction step, the voltage across the sample is proportional to the difference between the
applied voltage and the transition voltage (V – V0). To avoid space-charge effects during
this retraction step, the amount of injected charge must be kept small, i.e. << CV, where
this capacitance of the sample and blocking layer together (Cdevice). The determination of
this transition voltage is thus essential for the charge-retraction time-of-flight technique.
Transition Voltage Determination

Capacitance-voltage measurements were carried out after the fashion of
Kondakov et al.19, taking linear sweep voltammograms (scans) of the bilayer devices.
These results were analyzed by linear fits to the various portions of the measured
effective capacitance, as illustrated in Figure 2.4a. The midpoint of the transition, V019,
was found to be –3.2 V for this device, while the onset voltage, Von18, was –4.1 V. The
discrepancy between them could make a significant difference in the determination of the
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applied field and the mobility. Thus, the charge-retraction measurement itself was
utilized to better understand the transition and pinpoint the transition voltage.
As an alternate means of determining the transition voltage, the excess charge
retracted from the interface was measured as a function of the charging voltage (Vc). This
was done at a constant retraction voltage (Vr) with a long charging time (10 ms). A
number of curves with low charging voltages all overlapped and corresponded to just the
RC discharging of the entire device, which were used to determine the capacitance of the
device, Cdevice. All of the current transients were then integrated and compared with
Cdevice(Vc – Vr) to evaluate the excess charge that had been at the sample / blocking layer
interface in the device and subsequently passed through the external circuit. These
current transients are shown in Figure 2.4b. The first point at which this excess charge
reaches zero is exactly the transition voltage, according to its intended theoretical
meaning. Figure 2.4c overlays the capacitance-voltage measurement with a plot of the
excess charge versus charging voltage. The transition voltage determined by this excess
charge method was designated as Vxs and found to be –3.9 V, within two tenths of a volt
of the onset voltage, Von = –4.1 V, from the capacitance-voltage measurements. The
correspondence of these two voltages shows this is where the transition is truly beginning
to take place. This makes sense with what is happening during the transition. As the first
charge carriers are injected they migrate to the interface and change the effective
capacitance of the device, but this is happening more slowly than the voltage is rising so
the sample layer isn’t completely short-circuited until a larger driving voltage is applied.
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Figure 2.4. a) Determination of transition voltage for ITO | m-MTDATA (535 nm) |
TPBI (65 nm) | Au with linear sweep (+220 V/s) voltammogram, with lines least-squares

fit to portions of the curve. b) Charge-retraction transients to determine the excess charge
with charging for 10 ms at various charging voltages before retracting at −11.8 V. c)
Overlay of the voltammogram (curve) from a) with the excess charge (symbols)
determined from the transients in b), indicating all three transition voltages.
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In the case of the NPB / TPBI device, this correspondence between Vxs and Von
did not hold, with Vxs at –3.5 V and Von at –1.2 V. It appears small amounts of charge
may sometimes be injected and retracted, but not be enough to generate a transition in the
capacitance-voltage measure. It could also be that the transition is delayed with the
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thicker NPB layer here (490 nm). In this case, Vxs is the most appropriate one to use as
the transition voltage, both as it shows the presence even of this small amount of charge
which is relevant to CR-TOF and that at Von the CR-TOF transients in NPB show
symptoms of excess charge (due to space-charge perturbation, as will be discussed more
in what follows). It is also worth noting that this example confirms that the transition
behavior is empirical and different for each pair of materials.
A useful check of validity for these capacitance-voltage measurements is the
accuracy of the capacitance values found. Three independent methods for determining the
capacitance are available, with these capacitance-voltage measurements being the first.
The other two are the geometric capacitance, determined from the thickness (by
ellipsometry) and the area (by optical microscopy), and the RC decay fitting procedure
which allows the capacitance and resistance to both be determined (from Equations 2-4
and 2-5). Table 2.1 shows the good correspondence of all these capacitances for mMTDATA / TPBI and NPB / TPBI.
Additional Parameters Affecting CR-TOF Measurements

The first parameter of note is the charging voltage, Vc. Figure 2.4b shows a number of
retraction transients at different charging voltages with the same retraction voltage. The
charge involved in these traces is shown as the excess charge in Figure 2.4c, and

Table 2.1: Capacitances of CR-TOF samples by three independent methods.
Layers (d, nm):
Method
Geometric
C-V Meas.
RC Fitting

m-MTDATA (535) / TPBI (65)
Cdevice (pF)
Cblocking (pF)
30.8
282.7
21.9
296.5
22.5
—

NPB (490) / TPBI (66)
Cdevice (pF)
Cblocking (pF)
64.5
543.3
65.0
539.6
69.1
—
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increases linearly (R2 = 0.976) with the slope being equal to the capacitance according the
basic equation of a capacitor (Q = CV), just as one would expect. As this charge
increases, the resulting charge-retraction transient gains a peak because space-charge
perturbation occurs while the charge moves back through the sample layer. This effect is
well known in photocurrent time-of-flight measurement (pc TOF)22. Just as with pc TOF,
to arrive at an accurate measurement, the charge at the interface must be kept small
enough to avoid this effect. Namely, the charge at the interface, Cblocking(Vxs – Vc), must be
kept smaller than the capacitance times the driving voltage, Cdevice(Vr – Vxs). This criterion
was met by keeping Vc within 1 V or less of the transition voltage, Vxs, for all CR-TOF
mobility measurements.
This linearity of charge as a function of charging voltage holds for all three
devices measured, m-MTDATA / TPBI as shown above, as well as m-MTDATA / Alq3
and NPB / TPBI. However, in the case of m-MTDATA / Alq3 there is an odd
occurrence. Unlike the devices with TPBI as hole-blocking layer, the device with Alq3
shows a dependence of the transit time (and thus the apparent mobility) on the charging
voltage. Figure 2.5a shows this dependence where the transit time approximately doubles
as the charging voltage increases. In investigating this effect, a capacitance-voltage
measurement was taken to these relatively high voltages (more than 5V above V0) and a
“turn on” occurred indicating flow of charge into or through the blocking layer, see
Figure 2.5b. The increase in the transit time is likely due to retraction of holes from inside
the Alq3 layer, with higher voltage driving holes either further into or in greater number
into the Alq3 layer.
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Figure 2.5. a) Effective transit times (t0 and t1/2) for ITO | m-MTDATA (544 nm) | Alq3
(70 nm) | Au as a function of charging voltage after charging for 100 μs and retracting at
−7.9 V. Linear sweep voltammograms for capacitance-voltage measurements on b) the
same device as in part a) at ±118 V/s, and (c) ITO | m-MTDATA (267 nm) | TPBI (65
nm) | Au at ±220 V/s.
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This brings up the issue of the blocking layer chosen. Figure 2.5c shows a
capacitance-voltage measurement with a TPBI blocking layer to a voltage even further
above V0. Here the capacitance remains flat for the blocking layer, showing its improved
ability to block holes. Thus, a wide ranging capacitance-voltage measurement also serves
to identify good blocking layers for CR-TOF. TPBI is a superior hole blocking layer for
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CR-TOF, which corroborates its use as a blocking layer in OLEDs23. TPBI’s deep
highest-occupied-molecular-orbital (HOMO) level makes injection of holes into it
difficult, more difficult than into the shallower HOMO level of Alq3 (–5.8 eV for Alq3
and –6.3 eV for TPBI)24.
The next parameter to be explored is the charging time, or the length of the pulse
at the charging voltage, Vc. As mentioned previously, the charging time should be long
enough to avoid catching many charges in transit on their way to build up at the interface

Figure 2.6. Charging time dependence for ITO | m-MTDATA (544 nm) | Alq3 (70 nm) |
Au charging at 4.0 V and retracting at −7.9 V with a transition voltage (Vxs) of 0.66 V. a)
Selected transients at various charging times, b) effective “transit time” (t0) as a function
of charging time, and c) an illustration of injection and retraction of charges caught in the
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with the blocking layer. A simple way to estimate this is to determine the expected transit
time of the carriers at the low field generated by the charging voltage. For example,
charging at 3.5 V above the transition voltage, Vxs, across 544 nm of m-MTDATA means
a field of ~64,000 V/cm and an expected mobility of ~2.2 × 10-5 cm2/V⋅s12, resulting in
an approximate transit time of 39 μs. Using three transit times as a reasonable minimum
indicates a charging time of 117 μs or longer should be used. These example conditions
were chosen as they match those of the experiment done on the m-MTDATA / Alq3
device with the results displayed in Figure 2.6. Figure 2.6a shows a subset of these CRTOF transients at a constant Vc (~3.5 V above Vxs) and Vr with varying charging times.
The transient becomes smaller (less charge involved) and appears more dispersive, as
charges are caught in the bulk of the sample layer still in transit to the interface with the
blocking layer. The increasing dispersion results from increasing range of positions of the
charges within the layer when the retraction voltage is applied. At the same time, the
effective transit time decreases, as shown in Figure 2.6b, as the charges are being
retracted from shorter and shorter distances into the layer. The transit time saturates at a
charging time of ~100 μs, which matches the estimate given above quite well. At very
long charging times (i.e. 10 ms = 104 μs), the charge accumulated at this voltage (being
relatively far above Vxs) is enough to cause space-charge perturbation in the transient and
make the transit time shorter. This early withdrawal of the charges in mid-layer is
illustrated in Figure 2.6c and presents a number of possible uses that seem worthy of
future exploration. With modeling it may be possible to extract the mobility without a
suitable blocking layer, or even without a blocking layer at all, just a non-injecting
contact on the far side. Also, this could be a useful for exploring the distribution of
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charges in transit, trapping in the bulk of the material, or trapping or leakage at the
interface with another material (in place of the blocking layer).
The two main factors remaining are the retraction voltage and the frequency at
which the pulses are repeated. The retraction voltage dependence is just measuring the
field dependence of the mobility of carriers moving through the sample layer, and will be
dealt with in the next section of this Chapter. The frequency, and thus the retraction time,
is kept such that the duty cycle between charging and retraction is less than 50 %, and
such that the retraction time is many times longer than the transit time of the CR-TOF
transient to ensure all the mobile charge has been removed from inside the device. Lastly,
the leads from the sample to the oscilloscope were kept less than three inches long to
minimize the inductance and thus the ringing in the circuit.
Validation of the CR-TOF Technique

To begin the validation of the CR-TOF technique for the measurement of charge
carrier mobility, an independent method was used to evaluate the mobility of one of the
materials used. The transient space-charge-limited-current method was used to evaluate
the hole mobility in m-MTDATA. ITO is known in the literature as an Ohmic contact to
m-MTDATA25, making this a suitable combination for the transient SCLC measurement.

Further, the observed transients showed a distinct “cusp” and subsequent steady-state
current confirming the Ohmic nature of this contact in the devices used here. The applied
pulse and an example SCLC transient are shown in Figure 2.7a and c, with time of the
peak indicated, which was used to calculate the mobility according to Equations 2-6 and
1-9. The mobilities measured match the literature transient SCLC results well21, as shown
in Figure 2.8a further below.
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Figure 2.7. Driving waveforms for a) transient SCLC and b) CR-TOF measurements.
c) Transient SCLC of m-MTDATA (263 nm) at 12.0 V bias (4.4 × 105 V/cm internal
field). d) CR-TOF transient of m-MTDATA (535 nm) at −15.8 V (V − Vxs = −11.9 V
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The parameters for these CR-TOF measurements were set according to the
lessons learned from the previous section, with long charging time (10 ms), Vc within 1 V
of Vxs, and appropriate retraction times (controlled by frequency). The CR-TOF results
for m-MTDATA were in excellent agreement with the literature12, 21. Figure 2.7b shows
the end of the charging pulse and rapid drop to the retraction voltage with the resulting
retraction signal, the CR-TOF transient, shown in Figure 2.7d. This transient is nearly
indistinguishable from a photocurrent transient in a thicker sample of the same material
(Fig. 3 in Ref. 12). For the mobility of m-MTDATA, t1/2 was used to match the literature
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Figure 2.8. a) Hole mobility in m-MTDATA measured by transient SCLC (263 nm) and
CR-TOF (267, 535, and 674 nm layers). The lines are the Poole-Frenkel fits from the
literature12, 21. b) Hole mobility in NPB (490 nm layer) measured by CR-TOF, with
literature trend lines26-28.
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reports, as well as the present SCLC data. Figure 2.8a shows the mobility of mMTDATA by CR-TOF for three different sample thicknesses, in comparison to the

present SCLC results and two different literature reports, one by transient SCLC
(Staudigel et al.)21 and the other by photocurrent time-of-flight12. The agreement with the
literature and the consistency over various thicknesses are important validations of the
technique. Note that a sample thickness of thinner than 300 nm can be used for this
measurement, highlighting one of the advantages of this technique over photocurrent
time-of-flight, while preserving the information in the shape of the transient which is
largely inaccessible to other mobility measurement techniques other than pc TOF.
To further test the technique, NPB was chosen for its higher mobility and nonOhmic injection from ITO. TPBI was also used as a blocking layer for NPB and found to
be excellent in terms of blocking quality. The measured mobility is shown in Figure 2.8b,
along with a variety of values reported in the literature26-28. The results here are in
excellent agreement with those of Deng et al. (Fig. 3 in Ref. 26) and Naka et al. (Fig. 3 in
Ref. 27). Other sets of reported values1, 4 falls in the narrow range between Deng et al.26
and Tse et al. (Fig. 2 in Ref. 28). However, Zuppiroli et al.29 find a set of values that are
noticeably lower than all these other sets. The differences in all these results, especially
the low outliers of Zuppiroli et al.29, could be due to differences in purity, as Naka et al.27
show they arrive at lower values, similar to Tse et al.28, with a less stringently purified
sample. All the mobilities for NPB are calculated using t0 as the transit time. Figure 2.9
shows an example CR-TOF transient of NPB with a transit time (t0) less than 0.5 μs,
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Figure 2.9. CR-TOF transient of NPB (490 nm) at −15.9 V (V − Vxs = −12.3 V across
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illustrating that this technique can be used with such relatively fast mobilities. The lesser
degree of dispersion for NPB than m-MTDATA is also in agreement with the
literature30.

4. SUMMARY

Inspired by the success of capacitance-voltage measurements of OLEDs, a
technique was developed and demonstrated to measure charge carrier mobility utilizing
charge retraction. This technique, charge-retraction time-of-flight or CR-TOF, involves
the injection, blocking, accumulation, and retraction of charge carriers to realize a
transient functionally equivalent to those obtained by traditional photocurrent time-offlight experiments. This method provides a unique set of advantages for the
characterization of charge carrier mobility in organic charge transport materials: thinness,
resulting in material savings, ease of device fabrication, and relevance to the thin layers
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characteristic of practical devices; simplicity in the ease of the all-electrical set-up, just a
function generator and an oscilloscope; and information content, producing the same
current transient as in photocurrent TOF, so that the movement of both the fast and slow
carriers can be evaluated. The primary constraint is the need for a suitable blocking layer,
as well as appropriate selection of measurement parameters. The key experimental results
are summarized as follows:
(1) A new approach to determining the transition voltage was undertaken. The
amount of excess charge retracted as a function of the charging voltage exhibited a point
where the mobile charge at the internal interface went to zero, called Vxs. This point was
found to coincide with the onset voltage of the transition (Von) observed in capacitancevoltage measurements for m-MTDATA. This not only determines the transition voltage
more precisely, but also indicates that the onset voltage, and not the midpoint, is more
representative of the precise location of the transition, addressing the arbitrariness in
previous assignments of the transition voltage.
(2) The importance of the choice of blocking layer was addressed and TPBI was
found to be an excellent hole-blocking layer for these charge-retraction measurements, in
contrast to the less suitable Alq3 with its shallower HOMO level. In addition,
capacitance-voltage measurements were shown to be a good test of the quality of the
blocking layer for CR-TOF, as “turn-on” of the current during these scans indicates that
the blocking nature of this layer has been compromised. This is corroborated by the
dependence of the transit time on the charging voltage for samples with an Alq3 blocking
layer, as the holes appear to be driven into Alq3 and be retracted as much as a factor of
two slower.
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(3) The effects of other parameters during charge-retraction were evaluated,
showing a number of constraints for carrying out CR-TOF measurements. First, the
charging voltage (Vc) must be kept close to the transition voltage (Vxs) as determined by
the excess charge measurements such that |Cblocking(Vxs – Vc)| << |Cdevice(Vr – Vxs)| to avoid
any space-charge perturbation, where Vr is the retraction voltage and Cblocking and Cdevice
are the capacitance of the blocking layer and of the whole device, respectively. A linear
dependence of the charge at the interface upon the charging voltage was also seen,
indicating that it obeys the simple equation for capacitors, Q = CV. Also, the charging
time must be long enough to avoid catching charges in transit with three to four times the
estimated carrier transit time being a recommended minimum value. However, using
shorter charging times might be of potential use for exploring leakage and/or trapping in
the bulk or at the interface in these samples, as charges are retracted prematurely, i.e.
before they actually build up at the blocking layer. Lastly, to arrive at reliable
measurements of the mobility, the time allotted to charge retraction (as determined by the
length of the reverse-bias pulses) must be much longer CR-TOF transient’s transit time.
(4) The CR-TOF method was validated for holes in two known materials, mMTDATA and NPB, by comparison to the literature and, in the case of m-MTDATA, to

an independent measurement by transient SCLC. The transients were also basically
identical to those taken by photocurrent TOF, attesting to the capability of the CR-TOF
method. Additionally, samples of less than 300 nm in thickness could be measured.
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Chapter 3

Exploring Electron Transport and Carrier Dispersion by Charge-Retraction and
Photocurrent Time-of-Flight

1. INTRODUCTION
In the last Chapter, the hole mobilities of two known, nondispersive hole transport
materials were measured to establish the charge-retraction time-of-flight (CR-TOF)
technique. However, the electron mobility is often also needed to understand transport
and performance in organic electronic devices1, and many materials exhibit dispersive
transport, providing further areas to explore with CR-TOF.
Until recently, there was a shortage of organic, amorphous electron transporting
(or n-type) materials in the literature2, 3. Intense efforts have yielded a wider variety of
electron transport materials3, 4, but there still is a dearth of electron mobility data in the
literature3, 5. While some might conjecture that organic materials are intrinsically poor
electron transporters, extensive work by Brédas and others6 has argued theoretically that
organic materials should transport electrons to a comparable degrees as holes, showing
similar transport bandwidths for holes and electrons for various materials6a,b. As an
impressive piece of supporting evidence, Chua et al. have shown electron transport can
be realized in a variety of common polymers used in organic field effect transistors with
the right contacts and dielectric layers7. Moreover, Kaji et al. carried out an elegant,
experimental study8 on a single organic transport material with supporting theoretical
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explanations for which carrier is dominant in various circumstances, concluding that
organic charge transport materials are intrinsically able to conduct both holes and
electrons with the dominant carrier determined by the injecting contact, barring doping or
trapping.
However, electron transport in organic materials is still more challenging to
observe than hole transport due to such trapping9 and doping effects10. The LUMO levels
of many organic charge transport materials are shallow, rendering many impurities and
even water and/or oxygen as electron traps11. Many classes of electron transport materials
are compromised by water and oxygen11. For example, electron transients in Alq3
become extremely dispersive without a discernible transit time in the presence of 1 atm of
O2,12 and even 100 Torr⋅s of water vapor depresses its electron mobility by a factor of 4
while increasing the degree of dispersion13. This is the reason that most measurements of
electron mobility are carried out under inert atmospheres or in ultra-high vacuum. Even
under such conditions, the aforementioned impurities or other unintentional dopants may
remain and adversely affect an organic material’s ability to transport electrons.
The difficulty in measuring the electron mobility of organic materials is further
exemplified through the uncertainty in the literature for Alq3, a very common electron
transport material. More than a dozen papers have reported the electron mobility in
Alq3,5, 12, 14-16 with results over three orders of magnitude from ~3 × 10-7 cm2/V⋅s (Tse et
al.)15 to ~4 × 10-4 cm2/V⋅s (Chen et al.)16 both at a field of ~6 × 105 V/cm. Despite this
range, a number of the results cluster around 3 × 10-6 cm2/V⋅s at that same field5, 14a-g.
While such results have been shown to depend on deposition rates, thicknesses, or other
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known extrinsic factors16, the measurement of electron mobility is not trivial and requires
extra care to provide accurate results.
The other area that will be explored in this chapter is that of dispersive transport.
The seminal work on dispersive charge transport was done by Scher and Montrol17, and
laid out a methodology, backed by theoretical considerations, to determine an effective
transit time. A number of other prominent papers have revisited the issue since then18.
Dispersion in charge carrier transport amounts to a distribution of transit times of carriers
through the sample. Nondispersive transients are those with a clear plateau that
approximates the ideal square shape for a discrete, thin layer of charge propagating
through the sample at a constant velocity. More dispersive samples lead to a substantial
spreading of the initial charge packet resulting in signals that look like exponential
decays rather than step functions. This dispersion can result from a variety of sources,
some truly intrinsic, others unrelated to the material per se, such as trapping, intrinsic
disorder (either spatial or energetic), a broad distribution of starting locations,
nonuniformities in the material, or a delayed and gradual release from where the charges
were formed or injected. Electron transport materials, in particular, often exhibit
dispersive transport due to trapping effects and other extrinsic factors3, 9, 10.
There are two primary means of quantifying the degree of dispersion in a transient
signal, from photocurrent time-of-flight (pc TOF) or equivalently charge-retraction timeof-flight (CR-TOF). The first relies on the work of Scher and Montrol17, and is quantity,

α (0 < α < 1), used in the fit equations to the log-log plots of dispersive transients that
they developed in their paper. A larger α, namely a value closer to 1, indicates a less
dispersive transient, with high values (>0.9) often showing plateaus in the linear plots and
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being considered nondispersive. Smaller α values approaching zero indicate that the
charge transport is highly dispersive with a very large distribution in carrier transit times.
A second means to quantify the degree of dispersion was introduced by L. B. Schein19 in
1992 and has come to be known as the tail broadening parameter. It uses the two methods
of determining the transit time to quantify the spread, or width, of the charge sheet as it
exits the device, and is given by the parameter w in Equation 3-1:

w=

t1/ 2 − t0
t1/ 2

(3-1)

Here, t0 is taken as the transit time from Scher and Montrol analysis, as the intersection of
the asymptotes to the plateau and decay regions of the transient, and t1/2 is the time for the
current to fall to half its value at t0. The larger w is, the wider the charge sheet is and the
more dispersive the charge transport is. A smaller w means the sheet stays narrower and
has a smaller distribution of transit times for the individual carriers.
While the CR-TOF technique has been verified for the measurement of hole
mobility, its potential for electron mobility measurements remains to be explored. In
addition, the CR-TOF technique should give a transient equivalent to photocurrent TOF,
but the effects of dispersion and the degree to which such information can be extracted
unknown. The thinness of the charge accumulation layer could even result in a reduced
apparent dispersion by removing the extrinsic contribution of the light penetration depth
to the width of the initial charge sheet in photocurrent time-of-flight. With these
concerns, this Chapter will seek to accomplish the following tasks: (1) identify a suitable
electron-blocking layer and characterize relevant parameters for charge-retraction timeof-flight on a known electron transport material, (2) characterize the electron mobility of
this known electron transport material with the CR-TOF technique and with photocurrent
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time-of-flight, (3) examine and compare the details of dispersion of transport in this
material with both techniques, and (4) characterize the electron mobility of an unknown
material by charge-retraction time-of-flight and photocurrent time-of-flight.

2. EXPERIMENTAL
Materials Employed
Chart 3.1 depicts the molecular structures of the electron-transport and electronblocking materials used in this Chapter. The full chemical names of these compounds are
as follows: N,N’-bis(1,2-dimethylpropyl)-1,4,5,8-naphthalenetetracarboxylic diimide
(NTDI); 4,7-diphenyl-1,10-phenanthroline (BPhen); N,N’-bicyclohexyl-1,4,5,8naphthalenetetracarboxylic diimide (NDA-CHEX); and 1,1-bis[(di-4tolylamino)phenyl]cyclohexane (TAPC). NTDI was chosen as a relatively nondispersive
electron transport compound for calibration of the photocurrent time-of-flight set-up.
BPhen was chosen as a well-known, dispersive electron transport compound. NDACHEX is a high electron mobility compound that is also polycrystalline22 and whose
bulk mobility has not been characterized to the best of my knowledge. TAPC was chosen
for its electron-blocking ability due to its very shallow LUMO level. BPhen was
recrystallized twice from methanol to remove a yellow-colored impurity before being
vacuum sublimed. The other materials were all sublimed before use after receiving them
from commercial sources.
Substrate and Sample Preparation
For photocurrent time-of-flight, patterned indium tin oxide (ITO) coated glass
substrates (Polytronix) were thoroughly cleaned and oxygen plasma treated. For charge-
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Chart 3.1. Molecular structures of materials introduced and focused on in Chapter 3.
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retraction time-of-flight, clean glass substrates were thoroughly cleaned before coating in
aluminum by sputter coating or thermal evaporation through a metal mask defining the
anodes. Organic layers were prepared in a multiple source thermal evaporation system at
a base pressure of 5 × 10-6 torr or lower. The deposition rate was controlled with a
deposition controller (Infineon IC/5) and a quartz crystal microbalance (QCM), and kept
at ~4 Å/s for thin organic layers and ~10 Å/s for layers over 1 μm in thickness.
Thicknesses were then measured by spectroscopic ellipsometry (V-VASE, J. A. Woollam
Co.) or by white-light interferometry (Zygo New View 100). Lithium fluoride (LiF) salt
was thermally deposited at 0.1 Å/s as an electron injection layer. The aluminum cathodes
(Al) were either thermally evaporated through resistive heating or electron beam
deposited through a shadow mask resulting in device areas from 1 mm2 to 1 cm2. The
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device structures used, one for charge-retraction time-of-flight (CR-TOF) and the other
for photocurrent time-of-flight (pc TOF), are shown in Figure 3.1. Devices for CR-TOF
were encapsulated with a glass cover slip in a dry box before being measured, while pc
TOF devices were measured under high vacuum (5 × 10-6 torr). Devices were examined
by polarized optical microscopy (Leica DMLP) after fabrication.
Capacitance-Voltage and Excess Charge Measurements
A function generator (Hewlett Packard 8116A, 50 MHz) was used to apply a
triangular waveform to the device, which was monitored by one channel of an
oscilloscope as the driving voltage (Tektronix TDS 460A, 400 MHz, set to 1 MΩ input
impedance). The frequency and magnitude of the triangular waveform were kept such
that the linear sweep rate was from 50 to 1000 V/s. The current signal was measured

Figure 3.1. Device structures for pc TOF experiments on a) NTDI, b) BPhen, c) NDACHEX, and for CR-TOF experiments on d) BPhen, and e) NDA-CHEX.
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on another channel on this scope through a load resistor (90.8 or 99.7 kΩ) and averaged
to reduce noise. The transition voltages, V0 and Von, were determined by least-squares
linear fits to portions of the voltammogram of the reverse scan as the electrons were
injected and retracted.
To determine the transition voltage by the excess charge method developed in the
previous Chapter, square pulses were applied to the sample to inject charge at varying
charging voltages (Vc) while the retraction voltage was constant (Vr). The retraction
signals (across 50 or 523 Ω) were integrated and corrected for the RC decay contribution
(by comparison to Cdevice[Vc – Vr]) to arrive at the excess charge that was retracted after
the pulse. The point where the excess charge reaches zero is the transition voltage, Vxs.
Charge-Retraction Measurements
Charge-retraction time-of-flight was carried out by applying the retraction (Vr)
and charging (Vc) voltages with the function generator and monitoring the applied voltage
pulse and the retraction signal on the oscilloscope, across the oscilloscope’s 1 MΩ
internal resistance and a load resistor (50 or 523 Ω), respectively. The retraction signal
was analyzed just like a photocurrent transient and t0 and t1/2 were determined17, 23. From
these measurements the charge carrier mobility was determined using Equation 1-9 using

t0, the sample thickness, and the actual voltage across the sample layer. The voltage
across the sample layer was determined from the transition voltage, Vxs, using Equation
2-2. The tail-broadening parameter, w, was calculated using Equation 3-1.
Photocurrent Time-of-Flight Setup and Measurement
Photocurrent time-of-flight was set up following literature procedures17, 20. A
power supply (Hewlett Packard 6110A, DC) was connected to the ITO side of the sample
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Figure 3.2. Experimental setup for a) photocurrent time-of-flight and b) charge-retraction
time-of-flight, showing their similarities and differences.
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through which a nitrogen laser (Photochemical Research Associates; 337 nm; pulses: 800
ps FWHM) excited the organic sample. A load resistor (113 to 5430 Ω) was connected to
the Al contact on the sample and an oscilloscope (Tektronix TDS 2024B, 200 MHz)
measured the voltage drop across this load, arriving at the photocurrent transient. Figure
3.2 illustrates the experimental setup for photocurrent time-of-flight in comparison to that
of charge-retraction time-of-flight.
The photocurrent transient was analyzed on log-log plots following Scher and
Montroll procedure17 to arrive at the transit time, t0. The mobility was calculated using
Equation 1-9 with this time (t0), the voltage applied by the power supply, and each
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sample’s measured thickness. t1/2 was also determined from these transients21. The tailbroadening parameter, w, was calculated from these times via Equation 3-1.

3. RESULTS AND DISCUSSION
Parameters for Electron Retraction
The first step in performing charge-retraction time-of-flight (CR-TOF) measurements is
determining an adequate blocking layer and the transition voltage of the sample /
blocking layer pair in question. The means of accomplishing both of these tasks is
through capacitance-voltage measurement of a completed device, and thus the devices in
Figure 3.1d and 3.1e were measured, BPhen (333 nm) / TAPC and NDA-CHEX /
TAPC, respectively. A smooth transition from the capacitance of the entire device to the
higher value of just the blocking layer was observed in both cases attesting to the likely
suitability of TAPC as an electron-blocking layer for CR-TOF. The onset voltage, Von,
was determined from these measurements. The next step was to perform excess-charge
retraction measurements on these devices. Excellent agreement was found between the
two measures of the transition voltage, Von and Vxs, as Figure 3.3 illustrates. For BPhen
(333 nm) / TAPC, Von was 6.9 V, while Vxs was 6.6 V, and for NDA-CHEX / TAPC, Von
was –0.65 V, while Vxs was –0.48 V. This confirms that the onset voltage is more
representative of the transition voltage for electrons as well as for holes for CR-TOF.
While TAPC was a suitable blocking layer for electrons in BPhen and NDACHEX, a number of other combinations of sample and blocking layer were tried

75
Figure 3.3. Determination of transition voltages, Von by linear sweep voltammogram and

Vxs by excess-charge measurement for a) Al | LiF | BPhen (333 nm) | TAPC (77 nm) | Al
(at 1990 V/s), and for b) Al | NDA-CHEX (3.2 μm) | TAPC (70 nm) | Al (at 1450 V/s).
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unsuccessfully. From Chart 2.1, m-MTDATA and NPB were tested as electron-blocking
layers for CR-TOF, but with TPBI, NTDI, and BPhen their capacitance-voltage scans
showed either a single capacitance (i.e. no transiton at all) or distorted signals with
marked hysteresis (i.e. no areas of constant capacitance and large differences between the
forward and reverse scans). These results indicate that m-MTDATA and NPB were
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unsuitable to block electrons for CR-TOF. This could be due to excessive immobile or
trapped electrons at the interfaces (pushing the transition voltage beyond the ±16 V range
of the function generator), delayed release of these charges from the interface (as a likely
cause of the observed hysteresis), leakage of electrons into the blocking layers (due to
their deeper LUMOs than TAPC), or some combination of these effects and other
unknown contributions.
Returning to the case of BPhen with TAPC as a blocking layer, some additional
information can be gleaned from the value of the transition voltage. As the blocking layer
acts as a capacitor when charged during the capacitance-voltage measurements, the fixed,
immobile charge density (σ) at the interface giving rise to this transition voltage can be
determined24, according to the following equation:

σ = (Vbi − Vxs )

ε rε 0
d ETL

(3-2)

With a transition voltage, Vxs = 6.6 V, and assuming a built-in potential, Vbi, of 1.0 V to
be conservative (as LiF is known to modify the work function at the interface)25, this
indicates an immobile charge density of approximately –2.3 × 10-7 C/cm2.
However, the transition voltage may not be only from immobile, fixed charge, as
electrostatics (and thus this technique) cannot distinguish between a sheet of fixed charge
and a bulk, aligned dipole moment26. Additional techniques, such as optical second
harmonic generation coupled with the Kelvin probe method, have allowed this distinction
to be made for Alq3, where a giant build up of surface potential (some 28 V in a 560 nm
film) was identified as originating in a bulk alignment of dipole moments in the film26.
The fact that this could be bulk polar alignment means thicker samples of such materials
could exhibit prohibitively large transition voltages. This may be the case with the 2.9
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micron thick sample of BPhen (device structure shown in Figure 3.1d), as no transition
was observed from –25 V to +25 V, but only a single capacitance. If a polar alignment
effect was primarily responsible for the transition voltage between TAPC and BPhen, a
film nearly ten times as thick (2.9 μm vs. 333 nm) could put the transition voltage outside
even this broad range, at as much as ~ 49 V, rendering it inaccessible with this function
generator as is, and difficult to trust even if the range were shifted further to find it. Such
considerations about polar alignment dictate caution as to the thickness of the sample
layer, as a thin sample (here 333 nm of BPhen) may work quite well, while a thicker one
(such as 2.9 μm of BPhen) may be intractable. Again, however, a capacitance-voltage
sweep is the check of the appropriateness of the blocking layer, and now the sample, to
the CR-TOF technique.
Other factors for the CR-TOF measurement are analogous to those determined for
holes in the previous Chapter. Sufficient charging time was provided at a charging
voltage relatively close to the transition voltage, Vxs, to avoid space-charge effects. The
frequency of repeated measurements was kept low enough to fully retract all the mobile
charge from inside the device. The resistance up to the active area (through Al plating)
and the actual area itself were kept such that the RC time constant of the sample was
small as well, which is especially important when trying to distinguish a dispersive
transient (which looks very much like an RC decay at first glance) from the RC decay
itself.
Electron Mobility by CR-TOF and Photocurrent TOF
To further provide confidence as to the capability of CR-TOF to handle dispersive
samples, and difficult ones for electron mobility, photocurrent time-of-flight (pc TOF)
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was undertaken to corroborate the results. NTDI was chosen as a relatively nondispersive
electron transport material with a mobility known in the literature. It was measured on a
sample as shown in Figure 3.1a, and the results are in Figure 3.4. The literature point27
taken from a displayed transient is also in Figure 3.4 and is in excellent agreement with
the present data. The shape of the observed transients, one of which is shown in the inset
of Figure 3.4, also matches the one from the literature27. This establishes the functioning
of the pc TOF setup and that it is suitable for electron mobility measurements.

Figure 3.4. a) Electron mobility of NTDI as measured by photocurrent time-of-flight, in
comparison to the literature27 with (inset) an example photocurrent transient of electrons
in NTDI at –105 V with a transit time, t0, of 1.0 μs.
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The electron mobility of BPhen was then measured by both CR-TOF and pc
TOF, using the devices shown in Figure 3.1 parts b and d (with 333 nm of BPhen for
CR-TOF). These results for both of these methods were in excellent agreement, scattering
around one another well within experimental error, see Figure 3.5. In fact, three different
samples for three different measurements by these two methods made in two different
coaters using different batches of BPhen all matched. This consistency lends
considerable weight to the results, even as they are lower than the literature values by a
factor of six28. The difference is likely in the purification of the material before
deposition. Here, BPhen was recrystallized multiple times from methanol, which
removed a yellowish coloring from the material, before the sample was purified by
sublimation. However, this yellowish color is not removed through vacuum sublimation
by itself, which is all that was reported in the previous measurement in the literature28.
BPhen is a common ligand to metal ions and has been shown to take on a highly
conductive character even in an evaporated film when doped with the appropriate ions29.
This means whatever is responsible for the color in BPhen could actually enhance the
rate of transport, explaining the differences between these results and those in the
literature. Due to the extra purification efforts and the reproducibility of the data
presented here for BPhen, the present values seem to be more accurate. In addition, the
consistency between the two techniques (CR-TOF and pc TOF) is excellent, validating
the use of CR-TOF for the measurement of electron mobility.
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Figure 3.5. a) Electron mobility of BPhen as measured by CR-TOF and twice by pc
TOF, as well as the literature results28. b) Example CR-TOF transient with 333 nm of
BPhen at a field of 2.5 × 105 V/cm, and c) example photocurrent transient with 2.9 μm of
BPhen at a field of 2.7 × 105 V/cm.
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Dispersive Transients by CR-TOF and Photocurrent TOF
As seen in Figure 3.5 parts b and c, the shapes of the electron transients are
qualitatively very similar by the two techniques. The details of this comparison and of
how the dispersive nature plays out in each technique are of interest, both to examine
how well CR-TOF reproduces the details of the dispersive transport involved and to look
for any differences that might occur. For example, the supposed narrowness of the layer
of charge built up in the device during a CR-TOF measurement may have an effect.

Figure 3.6. Example transients (thick) and RC decay curves (thin) for a) the CR-TOF
device (333 nm BPhen at 2.5 × 105 V/cm), and b) the pc TOF device (2.9 μm BPhen at
2.7 × 105 V/cm), as well as the log-log plots of each of these, c) CR-TOF and d) pc TOF,
showing the break in the slope at the transit time, t0, as predicted by Scher and Montrol17.
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An initial concern is keeping the RC time constant small enough to be able to
clearly see the dispersive transport of electrons. Figure 3.6 shows the respective RC
decay curve superimposed on one of the faster transients for both CR-TOF and pc TOF.
The equivalent log I-log t plots are also shown. It can be clearly seen the RC time
constant is much smaller than the measured transit times, and the RC decay has a much
different character, showing only a single slope (despite the noise evident). Even for the
thin sample used in CR-TOF, this constant is kept small enough to do these
measurements accurately.
Now, to quantify the degrees of dispersion seen in the electron transport by these
two methods, two measurements were used. First, the alpha values used to fit the initial
(αi) and final (αf) portions of the transients was determined17. Second, the tail-broadening
parameter, w, was calculated from the two transit times, t0 and t1/2, using Equation 3-1.
The averages and standard deviations of these parameters for the two techniques were
evaluated and are reported in Table 3.1, leaving out the values at highest and lowest
fields as these were obvious outliers (more than three standard deviations outside the
spread of all the other data). With α values around 0.5, the charge transport in BPhen is
fairly dispersive, as seen previously in the literature by pc TOF with α ~ 0.328. While the
average α values for CR-TOF are slightly higher than those by pc TOF, being just
outside one standard deviation

Table 3.1: Average parameters of the dispersive electron transport in BPhen.
Technique
CR-TOF
pc TOF

αi

αf

0.58 ± 0.06
0.44 ± 0.07

0.55 ± 0.06
0.46 ± 0.06

w
0.43 ± 0.03
0.43 ± 0.02
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of each other, the w parameters are indistinguishable and for all purposes identical. Thus,
the dispersive nature of the transport as measured by the two methods is in fact similar.
Another test of this similarity is through normalizing the curves and testing for
universality of these transients. Scher and Montrol’s theory of dispersive transport sought
to explain such universality as observed in a number of samples which exhibit dispersive
transport17. The transients are normalized on both the x- and y-axes with respect to the
transit time, t0, and the current signal at that transit time, I(t0). This normalization of
several representative curves each for CR-TOF and pc TOF is shown in Figure 3.7. The
quality of the overlap indicates that universality does hold quite well, except for small
normalized times, t/t0 < 0.5. This overlap with almost an order of magnitude difference in
thickness and at various fields is an excellent validation of CR-TOF for preserving
information about the dispersion of the transport. In addition, the departure of the CRTOF curves to more plateau-like features at small times corroborates the slightly higher
initial alpha value, αi, for those curves. Note that the RC contribution should be even
shorter than half of the transit times, as seen in Figure 3.6.
Through these tests, the degree of dispersion has been shown to be very similar
between CR-TOF and pc TOF, validating the usefulness of CR-TOF to examine
dispersive transport. In addition, the slight differences in the initial portions of the CRTOF transients may be indicative of the narrow distributions of the starting locations of
the charges when built up in the charging step of CR-TOF. This is particularly interesting
in that the much thinner sample is so comparable to the thick one, indicating the region of
charge build up must be more than ten times smaller than the charge generation depth of
pc TOF. Despite this, the overlap for later times (t/t0 > 0.5), and particularly the constant
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Figure 3.7. Representative, normalized electron transients in BPhen by CR-TOF and pc
TOF showing the universality of the charge transport process.
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tail-broadening parameter, w, indicate that this degree of dispersion may be intrinsic to
BPhen itself and not dependent on the starting distributions or sample thicknesses
involved here.
Electron Mobility of NDA-CHEX
With the CR-TOF technique validated for the measurement of electron mobility
and for dispersive samples, an unknown sample was measured to further test the
technique. NDA-CHEX was chosen as a material with a very high electron mobility in
organic field-effect transistors22. It also should have a small dipole moment in analogy to
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the very structurally similar NTDI30, so as to allow a thicker CR-TOF sample to be used.
Lastly, it is of interest for being a highly polycrystalline material, to see how well its
mobility can be measured by both CR-TOF and pc TOF despite its complicated
morphology.
While all the previous compounds are well known amorphous organic charge
transport materials, NDA-CHEX is a highly crystalline material. Even immediately after
vacuum deposition onto a room temperature substrate at 10 Å/s, the film showed small
polycrystalline domains, as seen in Figure 3.8. Many of the features there are on the order
of a few microns, and there appear to be multiple layers of crystals as the focus is
changed through the film thickness. This morphology will become important in later
discussion of the mobility data on NDA-CHEX.

Figure 3.8. Polarized optical micrograph (shown in grayscale) of a freshly deposited film
of NDA-CHEX on ITO showing its highly polycrystalline nature.

50 μm
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As a first step, the results of the capacitance-voltage measurement are in Figure
3.3b. This device has a 3.2 μm thick layer of NDA-CHEX in the structure shown in
Figure 3.1e, and yet it shows a transition and a very reasonable transition voltage, Vxs = –
0.48 V. This shows that some thick samples can still be measured by CR-TOF and have a
readily accessible transition voltage. With this transition voltage, CR-TOF was then
carried out on this sample, showing electrons mobilities of 1.0 – 1.3 × 10-2 cm2/V⋅s for
fields of 0.7 – 5.0 × 104 V/cm, as shown in Figure 3.9.
This mobility is approximately three orders of magnitude less than its mobility in
an n-type organic field-effect transistor, at ~6 cm2/V⋅s22. However, NDA-CHEX is
known to largely stand up22, with its molecular long axis (N–N) orthogonal to the surface
it’s resting on, and allowing for such fast transport. The mobility along the surface and
thus the π-stacks is the one sampled in the transistor geometry, while CR-TOF measures
the bulk mobility with transport orthogonal to these π-stacks. All the crystalline grain
boundaries in the bulk, especially with the relatively low charge density in a CR-TOF
measurement that won’t fill in trap sites, also should render the bulk mobility much lower
that seen in transistors22. Still, this value of electron mobility is quite high for a bulk
measurement.
Also in Figure 3.9 are the results of pc TOF performed on a sample of NDACHEX of the same thickness (3.2 μm, see Figure 3.1c). There are three things to note
from these results in Figure 3.9. First, these pc TOF results are roughly an order of
magnitude lower than that by CR-TOF. This is likely due to a difference in morphology.
Figure 3.8 shows a POM image of the NDA-CHEX film. No apparent differences by
POM were observed between the film for CR-TOF and that for pc TOF.
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Figure 3.9. Electron Mobility of NDA-CHEX by both CR-TOF and pc TOF
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However, it is likely differences in order in the crystallites and in their grain boundary
structures could result from the differing device structures. For pc TOF, the NDA-CHEX
was deposited directly on the ITO surface, which can be rough and likely to induce more
disorder into the film or differing orientations of the crystallites. For CR-TOF, a layer of
TAPC was deposited first thick enough to planarize the surface as well as providing a
less polar environment than the plasma-treated ITO.
Second, the field dependence of the pc TOF data is negative, i.e. the mobility
decreases with increasing field. Such a result is uncommon, but covered in-depth in a
thorough analysis, both theoretically and experimentally, by Borsenberger et al.31.
Basically, a high positional (i.e. spatial) disorder in a system can result in this negative
field dependence. As the field increases, carriers are forced more and more to jump only
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in the forward direction. However with significant positional disorder faster paths may
involve loops that require a carrier to jump against the field direction. These tortuous
paths are eliminated at higher fields as such backward hops become prohibitive and result
in a lowering of the mobility as the field increases. The relatively low to moderate fields
(0.6 – 2.2 × 105 V/cm) this is seen at here are well within range of where this effect is
usually observed31. In addition, the presence of such spatial disorder is likely in such
systems with the numerous grain boundaries and is consistent with the reduced mobility
in the film deposited for the pc TOF measurement, although such concepts are typically
applied to amorphous samples and not polycrystalline ones.
The third observation ties in with these, and is illustrated in Figure 3.10, where
the normalized transients from each method show a difference in their dispersion,
especially the marked difference of representative curves of each (albeit at largely

Figure 3.10. Normalized electron transients through 3.2 μm of NDA-CHEX by both
CR-TOF and pc TOF, a) at comparable fields (5 – 6.3 × 104 V/cm), and b) at
representative fields in the middle of the range of fields measured for each.
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differing fields) shown in Figure 3.10b. The curves shown in Figure 3.10a represent the
lowest and highest fields measured for CR-TOF and pc TOF, respectively. While
comparable and useful in that regard, they are not representative of the shape of most of
the transients of each. The transport is notably more dispersive when measured by pc
TOF, with a tail-broadening parameter, w, of 0.37 and average alpha value (of initial and
final), α, of 0.43 compared to w = 0.30 and α = 0.70 for that measured by CR-TOF. This
higher degree of dispersion, seen in larger w and smaller α, further corroborates the
enhanced disorder in the NDA-CHEX film deposited directly on ITO for pc TOF.
These results indicate that CR-TOF is capable of measuring even such high
mobilities, as well as such thick films (3.2 μm). However, large differences in mobility
and dispersion can result from differences in morphology in such polycrystalline films
that result from the nature of the receiving surface during deposition. Such differences
preclude a reliable comparison of CR-TOF and pc TOF on this previously unknown
sample, NDA-CHEX. This sensitivity to morphology is already well known for this
compound in organic transistors22. Still the measurement of such a compound with its
demanding performance by CR-TOF is significant.

4. SUMMARY
With the success of CR-TOF for the measurement of the hole mobility of organic
charge transport materials, an exploration of its use for both electron mobility and
dispersive samples was undertaken. Measuring the electron mobility is expected to be
equivalent to that of measuring the hole mobility, but in practice this is more challenging.
Ambient atmosphere is often problematic for the measurement of electron mobility. In
particular, oxygen and water function as dopants or traps for electrons in the majority of
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organic materials, and other impurities or extrinsic factors can result in problems for the
measurement of the electron mobility. In the context of CR-TOF, the blocking layer and
any trapping or delayed release are causes for concern as to the applicability of the
technique. Showing that the electron mobility can indeed be measured by CR-TOF and
comparing these results with conventional pc TOF are important steps in showing the
utility of the technique for the study of organic electronic materials.
In addition, the applicability of CR-TOF to dispersive samples is a concern. As
the RC decay of the circuit is an intrinsic part of the observed transient, there is a
question as to whether a dispersive signal can properly be resolved with the CR-TOF
method. Also, while the transient produced by CR-TOF should be functionally equivalent
to that of pc TOF, verifying that the features representing details of transport of both fast
and slow carriers are indeed preserved in dispersive samples is another important step.
Thus, the key experimental results of this Chapter are summarized as follows:
(1) A suitable electron-blocking layer was found for CR-TOF in TAPC, after the
failure of NPB and m-MTDATA for this purpose. Capacitance-voltage measurements
were again found to be a useful measure of the effectiveness of these electron-blocking
layers. In addition, the transition voltages from excess charge measurements, Vxs, were
found to correspond quite well with the onset voltages, Von, of the capacitance-voltage
transition, verifying this correlation for electrons as well as holes. It was also found that
thicker sample layers can render the transition voltage too high for these measurements,
possibly due to dipole alignment effects adding up over the thickness of such films.
However, this effect is material dependent as some materials can exhibit tolerable
transition voltages even when multiple microns thick, such as with NDA-CHEX.
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(2) CR-TOF and photocurrent time-of-flight (pc TOF) were measured on the
electron transport material BPhen. The pc TOF setup was tested with NTDI as a
relatively non-dispersive electron transport material and matched the literature results.
The results of both CR-TOF and pc TOF were found to overlap well within experimental
error, validating the CR-TOF technique for the measurement of electron mobility.
However, the mobility of BPhen (by both methods here) was roughly six times lower
than a previous literature report, and this was attributed to the additional purification done
to BPhen for the measurements taken here.
(3) The details of CR-TOF transients were compared to pc TOF transients for the
dispersive transport in BPhen. It was found that CR-TOF preserves the details of
dispersion very well by three different measures and indicates that the degree of
dispersion found in BPhen may well be intrinsic, as the transients are so similar despite
the differences in the thicknesses and in the extent of the charges’ starting locations.
There was an indication at early times in the transients that CR-TOF may be slightly less
dispersive due to the very narrow layer of built up charges or due to some thickness
dependence of the transport, but the effects in BPhen were small.
(4) A previously uncharacterized compound, NDA-CHEX, had its electron
mobility measured successfully by both CR-TOF and pc TOF, despite its fast mobility (as
high as 1 × 10-2 cm2/V⋅s) and polycrystalline morphology. This morphology was
speculated to play a key role in the difference of an order of magnitude between the CRTOF and pc TOF techniques, and the disorder possibly induced by the bare ITO in the pc
TOF sample was corroborated by its lower mobility, negative field dependence, and more
dispersive transport.
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Chapter 4

Development and Analysis of Fitting Methods for
Integrating-Mode Photocurrent Time-of-Flight

1. INTRODUCTION
Photocurrent time-of-flight (pc TOF) is inherently a small-signal technique1. The
vast majority of use of pc TOF is done in current-mode, where the signal is the current
output from the circuit rapidly reacting to the movement of charge in the sample. In such
measurements, the RC time constant of the sample (which acts as a capacitor) and
measuring circuit must be much smaller than the transit time to resolve it, τRC << ttr.
Some limitations of this and the alternative integrating-mode, and the sometimes
inadequate analysis of this integrating-mode, will be discussed.
There are two primary reasons that pc TOF must deal with small signals, in this
case a small amount of charge in the generated packets. First, too much charge in the
packet results in space-charge perturbation of the resulting transient, as the charges repel
each other enough to accelerate their transit through the bulk sample2. Second, at even
greater amounts of moving (or photo-generated) charge the assumptions involved in
extracting the mobility are broken. The field across the layer is assumed to be constant
across the device due to the moving packet being insignificant in comparison to the
charge on the electrodes3. With too much charge in the sample, the field in the device is
highly non-uniform and changing even as the packet moves. This would make the typical
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determination of the mobility completely inapplicable. For these two reasons,
photocurrent time-of-flight is limited to small signals.
A number of concerns can further complicate pc TOF measurements due to the
very fact that the charge packet is relatively small. First, significant trapping, especially
near the charge generation region, can prevent charges from traversing the whole layer4.
This is often quantified as the free-carrier lifetime, which includes such trapping as well
as recombination. For pc TOF to be viable on a sample such trapping and recombination
must be small enough that the carrier lifetime is longer than the carrier transit time5. In
addition, sufficient charge must be generated in the first place, as the charge generation
efficiency of organic materials is often relatively low6, especially in disordered systems,
as seen in molecularly doped polymers1. Charge generation layers can be used to mitigate
such low charge generation efficiencies7, but are not suitable for injection into all
materials depending on their energy levels7 and can induce complicated behavior into the
transients. While the use of amplifiers can and does enable measurement of some pc TOF
signals, the fastest and faintest signals remain very difficult even then.
Integrating-mode time-of-flight provides some unique advantages3. Here the
opposite condition to current-mode (traditional) pc TOF is required, namely for
integrating-mode TOF the RC time constant must be much larger than the transit time,

τRC >> ttr. Thus, the RC time constant is no longer a limiting factor enabling integratingmode pc TOF to be more sensitive and also excellent for very fast transit times8, be they
from high mobilities or relatively thin samples. Integrating-mode TOF can also be
considered voltage-mode TOF, as the voltage build up on a capacitor ultimately results in
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the signal. It also is sometimes more fully called charge integration time-of-flight, due to
the build up of charge causing the voltage build up on a capacitor.
Integrating-mode TOF was actually first used by Spear9, even as pc TOF (as well
as electron beam TOF) was being originally developed10. Spear continued to use it on
some other samples3, 11, but largely used current-mode pc TOF after that. Juška et al.
employed the technique as well on amorphous silicon8 and polythiophene12, and made
mention of it in the context of turn-on phenomena in organic photovoltaic cells13. This
work, in turn, inspired its use for the measurement of highly dispersive electron transport
in a polyfluorene copolymer14, and some further discussion of charge movement during
this variant15. However, integrating-mode TOF has only been used in the literature a
handful of times, with current-mode pc TOF being the most prevalent bulk mobility
measurement method for organic materials16. The relatively rare use of integrating-mode
TOF is likely due to the inadequacies of the analysis of the transient, with information
about the fast and slow carriers more readily discerned from the typical current-mode pc
TOF, coupled with the ease of direct observation of the transient in current-mode TOF
for many samples.
The initial fitting method in the literature was used by Spear3. It is a based on the
ideal case of a perfectly nondispersive sample where a thin charge sheet moves through
the sample at constant speed without any spreading. The resulting transients of such ideal
transport are shown in Figure 4.1a for current-mode and Figure 4.1d for integratingmode. For a realistic nondispersive sample, there still is a plateau region followed by a
decay region to zero, as shown in Figure 4.1b (current-mode). The transit time, ttr, can be
found through the intersection of asymptotes to these two portions of the curve, as shown.
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In integrating-mode this plateau translates into a linear region of constant slope, and the
intersection of this line with the asymptote out to infinity of the integrated signal is taken
as the transit time, see Figure 4.1e. These two times will not be strictly equal, but for
nondispersive samples where the decay region is short and sharp (which is not always the
case), these two times should be quite close (likely within the error bar of the
measurement). However, for dispersive samples (as in Figure 4.1 c and f) using the initial
slope3, 14 can be problematic, as any noise in this portion can render finding an analytical
or numerical tangent impossible and the initial portion of such curves may represent
another fast process (such as the fast trapping time)15, and not the actual transit of the

Figure 4.1. Typical transients for various modes of pc TOF, current-mode (c-m) on top
and integrating-mode (i-m) on bottom: a) ideal current-mode (c-m), b) nondispersive one
in c-m, c) dispersive one in c-m (with log-log plot inset), d) ideal integrating-mode (i-m),
e) nondispersive one in i-m, and f) dispersive one in i-m.
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charges across the sample. Without an analytical or numerical differentiation at short
times, which may be prevented by noise or ringing in the circuit, the placement of the
initial slope becomes rather arbitrary, rendering the intersection inaccurate. In addition,
even for dispersive sample where a reasonable initial slope can be found, little other
qualitative information about the degree of dispersion is gained.
The rival fitting method for integrating TOF was first developed by Juška et al.8
and used subsequently by Campbell et al.14. It was developed under the assumptions of
space-charge-limited-current conditions (i.e. a large amount of charge) in amorphous
silicon, which appeared rather nondispersive8 and not verified with current-mode TOF
measurements. Campbell et al. applied it to a highly dispersive transport in a
polyfluorene copolymer14 and stated, with only empirical and unpublished defense, that
this transit time, tQ, should be equivalent to t1/2 from current-mode analysis17. The fitting
procedure involves finding the time it takes the collected charge to reach half its
maximum value, tQ, as shown for the example dispersive curve in Figure 4.1c and f.
However, this method is outside its originally developed theoretical assumptions when
used in small-signal mode, despite correspondence in the nondispersive case shown
there8. Also, the correspondence of tQ with t1/2 is uncertain, especially with samples of
varying degrees of dispersion. Lastly, it suffers the same problem as Spear’s analysis in
regards to its inability to quantify the degree of dispersion.
In light of these limitations, a more applicable and theoretically based way to
handle integrating-mode TOF transients would be invaluable to further use of this method
of measurement. Fitting dispersive curves, in particular, and a means of quantifying how
dispersive the transport is are of primary importance. For this purpose, the analysis of
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dispersive curves for current-mode pc TOF transients is a reasonable starting place. The
logical step is to integrate these very fitting equations from Scher and Montroll18 and
determine their suitability for analyzing integrating-mode TOF transients. This Chapter
will seek to accomplish the following tasks: (1) discuss the integrating circuit and what
exactly is being measured as well as how to interpret the transient itself, (2) develop the
equations and their properties for the fitting of integrating-mode TOF curves, (3)
compare fitting methods for a well behaved nondispersive compound, and (4) compare
fitting methods and measures of dispersion on a compound having dispersive transport.

2. EXPERIMENTAL
Materials Employed
Chart 4.1 depicts the molecular structures of the two charge transport materials
used this Chapter. The full chemical names of these compounds are as follows: 4,7diphenyl-1,10-phenanthroline (BPhen) and tri[9,9-bis(2-methylbutyl)fluorene]
(F(MB)3). BPhen was also used in the previous chapter and in Chart 3.1, and was chosen
here as a dispersive electron transport compound. F(MB)3 as a very well behaved

Chart 4.1. Molecular structures of materials used in Chapter 4.
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nondispersive hole transport compound BPhen was recrystallized twice from methanol to
remove a yellow-colored impurity before being vacuum sublimed. F(MB)3 was
synthesized according to literature procedures19 and sublimed twice before use.
Substrate and Sample Preparation
For the BPhen samples, patterned indium tin oxide (ITO) coated glass substrates
(Polytronix) were thoroughly cleaned and oxygen plasma treated. Samples were prepared
in a multiple source thermal evaporation system at a base pressure of 5 × 10-6 torr or
lower. The deposition rate was controlled with a deposition controller (Infineon IC/5) and
a quartz crystal microbalance (QCM), and kept at ~10 Å/s. Thicknesses were then
measured by white-light interferometry (Zygo New View 100). The aluminum counter
electrodes (Al) were electron beam deposited through a shadow mask resulting in device
areas from 0.2 to 1 cm2, with a device structure of ITO / BPhen (2.9 μm) / Al (100 nm).
For F(MB)3, fused silica substrates (25.4 mm diameter × 3 mm thick, Esco
Products) were thoroughly cleaned and polished (0.05 μm alumina micropolish, Buehler)
before oxygen plasma treatment. These were sputter-coated in either
chromium/aluminum (5 nm Cr / 100 nm Al) or indium tin oxide (ITO) stripes. F(MB)3
was melted on a hot plate at 175oC on top of an ITO coated substrate and sandwiched
with an Al coated substrate to form a thick film, with its thickness determined by glass
spacer beads (14 μm, Bangs Laboratories). The thickness was verified by interference
measurements20 by a diode array spectrophotometer (HP 8453E). The resulting sandwich
film resulting in a device structure of ITO / F(MB)3 (14 μm) / Al (100 nm) / Cr (5 nm).
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Photocurrent Time-of-Flight Setup and Measurement
Photocurrent time-of-flight (pc TOF) was set up following literature procedures10.
A power supply (Hewlett Packard 6110A, DC) was connected to the ITO side of the
sample through which a nitrogen laser (Photochemical Research Associates; 337 nm;
pulses: 800 ps FWHM) excited the organic sample. The output circuit was connected to
the Al contact on the sample while an oscilloscope (Tektronix TDS 2024B, 200 MHz)
measured the voltage drop, arriving at the photocurrent transient. RC time constants were
determined by fitting the RC decay of the circuit after a square-wave pulse was applied
by a function generator (Hewlett Packard 8116A, 50 MHz) using the iterative
convolution developed in Chapter 2 in Equations 2-3 through 2-5. Figure 4.2 illustrates

Figure 4.2. Circuit diagrams for the three types of output circuits used for these TOF
measurements: a) current-mode (“traditional”), b) integrating-mode with a large
resistance, and c) integrating-mode with an integrating capacitor.
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the output circuit configurations used for current-mode and two ways for carrying out
integrating-mode TOF.
The current-mode pc TOF was analyzed on log-log plots following Scher and
Montroll procedure18 to arrive at the transit time, t0. The mobility was calculated using
Equation 1-9 with this time (t0), the voltage applied by the power supply, and each
sample’s measured thickness. The methods of Spear3 and Campbell et al.14, as well as
those developed in this Chapter were used to determine the transit time for integratingmode pc TOF, otherwise calculating the mobility with Equation 1-9 as for current-mode
pc TOF.

3. RESULTS AND DISCUSSION
Integrating-Mode Time-of-Flight Basics
First, traditional pc TOF, i.e. current-mode TOF, provides a look directly at the
carriers as they move through the device. This is the advantage of drift-mobility-type
measurements3, seeing the charges directly as they are in motion. As the thin charge sheet
moves through the film, electrostatics dictates that the field changes slightly,
compensated by an amount of charge proportional to the charge in the sheet and its
displacement across the film moving to the counter electrode to maintain the same
applied voltage, redistributing the charges on each electrode. Since the RC time constant,

τRC, is much smaller than the transit time, ttr, of the charge sheet across the entire
thickness in current-mode TOF, the circuit responds very quickly as the charges are
moving across the device. Thus, this counteracting charge from the external circuit flows
through the load resistor at nearly the exact rate required by electrostatics to balance the
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motion of the charges in the sample. So, the signal seen across the load resistor is a direct
look at the behavior of all the charge in its transit across the sample, preserving the
information about the fastest and slowest carriers.
While the same movement of charges occurs within the device, in integratingmode pc TOF the circuit responds differently giving rise to a very different looking
transient. In integrating-mode TOF, the time constant of the circuit, τRC, is much longer
than the transit time, ttr, so the external circuit cannot keep up. Thus, the movement of the
charge sheet causes a voltage drop that cannot be counteracted by current flow during the
transit of all the charges. This build up of voltage and charges is the reason this method is
also referred to as charge-integrating TOF or charge collection TOF. While the circuit is
slow to respond to this build up, it is not an open circuit and current does leak in from the
external circuit (or out from the point of build up depending on the perspective taken).
This leakage of charge through the load resistor is proportional to the driving force
involved, namely the size of the accumulated charge. Thus, the initial build up of charge
is small and the leakage current (i.e. the measured signal) is also small, but as the charge
continues to accumulate the leakage current increases until it reaches saturation as the
entirety of the charge sheet exits the sample (and charge accumulation halts). At some
point the circuit catches up and a typical RC decay takes over, eventually returning the
voltage across the load resistor to zero.
There are two ways, as illustrated earlier in Figure 4.2, of performing integratingmode TOF measurements. The first involves using a large resistance, so called “large R”
integrating TOF, for the load with the sample serving as the only site of charge build up.
Determining the RC time constant is only a matter of applying a square-wave pulse to the
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whole set-up and fitting the decay. The second adds a relatively large integrating
capacitor next to the load resistor, with the signal measured across the pair in parallel.
This has the advantage of a larger capacitance and thus longer RC time constant, as the
resistance can only be taken so high. In this case, the RC time constant can only be
determined by separately applying a pulse to the measuring part of the circuit, as the
aggregate circuit here behaves very differently than a simple RC circuit. However, using
an integrating capacitor actually compromises the signal, as Spear et al. shows that the
larger the capacitance, C, for these measurements the smaller the signal3. Thus finding a
balance between a long enough τRC and a small enough capacitance to achieve a
sufficiently strong signal needs to be undertaken.
As the signal in integrating-mode TOF is due to leakage of the accumulated
charge, a correction needs to be applied to find out how much charge should be
accumulated in absence of any such leakage, as this total accumulation is what should be
measured to determine the movement of charge in the sample. The voltage signal, Vsig, is
proportional to the amount of charge currently accumulated, Qaccum, as well as the leakage
current, Ileak, as shown in Equations 4-1 and 4-2 with C as the capacitance and RL as the
load resistance:

Qaccum = CVsig

(4-1)

Vsig = I leak RL

(4-2)

The total charge that has leaked so far, Qleak, is the integral of the leakage current, which
can be used to correct the signal voltage to arrive at Vcorr as shown in Equations 4-3 and
4-4:
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This corrected voltage, Vcorr, is what is used for all the fitting used throughout this
Chapter. Figure 4-3 shows an example voltage signal, Vsig, and the corrected voltage,

Vcorr, for an actual sample. At short times (t << τRC), the difference in negligible, but as
RC is approached (and even exceeded) the correction is significant. This RC correction
effectively integrates the signal numerically compensating for the leakage inherent to the
method and for the finite RC that must be used. The limits of using this correction will be
explored later in this discussion for nondispersive transport in F(MB)3.
Based on the origin of the signal and the process of correction, integrating-mode
TOF seems to do exactly what it says: namely integrating a current-mode transient to
arrive at the integrated one. Thus, a numerical differentiation method may also

Figure 4.3. Examples of RC correction by Equation 4-4 on a) a nondispersive transient
in F(MB)3, and b) a dispersive transient in BPhen.
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prove useful in the analysis of integrating-mode pc TOF transients. Savitzky and Golay
developed an excellent method of simultaneous smoothing and/or differentiation through
numerical convolution equivalent to a moving averaging with polynomials around each
point of the curve21. This was done by modifying an implementation of the SavitzkyGolay analysis22. Then traditional Scher and Montroll analysis18 should be applicable if
the numerical differentiation doesn’t wash out or distort the features. This will be tested
for both nondispersive and dispersive samples, as well as comparing the transients to
ascertain the quality of recovery of the current-mode signal from an integrating-mode
signal by this method.
The two methods of analysis of integrating-mode curves from the literature3, 14
will also be tested. The initial slope method3 should perform well for nondispersive
samples, but for dispersive samples a linear least squares fit to a narrow interval at the
first rise of the integrating-mode transient seems the most reasonable with the
practicalities of noise and ringing at early times. This will introduce some arbitrariness to
the fit, but should fulfill the intent of the method to allow a qualitative comparison. The
method of finding the time until half the saturation value, tQ,14 will also be tested and is
much more straightforward to implement.
Lastly, integrating-mode time-of-flight is primarily applicable to pc TOF due to
the slugginess of the circuit to an applied voltage. Any technique or variant where a pulse
needs to be applied to generate or influence a charge sheet cannot be carried out in
integrating-mode. For example, CR-TOF relies on a fast switch from the charging voltage
to the retraction voltage, as detailed in the previous two Chapters. This switch must be
much faster than the transit time to establish and maintain a uniform field across the
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sample to generate the relevant transient. With the large RC time constant, τRC, necessary
for integrating-mode TOF such a fast response to an external pulse is impossible. In the
case of CR-TOF, the fast switch from the function generator would take a few multiples
of τRC to actually have the retraction voltage realized across the sample layer. In contrast,
photocurrent TOF is well suited to these constraints, as the applied voltage can be applied
long before the very fast light pulse photogenerates a sheet of charge which then
experiences a constant field (provided the amount of charge generated is kept down to an
appropriate level to avoid space-charge and other effects) as it travels through the sample.
Development of an Analysis Framework for Integrating pc TOF
Scher and Montroll’s classic analysis provides a theoretical framework for the
interpretation of current-mode TOF transients18. They found a pair of equations to fit the
current signal in current-mode pc TOF, call it I(t), one of which fits the early times before
the mean displacement of charge exits the device (at t0) and the other which fits the times
after this as charge is continually exiting the device. These are shown as Ii(t) and If(t) in
Equations 4-5 and 4-6 below, for the fits to the initial and final parts of the signal, I(t),
respectively. For each equation, both the proportionality constant (A or B) and the
exponent representing the degree of dispersion (α or β) is fit to the data, I(t). While Scher
and Montroll set the two exponents equal, it is very common practice since to fit them
independently, and in the vast majority of cases they are very close to each other.

I i (t ) = At −1+α

(4-5)

I f (t ) = Bt −1− β

(4-6)

These equations are asymptotes to the initial part of the curve, often called the plateau,
and the final part of the curve, often called the tail or decay portion of the curve. These
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functions are greater than or equal to the transient, I(t), for all but the shortest (when RC
interferes) and longest (when noise or baseline offsets can interfere) times, as expressed
in Equations 4-7 and 4-8:

I i (t ) ≥ I (t )

(4-7)

I f (t ) ≥ I (t )

(4-8)

The intersection of these two asymptotes, Ii(t) and If(t), is taken as the transit time, t0, in
Scher and Montroll’s analysis. This time can actually be found analytically by setting the
two equations equal and solving for the time, as shown in Equations 4-9 through 4-11:

At −1+α = Bt −1− β

t α + β = t −1+α t 1+ β =

(4-9)

B
A

(4-10)

1

⎛ B ⎞α +β
t0 = ⎜ ⎟
⎝ A⎠

(4-11)

In the simplified case where the exponents are equal, this simplifies further with the sum
of the exponents reducing to twice the single alpha (α) value.
For integrating-mode time-of-flight, the voltage signal taken, call it V(t), should
simply be the integration of the traditional TOF current signal, I(t), divided by the
capacitance of the sample, C, as shown in Equation 4-12:
t

V (t ) = C −1 ∫ I (t ')dt '
0

(4-12)

As the asymptote to the initial part of the curve is Ii(t), the equivalent one for voltagemode integrating TOF should be given by Equation 4-13:
t

Vi (t ) = C −1 ∫ I i (t ')dt '
0

(4-13)
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As Ii(t) is greater than I(t) (see Equation 4-7), this inequality for the initial voltage-mode
asymptote should hold:
Vi (t ) ≥ V (t )

(4-14)

At long times, the voltage signal for integrating TOF should reach a saturation value,
V(∞). The distance between this saturation value and the voltage signal is given here:
∞

V (∞ ) − V (t ) = C −1 ∫ I (t ')dt '
t

(4-15)

Thus, in analogy to If(t), the asymptote to the final portion of the voltage-mode transient
should be given by:
∞

V (∞ ) − V f (t ) = C −1 ∫ I f (t ')dt '
t

(4-16)

Again note that If(t) should be greater than I(t) as in Equation 4-8. Therefore Vf(t) is
always further from V(∞), meaning this inequality holds:

V f (t ) ≤ V (t )

(4-17)

Now, these inequalities are written as being possibly equal to the actual data, but almost
everywhere they are actually strictly greater than or less than and not equal to. Thus,
combining Equations 4-14 and 4-17, gives rise to Equation 4-18:

Vi (t ) > V (t ) > V f (t )

(4-18)

This shows that, in contrast to the current-mode asymptotes, the voltage-mode
asymptotes cannot cross. This raises the question as to how to determine a transit time
from them as finding their intersection is impossible.
To answer this, a close look at the explicit expressions for these voltage-mode
asymptotes is in order. Direct integration of Scher and Montroll’s asymptotes, from
Equations 4-5 and 4-6, including the capacitance, C, for scaling as in Equation 4-12,
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results in these two expressions where, D, J, K, and L are all positive constants (of
proportionality or from the integration):
Vi (t ) =

A α
t = Jt α
αC

V f (t ) = −

(4-19)

B −β D
t + = L − Kt − β
βC
C

(4-20)

Now the vertical approach of these two voltage-mode asymptotes is represented by δ(t) in
Equation 4-21:

δ (t ) = Vi (t ) − V f (t ) = Jt α + Kt − β − L

(4-21)

The nearest vertical approach, of the minimum difference between them, of these two
asymptotes can be found by setting the first derivatives of (t) equal to zero:
dδ (t )
= αJt −1+α − β Kt −1− β = 0
dt

1

⎛ βK ⎞ α + β
t =⎜
⎟
⎝ αJ ⎠

⎛ B
⎜β
βC
=⎜
A
⎜
⎜ α αC
⎝

(4-22)

1

⎞α +β
1
⎟
α +β
B
⎛
⎞
⎟
=⎜ ⎟
⎟
⎝ A⎠
⎟
⎠

(4-23)

This clearly shows the nearest vertical approach of the two voltage-mode asymptotes is
identical to the intersection of the two current-mode asymptotes (see Equation 4-11).
Thus, the transit time, t0, for either the voltage-mode or the current-mode fitting of the
relevant type of TOF transient can be found analytically and should be equal with this
analysis.
To prove this is actually the nearest approach of these two voltage-mode
asymptotes, the second derivative test is applied. Equation 4-24 is a rewritten form of the
first derivative of δ(t) from Equation 4-22:
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C

dδ (t )
= At −1+α − Bt −1− β
dt

(4-24)

Taking the second derivative results in the following equation:
C

d 2δ (t )
= (α − 1)At − 2+α + (β + 1)Bt − 2− β
2
dt

(4-25)

As the alpha, α, value is less than or equal to 1, this second derivative could be negative.
The second derivative test dictates that the stationary point found is a minimum if it is
positive in value at this point. This occurs if the absolute value of the second term in
Equation 4-25 is greater than the first term there. Plugging in the transit time, from
Equation 4-11 (or from 4-23 as they are identical), results in the following inequality:

(β + 1)A

β +2
α +β

B

1− αβ++β2

≥ (α − 1)A

1− αα+−β2

α −2

B α +β

β
β
α β
β +1
1− α
1− α β
−1 α
−1
> A α β A α β B α β B α β = A α β B α β = A0 B 0 = 1
α −1
− −2
+

−2
+

+2
+

+
+

−2
+

+
+

(4-26)

(4-27)

Equation 4-27 results in a rearrangement of Equation 4-26. This inequality will always be
true as long as β > 0 and α < 1, which are indeed the case for Scher and Montroll
analysis18. Thus this is actually a minimum, and the point of closest approach for these
two voltage-mode asymptotes.
To show this more clearly, the simplifying case of equal exponents (α = β) will be
taken. Starting with the equation for δ(t) in Equation 4-21, this will be rewritten by
substituting in s = tα and Z = K / J, giving rise to the expression g(s), along with its first
and second derivatives:
g (s ) = s + Zs −1 +

L
J

(4-28)

g ' (s ) = 1 − Zs −2

(4-29)

g" (s ) = 2 Zs −3 > 0

(4-30)
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From these it is much easier to see that solution for the transit time, t0, is recovered by
setting the first derivative, g’(s), to zero, as shown in Equation 4-31:
1

1

1

⎛ K ⎞2 ⎛ B α ⎞2 ⎛ B ⎞2
⎟⎟ = ⎜ ⎟
s = Z = t α = ⎜ ⎟ = ⎜⎜
⎝J⎠
⎝ A⎠
⎝Aα⎠
1
2

(4-31)

Also, the second derivative will be positive for all times greater than zero, as Z is always
positive. Thus, this is indeed a minimum for this simplified case. In addition to this
simplifying case, a more abstract argument is that the stationary point in Equation 4-23
must be a minimum as δ(t) goes to infinity as either tÆ0 or tÆ∞ and δ(t) is bounded
below. So, as there is only a single such stationary point, it must be a minimum.
There are some additional observations that can be gleaned from the forms of the
voltage-mode asymptotes, given in Equations 4-19 and 4-20. First, Vi(t) shares the same
functional form as Equations 4-5 and 4-6, and thus all appear as linear on the log-log
scale commonly used in the Scher and Montroll analysis of dispersive transients18. This
means the integrating-mode TOF transient, V(t), should also be linear on a log-log scale
below t0, and readily fit by Vi(t) with the apparent slope as the exponent, α. In contrast,
Vf(t) in Equation 4-20 will appear curved on a log-log plot. However, it is apparent from
how Equation 4-20 is derived in comparison to Equation 4-16 that the constant L should
be equal to V(∞). Thus both V(∞) – V(t) and V(∞) – Vf(t) should appear linear on a loglog scale at long times (i.e., t > t0), which can aid in suitable determination of V(∞) (and
thus L). As expected, V(∞) (and also L) is analogous to when the photocurrent falls to
zero in current-mode time-of-flight.
Lastly, the above procedures have identified how to determine a seemingly
appropriate t0 transit time, as will be verified in what follows. However, current-mode
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analysis also allows simple determination of another average transit time, t1/217. In
current-mode, t1/2 is simply the time it takes the photocurrent signal to drop to half of its
value at t0 (which for nondispersive curves is taken as half the value of the plateau). Two
approaches will be tested to find t1/2 for an integrating-mode transient. First, an analogous
empirical procedure will be attempted for integrating-mode analysis. Basically, the idea
is to find the time it takes the voltage signal to raise half way between its value at t0 and
V(∞), represented by Equation 4-32:
V (t1/ 2 ) = V (t0 ) +

V (∞ ) − V (t0 ) V (∞ ) + V (t0 )
=
2
2

(4-32)

The second approach is based on an understanding of the process of integrating the
current-mode signal. The values of the current-mode signal are the rate of change (or
slope) of the voltage mode signal. So, converting the procedure for finding t1/2 to
integrating-mode, this would mean finding the time it takes the slope of the curve to fall
to half its slope at t0. As Savitzky-Golay numerical differentiation was introduced
earlier21, this will be used to determine the value of the slope of the integrating-mode
transient at t0 and subsequently t1/2. Both of these approaches to finding t1/2 will be
applied to both nondispersive and dispersive transport later in this Chapter.
Comparison of Analysis Methods for a Nondispersive Sample
F(MB)3 was chosen as a transport compound with very nondispersive hole

transport characteristics19, 23. For comparison of the various fitting techniques, a single
field (1.4 × 105 V/cm, 200 V across 14 μm) was focused on to compare a single currentmode transient with a single integrating-mode transient at this field.

116
The current-mode photocurrent transient of F(MB)3 is shown in Figure 4.4a. Also
shown there is the normalized output of Savitzky-Golay (sav-gol) numerical
differentiation of the integrating-mode signal (which is in Figure 4.4b). There is excellent
agreement between the current-mode data and the differentiated integrating-mode signal,
showcasing the highly nondispersive transport of holes in F(MB)3. However, the
differentiated integrating-mode curve is noticeably noisier and has a more harsh
transition from the plateau region down, so the correspondence isn’t perfect. This also
makes a difference in the transit times determined from them, as shown in Table 4.1. For
the current-mode pc TOF transient, the transit times were determined both by a linear fit
to the plateau and decay regions of the transient and by a Scher and Montroll fit18 as
shown in Figure 4.4c. Note the fit equations in Figure 4.4c are asymptotes to the curve
and stay greater than or equal to it (except at the longest times). The Savitzky-Golay
differentiated integrating-mode transient was fit only on a log-log plot with the Scher and
Montroll procedure. Due to the steeper decay in the differentiated curve its transit times
were both shorter than those of the actual current-mode signal (by either method linear or
log-log, as they agreed very closely). It is reasonably close, however, within the typical
±10 % error of pc TOF measurements, so for nondispersive transients Savitzky-Golay
differentiation is a satisfactory method of analyzing integrating-mode signals.
The integrating-mode pc TOF transient is shown in Figure 4.4b, showing a linear
increase until it bends and reaches a saturation value. Also shown in Figure 4.4b is a
normalized numerical integration of the current-mode signal (from Figure 4.4a) using the
RC correction in Equation 4-4 to simulate an integrating-mode transient. This numerical
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Table 4.1: Transit times of holes in F(MB)3 by various methods for pc TOF.
pc TOF Mode
Current
Integrating

Fitting Method
Linear
Log-log
This Chapter’s
Sav-gol (log)
Spear (ttr)
Campbell (tQ)

t0 (μs)
5.26
5.27
5.31
4.91
7.56
–

t1/2 (μs)
6.17
6.33
9.38 / 6.39
5.78
–
3.64

integrating procedure does a reasonable job picking up the key features, but the transition
region to saturation is somewhat more gradual and prolonged.
Back to the integrating-mode pc TOF transient, Spear3 and Campbell et al.14
methods were applied to this transient (see Table 4.1). The linear portion of the curve is
easily fit by Spear’s method3 as this transient is nondispersive, but the transit time
(equivalent to t0) is nearly one and a half times longer than that of the current-mode
analyses (and even outside of the error of the t1/2 transit times). Campbell et al.’s
method14 was also applied, finding the time for the signal to reach half its saturation
value, but this value was approximately 75 % of the t0 transit times from analysis of the
current-mode signals, and worse yet (as Campbell’s method is supposed to correspond to
t1/2) it is approximately half of the other t1/2 transit times. Even for this well-behaved
nondispersive hole transient these two methods are too inaccurate, and only appropriate
for estimates within a factor of 2.
The method developed in the previous section of this Chapter was then applied to
the integrating-mode transients in Figure 4.4b. The voltage-mode asymptotes from
Equations 4-19 and 4-20 were fit to this curve, as seen in a log-log plot in Figure 4.4d and
a linear plot in Figure 4.4f. Vi(t) is linear on the log-log matching the integrating-mode
signal, V(t), but is also very nearly linear on the linear scale plot as α is close to 1, being
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Figure 4.4. Photocurrent time-of-flight transients of F(MB)3 for holes at 1.4 × 105
V/cm, by a) current-mode (solid) compared to differentiation of integrating-mode
(dotted), b) integrating-mode (solid) compared to integration of current-mode (dotted),
c) current-mode in a log-log plot, d) integrating-mode in a log-log plot, e) V(∞) – V(t) in
a log-log plot, and f) integrating-mode in a linear plot.
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0.942 indicating nondispersive transport. In contrast, but as expected, Vf(t) is curved on
both the linear and log-log plots. Also note that there is a single point of closest approach
(used to determine the transit time, t0) between these two curves which diverge from each
other at both short and long times. The saturation value, L, in Equation 4-20 was chosen
both from the apparent saturation of the linear region curve, and from a log-log plot of
V(∞) – V(t). In this V(∞) – V(t) plot, shown in Figure 4.4e, the signal V(t) does indeed
approximate a line at long times (on this log-log scale) and Vf(t) is indeed a straight line
in this plot, as expected from the earlier discussion.
The transit times determined from the method developed in this Chapter are also
very promising. As seen in Table 4.1, the t0 transit time from this method applied to the
integrating-mode pc TOF transient is well within experimental error (differing only by 1
%) of that determined for the current-mode pc TOF transients (by both linear and log-log
fits). This excellent agreement validates this method for the determination of the t0
transit time in integrating-mode on nondispersive samples. In addition the initial alpha
value, α, for both this integrating-mode analysis and the Scher and Montroll fitting of the
current-mode data (0.94 and 0.99, respectively) are also close, corroborating the highly
nondispersive nature of hole transport in F(MB)3.
The last test of this Chapter’s integrating-mode analysis method is the
determination of t1/2. Two methods were proposed for this determination, giving rise to
the two values in the t1/2 column for this method in Table 4.1. The first value is
determined empirically by Equation 4-32, and it is obvious that its value of 9.38 μs is a
horribly inadequate match to the current-mode determinations (6.17 and 6.33 μs). The
second value is determined from the slopes at those times, as discussed earlier, and
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arrives at a value in agreement with that of current-mode (6.39 μs). Thus, using SavitzkyGolay differentiation to find the slopes, and take t1/2 as the point where the slope falls to
half its value at t0 is an excellent way to determine t1/2 for this nondispersive transient.
For such a nondispersive transient, the most accurate determination of its transit
for an integrating-mode transient is by the method developed in this Chapter. SavitzkyGolay numerical differentiation, followed by typical current-mode analysis, is
satisfactory in this case as well, but not as close to the current-mode transit times. Spear’s
and Campbell et al.’s methods are decent estimates, but are only good within a factor of 2
for this nondispersive curve.
Validating the Analysis for a Dispersive Sample

A more challenging test of this analysis is for a compound exhibiting dispersive
transport. BPhen was selected for this purpose, with all four analysis techniques for
integrating-mode pc TOF applied to measuring its electron mobility: Spear’s, Campbell
et al.’s, Savitzky-Golay numerical differentiation, and the one developed in this Chapter.
Dispersive signals are more challenging because there are no sharp features or
linear areas, as seen in a representative current-mode pc TOF transient of BPhen in
Figure 4.5a. Scher and Montroll18 analysis handles such dispersive current-mode signals
by using a log-log plot to reveal two linear portions with different slopes, as shown in
Figure 4.5b. However, the numerical differentiation of an integrating-mode dispersive
transient (Sav-gol in Figure 4.5) is not so easily analyzed. The process of numerical
integrating, with simultaneous smoothing, almost entirely obscures this break in slope on
a log-log plot, as seen in Figure 4.5b. There are two regions that can be fit with Scher and
Montroll’s equations (Equations 4-5 and 4-6 here), but they involve a degree of
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Figure 4.5. Representative pc TOF transients at 5.4 × 105 V/cm in current-mode (solid)
and Savitzky-Golay differentiated integrating-mode (Sav-gol, dotted) on a) a linear scale,
and b) a log-log scale.
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arbitrariness and have nearly the same slope. This results in very small alpha values for
these fits (αi = 0.22 ± 0.14), in stark contrast to those obtained from analyzing the
current-mode signals (αi = 0.59 ± 0.16, determined over a wider range of fields than in
the previous Chapter). While Savitzky-Golay analysis will still be performed on these
differentiated transients, it is far from ideal in terms of the quality of the fits and
confidence in the transit times thus derived.
Fortunately, a direct look at the integrating-mode transients for this dispersive
transport is much more promising. Figure 4.6 shows the integrating-mode pc TOF
transients at the same field as in Figure 4.5. Both means for performing integrating-mode
TOF result in almost identical curves as shown in Figure 4.6a, for a circuit with only a
very large load resistor (“Large R” as in Figure 4.2b) and for a circuit including an
separate integrating capacitor (“Int. Cap.” as in Figure 4.2c). The fitting of the analysis
developed in this Chapter (Equations 4-19 and 4-20) is excellent to the “Large R”
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Figure 4.6. Representative integrating-mode pc TOF transients at 5.4 × 105 V/cm, a)
comparing the two measuring circuits for integrating-mode, and a single transient (“Large
R”) with fit equations: b) on a linear scale, c) on a V(∞) – V(t) plot on a log-log scale, and
d) on a log-log scale.
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transient, as shown on a linear scale in Figure 4.6b. Note here that the alpha value is
noticeably lower than for F(MB)3, and the Vi(t) fit results in a highly curved shape on a
linear scale (again Figure 4.6b). Also encouraging are the two log-log plots of this same
transient, shown in Figure 4.6, parts c and d, where the appropriate apparent linear
regions are seen, at later times for V(∞) – V(t) in Figure 4.6c and at early times for log V
– log t as in Figure 4.6d. Such linear areas lend considerably confidence to the choice of
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the fitting parameters involved, especially the saturation value V(∞) (or L in Equation 420) and the respective alpha values, α.
The true test of this fitting is the comparison between current-mode and
integrating-mode results. Instead of comparing the transit times directly, the mobilities
were determined using Equation 1-9 from t0, with the same sample (and thus thickness)
and at the same applied fields. These results for BPhen are in Figure 4.7, and

Figure 4.7. Electron mobility of BPhen (2.9 μm) determined by current-mode pc TOF,
using Scher and Montroll analysis, and integrating mode pc TOF, using the analysis
developed in this Chapter.
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show excellent agreement between current-mode pc TOF and the two ways of conducting
integrating-mode pc TOF across a range of electric fields. The current-mode pc TOF
results here are the same as those in Figure 3.5 (namely pc TOF #2) in the previous
Chapter. This validates the determination of mobility by the analysis developed in this
Chapter for integrating-mode TOF of dispersive samples, as well as nondispersive
samples as shown in the previous section.
In addition, the analysis developed here for integrating-mode TOF also yields
information on the degree of dispersion. The average alpha value, α, for all integratingmode pc TOF transients is 0.62 ± 0.20, while that for all the current-mode pc TOF
transients is 0.63 ± 0.16. This shows that on average, the agreement is good. However,
both modes of measurement show a gradual increase in alpha values, α, as field
increases, with the integrating-mode reaching somewhat higher values at the higher
fields. This gradual increase is also the origin of the relatively large standard deviation on
these values, although a few random outliers also contribute. While the matching isn’t
exact, the analysis of integrating-mode TOF in this Chapter does provide results on the
degree of dispersion of the charge transport that are approximate matches to those from
current-mode, which is much more than the other literature methods of analyzing such
transients3, 14.
To look at the other methods of fitting integrating-mode pc TOF, the mobilities
are plotted in Figure 4.8. The results for each measuring circuit for integrating-mode
TOF, “Large R” and “Int. Cap.”, are included separately for clarity, in parts a and b,
respectively. The results of log-log analysis of the Savitzky-Golay (Sav-gol in the plots)
are the closest to the actual results, but as discussed earlier the differentiated transients
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Figure 4.8. Electron mobility of BPhen (2.9 μm) by integrating-mode pc TOF,
determined by all four methods discussed in this Chapter, using a) a “Large R” measuring
circuit, or b) an “Int. Cap.” measuring circuit.
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are very indistinct and undesirable. Spear’s and Campbell et al.’s methods fare worse,
with predicted mobilities often more than a factor of two larger (meaning a transit time
less than half as long). There also is a considerable amount of scatter in the mobilities
determined by these two literature methods, likely due to noise at short times and
differences in the potential fast initial rise from pretrapping transport as reported by
Österbacka et al.15. Again these literature methods are shown to be only good for rough
estimates of the actual charge carrier mobility as measured by integrating-mode pc TOF.
Interestingly, Spear’s method had shown a slower transit time when applied to
nondispersive transport in the case of F(MB)3, but with the dispersive transport in
BPhen it arrives at a faster transit time than indicated by the current-mode results. It

appears to be suffering from the rapidly decreasing slope of the dispersive curve, putting
it at a fast time due to the high initial slope. Part of this large initial slope could be due to
rapid charge movement before being trapped in the photogeneration region15 instead of
bulk transport. So, if a slightly later portion of the integrating-mode curve is least-squares
fit with a line for use in Spear’s method, the transit time can be much closer to the
current-mode results, but this quickly degenerates into an arbitrary selection of where and
how much of the curved transient to fit a straight line to, rendering such a procedure
tenuous.
Lastly, the determination of a t1/2 transit time will be considered for such
dispersive transients. Both means of calculating t1/2 for an integrating-mode TOF
transient are compared to the current-mode determination in Table 4.2 for three
representative electron transients. The fields are listed in units of the square-root of the
field for ready comparison to Figures 4.7 and 4.8, and span fields from low to moderate
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Table 4.2: Transit times, t0 and t1/2, for representative dispersive transients in BPhen.
Field0.5
(V/cm)0.5
449
636
778

Current-Mode
t0 (μs) t1/2 (μs)
21.7
37.0
6.84
11.6
2.75
4.99

t0 (μs)
20.1
6.65
2.86

Integrating-Mode
t1/2 (μs) avg t1/2 (μs) slope
51.9
34.4
16.9
12.1
7.44
5.04

to high of those measured. The t0 transit times are included for reference and are well
within 10 % of each other for the two modes. The averaging method (“avg”) using
Equation 4-32 to determine t1/2 is also in the Table and its agreement with the currentmode results is again very poor, showing this method is simply not suitable for
integrating-mode curves. In contrast, the half-slope method (“slope” in the Table) for
integrating-mode TOF resulted in t1/2 values within 10 % of those determining for the
current-mode. Despite the blurred features of the Savitzky-Golay numerically
differentiated transients, they still proved quite useful for this determination of t1/2.

4. SUMMARY

Photocurrent time-of-flight is the most common method for measurement of
carrier mobility in organic charge transport materials. It is an intrinsically small-signal
method, requiring that only a relatively small amount of charge be generated in one side
of the sample before being swept across by the applied field. Too much charge either
distorts the signal or invalidates the assumptions of a near constant field across the
device. Relying on such a relatively small amount of charge can result in additional
problems reducing the signal further, such as trapping consuming significant fractions of
the initially generated charges. As most photocurrent time-of-flight is done in current-
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mode with the RC response of the circuit significantly faster than the carrier transit time,
it can be difficult to measure the very small signals that occur for some samples,
especially if these signals are fast.
Integrating-mode time-of-flight is an alternate method of measuring the time-offlight signal, also called voltage-mode or charge-collection TOF. As the RC response of
the circuit now is supposed to be much longer (slower) than the transit time, much larger
load resistors can be used, which boost the signal considerably. In addition, very fast
signals can be measured, limited only by the noise in the circuit and the speed of the
electronics. However, integrating-mode time-of-flight is only used very sparingly despite
it being initially developed in parallel with current-mode TOF, as the analysis of the
resulting integrating-mode TOF transients is inadequate. Information about the character
of the transport and the degree of dispersion from integrating-mode transients is
qualitative at best. Thus, the direct method of seeing the photocurrent itself flow in
current-mode is vastly preferred.
A new, robust method for extracting the transit time as well as quantitative
measures of dispersive transport from integrating-mode TOF transients would be most
helpful in enabling this method to be of wider utility. This is the goal of this Chapter, and
the key results are summarized as follows:
(1) The basics of the circuit and current flow in integrating-mode pc TOF
experiments was discussed in detail. Integrating-mode TOF is quite a literal term as
charge flows the same through the sample, but is collected and integrated to provide a
signal. This signal comes from a slight leakage of this collected current into the external
circuit, which needs to be corrected to account for all the charge that would have been
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collected if there was no leakage. This corrected signal, when differentiated, should
recover the equivalent current-mode signal and the information that comes with it.
(2) With this understanding equations were developed based on Scher and
Montroll’s procedures for fitting dispersive current-mode TOF transients. Unlike in Scher
and Montroll analysis these integrated equations were found never to cross when
appropriately fit to the integrating-mode TOF transient. But, the point of their nearest
vertical approach was found to correspond exactly with that of the crossing of the
equivalent current-mode fitting functions. In addition, it was determined that on the
appropriate log-log plots linear regions would become apparent to which the fitting
parameters could be well determined in analogy to Scher and Montroll’s analysis.
(3) Nondispersive hole transport was measured in F(MB)3 by both current-mode
and integrating-mode pc TOF. The agreement between current-mode analysis and the
developed integrating-mode analysis was excellent. The two other literature methods of
analyzing integrating-mode curves were also applied, and found to only be accurate
within a factor of two. In addition, two ways of determining an alternate transit time, t1/2,
commonly used in current-mode analysis were evaluated, and the one that relied on
numerical differentiation was found to be in good agreement with the current-mode
determinations.
(4) Lastly, the dispersive transport in BPhen was measured by integrating-mode
pc TOF. Again, the agreement between current-mode Scher and Montroll analysis and
the analysis developed in this Chapter were found to be in excellent agreement, in terms
of resultant mobilities (μe from t0) and alternate transit times (t1/2). The degree of
dispersion was also found to be similar, despite some differences and scattering of the
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data, corroborating that this integrating-mode analysis method can provide quantitative
data on dispersive transport.
This validates the analysis developed in this Chapter for both dispersive and
nondispersive TOF transients, and puts this mode of photocurrent time-of-flight on a
much more solid footing.
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Chapter 5

Characterization of Electron and Hole Mobility in a Series of
Hybrid Materials Designed to Modulate Charge Transport

1. INTRODUCTION
The control of the flow of charges into an organic light-emitting diode (OLED) is
essential for the highest performance. Recent work by several groups has shown that
appropriate balance of charges in the device raises the efficiency and the lifetime of
OLEDs1. A number of strategies to accomplish this have been undertaken in the
literature.
First, using low-function metals as cathodes can improve the electron injection2,
which is often less efficient, and help to bring the fluxes of each charge closer to being
balanced. However, such low function metals are more susceptible to oxygen and water
and require stringent encapsulation or they result in increased degradation3.
Second, manipulating the device structure through the addition of other carefully
selected layers can modify the charge injection into and transport through the device4.
These layers can aid injection through their energy levels, quickly transport or
intentionally slow down charges, or even block one carrier almost entirely. This can add
up to considerable complexity in device design and fabrication, but often cannot broaden
the recombination zone in the emitter layer enough, as balanced mobilities are most
important there in terms of the width of the recombination zone.

134
As a result, the emitter layer itself can be modified by physically blending two or
more components, creating a mixed emitter layer5. One component is the actual emitter,
while one or more components are charge transporting materials. The most favorable
energy levels (HOMO and LUMO) of the various components will aid injection and
become the predominant transporter of the relevant charge carrier, holes and electrons
respectively. By varying the amounts, it is expected that the two mobilities can be
modulated and balanced. While not mentioned in literature reports for this strategy, phase
separation is a concern that can compromise
A fourth approach is chemical modification, forming a single compound with
different functional parts covalently linked together6. This approach is the most versatile
and has been researched the most extensively for both solution-cast polymers and
evaporable small molecules. However, in the case of discreet small molecules, this
approach usually involves a compromise between the properties of the charge transport
and emissive moieties involved as they are often attached in direct conjugation with each
other.
Recently, an approach to well-defined hybrid molecular materials was developed,
whereby the two moieties were attached via a flexible spacer7. This allowed each
component to preserve its own electronic properties. This was done with an excellent
deep blue emitter, oligofluorene, as a pendant to an electron-transporting core, and shown
to allow the shifting of the recombination zone as a function of the ratio of the two
components8. Again, the changes in the mobilities of holes and electrons in this layer
were the postulated cause of this shift.
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However, mobility measurements on such mixed systems, be it physically mixed
or chemically functionalized, are very scarce in the literature. For those mixed systems
that have been measured9, the behavior approaches that of the two pure components at
the extremes of mixing ratios, but can either increase or decrease in a complex fashion as
the electronic and morphological effects the two components have on each other can be
stronger than the effects of dilution. In addition, at relatively low concentrations of one
component, roughly less than 10 %, it can function as a trap for the carrier it
predominantly transports, causing a significant drop in the mobility of that carrier. While
a detailed theory has been developed to predict such trapping effects10, the influences on
mobility other than dilution remain much harder to quantify.
This Chapter will focus on the characterization of the mobility of a series of these
hybrid compounds, and seek to accomplish the following tasks: (1) synthesize and
characterize the properties of additional core-pendant hybrid compounds to create a series
with different ratios of both hole- and electron-transporting cores to the oligofluroene
pendants, (2) compare their hole and electron mobilities as measured by photocurrent
time-of-flight, and (3) characterize some of these mobilities as functions of temperature
to gain more insight into the factors contributing to the differences in their transport.

2. EXPERIMENTAL
Materials Usage, Synthesis, and Purification
Chart 5.1 depicts the molecular structures of series of hybrid compounds used for
this study, including the stand-along oligofluorene and an additional hybrid compound
with a different hole-transporting core for comparison. The full chemical names of these
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compounds are as follows: 2-[p-3-(ter(9,9-bis(2-methyl-butyl)fluoren-7-yl)propylphenyl]-4,6-diphenyl-triazine (TRZ(1)-F(MB)3); 2,4,6-tris[p-(3-(ter(9,9-bis(2methylbutyl)fluoren-7-yl))propyl)-phenyl]-triazine (TRZ(3)-F(MB)3); ter[9,9-bis(2methylbutyl)fluorene] (F(MB)3); 1,3,5-tris[p-3-(ter(9,9-bis(2-methylbutyl)fluoren-7yl)propyl)-phenyl)]benzene (TPB(3)-F(MB)3); 1,3,5-tris[p-3-(ter(9,9-bis(2methylbutyl)fluoren-7-yl)propyl)-phenyl)]amine (TPA(3)-F(MB)3); [p-3-(ter(9,9-bis(2methylbutyl)fluoren-7-yl)propyl)-phenyl)]amine (TPA(1)-F(MB)3); and N,N,N’,N’tetrakis[p-(3-(ter(9,9-bis(2-methylbutyl)fluoren-7-yl))-propyl)phenyl]-biphenyl-4,4’diamine (TPD(4)-F(MB)3). TRZ(1)-F(MB)38, TRZ(3)-F(MB)37, F(MB)37, and
TPD(4)-F(MB)37 and intermediates 17 and 211 were all synthesized according to
literature procedures. All other solvents, chemicals, and reagents for the synthesis of
TPA(1)-F(MB)3, TPA(3)-F(MB)3, and TPB(3)-F(MB)3 were used as received from
commercial sources with the exception of tetrahydrofuran (THF), which had been
distilled over sodium/benzophenone before use. Scheme 5.1 illustrates the synthesis of
these compounds according to the following general procedure.
Procedure for 9-BBN-based Suzuki Coupling
Into a solution of Ar-CH2CH=CH2 (1.00 equiv.) in anhydrous THF was added 9borabicyclo[3.3.1]nonane, 9-BBN (0.5 M in THF, 1.05 equiv.), dropwise at 0oC. The
reaction mixture was stirred at room temperature for 30 min, and then heated to 40oC for
1 day. After cooling to room temperature, it was added to a mixture of Ar’-Brx (x=1, 1.2
equiv.; x=3, 0.25 equiv.), tetrakis(triphenylphosphonium)palladium(0), Pd(PPh3)4 (6.5
mg, 0.0058 mmol), and a 2.0 M aqueous solution of potassium carbonate, K2CO3 (8
equiv.), in THF. The reaction mixture was then stirred at 90oC for 2 days. After the
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Chart 5.1. Molecular structures for the hybrid compounds in used in Chapter 5.
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reaction mixture had cooled to room temperature, methylene chloride was added. The
organic layer was separated and washed with brine before being dried over MgSO4. After
evaporation of the solvent, the residue was purified by gradient column chromatography
on silica gel with hexanes:methylene chloride (7:1 to 3:1) as the eluent to yield the
product as a white, glassy solid.
The chemical purity and molecular structures were elucidated as follows:
TPA(1)-F(MB)3, 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.77-7.89 (m, 6H), 7.627.74 (m, 9H), 7.29-7.51 (m, 4H), 7.21-7.25 (m, 4H), 7.13 (d, 6H), 7.01-7.10 (m, 4H),
2.82 (t, 2H), 2.68 (t, 2H), 2.14-2.36 (m, 6H), 1.89-2.13 (m, 8H), 0.65-1.10 (m, 36H),
0.31-0.49 (m, 18H). Molecular weight calcd. for C90H105N1: 1200.8. MALD/I TOF MS
(DCTB) m/z ([M]+): 1199.9. Anal. Calcd. C90H105N1: C, 90.02; H, 8.81; N, 1.17. Found:
C, 90.09; H, 8.77; N, 1.11.
TPA(3)-F(MB)3, 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.75-7.90 (m, 18H),
7.58-7.72 (m, 27H), 7.29-7.53 (m, 12H), 7.20-7.26 (m, 6H), 7.05-7.17 (m, 6H), 2.91 (t,
6H), 2.63 (t, 6H), 2.13-2.38 (m, 24H), 1.83-2.12 (m, 18H), 0.64-1.20 (m, 108H), 0.280.51 (m, 54H). Molecular weight calcd. for C234H285N1: 3111.8. MALD/I TOF MS
(DCTB) m/z ([M]+): 3110.2. Anal. Calcd. C234H285N1: C, 90.32; H, 9.23; N, 0.45.
Found: C, 90.25; H, 9.41; N, 0.54.
TPB(3)-F(MB)3, 1H-NMR (400 MHz, CDCl3): δ (ppm) 7.76-7.84 (m, 18H),
7.61-7.70 (m, 33H), 7.28-7.43 (m, 15H), 7.21-7.25 (m, 6H), 2.73-2.84 (t, 12H), 2.07-2.28
(m, 24H), 1.90-1.98 (m, 18H), 0.81-1.02 (m, 108H), 0.30-0.43 (m, 54H). Molecular
weight calcd. for C240H288: 3172.9. MALD/I TOF MS (DCTB) m/z ([M]+): 3170.1. Anal.
Calcd. C240H288: C, 90.85; H, 9.15. Found: C, 90.77; H, 9.08.
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Scheme 5.1. Reaction scheme for the synthesis of three hybrid compounds
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Chemical Structure and Purity Verification
For initial assignment, 1H NMR spectra were recorded with an Avance 400
spectrometer (400 MHz). Elemental analysis was carried out by Quantitative
Technologies, Inc, for further verification. The molecular weights were measured by
MALD/I-TOF mass spectroscopy (TofSpec 2E, Micromass) by Dr. Andrew Hoteling of
the Eastman Kodak Company, and the lack of any other peaks was an additional
indication of purity. High performance liquid chromatography, (HP ChemStation 1100
Series, Hypersil BDS-C18 reverse phase column) with acetonitrile:tetrahydrofuran
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mixtures, provided further support for the hybrid compounds’ purities, each compound
showing only a single peak at both 25 and 295 nm with UV-Vis absorption detection.
Characterization of Morphology and Photoluminescence
Thermal transition temperatures were determined by differential scanning
calorimetry (Perkin-Elmer DSC–7) with a continuous N2 purge at 20 mL/min. Powdered
samples were preheated to 250oC followed by cooling at –20 ºC/min to –30 ºC before
taking the reported second heating scans at 20 ºC/min. Polarized optical microscopy,
POM, (Leica DMLM) was used to determine the solid films were amorphous and the
liquid states were isotropic. Thin films were deposited by spin coating from 0.5 wt %
chloroform solutions at 4000 rpm onto cleaned fused silica substrates, followed by
vacuum drying overnight. These films were also identified as glassy-amorphous by POM,
combined with the DSC phase transitions. The absorption and photoluminescence spectra
were gathered for these films on a diode array spectrophotometer (HP 8453E) and on a
fluorimeter (Quanta Master C-60SE, PTI), respectively. The thicknesses of the films and
their optical constants were measured by spectroscopic ellipsometry (V-VASE, J. A.
Woollam Co.). These refractive indices were used in a literature procedure12 to determine
the photoluminescence quantum yields of these compounds in solid films.
Electrochemical Characterization
An electrochemical analyzer (Model CHI660, CH Instruments) was employed to
perform the cyclic voltammetric measurements, with a glassy carbon working electrode,
a platinum (Pt) wire as the auxiliary electrode, and a saturated calomel electrode as a
quasi-reference electrode. The supporting electrolyte, tetrabutylammonium
tetraflouroborate, was purified multiple times with treatment with activated charcoal in
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ethanol followed by filtration through Celite powder and addition of water (twice the
volume of the ethanol) for recrystallization at 0oC. Energy levels were estimated relative
to ferrocene’s measured oxidation potential and its known HOMO level of 4.8 eV13.
Substrate and Sample Preparation
Fused silica substrates (25.4 mm diameter × 3 mm thick, Esco Products) were
thoroughly cleaned and polished (0.05 μm alumina micropolish, Buehler) before oxygen
plasma treatment. These were sputter-coated in either chromium/aluminum (5 nm Cr /
100 nm Al) or indium tin oxide (ITO) stripes. Samples were prepared in one of two ways.
In one, powdered samples was melted on a hot plate between 175 and 300oC directly on
top of an ITO coated substrate and subsequently sandwiched with an Al coated substrate
to form a thick film, with its thickness determined by glass spacer beads (14 μm, Bangs
Laboratories). For the other way, one ITO and one Al striped substrate were sandwiched
together with 5-minute epoxy and spacer beads (14 μm) and clamped together to cure
overnight. The preassembled device was placed on a hot plate between 175 and 300oC
and pre-melted sample was put on the edge of the device and drawn in by capillary
action. The thickness in both cases was verified by interference measurements14 by a
diode array spectrophotometer (HP 8453E). These sandwich films resulted in a device
structure of ITO / Sample (~14 μm) / Al (100 nm) / Cr (5 nm).
Photocurrent Time-of-Flight Setup and Measurement
Photocurrent time-of-flight was set up following literature procedures15 (see
Figure 4.2 in the previous Chapter for a diagram). A power supply (Hewlett Packard
6110A, DC) was connected to the ITO side of the sample through which a nitrogen laser
(Photochemical Research Associates; 337 nm; pulses: 800 ps FWHM) excited the
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organic sample. A load resistor (1 kΩ to 10 MΩ) was connected to the Al contact on the
sample and an oscilloscope (Tektronix TDS 2024B, 200 MHz) measured the voltage drop
across this load, arriving at the current-mode photocurrent transient or integrating-mode
voltage transient (with a “Large R” circuit). Measurements were performed on a RMC
Cryosystems setup in a vacuum chamber with appropriate windows (LTS-22-.1CH)
under high vacuum provided by a turbo molecular pump, which could be cooled with a
He compressor (EC2) and controlled with a heater and Pt thermoresistor feedback loop
(Model 4000 Thermometer and Controller). An old device had a narrow hole drilled into
its center and a thermocouple inserted to calibrate the temperature the film experienced at
a given cryostat block temperature.
Current-mode photocurrent transients were analyzed on log-log plots following
the Scher and Montroll procedure16 to arrive at the transit time, t0. Integrating-mode
voltage transients were analyzed by the methodology developed in Chapter 4, using
Equations 4-5 and 4-6, to determine the transit time, t0. The RC time constant necessary
for the correction to the integrating-mode data (Equation 4-4) was determined from
fitting RC decay curves with Equations 2-4 and 2-5. The mobility was calculated using
Equation 1-9 with this time (t0), the voltage applied by the power supply, and each
samples’ measured thickness.

3. RESULTS AND DISCUSSION
Properties of Hybrid Materials
A series of five hybrid compounds will be discussed in this chapter, as well as the
stand-alone oligofluorene pendant, F(MB)3, and an additional hybrid compound for a
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brief comparison, TPD(4)-F(MB)3. The chemical structures of all of these compounds
are shown in Chart 5.1 above. TPB(3)-F(MB)3 was synthesized here to provide a
compound with a core uninvolved in the transport of charges, but with very similar shape,
and hopefully also, morphology to the other hybrid compounds with three arms but
containing charge transporting moieties as their cores. TPA(1)-F(MB)3 and TPA(3)F(MB)3 were also synthesized here as hybrid compounds with hole-transporting cores
similar in size to the triazine cores of TRZ(1)-F(MB)3 and TRZ(3)-F(MB)3, while
targeting certain advantages over the previously reported hybrid compounds with holetransporting cores7, of which TPD(4)-F(MB)3 is an example. The synthesis of these
three new compounds is illustrated in Scheme 5.1 above, where a pendant with an allyl
substituent was activated by hydroboration with 9-BBN for Suzuki-Miyaura coupling17
with a halogen-bearing core.
A comparison of the relevant properties of these materials is shown in Table 5.1.
All seven compounds were glassy-amorphous compounds, showing only a glass
transition temperature (Tg) on their differential calorimetry scans and isotropic properties
under POM. The compounds with multiple pendant groups (and the highest molecular
weights) all showed the highest Tg’s. Even the one armed TRZ(1)-F(MB)3 had a higher
Tg than the isolated pendant, F(MB)3, but TPA(1)-F(MB)3 was the only one with a
lower Tg, possibly due to the greater flexibility and conformational freedom of the
triphenylamine moiety. The solid-state photoluminescence quantum yields, φPL, of these
compounds are all high, except for TPD(4)-F(MB)3, as they were designed to be of
interest as light-emitting chromophores in OLEDs. F(MB)3 was chosen as the pendant as
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Table 5.1: Relevant properties of the materials studied in Chapter 5, including data from
previous publications7, 8.
Material
TRZ(1)-F(MB)38
TRZ(3)-F(MB)37
TPB(3)-F(MB)3
F(MB)37
TPA(3)-F(MB)3
TPA(1)-F(MB)3
TPD(4)-F(MB)37

Tg (oC)
75
87
108
56
96
47
99

φPL (%)
59
51
49
68
61
44
15

wt % core
24.
9.7
(9.6)
0.0
7.9
20.
11.

HOMO (eV)
–5.60
–5.61
–5.60
–5.58
–5.29
–5.32
–5.05

LUMO (eV)
–2.62
–2.57
–2.05
–2.07
–2.08
–2.08
––

it is an excellent deep blue emitter8, and in these compounds it remains the primary
emitting center as it has the smallest band gap, Eg, of all of the moieties here.
The series of compounds and their order of presentation are based on varying the
type and content of the core in the molecule. Beginning with TRZ(1)-F(MB)3, this
compound has relatively high content (in terms of weight percent, wt %) of an electrontransporting core, which is less for the three-armed compound, TRZ(3)-F(MB)3.
TPB(3)-F(MB)3 lists the content of the core in parentheses in Table 5.1, as this core is
not involved in charge transport, and thus is effectively equal to zero in terms of
transport. The lone pendant, F(MB)3, has no core at all. TPA(3)-F(MB)3 and TPA(1)F(MB)3 have increasing amounts of hole-transporting core, which is slightly smaller than
the electron-transporting core, bringing the content down slightly for each of these. The
content of charge-transporting core present, in addition to its electrochemical properties,
is a key parameter for transport of charge through the hybrid compound: smaller amounts
of these moieties can be trap sites, while at higher contents these moieties can dominant
the charge transport.
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The energy levels of the pendant, F(MB)3, are also in Table 5.1. Its large band
gap affords it a relatively shallow LUMO level and a relatively deep HOMO level.
TPB(3)-F(MB)3 has energy levels that are identical to F(MB)3’s within experimental
error, showing the pendant is the primary moiety involved in charge transport in this
compound. Both triazine-containing hybrid compounds exhibit a deeper (larger absolute
value) LUMO level from the reduction of the triazine core followed by the subsequent
reduction of the F(MB)3 pendant7, 8. This deeper LUMO level will give rise to more
efficient electron injection, as the electrons are more stabilized18. In addition, as the two
moieties are electronically independent due to the flexible spacer, electrons will prefer to
reside on the triazine cores due to this stablization18. For high contents of triazine, as in
TRZ(1)-F(MB)3, electron transport should be governed by hops between the triazine
cores. However, for low contents of triazine, it is expected that electrons will be trapped
on the triazine cores, needing to be de-trapped to be transported from F(MB)3 pendant to
pendant. The difference in LUMO between the two moieties of ~ 0.52 eV, means this
will be a deep trapping level, being much smaller than the average thermal energy
available at room temperature, kBT ~ 0.026 eV.
Similarly, the inclusion of triphenylamine in TPA(1)-F(MB)3 and TPA(3)F(MB)3, results in HOMO levels that are more favorable (shallower with a smaller
absolute value in this case) for hole injection and more stabilizing towards holes during
transport18. The energy difference between these hole-transporting cores and F(MB)3 is
only ~ 0.29 eV, and is on the edge of being considered a shallow trap (0.1 – 0.3 eV)18, or
one that is easily thermally de-trapped. Transport between the cores or trapping on them,
even if more short term than for triazine due to de-trapping, will be determined by the
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content of these cores in the material. The placement of this level is also seemingly ideal
for enhanced hole injection, being roughly midway between the HOMO level of the
F(MB)3 pendant and the work function of ITO at ~ –4.9 eV, the most commonly used
anode for OLEDs. While the HOMO level of TPD(4)-F(MB)3, should allow even more
efficient hole injection, the transfer of holes to F(MB)3 will suffer.
In terms of injection barriers, the hybrid compounds discussed here should be
advantageous in terms of easing electron and/or hole injection into them. In addition, the
presence and abundance of these cores should influence the transport of charges through
these materials, and hopefully provide a means of tuning the speed of such transport for
each carrier. This issue, the charge mobilities of these compounds, will be explored in the
next section.
However, another look at the quantum yields, φPL, and photoluminescence of
these hybrid materials is in order. Figure 5.1 shows the absorption and emission of
TPA(3)-F(MB)3. These spectra are nearly identical for all six of the hybrid materials,
varying only slightly below 300 nm where the cores exhibit differences in their UV
absorption. The emission of all of the hybrid compounds is also identical to that of the
stand-alone pendant, F(MB)3, when normalized7, 8, showing that the pendant is the
source of the vast majority of light emission in these hybrid compounds, retaining the
desired deep blue color. However, mixtures of some of the hybrid compounds do not
match the emission of F(MB)3. The emission spectrum of a mixture of TRZ(3)-F(MB)3
with TPD(4)-F(MB)3 is also shown in Figure 5.1, showing relatively little emission in
Figure 5.1a, and a highly distorted spectrum with additional greenish or yellowish
emission in Figure 5.1b. This is likely due to exciplex formation between the cores of
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Figure 5.1. a) Absorption and photoluminescence spectra of TPA(3)-F(MB)3 and
mixtures of TRZ(3)-F(MB)3 (1:1 by weight) with TPA(3)-F(MB)3 (TRZ-TPA mix)
and with TPD(4)-F(MB)3 (TRZ-TPD mix); and b) normalized photoluminescence
spectra of TPA(3)-F(MB)3, TRZ-TPA mix, and TRZ-TPD mix.
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these two compounds. While mixing of the hybrid compounds is desired to fine tune the
transport properties of a single layer, TPD(4)-F(MB)3 is unsuitable for this purpose.
Here, TPA(3)-F(MB)3 is shown to behave much better, with emission of its mixture with
TRZ(3)-F(MB)3 identical in shape to its neat photoluminescence, also shown in Figure
5.1, parts a and b. Thus, mixtures of the triazine- and triphenylamine-containing hybrid
compounds can be mixed at will while preserving the F(MB)3 pendants as the
predominant, and to all indications sole, emission source.
In addition to this, the quantum yield of TPA(3)-F(MB)3, 61 %, is superior to
that of TPD(4)-F(MB)3, 15 %. This is likely due to the larger band gap of the
triphenylamine core than the benzidine-based core of TPD(4)-F(MB)3, resulting in more
efficient energy transfer to F(MB)3 because of the greater overlap of its emission with
F(MB)3’s absorption, as well as less likelihood of backwards transfer of energy to
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triphenylamine or other such complications. As a result TPD(4)-F(MB)3 will not be
measured in any further analysis in this Chapter.
Hole and Electron Mobilities of Hybrid Materials
While the energy levels of the hybrid materials are known, their charge transport
properties are of key importance to their role in balancing charge fluxes in the emitter
layer of an OLED. The hole and electron mobilities of the series of five hybrid
compounds (excluding TPD(4)-F(MB)3 as noted above) and the isolated F(MB)3 were
all measured by photocurrent time-of-flight. Most were measured in integrating-mode
with a large resistance and analyzed by the method developed in the previous Chapter.
Two compounds, F(MB)3 and TRZ(1)-F(MB)3, were measured in current-mode as they
exhibited nondispersive transport with a sufficiently strong photocurrent signal. Figure
5.2 shows two representative curves with their fit equations, part a showing a
nondispersive example in current-mode and part b showing a dispersive example in
integrating-mode analyzed by the method developed in the previous Chapter.

Figure 5.2. Example photocurrent transients for a) electrons in TRZ(1)-F(MB)3 at 2.9 ×
105 V/cm, and for b) holes in TPA(1)-F(MB)3 at 2.1 × 105 V/cm.
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The transit times from such transients were used with Equation 1-9 to find the
mobilities. The resulting mobilities of holes and electrons in all these compounds are
shown in Figure 5.3, along with thin solid lines showing the Poole-Frenkel fits to the
data. The hole mobility of TPA(3)-F(MB)3 and the electron mobility of TRZ(3)F(MB)3 were both very slow and only the plateau regions were detected until long times
when the signal waned. This means only an upper bound could be determined for them,
even at the highest fields measured. The numerical results are shown in Table 5.2, with
the average mobilities over the range of fields shown in Figure 5.3, as well as the average
alpha values from the fits, the mode the TOF measurements were taken in, and the
content of the charge-transport moiety present. The content of electron-transporting
triazine core was taken as negative to make clear of what this content consisted, whether
of hole- or electron-transporting moiety. Also included in Figure 5.3 and in Table 5.2 are
the mobilities of two analogues to the charge-transporting cores used19, 20. The hole
mobility of TAPC is included for comparison19, as it is one of the most structurally
similar hole transport materials that has been measured in a neat film. Its structure is
shown in Chart 3.1. In addition, the electron mobility of a triazine derivative with an
extended aromatic structure is included20, as it is one of the few triazines of any kind that
has its mobility reported. The structure of this triazine derivative is shown in Chart 5.2,
and it will be referred to here as “TRZ-Np”, as it is only designated as 2c elsewhere20.
The Poole-Frenkel fit parameters, μ0 and γ, for all the compounds in Figure 5.3
and Table 5.2 are given in Table 5.3. The ordering of the zero-field mobilities, μ0, differs
from the order of the average mobilities for the average mobilities in Table 5.2 for those
field-dependent mobility curves which cross due to their large dependence on the applied
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Figure 5.3. Measured charge carrier mobilities of the series of hybrid compounds,
including F(MB)3, as a function of the applied field, for both a) holes, and b) electrons,
where the lines are Poole-Frenkel fits to the data points. Also included are the literature
data (thick lines) for TAPC19 and “TRZ-Np”20 as close analogues to the cores used.
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Table 5.2: Results of pc TOF measurements of the hybrid compounds and F(MB)3
Material
“TRZ-Np” (2c)20
TRZ(1)-F(MB)3
TRZ(3)-F(MB)3
TPB(3)-F(MB)3
F(MB)3
TPA(3)-F(MB)3
TPA(1)-F(MB)3
TAPC19

wt %
core
––
–24.
–9.7
(9.6)
0.0
7.9
20.
––

μh (αh)
[cm2/V⋅s] average
––
1.3 × 10-4 (1.0)
7.2 × 10-6 (0.40)
2.4 × 10-4 (0.55)
1.8 × 10-3 (0.99)
<5.0 × 10-7
3.9 × 10-3 (0.39)
9.0 × 10-3 (~1.0)

μe (αe)
[cm2/V⋅s] average
6.5 × 10-4 (~0.8)
3.7 × 10-5 (0.92)
<2.0 × 10-7
1.6 × 10-4 (0.47)
1.0 × 10-3 (0.90)
9.1 × 10-5 (0.52)
6.6 × 10-5 (0.37)
––

TOF
Mode
––
Curr.
Integ.
Integ.
Curr.
Integ.
Integ.
––

Chart 5.2. Molecular structure of the triazine derivative whose electron mobility is
reported in the literature20 for comparison with the triazine-containing hybrid compounds.
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Table 5.3: Poole-Frenkel fitting parameters for the hybrid compounds and F(MB)3
Material
“TRZ-Np” (2c)20
TRZ(1)-F(MB)3
TRZ(3)-F(MB)3
TPB(3)-F(MB)3
F(MB)3
TPA(3)-F(MB)3
TPA(1)-F(MB)3
TAPC19

μ0,h
(γh)
2
[cm /V⋅s][(cm/V)1/2]
-5

2.9 × 10
7.9 × 10-7
5.2 × 10-5
1.1 × 10-3
2.7 × 10-4
6.3 × 10-3

––
(3.7 × 10-3)
(5.4 × 10-3)
(3.7 × 10-3)
(1.3 × 10-4)
––
(6.1 × 10-3)
(6.7 × 10-4)

μ0,e
(γe)
[cm /V⋅s][(cm/V)1/2]
2

3.9 × 10-4
6.7 × 10-6
2.2 × 10-5
6.3 × 10-4
4.0 × 10-6
1.8 × 10-7

(1.2 × 10-3)
(3.7 × 10-3)
––
(4.7 × 10-3)
(1.2 × 10-3)
(7.0 × 10-3)
(1.2 × 10-2)
––
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electric field, as seen in the γ parameter. The field dependence of the electron mobilities
is higher than those of the hole mobilities, likely due to the higher sensitivity of the
transport of electrons to traps, impurities, and environmental factors. For higher fields as
seen in OLEDs and some other organic electronic devices, these Poole-Frenkel
parameters are usually good out to 106 V/cm and sometimes more, before the carrier
velocity saturates and it departs from this dependence18b.
The degree of dispersion, represented by the alpha fit parameters (in Table 5.2),
roughly correlates with the field dependence (in Table 5.3). The more dispersive
transport, as in TPA(1)-F(MB)3 which has the smallest α for holes and electrons, is the
most dependent on the applied field, with the largest γ values. Likewise the least
dispersive samples, with α ~ 1 (some with a few transients with α > 1 due to spacecharge perturbation21), have the smallest field dependence, for example compounds
F(MB)3 and TRZ(1)-F(MB)3, as well as the two from the literature, TAPC and “TRZNp”. Also, as the field dependence is greater for electron transport, the degree of
dispersion is somewhat greater for electrons than for holes.
Looking at the mobilities themselves, that of F(MB)3 itself is of note. F(MB)3
has second highest hole mobility of the hybrid compounds, at 1.8 × 10-3 cm2/V⋅s, and the
highest electron mobility of all the compounds in this Chapter, including even “TRZNp”, at 1.0 × 10-3 cm2/V⋅s. Both hole and electron transport in F(MB)3 are nondispersive
with a relatively small field dependence, making it an excellent charge transport
compound. The closeness of the two mobilities of F(MB)3 means it is bipolar, capable of
transporting both holes and electrons with comparable rates or speeds. This is similar to
measurements of other oligofluorenes22, but with aromatic substituents, that show a
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bipolar character in their transport. While such bipolar transport is desirable, the exact
balance of mobilities likely needs to be adjusted based on the injection barriers in the
device as this balance is key to broadening the recombination zone in the emitter layer of
an OLED23.
This is the motivation behind the introduction of the charge-transporting cores
involved, triphenylamine and 1,3,5-triphenyltriazine. TAPC has a higher hole mobility
than F(MB)3 by almost a factor of five with an even lower field dependence. As hoped,
incorporation of triphenylamine resulted in a higher hole mobility than F(MB)3 by itself
in the case of TPA(1)-F(MB)3. Hole transport in it did not reach the level of the neat
TAPC in the range of fields measured, and it showed a much more dispersive character,

α = 0.39, and a strong dependence on the applied field. This is likely due to combination
of transport between the triphenylamine and F(MB)3 moeities resulting in fast transport,
but with a broad spread in transit times between the faster and slower holes. The
shallower energy level of the triphenylamine moiety should also adjust the injection
barriers into TPA(1)-F(MB)3, for example, as discussed in the previous section.
Inclusion of the 1,3,5-triphenyltriazine core, as well as its analogue, “TRZ-Np”,
exhibit different behavior. While transport in neat “TRZ-Np” is actually rather fast for
an amorphous electron transport material20, its electron mobility is somewhat less than
that of F(MB)3, 6.5 × 10-4 cm2/V⋅s compared to 1.0 × 10-3 cm2/V⋅s. Thus, even with a
relatively high content of the triazine core, the electron mobility of TRZ(1)-F(MB)3 is
less than that of F(MB)3 by itself, or even “TRZ-Np” for that matter. Interestingly,
however, is that the hopping through the triazine cores is nondispersive, likely because
the cores are deep traps for electrons, so triazine to triazine hopping is likely to be the
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predominant transport channel. The relatively nondispersive nature of electron transport
in “TRZ-Np” holds in this core to core hopping as well, and the lower mobility when in
TRZ(1)-F(MB)3 could largely be a result of dilution, as the content of the core in this
hybrid compound is only 24 wt %. Additionally, the presence of triazine, being a rather
polar moiety, depresses the hole mobility of TRZ(1)-F(MB)3 by an order of magnitude
in comparison to F(MB)3.
The last core used is triphenylbenzene as in TPB(3)-F(MB)3, which was chosen
as a control of sorts, where the core is neutral and won’t participate in the transport of
holes or electrons. However, both the hole and electron mobilities were lowered by
almost an order of magnitude in comparison to the stand-alone pendant, but kept in
nearly the same ratio with respect to each other. The dilution of F(MB)3 pendant from
100% to 90% shouldn’t cause such a sharp decrease. As the field dependence of both
holes and electrons increases, as seen in γ in Table 5.3, for TPB(3)-F(MB)3 it is likely
some additional disorder is introduced by the core, either from packing or morphological
differences increasing the positional disorder or some induction of additional energetic
disorder. There also is a decrease in the zero-field mobilities of both holes and electrons,
again possibly from differences in packing due to the constraint of multiple pendants
being tied to a common core. However, of all the hybrid compounds, TPB(3)-F(MB)3
has the highest mobilities which are closest to that of F(MB)3, with the exception of the
hole mobility of TPA(1)-F(MB)3, so this decrease is relatively minor.
There are additional effects based on the varying contents of these cores. This is
more clearly seen in Figure 5.4, where the average mobilities of holes (open symbols)
and electrons (closed symbols) are plotted against the content of the charge-transporting

155
Figure 5.4. Average mobilities, holes and electron, as a function of the content of
charge-transporting moieties in the series of hybrid compounds, including F(MB)3.
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core present. Here, the content of the triazine core is taken as negative to distinguish it
from the content of triphenylamine. Also in this plot are the average mobilities of TAPC
(for holes) and “TRZ-Np” (for electrons), each displayed at a content of 30 wt % (–30
wt % for “TRZ-Np”) for ease of comparison even though they were measured as neat
films in the literature19, 20. First for electrons, F(MB)3 is the high point with an initial
depression with the inclusion of triphenylbenzene, in TPB(3)-F(MB)3. This depresses
slightly as the content of the somewhat polar, pyramidal triphenylamine increases as one
goes from TPB(3)-F(MB)3 to TPA(3)-F(MB)3 and finally to TPA(1)-F(MB)3. Such
polar effects are known to depress the mobility in a variety of charge transport
materials19, 24, 25. Going the other way, a content of ~ 10 wt % of 1,3,5-triphenyltriazine
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results in a very large reduction of the electron mobility due to deep trapping on the
triazine cores for TRZ(3)-F(MB)3. As the content of triazine increases in TRZ(1)F(MB)3, the electron mobility recovers and starts to approach that of “TRZ-Np”, but
lessened somewhat by dilution.
For the hole mobility, it starts at its highest for TPA(1)-F(MB)3, where transport
from core to core, as well as pendant to pendant, causes the mobility to approach that of
TAPC. When the content of triphenylamine decreases from 20 wt % to 7.9 wt % in
TPA(3)-F(MB)3, holes can no longer hop from core to core and these become traps (of
intermediate depth, ~ 0.3 eV, as discussed in the previous section), and the hole mobility
plummets to less than 5 × 10-7 cm2/V⋅s. Next, the mobility rises for TPB(3)-F(MB)3, and
even further for F(MB)3, with effective charge-transporting core contents of zero. As
triazine is introduced there is a large dip in the hole mobility for TRZ(3)-F(MB)3, in
contrast to the electron mobility for TPA(3)-F(MB)3. Here, two effects seem to be
additive. First, the very rigid 1,3,5-triphenyltriazine core depresses the hole mobility as in
TPB(3)-F(MB)3, most likely due to packing, and second the polarity of triazine seems to
induce additional disorder, further lowering the hole mobility. In the case of TPA(3)F(MB)3 for electrons, the conformational flexibility of triphenylamine may mitigate
those effect, so even with its polarity the electron mobility isn’t depressed as much. Back
to triazine, the hole mobility rises again as the triazine content increases in TRZ(1)F(MB)3. Here, it seems plausible the packing effects which may depress the mobility are
lessened as each pendant is free to move with respect to the other pendants, none of them
being bound to same core.
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Thus, a low enough content (roughly ≤ 10 wt %) of charge-transporting moiety
can be used to depress the mobility of that charge carrier considerably, which is
consistent with the transition from trap-limited to trap-to-trap transport seen and
predicted in the literature26. Here, this is seen for TPA(3)-F(MB)3 for holes and TRZ(3)F(MB)3 for electrons. By mixing these compounds with F(MB)3 or another hybrid
compound, either mobility should be able to be depressed to a controlled degree, using
the Hoesterey-Letson formalism for trapping given in Equation 1-8 (in Chapter 1) as a
guide. Such mixing should allow the ratio of hole to electron mobility in a layer to be
controlled as desired once a trend is established experimentally.
To see how far the tuning of such ratios has gone with just the pure hybrid
compounds themselves, as this is an important measure for exploring the balance of
charge transport, a number of ratios are compiled in Table 5.4. The first is the ratio of the
average hole mobility to the average electron mobility of a given compound. The next
two ratios in Table 5.4 compare each average mobility of each compound studied here to
those of F(MB)3, but with F(MB)3’s mobility in the numerator. This way it indicates by
what factor the mobility is depressed compared to F(MB)3, as this is often easier to

Table 5.4: Ratios of average hole to electron mobilities of the hybrid compounds and
F(MB)3, and ratios of their mobilities with respect to those of F(MB)3.
Material
TRZ(1)-F(MB)3
TRZ(3)-F(MB)3
TPB(3)-F(MB)3
F(MB)3
TPA(3)-F(MB)3
TPA(1)-F(MB)3

μh / μe

μh, F(MB)3 / μh

μe, F(MB)3 / μe

3.5
> 36.
1.5
1.8
< 0.0055
59.

14.
250
7.7
1
> 3600
0.47

27.
> 5200
6.4
1
11.
16.
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conceptualize. Here only one of these ratios is less than one, as the mobilities of F(MB)3
are higher than those of all the hybrid compounds, save for the hole mobility of TPA(1)F(MB)3. TPA(1)-F(MB)3 does show enhancement of the hole mobility in comparison to
that of F(MB)3, and with a electron-transporting core with higher mobility than F(MB)3
it is likely the electron mobility might be enhanced in such a hybrid compound. Now
back to the series of hybrid compounds studied here, the ratio of hole to electron mobility
for a neat layer can be modulated from 59:1 to 1:180. Again, it is expected that mixtures
of these hybrid compounds, such as TPA(1)-F(MB)3 doped with small amounts of
TRZ(3)-F(MB)3, could broaden this range of ratios.
These measurements have shown how these hybrid compounds affect the mobility
of both carriers, and illustrated their capacity for tuning the charge carrier mobility while
retaining the same emissive properties in single molecular system.
Temperature Dependent Mobility Measurements
To shed further light on the transport in the hybrid compounds studied here, the
temperature dependence of their mobilities was also measured. The analysis of this data
will focus on the disorder formalism of Bässler’s25, which is among the most commonly
used models of charge transport in amorphous organic materials. Two of its fit
parameters, σ and Σ, are measures of the disorder in the material in question, and are
important in understanding charge transport. While these have been speculated on above
in the discussion of the room temperature data, they can be quantified by analyzing the
mobilities as functions of temperature as well as field.
A representative set of mobility data as functions of field and temperature is
shown in Figure 5.5 for holes in F(MB)3. As predicted by the disorder formalism, the
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Figure 5.5. Hole mobility of F(MB)3 as a function of both field and temperature with
the measured data (as points) and the disorder formalism fit (as lines), with only three
adjustable parameters, see Equation 1-6.
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field dependence increases with decreasing temperature as mobility values themselves
decrease. For all the hybrid compounds and F(MB)3 the mobility was measured over a
range of fields at four different temperatures, as controlled by a cryostat. Some of the
signals for the lower mobility hybrid materials became indistinct at lower temperatures as
the transit times lengthened considerably and the signal strength decreased. This was
especially true of the electron mobility measurements of a number of the hybrid
compounds.
The lines shown in Figure 5.5 are fits of the disorder formalism, following
Equation 1-6. This equation has only three (in this instance) adjustable parameters to fit
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all 18 data points shown in Figure 5.5 at four different temperatures and various applied
fields. The equation is repeated here for ease of discussion as Equation 5-1 (identical to
Equation 1-6):

⎫⎪
⎧⎪ ⎡⎛ σ ⎞ 2
⎡ ⎛ 2σ ⎞ 2 ⎤
⎤
⎟⎟ ⎥ exp⎨C ⎢⎜⎜
⎟⎟ − Σ 2 ⎥ E 1 2 ⎬
μ (E , T ) = μ∞ exp ⎢− ⎜⎜
⎢⎣ ⎝ 3k BT ⎠ ⎥⎦
⎥⎦
⎪⎭
⎪⎩ ⎢⎣⎝ k BT ⎠

(5-1)

Here, the mobility at infinite temperature and zero field is μ∞, which is the first fit
parameter. Second, is the energetic disorder, σ, which is compared with the available
thermal energy, found by the temperature times the Boltzmann constant, kBT. The third fit
parameter is the positional, or off-diagonal, disorder, Σ, which measures the distribution
of distances and orientations. Sometimes the empirical constant, C, is also fit as a fourth
parameter27, but often it is left fixed at am empirical value of 2.9 × 10-4 (cm / V)1/2.
Fitting all of the parameters in Equation 5-1 at once is one approach, but more
often the problem is split into two parts to fit the energetic and positional disorder
parameters in turn, providing a more accurate look at the parameters28. To do this, the
mobilities are fit with the Poole-Frenkel dependence in Equation 1-4, finding the zerofield mobility, μ0, and field dependence, γ, at each individual temperature. The first two
terms of the disorder formalism correspond to the Poole-Frenkel μ0 according to
Equation 1-7 (repeated here as Equation 5-2):

[

μ 0 (T ) = μ ∞ exp − (T0 T )2

]

(5-2)

The T0 parameter is related to the energetic disorder through the following equation:

3
2

σ = k BT0

(5-3)
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With the energetic disorder σ, in hand, the positional disorder can readily be found from
the field dependence term, the last term of both Poole-Frenkel and the disorder
formalism. The relationship is given in Equation 5-4:
⎡⎛ σ ⎞ 2
⎤
⎟⎟ − Σ 2 ⎥
γ = C ⎢⎜⎜
⎢⎣⎝ k BT ⎠
⎥⎦

(5-4)

Figure 5.6 illustrates this fitting process for TPB(3)-F(MB)3 and TPA(1)-F(MB)3.

Figure 5.6. Representative plots for determining the parameters of the disorder
formalism, first σ for a) electrons in TPB(3)-F(MB)3, and for b) holes in TPA(1)F(MB)3, and then Σ for each of these in c) and d), respectively, with the points

determined from the mobility data and the lines as fits to Equations 5-2 and 5-4.
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The compiled parameters from the disorder formalism fits are in Tables 5.5 and
5.6 for holes and electrons, respectively. As with the Poole-Frenkel parameters for the
room temperature in Table 5.3, the infinite temperature mobilities, μ∞, do not directly
correspond to the ordering of the average mobilities observed due to the field
dependence. With the disorder formalism, this is further compounded by the fact that the
temperature factors into the zero-field mobility (as in Equation 5-2), so materials with a
high energetic disorder, such as TPB(3)-F(MB)3, can have greater values of μ∞ than
materials with lower energetic disorder, such as F(MB)3, that actually have higher

Table 5.5: Parameters for the hole mobilities of the hybrid compounds studied here,
including F(MB)3, according to the disorder formalism25, as in Equation 5-1 (and 1-6).
Material

μ∞,h
2

TRZ(1)-F(MB)3
TRZ(3)-F(MB)3
TPB(3)-F(MB)3
F(MB)3
TPA(3)-F(MB)3
TPA(1)-F(MB)3

(cm /V⋅s)
1.5 × 10-3
1.3 × 100
2.0 × 10-2
1.1 × 10-2
––
1.2 × 10-1

σh

(eV)
0.076
0.14
0.092
0.056
––
0.094

Σh

Ch
(cm/V)1/2

0.90
2.3
2.0
1.2
––
0.90

4.2 × 10-4
2.2 × 10-4
3.8 × 10-4
2.9 × 10-4
––
4.0 × 10-4

Table 5.6: Parameters for the electron mobilities of the hybrid compounds studied here,
including F(MB)3, according to the disorder formalism25, as in Equation 5-1 (and 1-6).
Material

μ∞,e
2

TRZ(1)-F(MB)3
TRZ(3)-F(MB)3
TPB(3)-F(MB)3
F(MB)3
TPA(3)-F(MB)3
TPA(1)-F(MB)3

(cm /V⋅s)
3.2 × 10-4
––
1.2 × 10-2
2.8 × 10-3
––
––

σe

(eV)
0.072
––
0.096
0.045
––
––

Σe

Ce
(cm/V)1/2

0.84
––
2.4
0.80
––
––

2.9 × 10-4
––
4.7 × 10-4
2.9 × 10-4
––
––
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average mobility values. However, all the parameters, including μ∞, in Tables 5.5 and 5.6
are within the spread that is typical for the application of the disorder formalism in the
literature27. In fact, the empirical parameter C didn’t need to be adjusted at all in three
cases. This leaves the two parameters of greater interest to discuss, the energetic and
positional disorders, σ and Σ, respectively.
First, the energetic disorders, σ, of F(MB)3 for both holes and electrons are quite
low. This is likely due to its nonpolar structure, consisting only of aromatic rings and
hydrocarbon rings and chains. This further affirms that F(MB)3 is an excellent charge
transport molecule for both holes and electrons. These high mobilities make F(MB)3 a
nearly ideal molecule to modify the charge transport in, not just for its attractive emissive
properties as mentioned in the first section of this discussion section. The positional
disorders, Σ, for F(MB)3 are also on the low end of the typical range27, but it is of note
that the positional disorder (as well as the energetic disorder σ) for electron transport in it
is actually lower than that for hole transport. However, the lower μ∞ for electron transport
does render the average mobility for electrons lower than the average hole mobility. This
reduced prefactor mobility for electrons could be due to a reduction in the transfer
integral, t. Namely, that the extent of the LUMO clouds could be more constrained than
that of the HOMO electron clouds, resulting in a slower charge transport rate for
electrons that holes, despite the transport of electrons being slightly less disordered.
Simulations of the molecular orbitals and packing of F(MB)3 would be needed to address
such issues in sufficient depth to speak much further.
With F(MB)3 as the baseline, a look will be taken at the trends in the two
disorder values for hole transport in the series of hybrid compounds studied in this
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Chapter. As was speculated in the previous section, the positional disorder Σ is indeed
much higher for the three-armed materials, as seen for TPB(3)-F(MB)3 and TRZ(3)F(MB)3. This is reduced again for the one-armed materials, TRZ(1)-F(MB)3 and
TPA(1)-F(MB)3. Interestingly, the positional disorder in these one-armed materials is

reduced below that of F(MB)3, possibly due to the dilution of the cores isolating them
enough so the relatively large hops between them won’t be as affected by their
orientations. This may be possible due to the very nonpolar environment the F(MB)3
pendants provide, but does suggest an interesting area for further investigation by
simulation and more detailed measurements. The energetic disorder σ for holes does
increase with the inclusion of any amount of charge-transporting core, in comparison to
that of F(MB)3, as would be expected due to their greater polarity. The rise in the
energetic disorder for TPB(3)-F(MB)3 is more unusual and could be due to packing
differences giving rise to a greater distribution of site energies as the constraint of the
core and pendants causes some less energetically favorable packing configurations. This
is corroborated by the higher energetic disorder for TRZ(3)-F(MB)3 than TRZ(1)F(MB)3, despite the increased content of the polar triphenyltriazine core in the latter.

For electrons, less data is available as the signal was reduced more severely due to
the extrinsic trapping (or other factors such as minute impurities), making the lower
temperature mobilities of some of the hybrid compounds indistinct. Notwithstanding,
enough data was available to notice a few notable trends. The much higher positional
disorders, Σ, for the three-armed materials still holds, at least for TPB(3)-F(MB)3 in
comparison with F(MB)3 and TRZ(1)-F(MB)3. The lowest energetic disorder σ is still
for F(MB)3, while a pronounced energetic disorder is still seen for TPB(3)-F(MB)3 as it
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was for holes, verifying this trend and that the reasoning concerning packing may be true,
as the trend holds for both carriers. Further looks at the temperature dependence of all of
the hybrid compound’s electron mobilities at higher temperatures (closer to room
temperature) and with use of amplifiers or more sensitive equipment would certainly be
of interest to examine these issues more.
The application of the disorder formalism to the mobilities of this series of hybrid
compounds, including the stand-alone pendant F(MB)3, affirmed some of the
speculations about the room temperature mobilities, especially of the three-armed
materials. It also casts additional light on the disorder in these compounds, and raises
additional areas for future exploration. As for practical applications of these hybrid
compounds, the three-armed materials are more disordered and therefore less desirable.
Thus, mixtures of the pendant F(MB)3 and the one-armed compounds, TRZ(1)-F(MB)3
and TPA(1)-F(MB)3, are likely to be more predictable in terms of the resulting transport
when using them in concert to modulate that transport.

4. SUMMARY

The charge carrier mobility is an important parameter in organic electronic
device. Many applications simply want the mobility maximized to lower the voltage
involved or speed up the response time. However, in organic light-emitting diodes
(OLEDs) a balance of charge mobilities and the injection barriers is more relevant. The
flow and build up of each sign of charge carrier as they approach each other to recombine
and hopefully emissive decay has a profound effect on the efficiency and lifetime of an
operating OLED. A recent, effective approach is to mix a hole- and an electron-transport

166
compound in differing proportions to access the energy levels of each and to modulate
the transport of each carrier in this mixed layer. Use of such mixed layers has been shown
to improve the lifetime, and sometimes also, the efficiency of OLED devices.
However, physically mixing the components in this manner may result in phase
separation, either into domains upon deposition or eventually over time. In addition, these
mixed hosts are often deposited by vacuum co-evaporation, as solution casting methods
are much more likely to promote aggregation and segregation of the two materials in the
layer, which will most likely hurt the performance. A series of hybrid compounds,
covalently attaching an emissive moiety and an electron transport moiety through a
nonconjugated spacer, was synthesized to allow for solution casting into homogeneous,
amorphous films with the properties of mixed emitter layers. It was shown that the deep
blue emission from the oligofluorene emitter was preserved for these hybrid compounds,
and as the content of the linked triphenyltriazine core was changed, the recombination
zone was shifted affecting the device performance. While the energy levels of these
hybrid compounds were characterized, the charge carrier mobilities were not and
remained a source of speculation as to the shifting of the recombination zone.
As such, the key experimental results of this Chapter are summarized as follows:
(1) Three additional hybrid compounds were synthesized and characterized. Two
were synthesized with different contents of the hole-transporting triphenylamine moiety,
while the third incorporated the neutral triphenylbenzene moiety for comparison with the
charge transporting cores. All three of these compounds were shown to be excellent deep
blue emitters, with the triphenylamine-containing compounds exhibiting oxidation
potentials, and thus HOMO levels, that were excellent for hole injection. Inclusion of
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triphenylamine and triphenylbenzene was also undertaken to look at their effect on
charge transport in the resultant material in comparison to inclusion of the electron
transporting triphenyltriazine in the previously synthesized hybrid compounds.
(2) The hole and electron mobilities of this series of five hybrid compounds, as
well as the stand-alone pendant F(MB)3, were measured at room temperature. The
mobility in these hybrid compounds was found to vary widely, from trapping one carrier
or the other resulting in mobilities less than 5 × 10-7 cm2 / V⋅s to improving even on the
high mobility of F(MB)3 to an average value for holes of 3.9 × 10-3 cm2 / V⋅s. The ratio
of the hole to the electron mobility in the neat hybrid compounds ranged from 59:1 to
1:180, with mixtures expected to have ratios anywhere in between and beyond these if
chosen carefully. These hybrid compounds were indeed able to modulate the charge
transport through them while maintaining almost identical emissive properties, with the
promise of intermixing them without phase separation further extending the ability to
control these values.
(3) The temperature dependence of the mobilities of this series of hybrid
compounds, including F(MB)3, was also measured. With this data, the disorder
formalism was applied to understand the details of charge transport in these materials
more fully. It was found that the materials that included three F(MB)3 pendants to a
central core showed a much greater positional disorder and even an increased energetic
disorder compared to the one-armed compound and the pendant by itself. This increased
disorder was responsible for lowering the mobilities of the compounds involved,
explaining one of the trends seen for the room temperature mobilities. This implies that
the one-armed material systems are more predictable and reliable for potential use in
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mixed layers of even these hybrid compounds to precisely tune the carrier mobilities in
the emissive layers of solution-cast OLEDs.
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Chapter 6

Summary, Conclusions, and Potential for Future Work

1. SUMMARY AND CONCLUSIONS
The charge carrier mobility is a key parameter for organic electronic materials, as
it determines the speed and amount of charge these materials can carry at a given voltage.
The importance of knowing this mobility is illustrated in the number of techniques
developed to measure it. Current-mode photocurrent time-of-flight is the most
outstanding and commonly used of these, as it provides a direct look at carrier motion in
organic charge transport materials and provides detailed information on how the charges
move through these materials1. Few of the other techniques convey as much information
about distribution of carrier drift velocities during their transport. While, powerful the
photocurrent time-of-flight technique does have limitations, requiring thick films relative
to the final applications and efficient absorption and photogeneration of charges and
sometimes suffering from small signals. Alternative means to measure the charge carrier
mobility while preserving the information that a traditional photocurrent transient
provides would be quite useful in understanding charge transport in organic materials. In
addition, means of controlling or tuning the mobility in a controlled system would be
beneficial to a number of organic electronic applications, in particular organic lightemitting diodes.
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The first part of my studies focused on a new technique, called charge-retraction
time-of-flight, to measure the charge carrier mobility through the bulk of typical organic
charge transport materials. This technique was inspired by capacitance-voltage
measurements on organic multilayered devices2, and involves the injection,
accumulation, and retraction of charge carriers from an interface with a blocking layer.
Two well behaved hole transport materials, m-MTDATA and NPB, were chosen for the
study and validation of the technique. The parameter space was first explored, looking at
the effects of the charging voltage, charging time, retraction voltage, and pulse frequency.
One of the most important of these was the charging voltage, specifically in relation to
the transition voltage of the cell. A method of determining the most appropriate transition
voltage for the charge-retraction technique was developed and used to more accurately
determine it. With the appropriate parameters and hole blocking layer, of which TPBI
was an excellent one, a retraction transient nearly indistinguishable from a traditional
photocurrent time-of-flight was observed. In fact, the mobility data from chargeretraction time-of-flight was found to agree with the literature values for m-MTDATA
over three different film thickness, one of which was less than 300 nm. The results for
NPB also matched those from the literature, even with fast transit times less than 1 μs.
Taken together this validated the charge-retraction time-of-flight technique, with its
unique set of advantages, allowing the use on thin films (hundreds of nanometers) in allelectrical and simple setup, while providing a direct look at the motion of the charges
through the sample layer.
Following this work, the more challenging task of measuring the electron
mobility, of two electron transporting compounds in particular which exhibit dispersive
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transport, was undertaken to further test the charge-retraction time-of-flight technique.
Here, photocurrent time-of-flight was also performed for direct comparison with the
charge-retraction time-of-flight data. The parameters, in particular the transition voltages,
were found to be well behaved, provided the sample was thin enough and not too polar.
For BPhen, a common electron transport compound in organic light-emitting diodes, the
electron mobilities were found to be identical within experimental error for both chargeretraction and photocurrent time-of-flight. In addition, the normalized transients of both
methods exhibited universality in their curve shape and very similar parameters of
dispersive transport, attesting to how well charge-retraction time-of-flight preserved the
details of the charge motion through the material. NDA-CHEX also had its electron
mobility measured by both techniques and while the results were promising, especially
considering how fast the mobility was found to be, details of the complex morphology of
this polycrystalline material made the direct comparison between the methods poor. The
results for the dispersive electron transport of these two compounds, especially BPhen,
help further establish the utility of the charge-retraction time-of-flight technique.
On a different approach to mobility measurements, an analysis method was
developed for the rarely used integrating-mode time-of-flight. Two analyses previously
used in the literature with integrating-mode time-of-flight3, 4 are rather empirical and
provide only the transit time. The new analysis method was based on Scher and
Montroll’s theory and analysis methodology for dispersive current-mode photocurrent
transients5, thus providing it with a more firm theoretically footing. In addition, a
numerical differentiation protocol for integrating-mode time-of-flight transients was
implemented. These four method were applied to integrating-mode signals of
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nondispersive hole transport in an oligofluorene compounds, F(MB)3, and dispersive
electron transport in BPhen. The new analysis method was found to be by far the best
match with traditional, current-mode time-of-flight, providing mobilities with the typical
bounds of experimental error. The other three methods were found to be of various
utility, all three having the most difficult with dispersive transport. In addition, the new
analysis method also quantified the degree of dispersion in the integrating-mode
transients, which were comparable to those measured and characterized in current-mode.
This establishes this new analysis as a powerful tool for integrating-mode photocurrent
time-of-flight, allowing its advantages of much larger signal and faster time resolution to
be used with confidence and without loss of information.
The last study undertaken for this thesis was the measurement of the hole and
electron mobilities of a series of blue-emitting hybrid compounds6, 7. These hybrid
compounds consist of a light-emitting oligofluorene pendant, F(MB3, linked to a chargetransporting core, designed to modulate the injection and transport of charge in the
emitter layer of a blue-emitting organic light-emitting diodes. Three compounds were
synthesized to complete the set of six compounds ranging from high contents of holetransporting core to isolated pendant to high contents of electron-transporting core, even
including one with an inactive core. The charge carrier mobilities, most as a function of
temperature as well as field, were measured for these compounds. A clear transition from
trapping on the core to core-to-core transport was seen, for both holes and electrons. The
transport of most of them was also analyzed with Bässler’s disorder formalism8 to
explore the factors playing into the differences in hole and electron mobilities. The values
of the energetic and positional disorders found from the measurements shed light on the
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trends in the mobility values observed. The mobilities of this series of hybrid compounds
proved that this approach did indeed allow for modulation of the charge carrier mobility
over a wide range while preserving the same emissive properties, and among those
subsets with the same cores, the same injection barriers as well. In addition, the reasons
for this modulation were discussed, providing guidance to further modulation with these
materials.

2. POTENTIAL FOR FUTURE WORK
Research in charge carrier transport in organic materials is still active, both from a
desire for fundamental understanding and for application in optimizing organic electronic
devices. Charge-retraction time-of-flight and the developed analysis for integrating-mode
photocurrent time-of-flight both provide new tools for such mobility measurements.
These should allow the measurement of the mobility of new compounds or under new
conditions. Charge-retraction time-of-flight has been shown to be able to measure
samples of several hundred nanometers with potential to measure even thinner samples.
Seeing if the mobility changes as a function of thickness, especially in the sub-100-nm
range would be very useful as such thicknesses are common in organic electronics1.
Integrating-mode time-of-flight coupled with the new analysis here, has promise for the
measurement of smaller signals, including samples with moderate amounts of trapping,
and for resolving faster signals. This may allow for thinner samples on relatively high
mobility organic materials, as subnanosecond transit times have been observed with
integrating-mode time-of-flight applied to amorphous silicon9. Searching for other ways
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to leverage the unique advantages of these methods of mobility measurements also could
bear fruit.
In addition to enabling more mobility measurements, the charge-retraction timeof-flight technique could be served by further development. First, a universal blocking
layer, to block both holes and electrons for arbitrary samples would be excellent. This
layer must not trap, even temporarily if the release time is long enough, charges nor let
them leak through it. The transition voltage caused by its interface with this hypothetical
blocking layer must also be small with little immobile charge there. It is possible with the
right treatment10 that silicon dioxide, or possibly even aluminum oxide, could meet these
requirements. Another blocking layer of interest would be a sublimable, saturated
hydrocarbon with high enough melting point. Hexatriacontane seems very promising in
this regard, as it has been vacuum deposited on Alq3 before with little effect on Alq3’s
polarization11. Conversely, a suitable, relatively stable electron-injecting contact would
enable spuncoat samples to be used much more readily in charge-retraction time-of-flight
measurements. Using magnesium:silver alloy as the anode could work for this purpose,
or a layer of indium on top of calcium or lithium, which can be melted to form a blended
injected contact even after the organic is deposited could work as well. Exploring other
options could open up other opportunities for sample deposition, of particular use to the
mobility measurement of polymer films.
In addition to these practical issues, charge-retraction time-of-flight could also
open up new areas by careful use of the applied pulses. Prematurely retracting the charge
before it accumulates could yield information on trapping in the bulk of the film. In
addition, it could be used to determine the mobility through a series of early retractions,
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and then use this knowledge to examine trapping and/or delayed release from the
blocking layer interface. Testing the blocking quality of various layers could be quite
valuable, especially in regards to the presence or absence of electron trapping. The excess
charge method developed for the charge-retraction measurements might also yield more
insight into the transition voltage seen in many multilayer devices.
Lastly, the hybrid compounds from the previous Chapter provide a number of
avenues for future work. Extra efforts could be taken to completely fill out the data set at
low temperature and for the highly trapping compounds by using thinner samples or more
sensitive techniques. These hybrid compounds should also be completely miscible with
one another, with very little chance for phase separation, meaning the mobilities could be
fine-tuned by mixing combinations of these hybrid compounds. Such measurements of
such mixing would allow more accurate fine-tuning of the recombination zone
positioning in organic light-emitting diodes, possibly resulting in longer life and higher
efficiency. Also additional insight into the transport in these systems gained from more
thorough experiments (including the mixing ones), could establish structural relationships
or further guidelines for future molecular design. Seeing how these results transition over
to real organic light-emitting diodes, and the possible gains to be had from the use of
these materials would also be an excellent avenue to pursue.
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Appendix 1

Differential scanning calorimetry thermograms for hybrid compounds synthesized
in Chapter 5.
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Figure A1.1. Second heating and cooling DSC thermograms at ± 20oC per minute for
TPA(1)-F(MB)3.

Figure A1.2. Second heating and cooling DSC thermograms at ± 20oC per minute for
TPA(3)-F(MB)3.
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Figure A1.3. Second heating and cooling DSC thermograms at ± 20oC per minute for
TPB(3)-F(MB)3.
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Appendix 2

Chemical structure and purity verification data for TPA(1)-F(MB)3, synthesized in
Chapter 5.
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Figure A2.1.

1

H-NMR spectrum of TPA(1)-F(MB)3 in CDCl3.
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Figure A2.2. Positive ion MALD/I-TOF mass spectrum for TPA(1)-F(MB)3 using
DCTB as the matrix.

188
Figure A2.3. High Performance Liquid Chromatography, HPLC, scan of TPA(1)F(MB)3 in Acetonitrile:Tetrahydrofuran (65:35 v:v).

